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In pursuit of more sustainable and competitive biorefineries, the effective valorisation of lignin is key. An

alluring opportunity is the exploitation of lignin as a resource for chemicals. Three technological biorefinery

aspects will determine the realisation of a successful lignin-to-chemicals valorisation chain, namely

(i) lignocellulose fractionation, (ii) lignin depolymerisation, and (iii) upgrading towards targeted chemicals.

This review provides a summary and perspective of the extensive research that has been devoted to each of

these three interconnected biorefinery aspects, ranging from industrially well-established techniques to the

latest cutting edge innovations. To navigate the reader through the overwhelming collection of literature on

each topic, distinct strategies/topics were delineated and summarised in comprehensive overview figures.

Upon closer inspection, conceptual principles arise that rationalise the success of certain methodologies,

and more importantly, can guide future research to further expand the portfolio of promising technologies.

When targeting chemicals, a key objective during the fractionation and depolymerisation stage is to

minimise lignin condensation (i.e. formation of resistive carbon–carbon linkages). During fractionation, this

can be achieved by either (i) preserving the (native) lignin structure or (ii) by tolerating depolymerisation of

the lignin polymer but preventing condensation through chemical quenching or physical removal of reactive

intermediates. The latter strategy is also commonly applied in the lignin depolymerisation stage, while an

alternative approach is to augment the relative rate of depolymerisation vs. condensation by enhancing

the reactivity of the lignin structure towards depolymerisation. Finally, because depolymerised lignins

often consist of a complex mixture of various compounds, upgrading of the raw product mixture through

convergent transformations embodies a promising approach to decrease the complexity. This particular

upgrading approach is termed funneling, and includes both chemocatalytic and biological strategies.
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1. Introduction

One of the foremost challenges in the 21st century is the replace-
ment of fossil resources by more sustainable alternatives.1,2

A viable substitute should at least be renewable, CO2-neutral,
widely available, and should not compete with food production.
Inedible plant biomass in the form of lignocellulose is one of the
few resources that meets these essential criteria. However, in
contrast to petroleum, lignocellulose is a highly oxygenated, solid,
and heterogeneous substance.3–5 It is mainly composed of three
highly functional biopolymers, viz. cellulose, hemicellulose,
and lignin, forming a composite material which is resistant
to (bio)chemical conversion, a phenomenon commonly known
as biomass recalcitrance.6,7

Unfortunately, there is no single or universal strategy to cope with
these inherent obstacles of plant biomass. Over the years, different
biorefinery strategies have been proposed, each with their own
advantages and limitations. A classic example of a lignocellulosic
biorefinery is a pulp or paper mill, which targets the manufacture of
high quality pulps for the paper and cardboard industry.8 Another
well-known, emerging illustration is the fermentative production of
bio-ethanol from lignocellulosic carbohydrates.9,10 It is clear that for
these examples, the primary products are derived from the carbo-
hydrate fraction, whereas the lignin portion is mostly regarded as
a low-value by-product or a cheap energy source. However, the
economic viability and environmental sustainability of a biorefinery
can be significantly increased if the valorisation of lignin, the largest
renewable source of aromatics, becomes fully integrated as well.11–14
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Historically, a major thrust for lignin valorisation has been
generated by research focusing on macromolecular applications.
This research domain (viz. lignin-to-materials) remains still
prominent today, and has brought forth a wide array of promis-
ing applications, ranging from glues, adsorbents, and polymer
composites to raw material for carbon nanofibers.11,15–19 More
recently, the utilisation of lignin as a feedstock for the produc-
tion of bio-based chemicals is receiving increasing attention.
Efficient lignin disassembly, followed by targeted upgrading,
could provide access to a wide variety of chemicals and fuel
components,11–13,18,20–24 complementary to a well-developed
carbohydrate platform.25–28 This biorefinery target, viz. lignin-
to-chemicals, forms the subject of the following review.

The successful conversion of lignin to value-added chemicals –
from a technology and chemistry point of view – is mainly
determined by an interplay of three important biorefinery aspects:
(i) lignocellulose fractionation, (ii) lignin depolymerisation, and
finally (iii) upgrading towards desired chemicals. Over the past
few decades, these three aspects have been the subject of extensive
research, both in academia and industry. The result is a complex
and overwhelming assortment of available technologies.23,24

This review attempts to provide a comprehensive overview of
the research that has been devoted to the exploitation of lignin
as a feedstock for chemicals, and is structured into three main
(interconnected) sections, viz. biomass fractionation (Section 4),
lignin depolymerisation (Section 5), and upgrading (Section 6). Each
section is accompanied by intelligible graphical overviews of the
current state-of-the-art, which we hope will make the review easily
accessible to a wide audience. Furthermore, for each biorefinery
aspect, a perspective is presented of the underlying fundamental
principles that have enabled the success of a given unit operation
en route to lignin-derived chemicals. Preceding the three main
sections (Sections 4–6), a brief introduction on lignocellulosic bio-
mass is included (Section 2), followed by an overview of the different
types of lignin chemistry (Section 3), which form the foundation of
many fractionation and depolymerisation technologies.

2. Lignocellulosic biomass:
a brief introduction
2.1 Lignocellulose composition

Lignocellulose is the major structural component of plants,3,4

and is by far the most abundant type of terrestrial biomass.29 It is
a composite material mainly consisting of cellulose (40–60%),
hemicellulose (10–40%), and lignin (15–30%);3,4 and can be
found in both woody (e.g. pine, poplar, birch) and herbaceous
biomass (e.g. switchgrass, miscanthus, corn stover). The cellulose
portion is exclusively composed of glucose units, which are
linked in a linear fashion via b-1,4-glycosidic bonds.30–33 The
resulting polymer chains can have a polymerisation degree of
up to 10 000 units.30 These chains interact with each other via
hydrogen bonds and van der Waals forces, eventually giving
rise to rigid, semi-crystalline cellulose fibres.30–35 Due to these
strong interaction forces, cellulose fibres are insoluble in most
conventional solvents, including water.

The second carbohydrate polymer in lignocellulosic biomass
is hemicellulose, which represents a family of branched carbo-
hydrate polymers containing both pentoses (e.g. xylose, arabinose)
and hexoses (e.g. galactose, glucose, mannose).36–38 Uronic acids
(e.g. glucuronic acid) and acetyl moieties are often present as side-
chain groups.36–40 The chemical composition of hemicellulose
can strongly vary, depending on the botanical origin of the
biomass. The degree of polymerisation is generally lower, in the
range of 50–300 units.40,41 Unlike cellulose, hemicellulose is an
amorphous biopolymer which is therefore more easily solubilised,
and is more prone to chemical attack. The total carbohydrate
fraction is often referred to as holocellulose, and includes
cellulose, hemicellulose, as well as other (minor) carbohydrate
bio-polymers such as pectins. Pectins account for only a small
fraction of the carbohydrates in grasses, but contribute signifi-
cantly to the biomass recalcitrance.42,43

The focal point of this review is the valorisation of lignin, the
third and most complex constituent of lignocellulosic biomass.
Lignin is defined as an irregular, oxygenated p-propylphenol
polymer, formed by free radical polymerisation of monolignols
(Fig. 1) in the plant cell wall,44–46 and therefore has been referred
to as supramolecular self-assembled chaos.47 It provides rigidity
to the plant cell wall as well as resistance to microbial attack,3,48

and thus contributes to biomass recalcitrance.3,7 Lignin bio-
synthesis is initiated by the phenylpropanoid pathway, a multi-
enzyme biochemical network wherein phenylalanine (and
tyrosine, in grasses)49,50 is converted into the main lignin
building blocks: p-coumaryl alcohol, coniferyl alcohol, and
sinapyl alcohol (Fig. 1).46,51 These building blocks, or monolignols,
differ in the amount of methoxy groups on the phenolic nucleus,
which are commonly abbreviated as H ( p-hydroxyphenyl),
G (guaiacyl), and S (syringyl). The relative distribution of
phenolic nuclei in lignin strongly differs between plant species.
In general, softwood lignin (e.g. pine, spruce) exclusively con-
tains G units, whereas hardwood lignin (e.g. birch, poplar,
eucalyptus) is composed of both G and S units. Lignin from
herbaceous biomass contains all three units, although the
H-content is generally low (o5%).51 Next to the main building
blocks, lignin can also incorporate substantial amounts
of other (phenolic) compounds such as hydroxycinnamates
( p-coumarate (1), ferulate (2), etc.),51,52 p-hydroxybenzoate (3),53–55

tricin (4),56–59 acetate,60,61 and other products from incomplete
monolignol biosynthesis (Fig. 2).51

Following their biosynthesis in the cytosol,62 the mono-
lignols are translocated to the cell wall where lignification
(radical polymerisation) takes place.44,63 Lignification is initiated
by laccase and peroxidase enzymes that oxidise the phenolic
OH-group, resulting in phenoxy radicals.44,45,51,63 The actual
polymerisation reactions occur through the combination
(termination) of two radicals. Because of the monolignol’s
conjugated p-system, various inter-unit linkages can be formed
(Fig. 1), including both ether and carbon–carbon bonds.44–46

The most abundant and well-known linkage type is the b-O-4
ether motif. Together with the a-O-4 linkage (in phenylcoumaran
and dibenzodioxocin structures, Fig. 1), these ether bonds are
most easily cleaved and they are therefore often the primary

Chem Soc Rev Review Article

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 K

U
 L

eu
ve

n 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

10
/0

1/
20

18
 0

9:
59

:3
9.

 
View Article Online

http://dx.doi.org/10.1039/c7cs00566k


Chem. Soc. Rev. This journal is©The Royal Society of Chemistry 2018

target of lignin depolymerisation methods.64,65 In contrast
to carbohydrate polymers, lignin also contains a substantial
fraction of carbon–carbon inter-unit bonds, such as 5-5 (in
dibenzodioxocin and biphenyl), b-5 (in phenylcoumaran), b-1
(in spirodienone) and b-b (in resinol) connections (Fig. 1). The
relative amount of carbon–carbon inter-unit bonds in native
lignin is strongly governed by the monolignol distribution
(i.e. S/G/H ratio). This relationship can be elucidated by the fact
that methoxy-substituted ortho-positions cannot participate in
the formation of 5-5 and b-5 carbon–carbon bonds. Therefore,
lignin that is primarily composed of S-units (hardwood) contains

a lower fraction of carbon–carbon bonds than lignin composed
of G-units (softwood).62,66 These differences can have significant
consequences for biomass delignification and lignin depolymer-
isation (vide infra).

The molecular weight of native lignin is difficult to appoint,
due to structural changes occurring during its isolation.
However, close-to-native lignins have been reported to exhibit
number average molecular weights in the range of 2500–
10 000 g mol�1.67 Native lignin is strongly associated with the
hemicellulose fraction, forming an amorphous matrix which
encapsulates and supports the rigid cellulose fibres. In this
matrix, lignin is covalently cross-linked with hemicellulose,
giving rise to lignin–carbohydrate complexes (LCCs).68–70 The
extent of lignification (viz. portion of lignin in the biomass)
depends on the botanical origin of a plant. As a rule of thumb,
softwoods contain the highest amount of lignin (21–29 wt%),
followed by hardwoods (18–25 wt%) and herbaceous crops
(15–24 wt%).71–73 Variation furthermore occurs between
different tissues, cell types, regions in the cell wall, and
between different life stages of a cell.5,31 Finally, lignification
is influenced by physical stress.5,74 These factors can alter the
monolignol distribution as well, thereby affecting the lignin
chemistry and structure.74

Fig. 1 The biosynthesis of lignin starts with the synthesis of monolignols through the phenylpropanoid pathway, followed by translocation to the cell
wall where radical polymerisation takes place, leading to various ether and carbon–carbon inter-unit bonds. The successful utilisation of this complex
bio-polymer as a feedstock for chemicals is governed by an interplay of (i) the biomass fractionation method, (ii) the lignin depolymerisation technology,
and (iii) subsequent upgrading towards targeted chemicals. These three interconnected stages form the backbone of the following review.

Fig. 2 Examples of other lignin building blocks: p-coumarate (1, in
herbaceous crops), ferulate (2, in herbaceous crops), p-hydroxybenzoate
(3, e.g. in poplar and palm), and tricin (4, in herbaceous crops).
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2.2 The biorefinery: from recalcitrant resource to valuable
products

To reduce the complexity, heterogeneity, and recalcitrance of
lignocellulosic biomass, fractionation is often performed as a
primary step in the biorefinery. With respect to lignin, most
conventional fractionation techniques aim for its recovery as a
solid product. As will be discussed in Section 4, a multitude of
isolated lignins is nowadays available, each with their own
structural and chemical characteristics. Commercial or industrial
lignins are frequently denoted as technical lignins (e.g. kraft
lignin, lignosulfonates, soda lignin, organosolv lignin).75 Some
of these (technical) lignins, in particular lignosulfonates,76 can
be utilised in macromolecular applications, for example as
emulsifier, binding agent, rheology modifier, battery electrode,
carbon fibre precursor, in polymer formulations, etc. The inter-
ested reader is referred to more dedicated literature on this
topic (viz. lignin-to-materials).15–17,19,76–80

An auspicious and complementary valorisation opportunity
is to apply lignin as a renewable resource for low Mw chemicals
(lignin-to-chemicals, the focal point of this review). Thereto,
adequate depolymerisation (Section 5) followed by chemo- or
biocatalytic upgrading (Section 6) is needed to construct a
successful lignin valorisation chain. Fractionation, depolymer-
isation, and upgrading are most often thought of as physically
separated, consecutive processes (Fig. 3). As an (hypothetical)
example of this traditional model: one way to generate a fuel-
compatible liquid encompasses Kraft pulping (fractionation);
followed by lignin pyrolysis (depolymerisation), and subsequent
hydrodeoxygenation (upgrading), eventually yielding cycloalkanes.
Alternatively, two processing steps can also be performed simulta-
neously, in a single operation. Within this context, reductive catalytic
fractionation (RCF) is an emerging technology that combines
fractionation (similar to organosolv pulping) and reductive
depolymerisation–stabilisation, leading directly to a depoly-
merised lignin oil (Section 5.1.1).64 This approach mitigates

the issue of lignin degradation, a problem frequently encountered
during traditional lignin isolation techniques. In analogy,
processes exist wherein depolymerisation is combined with
upgrading, for instance during bifunctional hydroprocessing
of lignin towards cycloalkanes (Section 5.2.1).

3. Lignin chemistry

In any biomass or lignin processing method, the lignin structure
is altered through a combination of de- and repolymerisation
reactions. The outcome strongly depends on the underlying
mechanism of the processing method, viz. (i) base-catalysed,
(ii) acid-catalysed, (iii) reductive, (iv) oxidative, or (v) thermal.
This section provides an overview of the possible chemical
reactions during lignin or lignocellulose processing, with focus
on the fate of b-O-4 motifs. These reactive linkages largely dictate
the lignin reactivity as they are the most abundant and overall
the most reactive inter-unit linkages, and often form the primary
target in biomass fractionation and depolymerisation.

3.1 Base-catalysed lignin chemistry

Lignin is rather insoluble in water owing to its medium-polarity,
though, its water solubility is significantly higher in alkaline
media due to deprotonation of phenolic OH-groups. Alkaline
conditions are therefore frequently applied in processes which
aim to extract lignin from the biomass (i.e. delignification), for
instance in traditional pulping processes (Section 4.1).8,81–83

Alkaline media enable the cleavage of lignin–carbohydrate
bonds, the fragmentation of lignin via cleavage of the b-O-4
motifs, the solubilisation of the resulting fragments, and even-
tually lignin degradation/repolymerisation.83–86

Typical base-catalysed reactions on the most prevalent
lignin sub-structure, the b-O-4 motif, are illustrated in Fig. 4.
The reactivity of the b-O-4 linkages strongly depends on the
type of units: a distinction is made between phenolic units (free
phenolic OH-groups) and non-phenolic units (etherified phenolic
OH-groups).85 Cleavage of the b-O-4 bonds in non-phenolic units
(5) has been postulated to proceed relatively slowly through the
base-catalysed formation of an epoxide intermediate (7).82–84,87,88

This reaction generates phenolic units (6), which are subsequently
depolymerised more easily. First, the phenolic unit is transformed
into a quinone methide (8), provided that a suitable leaving group
(e.g. –OH, –OR) is present at the a-position (Fig. 4).85,86,88,89 The
quinone methide – a pivotal point in alkaline lignin chemistry – is
prone to undergo nucleophilic attack, owing to its tendency to
restore the aromaticity. In presence of a strong nucleophilic
anion such as HS� (Kraft pulping), the prevailing pathway is the
cleavage of the b-O-4 motif via the formation of episulfide
intermediates (11).82,85,86,89 These sulfur-containing inter-
mediates may undergo a variety of subsequent reactions, yielding
compounds such as coniferyl alcohol which are prone to degrada-
tion and repolymerisation.21,88 In a competing reaction, the quinone
methide can react with an in situ formed lignin nucleophile,
leading to repolymerisation through formation of a carbon–
carbon bond. An alternative (third) pathway to restore the

Fig. 3 A lignin-to-chemicals valorisation chain comprises (i) biomass
fractionation, (ii) lignin depolymerisation, and (iii) upgrading. These opera-
tions are mostly executed as physically separated, consecutive processes.
However, combinatorial approaches exist wherein two steps occur
simultaneously in a single process.
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aromaticity proceeds through the removal of the terminal
g-CH2OH group via a retro-aldol type reaction.85,86,89 The out-
come of this route is the formation of an alkali-stable enol ether
motif (9) and formaldehyde. This pathway occurs more frequently in
absence of a strong nucleophile, as is the case in soda pulping.21

Consequently, ether bonds are cleaved less efficiently. The as-formed
formaldehyde can induce repolymerisation via formaldehyde-
phenol type condensation.21,85,89

3.2 Acid-catalysed lignin chemistry

Acidic conditions are known to promote hydrolysis of ether
bonds in the carbohydrate polymers, and are therefore often
applied to depolymerise and solubilise the hemicellulose and/or
cellulose fraction (Section 4.2). Unlike alkaline conditions, acidic
environments do not necessarily promote the solubilisation and
extraction of lignin.90,91 Nevertheless, acidic media affect the lignin
structure by facilitating both depolymerisation (i.e. acidolysis) and
repolymerisation.91,92

The most prominent event in acid-catalysed lignin chemistry
is the cleavage of b-O-4 ether bonds,92–96 depicted in Fig. 5. The
first step of b-O-4 acidolysis is the formation of a benzylic
carbenium ion (12) by removal of the OH-group on the a-position.
The intermediate carbenium ion can transform into two enol-
ether structures (13a and 13b), viz. with or without cleavage of the
Cb–Cg bond and concurrent formation of formaldehyde (Fig. 5).92–96

The prevailing pathway depends on the applied acid. For instance,
the formation of intermediate 13b predominates when utilising
H2SO4, while 13a is the main enol ether in case of HCl or
HBr.93–95 Subsequent hydrolysis of the acid-labile enol ethers
yields (i) C2-aldehyde-substituted phenolics (15) and (ii) C3-ketone-
substituted phenolics (14).92–98 The latter are referred to as

Hibbert’s ketones.99–101 Hibbert’s ketones, together with carbenium
ions and C2-aldehyde-substituted phenolics participate in a complex
network of repolymerisation reactions, eventually leading to a
condensed lignin polymer.93,97,102

3.3 Reductive lignin chemistry

Reductive conditions have been frequently applied in depolymerisa-
tion processes of (isolated) lignins. To this end, a redox catalyst in
combination with H2 or a H-donor is essential. Reductive processing
primarily targets the inter-unit ether bonds (b-O-4, a-O-4) and side-
chain hydroxyl groups. Different pathways and mechanisms have
been proposed,103–107 and the net result in all cases is: (i) hydro-
genolysis of ether bonds, (ii) removal of benzylic OH-groups (OHa),
and (iii) possible removal of OHg-groups (Fig. 6). These primary
reactions lead to the formation of substituted methoxyphenols (16)
and small oligomeric fragments. Depending on the processing
conditions and catalyst used, additional hydrogenation/hydrogeno-
lysis can take place (secondary reactions), for instance leading to
cyclohexanols or cycloalkanes. Noteworthy is the ability of these
reductive catalytic systems to quench reactive functional groups that
are prone to condensation, such as alkenyl and carbonyl groups.
Hence, reductive conditions can avoid repolymerisation (at least to a
certain extent), in contrast to alkaline or acidic media. However, on
the downside is the inability of most reductive processes to cleave
carbon–carbon linkages. Consequently, the degree of depolymerisa-
tion is typically linked to the relative amount of cleavable inter-unit
ether bonds present in the lignin polymer before processing.

3.4 Oxidative lignin chemistry

Oxidation of lignin has traditionally been performed in pulp
bleaching, with the aim of producing high-quality paper products.

Fig. 4 Alkaline lignin chemistry. For clarity, phenolic rings are labelled with A–D.
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During bleaching, the intensely coloured residual lignin
(2–6 wt%) is degraded and/or removed, which increases the
brightness of the pulp.48 Various oxidants are available, such as
chlorine, chlorine dioxide, oxygen, hydrogen peroxide, ozone,
and peroxyacids.48,108,109 The mechanism of lignin oxidation by
these oxidants was extensively discussed by Gierer et al.109 and
more recently reviewed by Ma et al.108 Most oxidation mechanisms
are initiated by electrophilic reactions, i.e. attack of electrophilic
species, such as Cl+ (from chlorine), OH+ (from peroxyacids), or
oxygen, on sites of high electron density, such as ortho, para, or Cb

positions in lignin.109 Oxygen is a particularly interesting oxidant,
as it is inexpensive, readily available, and produces water as
main side-product. However, since oxygen is a weak oxidising
agent in its normal state, oxidation under oxygen atmosphere
(aerobic oxidation) often requires alkaline conditions to ionise
the free phenolic hydroxyl groups in lignin.108

Alkaline aerobic lignin oxidation proceeds through a radical
reaction mechanism.108,109 It is initiated by oxidation of the
phenolate ions into phenoxy radicals. The exact mechanism
of lignin depolymerisation under alkaline aerobic oxidation
conditions is not yet fully understood, but the most commonly
accepted pathways are depicted in Fig. S1 in the ESI†. According
to Gierer et al., oxygen adds to the phenoxy radicals in ortho, para,
or Cb position, leading to the formation of peroxy anions.109

The peroxy anions subsequently transform through several

routes, resulting in either: (i) cleavage of the Ca–Cb bond,
generating phenolic aldehydes (17), (ii) C4–Ca cleavage, leading
to the formation of p-quinones (19), (iii) formation of oxirane
structures, and (iv) cleavage of the aromatic ring, yielding
muconic acid derivatives (20).108–110 In contrast to Gierer
et al., Tarabanko et al. have suggested that alkaline aerobic
lignin oxidation does not involve oxygen addition, but proceeds
through a second oxidation (electron abstraction) of the phenoxy
radicals, yielding a cinnamaldehyde-like intermediate, followed by
disruption of the Ca–Cb bond through retro-aldol cleavage.23,111–113

In summary, depending on the pathway that is followed, either
the side-chain is fragmented (Ca–Cb or C4–Ca bond cleavage) and
the aromaticity is retained, or the aromatic ring is disrupted,
yielding aliphatic carboxylic acids (Fig. 7). The aromatic structures
obtained through Ca–Cb or C4–Ca bond cleavage are however
not stable under alkaline oxidation conditions, and they can be
further converted to aliphatic carboxylic acids (20) through
aromatic ring cleavage.108,109,114 So in contrast to reductive
processing, the generated phenolic products are not generally
as stable under oxidative conditions. According to the proposed
mechanisms, oxidative lignin depolymerisation mostly proceeds

Fig. 5 Acid-catalysed lignin chemistry.

Fig. 6 Reductive lignin chemistry.

Fig. 7 Oxidative lignin chemistry. Proposed oxidation mechanisms are
depicted in Fig. S1 (ESI†).
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through carbon–carbon bond cleavage instead of ether-bond
cleavage, as in acid-, base- or reductive lignin depolymerisation.
Because a radical reaction mechanism is followed, condensation
of lignin fragments through radical coupling also takes place,
yielding biphenyl structures (21).108

3.5 Thermal lignin chemistry

Given the significant research and development on pyrolysis in
the biomass conversion community, the thermal degradation
mechanisms of lignin and lignin model compounds have been
studied quite extensively to date, but mechanistic consensus has
not yet been fully achieved. We note that the studies in this area
are far too numerous to comprehensively review, and readers are
referred to more detailed treatments of this topic.23,115–118 The
primary mechanistic question in thermal degradation of lignin
at pyrolysis conditions, which remains unanswered in a defini-
tive manner, is whether C–O and C–C bond cleavage reactions
proceed via homolytic bond scission reactions to generate
radicals that further recombine, or if the bond cleavage reactions
are concerted in nature. As an illustrative example, thermal
cleavage of the b-O-4 linkage has been proposed both to primarily
undergo homolytic bond cleavage routes,119–123 as well as con-
certed cleavage, primarily via retro-ene fragmentation.124–128 Both
for the numerous studies on b-O-4 bond cleavage, and generally in
lignin model compound efforts, the model compounds, tempera-
ture, pressure, experimental equipment, and theoretical methods
to probe these mechanistic questions often differ between studies
and laboratories. As such definitive conclusions to date about
how b-O-4 bonds are cleaved thermally is challenging and likely
biased by the methods being employed. Emerging computa-
tional methods to build lignin libraries129,130 and simulate the
resulting chemistry131 coupled to further advances in high
resolution spectroscopy and continued development of theore-
tical techniques to probe the thermal breakdown of lignin will
hopefully eventually shed light on the chemistry of lignin at
high temperature.

4. Lignocellulose fractionation

Biomass fractionation technology is located at the heart of
the biorefinery. It determines the fate of the individual ligno-
cellulose constituents, and therefore, it can both widen or limit
the array of downstream valorisation possibilities, especially
regarding lignin (i.e. because of structural alteration, sulfur
incorporation, etc.). Many fractionation approaches have been
developed to date, ranging from traditional paper making to
more sophisticated and environmentally friendly innovations.
Each of these methods results in a specific lignin product, which
can be isolated in the form of (i) a solid residue, (ii) a lignin
precipitate, or even directly as (iii) a depolymerised product
mixture.132 The following section discusses the extensive and
diverse domain of biomass fractionation, with particular attention
to the associated lignin characteristics.

The various fractionation technologies are divided into two
distinct classes. The first class covers methods that focus on the

liberation of lignin from the biomass matrix (i.e. delignification),
while the (hemi)cellulose carbohydrates are preserved in the
form of a delignified pulp. These strategies are discussed in
Section 4.1. Depending on the particular method, the lignin is
isolated as a solid lignin precipitate (LP) or as a depolymerised
lignin oil (DL). The second class of lignocellulose fractionation
strategies comprises methods that target the conversion and
solubilisation of the carbohydrate fractions (Section 4.2).
Herein, lignin is mostly isolated in the form of an insoluble
lignin residue (LR) or as a lignin precipitate (LP). Graphical
overviews of each fractionation class are presented in Fig. 8
and 11, respectively, with indication of typical process condi-
tions, lignin characteristics, product names, etc. The abbrevia-
tions LR, LP, and DL are used in these figures to denote the type
of lignin product.

4.1 Fractionation based on delignification

4.1.1 Alkaline delignification methods. Alkaline media promote
biomass delignification and lignin solubilisation (Section 3.1),
and they are therefore frequently applied in the pulping
industry. Kraft pulping is the main pulping process, producing
over 90% of all chemical pulps.8 Its global dominance is due to
(i) the high quality of the resulting pulp, (ii) the integrated
recovery of the pulping chemicals, and (iii) the self-sufficiency
of the process in terms of energy demands.8,21 During kraft
pulping, wood is processed in an aqueous solution of NaOH and
Na2S, termed white liquor. The unique feature of this liquor is
the presence of HS�-ions,21,82,83,89 which improves the selectivity
of pulping by enhancing delignification and lignin depolymer-
isation (Fig. 4), without concurrently accelerating carbohydrate
solubilisation.133 Nonetheless, the harsh alkaline environment
induces severe lignin degradation and repolymerisation reactions
(Section 3.1).21,73 The spent processing liquor, which contains the
solubilised lignin, termed black liquor, is mostly incinerated to
recuperate energy and the pulping chemicals, hereby closing
the mass and energy balances of the pulp mill. Alternatively, the
solubilised lignin may also be isolated from the black liquor, for
instance via precipitation induced by acidification.48,134 This
precipitate, termed kraft lignin, is highly condensed and contains
a low amount of residual b-O-4 bonds.73,75,135,136 Furthermore,
kraft lignin also incorporates sulfur in the form of thiol
groups,73 which can complicate downstream valorisation (e.g.
catalyst poisoning).137

Sulfite pulping is the second most important chemical
pulping process, but its market share has decreased drastically
(o5%) with the rise of the more versatile and efficient kraft
process.48,76 Sulfite pulping can proceed both in alkaline,
pH-neutral, or acidic conditions,73,134,138 which is regulated
by the choice of the (bi)sulfite salts. Irrespective of the pH,
reactive a-positions are sulfonated, leading to benzyl sulfonate
groups.73,134,138 The presence of these sulfonate groups increases the
water solubility, even at low pH.73,76 The resulting lignosulfonate
can be isolated,76 for instance via ultrafiltration, extraction, or
precipitation, and it is usually obtained as a salt (Na+, NH3

+,
Mg2+, Ca2+).48 Lignosulfonates are typically highly degraded
(i.e. newly formed C–C linkages and decreased b-O-4 content),
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Fig. 8 Biomass fractionation methods, part I: methods focussing on the extraction of lignin (i.e. delignification of biomass). The extracted lignin can
either be obtained as a solid lignin precipitate (LP) or as a depolymerised lignin oil (DL). The (holo)cellulose is retrieved in the form of a solid pulp. *Sulfite
pulping can be performed under alkaline, pH-neutral or acidic conditions.
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and have a higher sulfur content (4–8 wt%) compared to kraft
lignin.73,76,139,140

The third traditional pulping process is soda pulping. It is
related to Kraft pulping, with the major difference that soda
pulping does not implement Na2S.21,73,134 Due to the absence
of a strong nucleophile, alkaline depolymerisation (NaOH)
proceeds less efficiently while competing reactions occur to a
larger extent, as explained in Section 3.1 (Fig. 4). Soda pulping
has historically been exploited to produce pulps from non-
woody biomass (straw, miscanthus, flax, sugar cane, bagasse,
etc.).48,73,134 Non-woody biomass typically has a lower lignin
content, a more open structure, and a larger portion of alkali-
labile ester linkages. The efficiency of soda pulping can be
increased by the addition of anthraquinone (AQ). It is suggested
that AQ promotes reductive cleavage of ether bonds and simulta-
neously limits the degradation (peeling) of carbohydrates by
operating as a redox shuttle (quinone–hydroquinone).8,141,142

A major advantage of soda(-AQ) pulping is that a sulfur-free lignin
is acquired, in contrast to kraft and sulfite pulping.73 Soda(-AQ)
lignin is typically characterised by a low b-O-4 content,75,136,143

and can be isolated through precipitation.
Related to soda pulping is aqueous alkaline pretreatment

(e.g. NaOH, Ca(OH)2), which has mainly been studied on
herbaceous biomass.144–150 The major difference compared to
soda pulping is the lower severity of the treatment. As demon-
strated for aqueous NaOH pretreatment of corn stover, circa
55 wt% of the original lignin can be extracted into the liquor,144

termed alkaline pretreatment liquor (APL).144–147 Another
35 wt% can be removed by washing the residual solids with
water.144,151 The APL is rich in monomeric phenols such as
p-coumaric acid, ferulic acid, and vanillic acid, which are obtained
from hydrolysis of ester linkages.144,145 These phenolic compounds
can constitute up to 27 wt% of the original corn stover lignin.144 In
addition, the APL contains lignin oligomers,144,145 as well as
carbohydrate-derived hydroxy acids (e.g. lactic acid, glycolic acid)
resulting from alkaline degradation of solubilised carbohydrates.144

The aqueous wash phase only contains high molecular weight
lignin oligomers.151

In addition to NaOH-based techniques, several other alka-
line fractionation methods rely on (liquid) ammonia. Liquid
ammonia is able to solubilise or redistribute lignin, while
effectively preserving the carbohydrates.152–156 An important
advantage is the easy recovery of ammonia, owing to its high
volatility. The most well-known technique in this category is
ammonia fiber explosion/expansion (AFEX).154,157–159 Herein,
moist/wet biomass is reacted with ammonia under elevated
pressure, which generates heat and induces both ammonolysis
and hydrolysis of LCC and ester linkages, resulting in partial
solubilisation of the lignin polymer.154,158,160 Subsequently,
ammonia is evaporated by a rapid and explosive pressure
release, which opens up the biomass structure and redistributes
lignin and hemicellulose in the pretreated solids.154,160 It should
be stressed that AFEX itself does not fractionate the biomass
constituents. Nevertheless, it facilitates subsequent lignin extrac-
tion (e.g. with an organic or alkaline solution), which can remove
up to 50–65% of the lignin from AFEX-pretreated corn stover.154

The isolated lignin is mainly composed of oligomeric fragments, in
which the b-O-4 bonds are rather well preserved.143,161 It also
contains a small amount of phenolic monomers, including alde-
hydes (vanillin, syringaldehyde), acids (vanillic acid, p-coumaric
acid, etc.) and amides thereof.158

Closely related to AFEX is anhydrous ammonia pretreatment
(AAP).155,156,162 Liquid anhydrous ammonia is known to be an
excellent cellulose swelling agent, as it is able to penetrate the
cellulose fibres, including the crystalline domains. Herein,
it can interfere with the natural hydrogen bond network,
resulting in a cellulose–ammonia complex, which in turn leads
to an altered crystalline structure upon controlled removal of
ammonia (e.g. by evaporation).155,156,162,163 It has been proven
that the restructured cellulose (a CIII polymorph) is more
susceptible towards enzymatic hydrolysis compared to the
native polymorphic form (CI).

164,165 It should be emphasised
that the applied biomass for AAP should have a very low
moisture content because water obstructs the formation of
the CIII polymorph, which is one of the major differences with
AFEX. A second dissimilarity is the absence of an explosive
pressure release. Instead, retaining ammonia in the liquid state
under high pressure enables to instantly extract the solubilised
biomass constituents, primarily lignin. This specific operation
of AAP is also termed extractive ammonia pretreatment
(EAP).155 EAP induces only minor structural lignin degradation,
and was recently shown to enable 44% lignin extraction from
corn stover.155,162 An alternative operation encompasses
(controlled) evaporation of ammonia after AAP, followed by
mild extraction of the lignin with an aqueous NaOH solution
(e.g. 0.1 M at 25 1C). This variant allows for higher lignin
quantities to be extracted (up to 65% using corn stover), and
tends to be more practical with respect to NH3 recovery and lignin
extraction. In both cases, b-O-4 bonds remain intact and nitrogen
gets incorporated in the form of hydroxycinnamoyl amides
(i.e. coumaroyl amide and feruloyl amide).156,162

A third ammonia-based delignification technique is ammonia
recycle(d) percolation (ARP). In this flow-through process, lignin is
continuously extracted by an aqueous ammonia solution,159,166–171

which enables high degrees of delignification (up to 85% for corn
stover).159,166 Additionally, also a substantial fraction of the hemi-
cellulose (e.g. 50–60%)166 is extracted from the biomass. The
solubilised lignin can be precipitated from the extraction liquor
by evaporation (and recycling) of ammonia.168 The resulting
precipitate can contain a considerable amount of carbohydrate
impurities (up to 20 wt%),143 which can be removed almost
entirely via a mild acid-catalysed hydrolysis procedure, without
compromising the lignin structural integrity.171 Bouxin et al.
demonstrated that b-O-4 linkages could be well preserved during
ammonia percolation of poplar wood,135,171 although it should
be mentioned that in this particular study the isolated lignin
yield and delignification degree were rather low, 31% and 58%
respectively (importance of lignin yield: see Section 4.3.1).171 As
with all ammonia-based fractionation methods, a small amount
of nitrogen is incorporated as well (1–2 wt%).143,171

4.1.2 Acidic delignification methods. Dilute acid pretreatment
(DAP) primarily intends to decrease the hemicellulose content
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of the biomass, but additionally affects the lignin (Fig. 5).90,91

Lignin fragments released upon DAP are partially soluble in
acidic hot water, but subsequently condense and redeposit on
the biomass surface if operated in batch mode.172–175 As a
result, the lignin structure is altered, while the lignin content
is not effectively decreased by batch-DAP. Contrarily, when
operating in flow-through (FT) mode, the solubilised lignin
fragments are removed from the heating zone, which limits the
extent of structural alteration and redeposition.172–174,176 Hence,
FT-DAP can be considered as an effective method to extract
lignin (and hemicellulose). FT-DAP removes substantially more
lignin than the analogues process in batch mode.172–174,176 The
hydrolysate contains hemicellulose carbohydrates (i.e. mono-
mers and oligomers), lignin oligomers, and a smaller fraction
of lignin monomers. It is expected that b-O-4 bonds in the
oligomeric fraction are partly preserved, based on indirect
information from related studies.161,177–181 Complete isolation
of the extracted lignin from the hydrolysate is difficult because
precipitation is not effective for low molecular weight, oxygenated
compounds.

A similar approach is FT-hot water pretreatment
(FT-HWP),173,174,176,182 which can be regarded as an autocatalytic
form of FT-DAP, and is therefore also termed autohydrolysis. The
acidity during FT-HWP is provided by (i) the increased dissocia-
tion of water at elevated temperatures,182 and (ii) released
organic acids from the biomass (e.g. acetic acid from acetate
groups).90,91,183 During FT-HWP, lignin undergoes acidolysis and
acid-catalysed condensation, albeit to a lesser extent compared
to FT-DAP.90 The majority of the extracted lignin constitutes
oligomeric fragments,184 and it is assumed that b-O-4 bonds are
at least partly preserved.177–181 A small amount of monomeric
phenols is obtained, comprising a broad range of compounds
(up to 30), including p-hydroxybenzoic acid, vanillin, syringaldehyde,
and sinapyl alcohol.184–186 It has been postulated that vanillin,
syringaldehyde, and their respective acids arise from oxidative
degradation (i.e. oxidative cleavage of Ca–Cb bonds).184,186,187 As with
FT-DAP, isolating the extracted lignin via precipitation is difficult.

An alternative acidic method is steam explosion pretreat-
ment (SEP),91,188–194 which combines features of both AFEX and
HWP/DAP. A treatment with pressurised steam/water (autohy-
drolysis) is followed by an explosive pressure release that opens
up the lignocellulose matrix and physically disrupts the ordered
fibrous structure.192,193 Although SEP itself does not effectuate
substantial biomass delignification,91 it facilitates subsequent
lignin extraction with an organic or alkaline solution (in analogy to
AFEX).188–190,192 The lignin can be separated from the co-extracted
hemicellulose-derived products by precipitation (through acidifica-
tion, water addition or evaporation of the organic solvent). Depend-
ing on the process severity, the lignin undergoes moderate to severe
acid-catalysed degradation (50–100% loss of b-O-4).66,91,191,192,195

Whereas the above acidic delignification strategies all apply
pure aqueous media, the degree of delignification can be signifi-
cantly augmented by implementation of an organic solvent. This
is the rationale behind organosolv pulping, a process wherein
biomass is treated with an organic solvent, often in combination
with mineral acids and/or water.77,196–198 Due to the increased

lignin solubility in the organic medium, lignin is more effectively
extracted compared to (batch-)DAP/HWP. After the pulping
process, lignin can be separated from the co-extracted hemi-
cellulose fraction by precipitation from the pulping liquor,
yielding organosolv lignin. Organosolv pulping thus enables
the efficient fractionation of lignocellulose in its three major
constituents: a solid cellulose pulp, a lignin precipitate, and an
aqueous hemicellulose-derived stream.197 Various solvents can be
applied, including alcohols (methanol, ethanol, butanol),102,199–206

polyols (ethylene glycol, glycerol),207–210 cyclic ethers (THF,
dioxane),211–213 organic acids (formic acid, acetic acid),198,214–216

and ketones (acetone, MIBK).217–220 A popular choice are low
boiling alcohols owing to their ease of recovery and low cost.197

Organosolv pulping can take place both in presence or absence
of an acid catalyst (autocatalytic fractionation).197 In either case,
lignin undergoes acid-catalysed depolymerisation and condensa-
tion (Fig. 5),221 resulting in oligomeric fragments. The extent of
structural alteration strongly depends on the process severity
(Section 4.3.1).205 Technical organosolv lignins obtained from
industrially relevant (harsh) organosolv processes, such as the
Alcell process (pulping with aqueous ethanol at ca. 195 1C),222

contain only a limited amount of residual b-O-4 motifs.75,205

Though, under certain conditions, lignin can be extracted with
good preservation of b-O-4 linkages (e.g. dioxasolv pulping,223,224

butanosolv pulping204,205). A signature feature of organosolv
pulping with concentrated alcohols is the incorporation of
solvent-derived alkoxy groups at the a-position of lignin’s alkyl
chains (Fig. 9).64,204,205 It has been postulated that alkoxylation
protects the b-O-4 structure from undergoing degradation and
condensation reactions.204,205 On the other hand, ester groups
(formyl, acetyl) are incorporated upon employing carboxylic acids
as pulping solvent (viz. esterification).216,225

A recent advancement in biomass delignification, demon-
strated by Luterbacher et al., encompasses the solvolytic extrac-
tion of lignin by using a dioxane/water mixture containing HCl
and formaldehyde.226 The innovative feature of this mild
(80–100 1C) fractionation approach is the ability of formalde-
hyde to chemically stabilise lignin, hereby preventing acid-
catalysed depolymerisation and repolymerisation reactions.
Formaldehyde forms relatively stable 1,3-dioxane rings (i.e.
acetal formation) by reacting with the OHa- and OHg-groups of
the alkyl side-chains in b-O-4 motifs (Fig. 10), which inhibits the
formation of reactive carbenium ions (Fig. 5). As a result, an
oligomeric lignin precipitate can be obtained, with almost
complete preservation of b-O-4 bonds. Additionally, formalde-
hyde also partially blocks the electron-rich meta positions

Fig. 9 a-Alkoxylation during acid-catalysed organosolv fractionation in
concentrated alcohols.
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through the formation of m-hydroxymethyl groups (relative to the
phenolic position).226–230 Noteworthy, the subsequent formation
of methylene cross-linkages such as in phenol formaldehyde
resins does not occur, thanks to the optimised processing
conditions.229,230 A side-reaction of the formaldehyde-assisted
delignification process is the incorporation of formaldehyde
into the residual carbohydrate pulp. However, the grafted
formaldehyde can be removed via an additional acidic hydro-
lysis step.226

4.1.3 Reductive catalytic fractionation. Reductive catalytic
fractionation (RCF) combines solvolytic extraction of lignin
with simultaneous reductive catalytic depolymerisation by a
heterogeneous redox catalyst.64,231–235 Hence, the process is
closely related to organosolv pulping, but differentiates itself
by producing a highly depolymerised lignin oil instead of a
high molecular weight precipitate. The extent of delignification
is mainly determined by the solvent type, reaction time, and
temperature.236 As in organosolv fractionation, low boiling alcohols
(e.g. methanol, ethanol, isopropanol) are the most commonly used
solvents, and are often mixed with water.232,234,236,237 Furthermore,
addition of an acidic co-catalyst (e.g. H3PO4, metal triflates)238–242

can enhance the extraction of lignin as well as the removal
of hemicellulose. The subsequent lignin depolymerisation
(hydrogenolysis) and reductive stabilisation are governed by the
redox catalyst. To this end, supported noble metals as well as Ni
have been applied.234,235,239,243,244 Since RCF combines fractiona-
tion with lignin depolymerisation, details on the obtained lignin
products (substituted methoxyphenols) are discussed more
elaborately in Section 5.

It should be noted that the carbohydrates are obtained as a
(holo)cellulose pulp, together with the spent catalyst. Separa-
tion of the catalyst from the pulp is of utmost importance to
guarantee the viability of the RCF process, but remains never-
theless difficult. Within this respect, the use of ferromagnetic
catalysts234,245 or a catalyst basket233,366 has been demonstrated
to enable a facile catalyst-pulp separation.

4.1.4 Other delignification techniques. Ionic liquid dissolu-
tion and ionosolv pulping are two interrelated fractionation
approaches based on the action of ionic liquids (ILs). Depending
on the applied IL, the entire lignocellulose substrate can be
dissolved (IL dissolution) or the lignin and hemicellulose can be
extracted (ionosolv pulping).246 In the former process, cellulose
can be precipitated from the product mixture by addition of an
anti-solvent (organic or aqueous–organic solution),246–251 prior

to lignin precipitation in a subsequent step. A major advantage
of this process is the potential to decrystallise cellulose,247 which
can facilitate downstream conversion. During ionosolv pulping,
the second IL-based process, only lignin and hemicellulose are
solubilised while the cellulose fraction remains in the form of a
solid pulp. Hence, ionosolv pulping shows a strong resemblance
to organosolv pulping, but can generally be performed at lower
temperatures (o160 1C). The solubilised lignin can be precipitated
from the pulping liquor.246,252–256 For both IL-based fractionation
techniques, partial b-O-4 cleavage occurs followed by repolymerisa-
tion, depending on the process severity.135,161,251–253,256,257 It has
been postulated that the extent of b-O-4 cleavage strongly depends
on the type of anion (e.g. sulfate, acetate, phosphate), which can
act as nucleophile. The cation on the other hand has only a
minor contribution.246,258 Furthermore, sulfur can be incorpo-
rated upon applying sulfur containing anions (e.g. sulfate,
sulfonate, sulfamate).246,258 Other considerations, which are
inherently connected to the use of ionic liquids, include IL
cost, toxicity and recuperation.246,250,253,259

Mechanical pretreatment can also facilitate biomass
fractionation. This principle forms the basis for the isolation
of milled wood lignin (MWL).260–263 MWL is obtained through
extensive ball milling of wood at room temperature, followed by
lignin extraction with an organic solution like dioxane/water. In
this way, a lignin substrate can be obtained that is structurally
similar to native lignin.260–263 Despite the high content of b-O-4
bonds, MWL isolation is however not relevant on an industrial
scale. Long milling times (days–weeks) are required and the degree
of delignification is generally low (o35%).67 The method is
only of interest for analytical and experimental purposes
because it provides a native lignin surrogate.

Finally, oxidative delignification, although usually applied
in the context of pulp bleaching, can also be used to remove
lignin from raw lignocellulosic biomass. This can either be
performed under acidic (e.g. in acetic acid or peracetic acid)264

or alkaline conditions (e.g. in aqueous NaOH265–267 or lime264)
and usually with hydrogen peroxide265–267 or oxygen264 as
oxidant. Herein, lignin is transformed through oxidative (next
to acid- and base-catalysed) pathways, resulting in a mixture
low-molecular weight products which likely comprise phenolic,
quinone, and ring-opened (aliphatic carboxylic acid) structures
(Section 3.4).84,108,109 Since only very little information is avail-
able about the structure of the extracted lignin, oxidative
delignification is not included in Fig. 8.

4.2 Fractionation based on carbohydrate conversion

The second category of fractionation methods, summarised by
Fig. 11, encompasses lignocellulose fractionation approaches
that are based on the conversion (hydrolysis or thermolysis) of
carbohydrates. A lignin (side-)product can be recovered either
in the form of an insoluble lignin residue (LR), or as a lignin
precipitate (LP). In analogy to Fig. 8, these abbreviations are
also used in Fig. 11 to indicate the different types of lignin.

4.2.1 Acid-catalysed carbohydrate conversion. A traditional
approach to convert lignocellulosic carbohydrates into mono-
saccharides is through concentrated acid hydrolysis (CAH).268

Fig. 10 Mechanism of lignin stabilisation during formaldehyde-assisted
lignin extraction, forming acid-stable dioxane structures and m-hydroxy-
methyl groups.226
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Fig. 11 Biomass fractionation methods, part II: methods focussing on the deconstruction of the carbohydrate polymers. The lignin fraction can either be
obtained as a solid lignin residue (LR) or as a lignin precipitate (LP).
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In this method, concentrated mineral acids (e.g. 72 wt% H2SO4)
are applied to digest raw biomass at room temperature, resulting
in an aqueous solution of mainly carbohydrate oligomers. A post
hydrolysis step with dilute acid (0.5–5 wt%) at elevated tempera-
ture (e.g. 100 1C) is required to yield sugar monomers (80–100%
yield).268–270 The lignin fraction undergoes severe degradation by
acid-catalysed cleavage of ether bonds and repolymerisation
(Section 3.2; Fig. 5). As a result, the majority of the lignin is obtained
as a highly condensed insoluble residue, named Klason lignin. The
amount of Klason lignin can be determined gravimetrically,
and is a standard analytical method to measure the (acid-
insoluble) lignin content of lignocellulosic biomass.271,272

Apart from the Klason lignin, a minor fraction is present as
acid soluble lignin (ASL), which can be determined spectro-
photometrically. ASL is suggested to comprise oxygenated
lignin monomers and oligomers. Major drawbacks of concen-
trated acid hydrolysis are corrosion issues and the difficulty of
recovering and regenerating the mineral acid.

Related to CAH is dilute acid hydrolysis (DAH).268,273,274 The
lower acid concentration (o5 wt%) is compensated by operating
at a higher reaction temperature (4170 1C).268 In this harsh
environment, both cellulose and hemicellulose are hydrolysed.
The lignin fraction undergoes acid-catalysed degradation, and is
recovered as a highly altered insoluble residue if operated
in batch mode. Furthermore, the residue can contain humins
(also termed pseudo-lignin), which arise from acid-catalysed
degradation of carbohydrates.275–278 Lignin and carbohydrate
degradation can be reduced by operating in flow-through mode
(FT-DAH), which enables a shorter residence time of solubilised,
reactive species. This alternative operation mode yields less
degraded lignin, similar to lignin obtained from FT-DAP/HWP.
The majority of this lignin fraction comprises oligomers which
can be precipitated from the hydrolysate. A smaller portion
consists of monomeric phenols such as vanillin, syringaldehyde,
coniferyl alcohol, etc.178–180,187 The oligomeric fraction is reactive
towards depolymerisation, which indicates that a significant part
of the b-O-4 bonds are preserved.178–180

A recent innovation in the field of acid-catalysed hydrolysis,
demonstrated by Dumesic et al., involves the use of g-valerol-
actone (GVL)/water mixtures in combination with H2SO4.
GVL facilitates the complete solubilisation of the biomass, by
promoting both (hemi)cellulose deconstruction and lignin
solubilisation.279 The carbohydrates can be acquired as mono-
and oligosaccharides (70–90% yield)279 or as secondary products
such as levulinic acid and furfural,280 whereas the solubilised
lignin can be precipitated through addition of water to the
mixture.280,281 Alternatively, the lignin precipitate can also be
recovered by CO2 extraction of the GVL/water mixture, circum-
venting the need for additional water.162,172 Hence, by applying
CO2-based separations, high concentrations of monosaccharides
in the aqueous phase can be obtained (up to 127 g L�1).279 With
respect to the lignin fraction, GVL-based fractionation enables
mild processing conditions, which favours the preservation of
b-O-4 ether bonds.281

Acid hydrolysis of lignocellulose can also be performed
in acidified ionic liquids.246,282–285 The use of ionic liquids

enables the solubilisation of the lignocellulosic biopolymers
(vide supra, Section 4.1.4), making the glyosidic bonds more
accessible towards hydrolysis. Hence, carbohydrate hydrolysis can
occur more efficiently in ILs compared to aqueous systems.284

Lignin undergoes acid-catalysed degradation reactions (Fig. 5)
leading to a residue with low content of b-O-4 ether bonds.282–284

Sulfonate groups from the ILs can be incorporated as well.283

Finally, another alternative acid-catalysed fractionation
method is mechanocatalytic depolymerisation, which has been
extensively studied by Rinaldi et al.286–292 This technique relies
on milling of acid-impregnated biomass, hereby fully converting
the substrate into water-soluble products (oligosaccharides and
lignin fragments). Upon applying a post-hydrolysis step, high
yields of monosaccharides can be obtained.286–289 Simulta-
neously, a lignin precipitate is formed during the acid-catalysed
saccharification,287,288 which closely resembles ethanosolv
(50/50 ethanol/water, 180 1C) lignin in terms of b-O-4
content.287 The obtained precipitate comprises oligomers char-
acterised by a rather low amount of b-O-4 ether bonds.287,290,292

It has been suggested that most of the structural alteration
(depolymerisation and condensation) occurs during the actual
mechanocatalytic depolymerisation rather than during the post-
hydrolysis step.287 Nevertheless, part of the repolymerisation can
be avoided by performing the post-hydrolysis step in a biphasic
system comprising water/MeTHF, thereby yielding a lignin polymer
with lower molecular weight compared to the lignin precipitate
obtained from monophasic aqueous saccharification.291 It was
postulated that the extraction of lignin fragments in the MeTHF
phase protects them from recondensation.291

4.2.2 Enzymatic-assisted carbohydrate conversion. Enzymatic
hydrolysis is a common strategy to liberate monosaccharides from
the carbohydrate polymers residing in lignocellulosic biomass.
Concurrently, a solid residue is obtained which contains the
water-insoluble lignin-rich fraction, together with residual carbo-
hydrates. Because many physico-chemical factors of raw biomass
hinder the direct biological deconstruction of (hemi)cellulose,
a pretreatment step is usually applied to reduce biomass
recalcitrance. In case the pretreatment step does not effectuate
substantial delignification, a similar lignin-enriched residue
is obtained upon enzymatic hydrolysis of the pretreated
biomass.293–296 The most common pretreatment methods that
do not induce extensive delignification are HWP,91,297,298

DAP,91,299,300 SEP,91,191–193,301 AFEX,91,154,160 and deacetylation
and mechanical refining (DMR).302–304 Other, less conventional,
pretreatment strategies include plasma pretreatment305 and
ultrasound pretreatment.306,307 The residues obtained from
enzymatic hydrolysis have a low lignin purity (e.g. ashes, residual
carbohydrates, protein, etc.),293–295,301,308 but receive increasing atten-
tion to be used as lignin resource for further valorisation.293,294,309,310

The purity as well as the extent of structural alteration strongly
depend on the type and severity of the pretreatment method.

Apart from the industrially relevant residues discussed
above, two enzymatic laboratory scale procedures exist to iso-
late a pure lignin with minimal structural alteration and high
b-O-4 content. Both methods rely on extended enzymatic hydrolysis
(typically for 48 h) of ball milled wood by cellulolytic enzymes.67
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Extraction of lignin from the residual solids (e.g. with dioxane/
water) followed by precipitation yields cellulolytic enzyme lignin
(CEL).262,311–314 The isolated yield is generally low (o35%), but the
b-O-4 linkages are well preserved.67 Alternatively, following the
enzymatic hydrolysis, the insoluble material can be submitted to
an additional mild acid hydrolysis step (HCl in dioxane/water),
to cleave LCC linkages and solubilise lignin.67,315 Subsequent
precipitation yields enzymatic mild acidolysis lignin (EMAL),
which is obtained in significantly higher yields (25–65%) com-
pared to CEL.67,315–318 Nevertheless, the isolation of EMAL is
not applicable on an industrial scale, as is also the case for the
isolation of CEL and MWL. These isolated lignins are only relevant
in a research context, for instance to study the depolymerisa-
tion of (close-to-)native lignin.

4.2.3 Thermal carbohydrate conversion: pyrolysis. (Fast)
pyrolysis of lignocellulose is an extensively investigated process
wherein biomass is decomposed thermally (400–600 1C) in absence
of oxygen, resulting in gaseous products and char.319,320 The
generated char is mainly derived from lignin.320 Subsequent con-
densation of the gases yields a liquid product, and is referred to as
pyrolysis oil or bio-oil. In order to maximise the oil yield, high
heating rates (300–1000 1C min�1) and short residence times (1–2 s)
are preferred.319 Although oil yields up to 75 wt% can be reached,
the obtained bio-oil is unstable, has a low energy content, a high
water content, and is immiscible with petroleum-based fuels.319

In situ or ex situ catalytic upgrading is therefore required to
produce a fuel-compatible liquid. The interested reader is
referred to dedicated literature on this topic.71,319–323

The pyrolysis bio-oil fraction contains both Carbohydrate-
and lignin-derived products,71 with the latter including phenolic
monomers and oligomers. The thermally formed lignin mono-
mers can be present in considerable amounts (up to 20 wt%
of initial lignin), and comprise a wide array of compounds
(phenols, catechols, guaiacols etc.).71,324–328 The lignin-derived
products are more hydrophobic compared to the carbohydrate-
derived compounds (furfural, anhydrosugars, short aldehydes
and acids, etc.),320 which makes it possible to precipitate most
of the lignin fraction from the bio-oil, for example by addition of
water. The phenolic monomers are however expected to remain
mostly in the liquid phase. The as-formed precipitate is termed
pyrolytic lignin, and is highly condensed and degraded.329–332 It
is composed of short oligomers (DP 4–9),329 which are mainly
built from C8-rather than (native) C9-units due to degradation of
the C3-side-chain.24,66

4.3 Critical discussion on fractionation

4.3.1 Structural analysis and comparison of isolated lignins.
Lignocellulose fractionation methods induce various alterations in
the native lignin structure, depending on the method employed and
the process severity. These structural changes affect the reactivity
towards depolymerisation of the isolated lignin, which is mostly
assessed by measuring the b-O-4 content. The b-O-4 content is one
of the most important lignin characteristics,135,143,205,333 though,
it is not the sole factor that governs reactivity. Other structural
features such as the OH-group content, molecular weight, and the
presence of impurities might exert an effect as well.

Measuring the b-O-4 content is most often performed via
2D 1H–13C heteronuclear single quantum coherence nuclear
magnetic resonance spectroscopy, abbreviated as HSQC NMR.334

Although this method delivers valuable structural information,
performing quantitative analyses is difficult.75,256 Absolute values
should therefore be interpreted with caution and they are most
valuable in a comparative context. Destructive analytical methods
like thioacidolysis335,336 and nitrobenzene oxidation337,338 on the
other hand provide an alternative quantitative measure of lignin
reactivity: a higher yield of volatile (monomer) products is acquired
for more reactive lignins (having a higher b-O-4 content). These
tools can be regarded as analytical depolymerisation methods,
complementary to HSQC NMR.

Owing to variations in analytical protocols, it is often
difficult to unambiguously compare characterisation studies
on lignin. This issue is overcome by comparative studies that
systematically apply a well-defined set of analytical methods on
different isolated lignins. For example, Bouxin et al. charac-
terised four different types of lignin (wheat straw soda, poplar
organosolv, wheat straw AFEX, and poplar ARP lignin) with
HSQC NMR and thioacidolysis.143 Although different absolute
values were obtained with both techniques, a clear trend could
be deduced. Both techniques demonstrated that the b-O-4
bonds in poplar ARP and wheat straw AFEX lignin were well
preserved (HSQC NMR: 45% and 37% of interunit linkages), in
contrast to poplar ethanosolv lignin (12%) and wheat straw
soda lignin (4%).143 In a follow-up study, Bugg et al. charac-
terised a set of seven different lignins.135 Based on HSQC
measurements, they concluded that poplar ARP lignin con-
tained the highest proportion of b-O-4 bonds (48%), followed
by oak dioxasolv lignin (40%), eucalyptus ethanosolv lignin
(16%), miscanthus ionosolv lignin (10%), and eucalyptus kraft
lignin (o1% b-O-4).

It should be noted that the lignin reactivity also depends
on the biomass type and the fraction of native b-O-4 bonds.
Large structural and compositional variation exist between
hardwoods, softwoods and herbaceous feedstocks, and between
species within these categories (Section 2.1).47,66,74 As can be
intuitively understood, these difference are also reflected by the
respective isolated lignin, and can furthermore influence the
efficiency of fractionation. Hence, it is difficult to unambiguously
compare fractionation methods if diverse biomass sources are
used. Nonetheless, in the study by Bugg et al., a large difference in
b-O-4 bond content was measured for two types of hardwood
organosolv lignin, viz. oak dioxasolv (40%) and eucalyptus
ethanosolv lignin (16%). This vast dissimilarity illustrates that
the structural characteristics of lignins are strongly affected by
the specific process conditions.

In a recent comparative study by Barta et al., a series
of 22 organosolv lignins were characterised, including self-
synthesised as well as commercial (technical) lignins.205 The
b-O-4 content of the organosolv lignins varied strongly, ranging
from 2 to 62% as measured by HSQC NMR.205 Hence, the
fractionation process and severity clearly have a drastic impact
on the lignin reactivity. In general, increasing the process
severity, for instance by increasing the temperature, time, or
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acidity, increases the degree of repolymerisation and decreases
the lignin reactivity. On the other hand, a more severe process
in general allows to remove more lignin from the substrate (i.e.
delignification), and recover more lignin as a precipitate (i.e.
isolated lignin yield). Therefore, the delignification, isolated
lignin yield, and the lignin reactivity are closely intertwined,
with a high isolation yield usually concurring with low reactivity
towards depolymerisation, and vice versa. For example, in the
study by Barta et al., the high-yield commercial/technical
organosolv lignins displayed a significantly lower b-O-4 content
(8% b-O-4 on average) compared to low-yield self-synthesised
lignins (39% b-O-4 on average).205,339 This points out the impor-
tance of indicating the isolated lignin yield when assessing the
lignin reactivity towards depolymerisation. Similar as comparing
product selectivities at similar reagent conversions, the lignin
reactivity is ideally evaluated at similar isolated lignin yields.
Unfortunately, this aspect is often neglected in studies on the
structural analysis of isolated lignins.

In a recent study, Bruijnincx et al. thoroughly characterised a
set of six (high-yield) technical lignins which are frequently
used in depolymerisation studies, including softwood kraft
lignin (Indulin AT), grass/wheat straw soda lignin (Protobind
1000), hardwood ethanosolv lignin (Alcell) and various other
organosolv lignins.75 They concluded that all types, including
the organosolv lignins, were strongly degraded by the isolation
method, as expressed by the low fraction of inter-unit ether
bonds (3–10% as measured by HSQC NMR). Noticeably, the
studied poplar organosolv lignin showed a much lower b-O-4
content than the poplar organosolv lignin analysed by Bouxin
et al. (3 vs. 12%).77,90 Furthermore, Bruijnincx et al. determined
a similar b-O-4 content for softwood kraft lignin as for the
organosolv lignins, which is in sharp contrast to observations
made by Bugg et al.77,101 These differences may be explained by
(i) variations in analytical procedures and/or (ii) by variations in
the process severity, which again underpins the importance of
indicating the isolated lignin yield.

In summary, the above comparative studies share some
common observations, but on the other hand highlight that
making a generalised comparison between isolated lignins is
extremely difficult (see also Section 5.3.2). An overwhelming
amount of variables come into play, both with respect to the
fractionation method itself as well as to the actual analysis.
Moreover, no biomass sample is the same, not even two samples
from the same species.340,341 Hence, the fractionation methods
outlined in Fig. 8 and 11 do not concur with one specific lignin
structure. Instead, each lignin has its own unique chemical
properties, determined by (i) the fractionation method, (ii) the
fractionation severity, and (iii) the biomass source. These aspects
are outlined in Fig. 12. Ideally, to study the impact of a certain
aspect on the lignin reactivity towards depolymerisation (e.g.
fractionation method), the other parameters should be kept
constant (e.g. biomass type and isolated lignin yield).

4.3.2 Preventing structural lignin degradation during fractiona-
tion. The development of industrially feasible lignin isolation
methods that induce minimal structural degradation while
achieving high lignin yield and purity, is a grand challenge in

the lignin research field.342 Notwithstanding that significant
progress has been made, every isolation method results in
structural alteration to a certain extent, which can negatively
affect subsequent lignin conversion to chemicals (Section
5.3.2). As learned from the above literature survey, the quality
of the isolated lignins can be augmented by taking into account
at least one of the following two principles.

The first principle to minimise degradation is to keep
the original lignin structure intact as much as possible, by
preventing lignin depolymerisation. In other words, preserving
the reactive b-O-4 bonds in lignin is one of the approaches
to increase the potential for subsequent valorisation routes.
Methods based on harsh acidic and alkaline conditions clearly
do not meet this criterion. Classic pulping and carbohydrate
hydrolysis methods evoke cleavage of b-O-4 ether bonds,
hereby generating reactive intermediates that are prone to
subsequent irreversible repolymerisation (Fig. 13). Milder pro-
cessing conditions are more preferable to limit ether bond
cleavage. For example, ammonia-based strategies (AFEX, AAP,
ARP) tend to be milder compared to NaOH-based methods, and
hence, preserve b-O-4 linkages more effectively. In addition,
media that assist the solubilisation and/or saccharification
of the biomass, for example GVL, offer a practical solution.
In this way, the need for strong alkaline/acidic media or
high temperatures is avoided, in contrast to purely aqueous-
based methods. Finally, depolymerisation of b-O-4 motifs can
be prevented via chemical stabilisation. For instance, the
formation of stable 1,3-dioxanes through reaction with form-
aldehyde (Fig. 10) has been demonstrated as an effective b-O-4
preservation strategy.226 a-Alkoxylation (Fig. 9) during acid-
catalysed extraction of lignin with concentrated alcohols (e.g.
n-butanol) has also been proclaimed to stabilise b-O-4 ether
bonds.204,205

Fig. 12 The reactivity towards depolymerisation of any isolated lignin is
determined by three elements: (i) the structural characteristics of the
native lignin, (ii) the fractionation method and underlying mechanism,
and (iii) the severity of the fractionation method, which is strongly linked
to the isolated lignin yield/purity.
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The second principle to prevent lignin degradation is to
avoid repolymerisation of reactive intermediates. A practical
method to inhibit the formation of stable carbon–carbon bonds
is to physically remove these intermediates from the heating
zone, by operating in flow-through mode instead of in batch
operation. This methodology is applied during FT-DAP, FT-HWP,
ARP, GVL-assisted processing and fast pyrolysis. However, flow-
through operations often require a higher liquid-to-solid ratio (or
gas-to-solid ratio) compared to their analogous batch processes,343

consequently leading to more diluted product streams, a more
energy intensive product work-up, and higher rate of solvent use,
regeneration, and recycle. Alternatively, reactive intermediates can
also be removed chemically, i.e. by quenching. This approach is
for instance implemented during RCF. During this process,
reactive intermediates are reduced (H2 or H-donor) to stable
end products. Interestingly, physical or chemical removal of
reactive intermediates can also be applied in lignin depolymer-
isation processes (Section 5.3, Fig. 23).

Finally, on-purpose design of lignocellulosic biomass by
means of genetic modification embodies a powerful comple-
mentary strategy to facilitate effective biomass fractionation/
deconstruction. Pioneering work in this field by Chen and Dixon
demonstrated that genetically reducing the lignin content in
alfafla lines can increase the efficiency of DAP and enzymatic
hydrolysis.344 A noteworthy and more recent illustration encom-
passes the incorporation of labile ester linkages (i.e. monolignol
ferulate conjugates; referred to as zips) in the backbone of poplar
lignin, which augments the efficiency of delignification
strategies.345,346 Other plant engineering tactics to facilitate
biomass deconstruction include the design of lignins with a
lower polymerisation degree, less branching, augmented S/G
ratio, less cross-linking with carbohydrates, and increased
hydrophilicity.51,62 Such in vivo alterations may enable fraction-
ation under milder process conditions, hereby diminishing
lignin depolymerisation (Principle 1) and/or repolymerisation
(Principle 2). Notwithstanding, it should be mentioned that
genetic modifications can also negatively impact plant growth

(e.g. dwarfism).347 Addressing these abnormalities is essential to
exploit the full potential of bio-engineered crops, and requires
deep understanding of the underlying regulatory pathways.
For instance, Bonawitz et al. demonstrated that disrupting
the transcriptional co-regulatory complex Mediator mitigates
dwarfism in Arabidopsis C30H mutants, with the engineered
lignin almost exclusively containing H-units.348

4.3.3 Fractionation efficiency. Because this review focuses
on lignin valorisation, the above discussion on biomass frac-
tionation primarily sheds light on the obtained lignin (type,
structure, and yield). Notwithstanding, it is important to note
that fractionation techniques should also be evaluated in terms
of fractionation efficiency, which can be interpreted as the yield
and purity of the obtained fractions, i.e. lignin fraction and
carbohydrate fraction(s). For example, the methods outlined in
Fig. 8 ideally aim at fully extracting the lignin from the biomass,
whether or not in combination with hemicellulose removal,
while maximally preserving the (holo)cellulose portion in the
residual solids. Hence, efficient biomass fractionation requires
to find the right balance. It can be intuitively understood that
this balance, just as the structural integrity of the lignin fraction,
is determined by (i) the underlying fractionation chemistry,
(ii) the fractionation severity, and (iii) the structural and
compositional characteristics of the biomass (Fig. 12).

5. Lignin depolymerisation

As discussed in the previous section, a wide array of isolated
lignins is available. It is commonly accepted that lignin is prone
to structural degradation during biomass fractionation, resulting
in a depletion of ether bonds and a concurrent increase in
carbon–carbon bonds relative to the native lignin (Fig. 13). Since
most depolymerisation methods are unable to cleave carbon–
carbon bonds in lignin, an increase in carbon–carbon bond
content (at the expense of cleavable ether bonds) lowers the
potential for depolymerisation (or reactivity). As the theoretical

Fig. 13 Schematic illustration of lignin degradation (O-linkages represent ether bonds). Degradation can be prevented by (i) preventing depolymerisa-
tion and the formation of reactive intermediates, and/or by (ii) minimising subsequent repolymerisation reactions and the formation of new C–C bonds.
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monomer yield from lignin is roughly proportional to the square
of the relative content of cleavable inter-unit ether bonds,21,244,349

a small decrease in ether bonds (and concomitant increase in
carbon–carbon bonds) drastically lowers the monomer yield that
can be achieved. To avoid this loss in reactivity, one suitable
strategy is to perform lignin depolymerisation directly on native
lignin residing in the lignocellulose substrate. In this way, bio-
mass fractionation and lignin depolymerisation are executed
simultaneously (see line 2 in Fig. 3). This intensified approach
was briefly mentioned in the previous section on lignocellulose
fractionation, and will be discussed in more detail in Section 5.1.
Nonetheless, as explained in Section 4, traditional fractionation
processes (kraft pulping, etc.) generate large volumes of degraded
lignin streams, for which depolymerisation to valuable chemicals
is an attractive valorisation opportunity. In addition, alternative
fractionation processes are being developed that yield reactive
isolated lignins with high b-O-4 content. (Principle 1 in Fig. 13).
Therefore, depolymerisation of isolated lignins, either reactive or
(partially) degraded, encompasses an important research field in
the context of lignin valorisation and will be thoroughly reviewed
in Section 5.2.

A difficulty in reviewing lignin depolymerisation is that studies
generally report various quantitative measures, such as monomer
yield, total product yield, oil yield, and lignin conversion. Because
the latter three are defined in various ways,350 this often does not
allow for a straightforward comparison of lignin depolymerisation
studies. For this reason, monomer yields are used as a measure
of depolymerisation efficiency, and only studies that report
monomer yields are discussed. Also, as this review focuses on
the production of chemicals from lignin, the most relevant
quantitative information is provided by the monomer yields. It
should be stressed that the monomer yield is not the only
conclusive factor, as selectivity is important as well. Therefore,
to compare the various depolymerisation methods, both the
monomer yield and the product selectivity in the monomer
fraction are evaluated.

5.1 Depolymerisation of native lignin

In various lignocellulose fractionation methods, lignin depoly-
merisation can take place to a certain degree (see Section 4).
While most of these methods don’t specifically target extensive
lignin depolymerisation, a few fractionation techniques are
intentionally geared to yield a highly depolymerised lignin
product. Umbrella terms such as ‘lignin-first’ or ‘early-stage
catalytic conversion of lignin’ (ECCL) are often used to refer to
(some of) these processes.21,342 One particular process that
combines lignin isolation and effective depolymerisation in one
step, is RCF. This process, which was already briefly described in
Section 4.1.3, has been extensively studied in recent years. RCF
and related one-pot methods will be discussed in the next section.
In Section 5.1.2, other methods that target native lignin depoly-
merisation will be addressed.

5.1.1 Reductive catalytic fractionation (RCF) and reductive
one-pot methods. In RCF, which is also known as protolignin
hydrogenolysis, native lignin is solvolytically extracted from the
lignocellulosic biomass and simultaneously depolymerised in

presence of a heterogeneous redox catalyst and a hydrogen
source (H2 or hydrogen donor).64,195,226,231–245,342,351–366

A recent study has shown that lignin depolymerisation is mainly
accomplished through solvolytic action (e.g. MeOH), while the
catalyst’s prior role is to reductively stabilise reactive intermediates,
hereby largely avoiding repolymerisation.366 As a result, the process
yields a depolymerised lignin oil rich in phenolic monomers,
dimers, and oligomers, next to a solid carbohydrate pulp which
is amenable to further valorisation.231,233,234,239,351 Hydrogen can
be available as pressurised hydrogen gas, but can also originate
from the solvent234,235 or from lignocellulose itself.232,352 The
most common solvents are small alcohols (mainly methanol)
and water/organic solvent mixtures such as water/dioxane and
water/ethanol. The lignin product yield, delignification degree,
and carbohydrate retention in the pulp strongly depend on
the solvent,235–237,353 additives,238–242,244,245,354,355 and reaction
temperature.231,235,236,239 Lignin product yield and delignifica-
tion degree are generally enhanced by raising the reaction
temperature and the polarity of the reaction solvent,231,234,236

although an optimum in solvent polarity can be found.237 The
presence of a Brønsted acid like H3PO4

238,244 or Lewis acids like
Yb(OTf)3 and Al(OTf)3

240,241 also increases both delignification
and monomer yield, enabling RCF at milder conditions.

Next to the reaction conditions, the lignin product yield
depends strongly on the lignocellulose source. Various feed-
stocks have been tested in RCF, including hardwoods (birch,
poplar, beech, etc.), softwoods (pine, spruce, etc.) and herbaceous
crops (miscanthus, corn stover, etc.). To give a general overview
of the monomer yields obtained with various feedstocks, the
maximum reported monomer yield per lignocellulose substrate
was collected from each RCF study (Table S1 in the ESI†), and
with these data, histograms were constructed showing the mono-
mer yield distribution for each biomass type, viz. hardwood,
softwood and herbaceous crops (Fig. 14). These histograms dis-
play the number of data points within a certain yield interval.

As discussed in Section 2.1, the lignin composition and
distribution of inter-unit linkages varies between feedstocks.
To assess the influence of feedstock on reductive processing,
Sels et al. performed RCF with various substrates (birch, poplar,
miscanthus, and a spruce/pine mixture) and found a clear
trend between the lignin S-content and the monomer yield.231

Because the lignin S-content correlates with the b-ether content
in lignin,62,66 this observation indicates that a higher b-O-4
ether content in lignin results in a higher monomer yield.
These findings were recently corroborated by Samec et al.,
who showed a distinct trend between the monomer yield and
content of native b-O-4 ether bonds in various woody substrates
(birch, poplar, spruce, and pine).352 In line with the results of
Sels, Samec, and co-workers, the histograms in Fig. 14 show
that the monomer yields generally decrease in the order of
hardwoods 4 herbaceous crops 4 softwoods. For hardwoods,
the majority of monomer yields are higher than 30 wt% and
yields over 50 wt% are regularly reported, while the yields for
softwoods are generally below 30 wt%. The yields for herbaceous
crops mostly range from 20 to 40 wt%, although some outliers
are present.240,351
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RCF is a highly selective process, with most studies indicating
only a handful of phenolic products. The main phenolic mono-
mers obtained from RCF are para-substituted methoxyphenols,
with the structure of the substituent depending on the feedstock
and process parameters. When starting from woody biomass,
propyl-, propanol-, propenyl-, methoxypropyl-, and ethyl-substituted
methoxyphenols can be selectively produced. Unique for
herbaceous crops is that they can also generate propionic and
acrylic acid-substituted methoxyphenols, which are either
obtained as a carboxylic acid or ester (27) depending on the
solvent used.231,239,351 Similarly, p-hydroxybenzoate groups in
feedstocks such as poplar and palm can be released as p-hydroxy-
benzoic acid, the corresponding ester, or the decarboxylation
product phenol.233,238,367

Next to the feedstock, the substituent structure of the
phenolic monomers mainly depends on the applied catalyst,
additives, reaction time, and atmosphere (hydrogen or inert
atmosphere). Fig. 14 provides an overview of the products that
are obtained under certain process conditions. For example,
propyl-substituted methoxyphenols (22) can be selectively pro-
duced under hydrogen atmosphere with Ru/C,231,243 Pt/C,244,353

Rh/C,244 or a combination of Pd/C and a Zn-salt,233,356 but also
under inert atmosphere with a Ni/C catalyst.235 In the latter
case, an alcohol solvent is required as hydrogen-donor. These
catalytic systems enable the effective removal of the g-OH
group, presumably through hydrogenolysis or tandem dehydra-
tion/hydrogenation. On the other hand, preservation of the
g-OH group is enabled by Pd/C195,236–238,240,243,244,353,354,356,357

or RANEYs Ni354,357 under hydrogen atmosphere, hereby
selectively yielding propanol-substituted methoxyphenols (23).
Interestingly, reaction with Pd/C under inert atmosphere generates

propenyl-substituted methoxyphenols (24) at short reaction
time, while the product selectivity shifts towards propyl-
substituted compounds after extended reaction.352 Hence,
these observations suggest that pressurised H2 is essential to
effectively preserve the g-OH group, whereas the reaction time
should be considered as well to tune product selectivity. In
addition, it has been shown that combining Pd/C with Al(OTf)3

at high Al/Pd ratio selectively yields methoxypropyl-substituted
methoxyphenols (25, upon reaction in methanol).241 High
amounts of metal triflate cause acid-catalysed etherification
of the g-OH group. A recent follow-up study by Hensen et al.
showed that this etherification also takes place in presence of
strong mineral acids such as HCl and H2SO4.242

Besides C3-substituted compounds, ethyl-substituted methoxy-
phenols (26) can also be obtained, for instance by performing
RCF under alkaline conditions (NaOH).354,355 These com-
pounds likely originate from b-O-4 hydrogenolysis and hydro-
genation of the alkali-stable enol ether structures that are
generated under alkaline conditions (Fig. 4).238 As mentioned
in the previous paragraph, RCF with herbaceous crops yields
methoxyphenols with C3-acid and -ester side-chains (27)
in addition to other substituted methoxyphenols (23–25).
Decarboxylation (and hydrogenation) of these side-chains also
forms ethyl-substituted compounds (26).239 Next to methoxy-
phenols, some RCF processes also produce ring-saturated
compounds such as 4-alkylcyclohexanols, although usually in
small amounts.234,245,360,365 In most RCF processes however,
the aromaticity is effectively preserved.

Closely related to RCF are reductive depolymerisation methods
that perform conversion of the entire lignocellulose substrate
in one-step. Unlike RCF, these methods do not perform a

Fig. 14 Overview of reductive catalytic fractionation (RCF), highlighting the reaction conditions, attainable products, summary of the catalyst systems
that enable the selective formation of each product, and histograms indicating the maximum reported monomer yields for each RCF study and for each
biomass type.64,195,226,231–245,342,351–366 The process characteristics and monomer yields of each individual study can be found in the ESI† (Table S1).
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fractionation, since both lignin and carbohydrates are con-
verted and solubilised. Converting the entire lignocellulose in
one step reduces the complexity of the biorefinery deconstruc-
tion process; however, it also shifts the separations burden
downstream and potentially diminishes the versatility of the
biorefinery as the fate of the carbohydrate and lignin fractions
is intertwined. Only a few examples have yet been reported
so far. Herein, the obtained products strongly depend on
the applied catalytic system and process conditions. Li et al.
demonstrated a one-pot reductive process with a carbon
supported Ni–W2C catalyst in water, in which the lignin fraction
is converted into propyl- and propanol-substituted methoxy-
phenols and the carbohydrate fraction into sugar alcohols.353

Alternatively, Ma et al. successfully converted various ligno-
cellulose feedstocks into alkanes (hexanes and pentanes from
cellulose and hemicellulose, respectively) and alkylated methoxy-
phenols (from lignin) over LiTaMoO6 and Ru/C in aqueous
phosphoric acid.368 Ford et al. reported the one-stage conversion
of wood sawdust in supercritical methanol into saturated
alcohols.369 In their process, the lignin and carbohydrate frac-
tions were transformed into substituted cyclohexanols and C2–6

aliphatic alcohols, respectively, over a Cu-doped porous metal
oxide (PMO). Recently, Wang et al. demonstrated the one-pot
conversion of various lignocellulose feedstocks into alkanes
over a Pt/NbOPO4 catalyst in cyclohexane.370 In this process,
cellulose, hemicellulose and lignin are converted into hexanes,
pentanes and alkylcyclohexanes (methyl-, ethyl-, isopropyl-, and
n-propylcyclohexane), respectively. Remarkably, a high biomass
conversion was obtained, although processing occurred at mild
temperatures (190 1C) in a nonpolar solvent (cyclohexane), which
is known to exhibit very poor lignin solubility.235

5.1.2 Non-reductive depolymerisation of native lignin. Next
to reductive methods, effective depolymerisation of native lignin
has also been demonstrated through thermal, oxidative, solvo-
lytic, acid-catalysed, and base-catalysed methods. For example,
in lignocellulose pyrolysis, up to 20 wt% of the native lignin can
be converted into phenolic monomers under certain conditions
(Section 4.2.3).324–328 Also aerobic oxidation of woody biomass can
yield over 30 wt% of phenolic monomers on lignin basis,112,371

while even higher yields can be achieved through nitrobenzene or
CuO oxidation.337,372 Solvolysis of woody feedstocks, for instance
with supercritical methanol or methanol/water mixtures, achieves
up to 45 wt% monomer yields at very short reaction times.373,374 In
alkaline pretreatment of corn stover, 27 wt% of the native lignin
could be transformed into phenolic monomers (Section 4.1.1).144

As discussed in Section 3.2, acid-catalysed depolymerisa-
tion of lignin generates highly reactive intermediates such as
C2-aldehyde-substituted phenolics and Hibbert’s ketones which
are prone to repolymerisation. Trapping of these intermediates
has been extensively examined by Barta and other researchers in
the depolymerisation of isolated lignins, through either acetal
formation,97,204,205,375,376 decarbonylation97,377 or hydrogenation97

(see Section 5.2.3). The acetal stabilisation strategy was success-
fully employed by Watanabe et al. in the acid-catalysed conversion
of woody feedstocks, by using methanol as acetal forming
agent.378 Herein, monomer yields up to 3 wt% on wood basis

(B10–13 wt% on lignin basis)379 were achieved. Bruijnincx
implemented decarbonylation (with a Rh complex) to trap the
reactive intermediates in the Lewis-acid catalysed depolymerisa-
tion of isolated lignins (see Section 5.2.3) and native woody lignins,
reaching 6 to 10 wt% monomer yields in the latter case.377

5.2 Depolymerisation of isolated lignin

Unlike methods focusing on native lignin, depolymerisation of
isolated lignins is a much more investigated research topic, and
has resulted in a large number of depolymerisation studies.
In the following overview, the various studies are divided in
four categories: (i) reductive, (ii) oxidative, (iii) base- and acid-
catalysed, and (iv) solvolytic and thermal depolymerisation. The
literature on a particular category can be further divided in
several subsets, categorised by a specific depolymerisation
method. For each depolymerisation method, process character-
istics such as catalysts, solvents and reaction conditions are
indicated in overview figures (Fig. 15, 17, 18 and 20). The
structures of typical reaction products are shown as well, together
with a graphical summary of the reported monomer yields,
similar to the histograms shown in Fig. 14. Furthermore, each
method is presented in context of monomer yield and product
selectivity within the monomer fraction. The process character-
istics and monomer yields of each individual study can be found
in the ESI† (Tables S2–S13).

5.2.1 Reductive depolymerisation. During reductive depoly-
merisation, lignin is disassembled or hydrocracked in the
presence of a redox catalysts and a reducing agent, which is
almost exclusively hydrogen (Section 3.3). Hydrogen can either
be present as hydrogen gas or can be derived from a hydrogen
donating species, which is generally the solvent but can also be
the lignin itself. When hydrogen gas is used, the process is called
hydroprocessing. On the other hand, when hydrogen is derived
from the solvent or lignin, it is termed liquid-phase reforming.
In reductive depolymerisation, lignin is often not only depoly-
merised, but also deoxygenated by assistance of hydrogen
(via hydrodeoxygenation or HDO). The degree of deoxygenation
depends on the catalyst and process characteristics. The different
reductive depolymerisation methods are summarised in Fig. 15.
Hydroprocessing is subdivided into different methods, viz.
(i) mild, (ii) harsh and (iii) bifunctional hydroprocessing. The
degree of deoxygenation increases in the same order. Next to
hydrogen, other reducing agents such as hydrosilanes,349 Na,153

and Zn380 have been employed to depolymerise lignin. Reductive
depolymerisation with hydrosilanes is briefly discussed below.

Mild hydroprocessing. Mild hydroprocessing is performed at
relatively low temperatures (mostly r300 1C) and generates various
p-substituted methoxyphenols (Fig. 15).97,135,143,195,226,231,310,363,381–402

The mild conditions enable the preservation of the methoxy
groups, in contrast to harsh hydroprocessing (vide infra). Mild
hydroprocessing is performed in liquid-phase (water, an
organic solvent, or solvent mixture) over a noble or base metal
catalyst. The main methoxyphenol substituents are alkyl-
groups (propyl-, ethyl- or methyl-) and propanol. Most studies
report a rather high selectivity towards a handful of products.
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For example, Meier et al. showed that the monomer fraction from
mild hydroprocessing is considerably less complex than that from
fast pyrolysis, while both processes achieved similar monomer
yields.381 In general, monomer yields are below 20 wt%, although
much higher yields have been occasionally reported.

The lignin structure has a pronounced influence on the mono-
mer yield, but also on the monomer structure, as demonstrated

by Bouxin et al.143 They performed mild hydroprocessing of
several isolated lignins (with Pt/Al2O3 in methanol/water at
300 1C) and found that conversion of a less condensed lignin,
i.e. with a higher b-O-4 content, results in a higher monomer
yield, but also in a higher retention of the C3 side-chains (propyl,
allyl, propanol, or methoxy-propyl) in the monomer fraction.
The most reactive lignin, viz. poplar ARP lignin (Section 4.1.1),

Fig. 15 Overview of the various reductive lignin depolymerisation methods with hydrogen as reducing agent: mild hydroprocessing,97,135,143,195,226,231,310,363,381–402

harsh hydroprocessing,403–410 bifunctional hydroprocessing,178,281,310,411–415 and liquid phase reforming.309,401,416–433 The yield histograms indicate the
relative distribution of maximum reported monomer yields for each depolymerisation study and for each lignin substrate (if multiple substrates were
used). The process characteristics and monomer yields of each individual study can be found in the ESI† (Tables S2–S5). Carboxylic acid groups in the
products are esterified in case the process is performed in an alcohol solvent.
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yielded 14 wt% monomers. In a follow-up study, Bouxin, Bugg,
and co-workers compared the reactivity of seven different lignins
in two chemocatalytic and three biocatalytic depolymerisation
processes, including mild hydroprocessing with Pt/Al2O3 at
300 1C. An overall correlation between the monomer yield and
the b-O-4 content of the lignins was observed.135 However, it
was pointed out that this correlation is not fully conclusive and
that other factors besides the b-O-4 content affect the monomer
yield as well. In this particular study, oak dioxasolv lignin and
miscanthus ionosolv lignin, both with a lower b-O-4 content
than poplar ARP lignin (respectively 40 and 10% vs. 49% for
poplar ARP lignin), were subjected to the same reaction, but
generated much higher monomer yields (respectively 54 and
32 wt% vs. 14 wt%).

The destructive impact of a harsh lignin isolation procedure
on the product yield was demonstrated by comparing the
conversion of native birch lignin (see RCF, Section 5.1.1) and
technical birch ethanosolv lignin over Ru/C in methanol at
250 1C.231 While native birch lignin yielded 50 C% monomers, a
yield of only 3 C% was obtained for the isolated birch lignin. In
contrast, Torr et al. showed that a mild isolation procedure like
enzymatic mild acidolysis hardly lowers the lignin reactivity,
with the monomer yield being 22 wt% from native pine lignin
and 21 wt% from pine EMAL in conversion over Pd/C in
dioxane/water at 195 1C.195 However, as mentioned in Section
4.2.2, EMAL is not an industrially relevant substrate. A recently
developed lignin isolation method that is shown to preserve the
lignin reactivity very well, is formaldehyde-assisted lignin
extraction (Section 4.1.2, Fig. 10).226 Luterbacher and co-workers
demonstrated for various feedstocks that Ru/C-catalysed hydro-
genolysis (in THF at 250 1C) of the formaldehyde-extracted lignins
achieves very similar monomer yields on native lignin basis
as direct Ru/C-catalysed hydrogenolysis of the native lignins
(RCF in methanol at 250 1C). Starting from beech, spruce, and
high-syringyl transgenic poplar (F5H-poplar), monomer yields
on native lignin basis of 47, 21, and 78 mol% were obtained,
respectively. For the F5H-poplar, the monomer yield was
quantitative on extracted lignin basis. When beech lignin was
isolated without formaldehyde, the monomer yield in sub-
sequent hydrogenolysis was over 6 times lower, due to struc-
tural degradation.

Next to the structural properties of the isolated lignin, the
product yield and selectivity during mild hydroprocessing is
obviously also affected by the solvent, catalyst, and reaction
conditions.310,382–385,402 Furthermore, addition of co-catalysts
such as Lewis acids (CrCl3) or bases (NaOH or KOH) has been
shown to enhance the monomer yields.386–388 For example,
Ma et al. found that the addition of a Lewis acid like CrCl3

could increase the monomer yield from 7 to 29 wt% in the
Pd/C-catalysed conversion of softwood alkali lignin in methanol
at 260 1C.386

While mild hydroprocessing generally yields methoxy-
phenols, Barta et al. showed that this process can also selectively
produce catechols.389 By using a Cu/PMO catalyst in methanol,
very high yields of propanol-, propyl-, and methoxypropyl-
substituted catechol were obtained from candlenut organosolv

lignin (up to 64 wt% based on isolated lignin at 140 1C), with a
high selectivity towards propanolcatechol.

Harsh hydroprocessing. Harsh hydroprocessing involves lignin
disassembly at high temperature (Z320 1C) and hydrogen pressure
(Z35 bar), and mostly without a solvent, thus implicating reaction
between a solid catalyst and the substrate.403–410 This reaction is
mainly studied with conventional CoMo and NiMo hydrotreating
catalysts, but also noble metal and other base metal catalysts
have been applied. At these high temperatures, the majority of
methoxy groups are removed from the lignin products yielding
phenol, methylated phenols (e.g. cresols, xylenols) and phenols
with longer alkyl chains. Additionally, some mono- and poly-
cyclic deoxygenated aromatics, alkanes, catechols, and methoxy-
phenols are also obtained (Fig. 15). Most studies indicate a
rather broad product distribution with low selectivity towards
individual products. Although most studies report yields
below 20 wt%, higher yields are regularly obtained. For instance,
Heeres et al. obtained over 22 wt% monomers from hardwood
ethanosolv lignin (Alcell lignin) with either Ru/C, Ru/TiO2, or Pd/C
(at 400 1C without a solvent).403 From pine kraft lignin (Indulin
AT), Heeres, Barta, and co-workers achieved a 26 wt% monomer
yield in solventless hydroprocessing with sulfided NiMo/MgO–
La2O3 at 350 1C,404 while a monomer yield of 35 wt% was obtained
with sulfided NiW/C in methanol at 320 1C.405

Bifunctional hydroprocessing. In bifunctional hydroprocessing,
lignin is converted into cycloalkanes by a bifunctional catalyst system
containing both acid and metal sites (Fig. 15).178,281,310,411–415 The
acid sites catalyse hydrolysis (if water is present) and dehydration
reactions, while the metal sites enable hydrogenolysis and hydro-
genation. This process thus involves lignin depolymerisation and
subsequent full HDO of the phenolic compounds, hereby funnelling
a complex mixture of oxygenated compounds towards a small
set of alkanes. Selective production of cycloalkanes from lignin
has been demonstrated with Ni- and Ru-based catalysts, in
water, alkanes or mixed water/organic solvents. The resulting
cycloalkanes range from C6 to C18 compounds, which are
derived from both lignin monomers and dimers. Hence, it
should be kept in mind that the total yield of cycloalkanes (in
light blue in the histograms in Fig. 15) does not represent the
actual monomer yield. Lercher, Zhao, and co-workers studied
the conversion of beech organosolv lignin over Ni supported on
SiO2, H-ZSM-5, and H-beta in hexadecane, and found the cyclo-
alkane yield (C5–C14 cycloalkanes) to increase in that catalyst
order.411 While the latter two catalysts (Ni/H-ZSM-5 and Ni/H-beta)
produced completely deoxygenated cycloalkanes, Ni/SiO2 also
yielded cyclic alcohols, which was attributed to the lower acidity
of this catalyst. Furthermore, Ni/H-beta exhibited a higher selec-
tivity to bicyclic alkanes than Ni/H-ZSM-5, which was explained by
its larger pore size, enabling alkylation and condensation of
phenolic monomers in the pores. At 250 1C, Ni/H-beta achieved
a 35 wt% yield of cycloalkanes and a 42 wt% total hydrocarbon
yield (gas and liquid), which could be increased up to 70 wt% at
320 1C. In another study by the same authors, an alkane yield
of 46 wt% was obtained from corncob enzymatic hydrolysis
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residue with Ni/SiO2–Al2O3 in dodecane at 300 1C, with a very
high selectivity toward monocyclic alkanes.310 Interestingly,
with Ni supported on less acidic oxides (like ZrO2, MgO,
Al2O3, or SiO2) or in other solvents (like dioxane, benzene, or
toluene), mainly phenolic products were obtained. Yang et al.
also demonstrated the need for acid sites during lignin con-
version to cycloalkanes over a combination of Ru/Al2O3 and
H-Y.178,412,413 With this catalyst system, a cycloalkane yield of 22 wt%
was obtained from FT-DAP spruce lignin (Section 4.1.2).178,414 In a
follow-up study, it was found that the cycloalkane production could
be enhanced by using the monometallic Ru/H-Y or bimetallic
RuNi/H-Y as catalyst, with yields of 26 and 32 wt% respectively.414

Rinaldi et al. used a bifunctional Ni/Al-SBA-15 catalyst in methyl-
cyclohexane to convert poplar ethanosolv lignin, producing
45 wt% of volatile compounds at 300 1C, with over 99% selectivity
towards cycloalkanes.415

Unlike the studies discussed in the previous paragraph,
Lutherbacher et al. only reported monocyclic alkane yields
(in dark blue in the histogram in Fig. 15).281 They converted
GVL-extracted corn stover lignin (Section 4.2.1) with Ru/C and
H3PO4 in two steps, with the first step comprising THF/water at
150 1C and the second step heptane/water at 250 1C. Since corn
stover-extracted lignin was used, also cyclohexanepropionic acid
was obtained, which is derived from ferulic and p-coumaric acids.
Ru/C outperformed other noble-metal catalysts like Pd/C, Pt/C,
and Rh/C, yielding up to 38 C% monomers, which was only a little
lower than the yield from native corn stover lignin (42 C%). The
yield from GVL-extracted lignin could be increased to 48 C% by
adding methanol in the second step, which stabilises carboxylic
acids such as cyclohexanepropionic acid through esterification.

Liquid-phase reforming. Liquid-phase reforming of lignin is
performed under inert atmosphere in a hydrogen-donating solvent
or in presence of a hydrogen-donating agent (Fig. 15).309,401,416–433

Well-known examples are tetralin, isopropanol, and formic acid,
but also others such as methanol and ethanol possess the ability
to donate hydrogen. Various noble metal (Pt, Pd, and Ru) and
base metal (CuMgAlOx, MoC, etc.) catalysts have been investi-
gated for this reaction. While some studies report a small
number of products, liquid-phase reforming mostly yields a
large pool of compounds, such as methoxyphenols with a variety
of alkyl- and oxygenated side-chains, catechols, alkylphenols,
deoxygenated aromatics, and cycloalkanes. Monomer yields over
20 wt% are frequently reported and they can reach up to 86 wt%.

In the liquid-phase reforming of wheat straw soda lignin
(Protobind 1000) over CuMgAlOx, Hensen et al. found that
ethanol as a solvent enables much higher monomer yields
than methanol (17 vs. 6 wt% at 300 1C).416,417 In contrast to
methanol, ethanol hinders repolymerisation by (i) acting as a
scavenger for lignin-derived formaldehyde and (ii) by capping
phenolic units through etherification of the hydroxyl groups
(O-alkylation) and alkylation of ortho positions (C-alkylation). By
raising the reaction temperature to 380 1C, the monomer yield
could be increased up to 60 wt%, with deoxygenated aromatics
and cycloalkanes as predominant products.417 Other commonly
used lignin substrates, viz. Alcell lignin and softwood kraft

lignin, could also be effectively converted, with monomer yields
of 62 and 86 wt%, respectively. Li et al. performed liquid-phase
reforming of softwood kraft lignin with MoC/C at 180 1C in
various solvents (ethanol, methanol, isopropanol, and water),
and also reached the highest monomer yield in ethanol
(28 wt%; deoxygenated aromatics, methoxyphenols and benzyl
alcohols).418 Similar monomer yields could be obtained with
Mo/Al2O3 (33 wt%) and Mo2N/Al2O3 (28 wt%), while the yield
was much lower with MoO3/Al2O3 (5 wt%).419,420 Heeres et al.
were able to convert Alcell lignin into 48 wt% of monomers
(deoxygenated aromatics, alkylphenols, catechols and alkanes)
with Ru/C in a methanol/formic acid mixture at 400 1C.422 In
order to assess the effect of an acid co-catalyst in liquid-phase
reforming, Lin et al. studied the conversion of bamboo enzymatic
hydrolysis lignin in methanol/water at 270 1C over RANEYs Ni
combined with acid zeolites.421 Addition of zeolites like H-USY,
H-ZSM-5 or H-beta raised the monomer yield from 13 up to
26–28 wt%. Weckhuysen et al. compared acid (H2SO4 and
phosphotungstic acid) and alkaline (NaOH) additives in the
Pt/Al2O3-catalysed liquid-phase reforming of pine kraft lignin
(Indulin AT) in ethanol/water, and obtained the highest monomer
yield with H2SO4 (18 wt%; mainly methoxyphenols).401 From Alcell
lignin, a monomer yield of 9 wt% was obtained. Furthermore, they
also performed hydroprocessing of the kraft lignin with various
catalysts (Pt/Al2O3, Pd/C, Ru/C, and Ni/SiO2) in ethanol/water
at 200 1C, and obtained considerably lower monomer yields
compared to liquid-phase reforming (4–6 wt%).

Reductive depolymerisation with hydrosilanes. As an alternative
to hydrogen, Cantat et al. demonstrated the reductive depoly-
merisation of lignin with hydrosilanes as reductant.349,434 Lignin
conversion was performed at room temperature under metal-free
conditions, with an excess of Et3SiH in CH2Cl2 in presence of
B(C6F5)3 as a Lewis acid catalyst. The process yields propyl- and
propanol-substituted benzene-1,2-diol (catechol; from guaiacyl
units) and benzene-1,2,3-triol (pyrogallol; from syringyl units),
with all the hydroxyl groups being silylated (Fig. 16). Afterwards,
the silyl-groups could be effectively removed through hydrolysis.
By tuning the reaction time, and the hydrosilane and catalyst
loading, the product selectivity could be steered towards either
propyl- or propanol-substituted compounds. The authors performed
depolymerisation of a range of formacell lignins (obtained through
formic acid/acetic acid/H2O pulping) from different woody feed-
stocks, and obtained monomer yields (corrected for the silyl
groups) in the range of 11–41 wt% from hardwood lignins

Fig. 16 Reductive lignin depolymerisation with hydrosilanes, followed by
hydrolysis in a subsequent step.349
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(oak, birch, beech, poplar, and hybrid plane) and 7–17 wt% from
softwood lignins (pine, spruce, and cedar).349 Next to formacell
lignin, other organosolv lignins were prepared and tested in this
depolymerisation reaction. Both the lignin isolation yield and
monomer yield decreased in the order formacell 4 ethanosolv 4
methanosolv 4 acetone organosolv lignin, which shows that
formacell pulping is an effective method to extract reactive
lignin in high yield.

5.2.2 Oxidative depolymerisation. On the other side of the
redox spectrum is oxidative lignin depolymerisation, which
involves lignin conversion in presence of an oxidising agent.
The main oxidants are dioxygen (referred to as oxygen here)
and hydrogen peroxide, although others such as nitrobenzene
and CuO are frequently applied for analytical purposes.435 As
discussed in Section 3.4, oxidative lignin depolymerisation can

either induce cleavage of the side-chains, generating phenolic
compounds, or cleavage of the aromatic rings, yielding aliphatic
carboxylic acids. Most lignin oxidation studies focus on producing
phenolic compounds (44 studies included in this review), whereas a
much smaller amount targets aliphatic carboxylic and dicarboxylic
acids (5 studies). Lignin oxidation towards phenolic compounds
is mainly performed in alkaline media under oxygen or air, but it
is also regularly studied in other media such as acidic or ionic
liquids. An overview is presented in Fig. 17.

In the field of lignin oxidation, considerable research efforts
have been devoted to the use of homogeneous metal complexes
based on V, Cu, Co, Re, Mn, etc. as catalysts. Although their
catalytic performance has been extensively examined on model
compounds, studies on isolated lignins are scarce. Therefore, we
would like to refer the interested reader to specialised reviews on

Fig. 17 Overview of the oxidative lignin depolymerisation methods: alkaline oxidation to phenolics,112,113,180,338,443–474 acidic/pH-neutral oxidation to
phenolics,474–487 and oxidation to non-phenolic carboxylic acids.179,488–491 The yield histograms indicate the relative distribution of maximum reported
monomer yields for each depolymerisation study and for each lignin substrate (if multiple substrates were used). The process characteristics and
monomer yields of each individual study can be found in the ESI† (Tables S6–S8). Carboxylic acid groups in the products are esterified in case the process
is performed in an alcohol solvent.

Review Article Chem Soc Rev

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

by
 K

U
 L

eu
ve

n 
U

ni
ve

rs
ity

 L
ib

ra
ry

 o
n 

10
/0

1/
20

18
 0

9:
59

:3
9.

 
View Article Online

http://dx.doi.org/10.1039/c7cs00566k


This journal is©The Royal Society of Chemistry 2018 Chem. Soc. Rev.

this topic for more information.23,24,108,436–440 Next to metal
complexes and other homogeneous catalysts, also heterogeneous
catalysts are frequently applied in lignin oxidation, both on model
compounds and actual lignin, which is extensively discussed in
dedicated reviews.441,442

Alkaline lignin oxidation to phenolic compounds. Since aerobic
lignin oxidation in alkaline media enables the selective produc-
tion of the aromatic flavouring agent vanillin, it has received
considerable attention in academia and industry for almost a
century. Commercial production of vanillin from lignin, with
sulfite pulping liquor as lignin source, started in 1936, and even
supplied 60% of the world market in 1981.443 However, due
to increasing environmental concerns, decreasing production
of sulfite pulp (and liquor), and increasing manufacturing
of synthetic vanillin from fossil resources, the production of
vanillin from lignin has dropped, making up about 15% of the
market today.443,444 Lignin-derived vanillin is currently solely
produced by the Norwegian company Borregaard, by oxidation
of lignosulfonates.443,444

Alkaline lignin oxidation is almost exclusively performed
with oxygen as oxidant (aerobic oxidation) in concentrated
aqueous NaOH (0.5–4 M), with most studies using a 2 M NaOH
solution.112,113,180,338,443–474 Besided NaOH, also KOH450

has been used as base. A high pH is necessary to (i) ionise
the free phenolic hydroxyl groups in lignin, which facilitates
oxidation (Section 3.4), and (ii) retard consecutive degradation
of the aromatic aldehydes.443,444 In addition, according to the
mechanism proposed by Tarabanko et al., a high pH is also
required for deprotonation of certain reaction intermediates
and nucleophilic addition of OH� to the cinnamaldehyde-
like intermediate before retro-aldol cleavage (Section 3.4 and
Fig. S1B in the ESI†).111–113,444 The atmosphere is either pure
oxygen, diluted oxygen (with nitrogen), or air. The (partial)
oxygen pressure and reaction temperature are usually in the
range of 2–14 bar and 120–190 1C, respectively. The influence of
temperature, oxygen pressure, and NaOH concentration on vanillin
production from lignin has been extensively investigated by
Rodrigues and co-workers.444–448 They observed that increasing
temperature or oxygen pressure accelerates both the formation
and oxidative degradation of vanillin, and thus shortens the
timespan to obtain the maximum vanillin yield. Furthermore,
raising the reaction temperature was found to improve the
maximum vanillin yield, which was not observed when increasing
only the partial oxygen pressure.

Alkaline oxidation enables the selective formation of aromatic
aldehydes (vanillin, syringaldehyde, and p-hydroxybenzaldehyde)
from lignin (Fig. 7), with their distribution depending on the
lignin source. Other products include aromatic acids (vanillic,
syringic, and p-hydroxybenzoic acid) and acetophenone-derived
compounds (acetovanillone and acetosyringone), and are depicted
in Fig. 17. While fairly high monomer yields have been obtained
from uncatalysed alkaline aerobic lignin oxidation, addition of a
catalyst not only accelerates the reaction but in general also
enhances the yield. However, some studies have observed no yield
increase in catalysed runs.445,451 A range of soluble and solid

catalysts containing metals like Cu, Co, Fe, and Mn have been
tested in this reaction, with CuSO4 being most frequently used.
A few examples of catalysts that have been shown to significantly
enhance the monomer yield compared to non-catalysed runs are
CuSO4, either solely180,449,452–455 or combined with FeCl3,180,454,455

Pd/Al2O3,456–458 and Cu-doped perovskites based on Fe,459

Co,460,461 and Mn.462–464 The monomer yields are mostly below
10 wt%, with yields in the range of 10–20 wt% being regularly
reported. Only a few studies report yields over 20 wt%.180,452,463

Acidic and pH-neutral lignin oxidation to phenolic compounds.
Acidic lignin oxidation has mainly been performed under
aerobic conditions (with pure oxygen or air), either in diluted
inorganic acids, or concentrated/pure acetic acid. Aerobic
oxidation in diluted inorganic acids has been intensely studied
by Von Rohr and co-workers.474–478 They found that using
methanol as co-solvent during lignin oxidation in acidic aqueous
solutions considerably enhances the monomer yields, since
methanol has the ability to quench reactive intermediates
(it was suggested that methanol may react with intermediate
carbenium ions and/or radicals) and reduce repolymerisation
reactions.474 Acidic oxidation of spruce474,475 and pine kraft
lignin476,477 and softwood lignosulfonates475 was shown to selective
generate two products, viz. vanillin and methyl vanillate. The
heteropolyacid (HPA) H3PMo12O40 outperformed other acids
such as H2SO4 and HCl in the production of these compounds,
reaching combined yields of 9, 7 and 12 wt% from respectively
spruce kraft lignin, pine kraft lignin (Indulin AT) and softwood
lignosulfonates (Ultrazine NA) in methanol/water at 170 1C
under pressurised oxygen.474–476 In H2SO4-catalysed lignin oxida-
tion, the yield of vanillin and methyl vanillate could be slightly
enhanced by addition of metal salts like CuSO4 and CoCl2.477

Interestingly, addition of CuCl2 and FeCl3 was found to strongly
accelerate the formation of vanillin and methyl vanillate (without
increasing the maximum yield), and also lead to the production
of other monomers such as vanillin and vanillic acid with a
methyl carboxylate group in the 5-position (methyl 5-formyl-2-
hydroxy-3-methoxybenzoate and dimethyl 4-hydroxy-5-methoxy-
1,3-benzenedicarboxylate). By performing continuous experiments,
the authors also showed that high temperatures and short
residence times are essential to reach high monomer yields,
similar to alkaline lignin oxidation.478

Partenheimer studied aerobic lignin oxidation in concentrated
and pure acetic acid with a Co/Mn/Zr/Br catalyst system.479

This process selectively yields aromatic aldehydes (vanillin and
syringaldehyde) and acids (vanillic and syringic acid), with the
acids being the predominant products. Starting from a mixed
hardwood acetosolv lignin, an 11 wt% combined yield of these
compounds was reached at 180 1C in concentrated (92 wt%)
acetic acid. Gonçalves and Schuchardt used a Co/Br catalyst
system for aerobic oxidation of Organocell lignin (extracted
with a methanol/water/NaOH/anthraquinone mixture) in pure
acetic acid at 210 1C, which gave a 5 wt% combined yield of
vanillin and vanillic acid.480

Ma et al. showed that peracetic acid as oxidant can effec-
tively oxidise lignin in water at mild conditions (60 1C).481
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Monomer yields of 18 and 22 wt% were obtained from alkali-
extracted lignin from enzymatic residue of spruce and corn
stover, respectively. These monomer yields could be further
increased up to 35 and 47 wt%, respectively, by using a Nb2O5

catalyst. The main monomers were aromatic acids (vanillic,
protocatechuic, p-hydroxybenzoic, and syringic acid) and
p-hydroxylated phenol and guaiacol.

Lignin oxidation has also been performed in pH-neutral
solvents such as methanol and ionic liquids. Aerobic oxidation
of an organosolv lignin in methanol with Pd/CeO2 yielded over
8 wt% monomers at 185 1C, with vanillin and p-hydroxybenz-
aldehyde as prevailing products.482 Welton, Prado, and co-workers
studied oxidative depolymerisation of ionosolv lignins from
miscanthus,483 willow,484,485 and pine484 in ionic liquids, and
mainly obtained aromatic aldehydes, acids, and unsubstituted
methoxyphenols as products. Although using oxygen as oxidant
resulted in higher monomer yields than H2O2, the monomer
yields were very low (o1 wt% from willow and pine ionosolv
lignin in [HC4im][HSO4] at 100 1C). Much higher monomer
yields were reported by Wasserscheid et al. in the aerobic
oxidation of beech organosolv lignin in [C2C1im][CF3SO4] with
Mn(NO3)2 at 100 1C (12 wt%)486 and by Song et al. in the aerobic
conversion of hardwood organosolv lignin in a [C1C1im][Me2PO4]/
MIBK mixture with CuSO4 at 175 1C (30 wt%).487 While the latter
process mainly yielded aromatic aldehydes, Wasserscheid et al.
found that the product selectivity could be shifted from syringalde-
hyde as predominant product to 2,6-dimethoxy-1,4-benzoquinone
by increasing the catalyst loading.

Lignin oxidation to non-phenolic carboxylic acids. Instead of
producing phenolic compounds, lignin can also be oxidised
into non-phenolic compounds such as small carboxylic and
dicarboxylic acids (Fig. 17).179,488–491 In this case, the phenolic
compounds that are obtained as primary oxidation products
are further converted into carboxylic acids (secondary products)
through oxidative cleavage of the aromatic rings (Fig. 7 and
Fig. S1, ESI†).179,488,489 So, instead of aiming to minimise
oxidative degradation of the phenolic compounds as in the
previously discussed methods, these processes target their full
conversion. This can be accomplished by applying reaction
conditions under which the phenolic compounds are not stable
(e.g. high O2 pressure, long reaction times, reduced pH, etc.).
Lignin conversion into carboxylic acids has mainly been con-
ducted in liquid phase, namely in water under neutral,489 acidic
(H2SO4

179 or acetate buffer488) or alkaline (NaOH)179,490 condi-
tions with either H2O2 or O2 as the oxidant at temperatures
ranging from 60 to 225 1C. However, it has also been performed
in gas phase.491 In either case, the main products are formic,
acetic, succinic, oxalic, and malonic acid, although also other
acids have been obtained (Fig. 17). The reported monomer yields
show a rather wide distribution, ranging from 11 to 56 wt%.
Most processes show a high selectivity towards a handful of
carboxylic acids.179,488,489 Lee et al. have shown that lignin
oxidation with H2O2 under alkaline conditions mainly yields
oxalic and formic acid, while formic and acetic acid are the
prevalent products under acidic conditions.179 Starting from

poplar FT-DAP lignin, they achieved a total carboxylic acid yield
of 56 wt% under alkaline conditions (at 120 1C), compared to
41 wt% under acidic conditions (at 140 1C). Mae et al. per-
formed lignin oxidation with H2O2 in pure water and obtained
high yields of succinic acid, formic and acetic acid (total yield
of 45 wt% from softwood kraft lignin oxidation at 200 1C).489 In
aerobic alkaline lignin oxidation, Demesa et al. observed oxalic
and glutaconic acid as main products at lower temperature (up
to 200 1C), while the product selectivity shifted to formic, acetic
and succinic acid at higher temperature.490 From softwood
kraft lignin, a maximum carboxylic acid yield of 44 wt% was
achieved at 225 1C. Ma et al. reached high selectivities for
succinic and malonic acid in chalcopyrite-catalysed lignin
oxidation with H2O2 in an acetate buffer solution.488 At 60 1C,
the total carboxylic acid yield amounted to 11 and 14 wt% from
alkali-extracted lignin from enzymatic residue of spruce and
corn stover, respectively.

5.2.3 Base- and acid-catalysed depolymerisation
Base-catalysed depolymerisation (BCD). Base-catalysed lignin

depolymerisation is performed at high temperature (240–
330 1C) in the presence of a soluble (mostly NaOH)293,387,492–500

or solid base (Fig. 18).501–504 The solvent is usually water, although
(aqueous) organic solvents are also regularly used. The monomer
yields are generally below 10 wt% and yields over 20 wt% have not
been reported to the best of our knowledge. At relatively low
temperature (r300 1C), methoxyphenols are the prevailing pro-
ducts, which are either substituted (mainly aromatic aldehydes
and acetophenone-derivatives) or unsubstituted.293,492–494,501 At
high temperature (Z300 1C), the selectivity shifts to catechol
(generally the predominant compound) and alkylcatechols (methyl-
and ethylcatechol).293,493–496

Lin et al. compared lignin BCD with fast pyrolysis, and found
that the former generates a smaller set of compounds, with
catechol and methylcatechol as predominant products.496 Fast
pyrolysis on the other hand yields a wide range of products,
constituting substituted and unsubstituted methoxyphenols
(Section 5.2.4). In the conversion of hardwood organosolv lignin
with NaOH in water at 300 1C, Lercher et al. reached a 15 wt%
monomer yield at very short reaction time (o5 min), after which it
sharply dropped due to repolymerisation reactions.492 Dhepe et al.
tested a wide range of solid bases, comprising solid zeolites and
oxides, in the conversion of softwood kraft lignin in ethanol/water
at 250 1C, and obtained the highest monomer yield of 18 wt%
with the basic zeolite Na–X.502 Furthermore, the solvent has a
large impact on the product yield and structure. For instance,
Ma et al. showed that MgO-catalysed conversion of pine ethanosolv
lignin in THF, methanol, ethanol, or an ethanol/water mixture
resulted in much higher monomer yields than conversion in water
(8–13 vs. 2 wt% at 250 1C).503 In BCD of enzymatic lignin residues
from corn stover with different hydrotalcite catalysts, Beckham
et al. observed a high selectivity towards 4-vinylphenol when
3-methyl-3-pentanol was applied as a solvent, while the typical
BCD products were obtained when operating in water.501

Acid-catalysed depolymerisation (ACD). Acid-catalysed lignin
depolymerisation (ACD) is usually performed at high temperature
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(Z250 1C), although lower temperatures around 140–180 1C are
also often applied. Studies with model compounds have even
shown that b-O-4 ether bonds can already be cleaved in ACD at
temperatures as low as 85 1C.93,94 A variety of soluble Lewis
acids,204,205,375,377,386,505–508 soluble Brønsted acids,97,376,432,506,509–513

and solid Brønsted acids509,514–516 have been utilised for this con-
version, either in water, an organic solvent, or solvent mixture
(Fig. 18). There’s a broad distribution in reported monomer yields,
ranging from very low (2 wt%) to very high (up to 61 wt%).

Thring, Ma, and co-workers studied Lewis acids like NiCl2, FeCl3,
and ZnCl2 for lignin conversion and found that these catalysts
mainly generate non-substituted phenolic compounds.505,506

A similar shift in product selectivity as in BCD was noticed
from methoxyphenols to catechol with increasing temperature
(from 250–260 1C to about 300 1C). Ma et al. tested various metal
chlorides (NiCl2, AlCl3, CuCl2, and ZnCl2) in the depolymerisation
of softwood kraft lignin in ethanol, and obtained the highest
monomer yield with ZnCl2.506 At 300 1C, ZnCl2 yielded 34 wt%
monomers, with guaiacol and catechol as predominant products.
Reaction in ethanol and other alcohols like methanol and butanol
enabled much higher monomer yields compared to reaction in
water, which was attributed to the higher solubility of the lignin
products in alcohol solvents. Hensen et al. studied lignin
conversion with metal chlorides and acetates at high tempera-
ture (400 1C), and observed low monomer yields and high char

formation in water, while char formation was inhibited in
ethanol, and higher monomer yields were achieved.508 Conver-
sion of wheat straw soda lignin (Protobind 1000) with Cu(OAc)2,
the best performing catalyst in their study, generated 13 wt%
phenolic monomers in ethanol, compared to 6 wt% in water.
The prevailing products in water were phenols and catechols,
while reaction in ethanol mainly produced phenols and guaiacols.
Also other products such as aliphatics, deoxygenated aromatics,
ketones and acids were obtained, but these compounds are not
included in the monomer yield since they are also partly or
entirely derived from the ethanol solvent. Hence, a downside of
the use of ethanol is its partial conversion under the applied
reaction conditions. In a follow-up study, the use of an ethanol/
water mixture was shown to significantly enhance the phenolic
monomer yield in the Al(OTf)3-catalysed conversion of the same
lignin at 400 1C, increasing from 9 wt% in pure ethanol to 21 wt%
in the solvent mixture.507

Dhepe et al. investigated lignin conversion with various
soluble and solid Brønsted acids.509,514 They observed a wide
array of products, with the main compounds being methoxy-
phenols with oxygenated side-chains, like vanillin, guaiacylacetone
and homovanillic acid. In pure water, no products were obtained,
likely due to the low solubility of the lignin substrate (softwood
kraft lignin).514 In methanol/water however, depolymerisation
with the mineral acids HCl and H2SO4 achieved monomer

Fig. 18 Overview of base-catalysed293,387,492–504 and acid-catalysed lignin depolymerisation.97,204,205,375–377,386,432,505–516 The yield histograms
indicate the relative distribution of maximum reported monomer yields for each depolymerisation study and for each lignin substrate (if multiple
substrates were used). The process characteristics and monomer yields of each individual study can be found in the ESI† (Tables S9 and S10). Carboxylic
acid groups in the products are esterified in case the process is performed in an alcohol solvent. *Specific products resulting from ACD in polyols are
displayed in Fig. 19.
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yields of 29 and 39 wt%, respectively, from softwood kraft
lignin at 250 1C.509 A range of solid Brønsted acids were tested
in the same reaction, with the highest monomer yields from
H-ZSM-5, SiO2–Al2O3, and H-USY (60, 59, and 55 wt% respectively).
In contrast to Dhepe et al., Ma et al. obtained monomer products
from ACD of softwood kraft lignin in pure water. Depolymerisation
with H3PO4 at 260 1C yielded 11 wt% monomers, with guaiacol
being the predominant compound.506

While formic acid is frequently applied as a hydrogen-donor
in liquid-phase reforming (in the presence of a redox catalyst,
Section 5.2.1), it is also sometimes used without a redox catalyst
and in this case primarily serves as a (weak) Brønsted acid
catalyst.432,510–513 Although a redox catalyst is generally required
to release hydrogen from hydrogen-donors like methanol or
ethanol, it is expected that formic acid also generates hydrogen
in absence of a catalyst at high temperature. Therefore, formic
acid-catalysed lignin conversion is likely not a purely acid-
catalysed reaction, but also a reductive reaction, at least to a
certain extent. Varying monomer yields have been reported for
this reaction, ranging from 3 wt% in the conversion of wheat
straw soda lignin (Protobind 1000) in ethanol at 360 1C (mixture
of ethyl-, methyl- and unsubstituted phenol, guaiacol, and
syringol)512 to 33 wt% in the conversion of softwood kraft
lignin in water at 246 1C (mainly catechol).432

Since effective acid-catalysed depolymerisation is generally
hampered by repolymerisation of reactive intermediates, Barta,
de Vries, Westwood and co-workers investigated various routes
to quench these intermediates.97 The C2-aldehyde substituted
intermediates formed during acid-catalysed depolymerisation
(Fig. 5) were identified as the prime actors for undesired side
reactions like condensation. It was demonstrated that these
intermediates can be trapped by (i) acetal formation (with
ethylene glycol, illustrated in Fig. 19), (ii) hydrogenation (with
Ru/C), and (iii) decarbonylation (with an Ir complex). Especially
the acetal formation route was found to be effective for stabilising
monomers, as indicated by a threefold increase in monomer
yield after addition of ethylene glycol in the triflic acid-catalysed
conversion of walnut dioxasolv lignin. Furthermore, unlike other
ACD methods, this particular process displayed a high selectivity
towards a handful of products: C2-acetals of phenol, guaiacol,
and syringol.97,376 Noticeably, although formaldehyde-assisted
fractionation (Section 4.1.2; Fig. 10) is distinctly different from
this depolymerisation method, it also relies on the reaction of a
carbonyl group with a diol to form an acid-stable acetal, hereby
preventing structural degradation. In a follow-up study on the
ethylene glycol-assisted ACD process, the use of Lewis acid metal

triflates as less corrosive and easier-to-handle alternatives to the
strong Brønsted acid triflic acid was examined in the ethylene
glycol-assisted depolymerisation process.375 The best results
were obtained with Bi(OTf)3 and Fe(OTf)3. These catalysts pro-
duced 15 and 19 wt% monomer yields, respectively, from walnut
methanosolv lignin in dioxane at 140 1C, compared to 14 wt%
with triflic acid. In a subsequent study, the organosolv pulping of
beech, walnut and douglas fir with concentrated (95%) ethanol
and butanol was examined, and the resulting ethanosolv and
butanosolv lignins were subjected to ethylene glycol-assisted
conversion with Bi(OTf)3.204 While butanosolv pulping enabled
much higher isolated lignin yields than ethanosolv pulping
(61–97 wt% vs. 16–20 wt%), the corresponding butanosolv lignins
were less susceptible to depolymerisation. The butanosolv lignins
from beech and walnut generated about 10 wt% monomers,
compared to 17–18 wt% from the ethanosolv lignins. However,
although these monomer yields are lower, the monomer yields on
an initial lignin basis in the feedstock are higher due to the
significantly higher isolated lignin yield of butanosolv pulping.
Following this work, the conversion of a large set of self-prepared
organosolv lignins and technical lignins (organosolv, soda, and
kraft) was examined with Fe(OTf)3 as catalyst.205 A direct correla-
tion was observed between the monomer yields and the b-O-4
content of the lignins. The self-prepared lignins enabled much
higher monomer yields than the technical lignins (11–38 vs.
0.5–6 wt% respectively), due to their higher b-O-4 content. The
highest yield of 38 wt% was obtained from mildly extracted
methanosolv lignin from walnut. Again, butanosolv pulping
enabled much higher isolated lignin yields than the other organsolv
pulping methods, underlining its potential for lignin isolation.

Bruijnincx et al. investigated the Lewis-acid catalysed depolymer-
isation of lignin with metal triflates combined with decarbonylation
of the C2-aldehyde intermediates with a Rh complex.377 Remarkably,
next to stabilisation through decarbonylation, yielding methyl-
substituted phenols, a second stabilisation pathway was
observed, leading to the formation of propenylphenols.
Although the mechanism of this additional pathway is unclear,
the production of propenylphenols requires hydrogenation/
hydrogenolysis to take place. The selectivity towards either
methyl- or propenyl-substituted phenols could be controlled
by varying the amount and strength of the Lewis acid catalyst.
A higher acidity stimulated the decarbonylation route and thus
enhanced the selectivity towards methyl-substituted compounds,
but on the other hand slightly decreased the total monomer yield.
Conversion of poplar dioxasolv lignin with the various Lewis acids
(Yb, Sc, Ln, and Ga(OTf)3) yielded 8 to 12 wt% monomers (in
dioxane/water at 175 1C), compared to 10 wt% with the Brønsted
acid triflic acid. Upon utilising triflic acid, propenylphenols
were the main products.

5.2.4 Solvolytic & thermal depolymerisation
Solvolytic depolymerisation. Solvolytic lignin depolymerisa-

tion involves lignin conversion by solvolytic and thermal action.
The solvent can be water,432,495,501,506,508,517–523 an organic
solvent,309,383,386,387,416,499,501,503,506,508,519,524–527 or a solvent
mixture.509,513,517–519 Also hydrogen-donating solvents are
regularly used (e.g. tetralin, isopropanol).528,529 Processes using

Fig. 19 Stabilisation mechanism during ethylene glycol-assisted
ACD.97,204,205,375,376
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formic acid are not included here, but are discussed under
acid-catalysed depolymerisation (Section 5.2.3). The reaction
temperatures range from 250 up to 450 1C. Lignin solvolysis
generates a wide range of monomer products, with the product
structure being influenced by both the solvent and reaction
temperature. The overall product selectivity is usually low, although
some more selective solvolytic processes exist.432,520,521,524,525,528

The main monomer products are methoxyphenols, which are
either unsubstituted or substituted with unsaturated (vinyl, allyl),
saturated (methyl, ethyl), or oxygenated (aldehyde, ethanone,
carboxylic acid) side-chains. Products with unsaturated and
oxygenated side-chains are mainly obtained at lower tempera-
ture (r300 1C), while unsubstituted and alkyl-substituted com-
pounds predominate at higher temperature (Z300 1C).517–519

Solvolysis in water or in a water/organic solvent mixture yields
more unsubstituted and alkyl-substituted compounds than
solvolysis in a pure organic solvents.517,518 Furthermore, during

lignin conversion in water at high temperature, methoxyphenols like
guaiacol are converted to catechol, phenol, and cresols.520–522,530

Solvolysis in hydrogen-donating solvents like isopropanol or tetralin
mainly yields methoxyphenols with alkyl side-chains.528

The results on lignin solvolysis shown in Fig. 20 and
Table S11 in the ESI† are either derived from studies that
specifically focus on this process, or from studies on catalytic
lignin depolymerisation (as the non-catalysed or blank runs). In
most cases, solvolytic depolymerisation achieves lower monomer
yields than catalytic (acid, base, or reductive) fragmentation,
highlighting the benefits from implementing catalytic technology.
The monomer yields in lignin solvolysis are generally below
10 wt%, although higher yields are sometimes reported. For
instance, remarkable results were obtained in the conversion of
softwood kraft lignin in water. At 350 1C, Sasaki et al. reached
a monomer yield of 37 wt% with high selectivity towards
catechol.521 At a lower temperature of 265 1C, Onwudili et al.

Fig. 20 Overview of solvolytic309,383,386,387,416,432,495,499,501,503,506,508,509,513,517–529 and thermal lignin depolymerisation (fast pyrolysis115,324,381,408,531–554

and catalytic fast pyrolysis324,532,535–541,545,558–564). The yield histograms indicate the relative distribution of maximum reported monomer yields for each
depolymerisation study and for each lignin substrate (if multiple substrates were used). The process characteristics and monomer yields of each individual
study can be found in the ESI† (Tables S11–S13). For solvolytic depolymerisation, the carboxylic acid groups in the products are esterified in case the process
is performed in an alcohol solvent.
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obtained 22 wt% monomers, with guaiacol as the main product.432

Hu et al. extracted the lignin from hemicellulose-depleted corncob
residue through an organosolv process with THF/water, and sub-
sequently depolymerised the soluble lignin phase in THF at
300 1C.524 A monomer yield of 24 wt% based on the lignin in the
original corncob residue was achieved, with syringol, ethylphenol,
and ethylguaiacol as the prevailing products.

Fast pyrolysis. Fast pyrolysis involves the (solventless) thermal
decomposition of biomass by rapid heating to high temperature
(450–600 1C) in the absence of oxygen.319,320 The emerging
pyrolysis vapours are immediately condensed into a bio-oil. Next
to the bio-oil, char and gases are also produced. In lignin fast
pyrolysis, the reaction temperature can range from 400 to 800 1C,
but the highest liquid and monomer yields are generally obtained
between 400 and 600 1C. Similar to lignin solvolysis, the results
from lignin fast pyrolysis are derived from studies specifically on
lignin fast pyrolysis, as well as from non-catalysed runs (blank
runs) in catalytic fast pyrolysis (CFP) studies. Lignin fast pyrolysis
reported in the academic literature is mostly performed at micro-
scale (0.5–1 mg) in a micropyrolyser,115,324,381,408,531–542 but also
regularly at intermediate (0.2–0.5 g)543–545 and multigram scale
(430 g).408,531,546–554 Although most studies indicate monomer
yields below 10 wt%, yields up to 20 wt% are frequently reported.
Only very few studies report yields over 20 wt%. For instance, Van
Bokhoven et al. and Zheng et al., respectively, obtained monomer
yields of 27 wt% (29 C%;555 650 1C)535 and 30 wt% (at 700 1C)532

from softwood kraft lignin. Guo et al. achieved monomer yields of
34–37 wt% (37–40 C%)555 in the fast pyrolysis of rice husk
pyrolytic lignins at 600 1C, whereas the yields from softwood kraft
lignins under identical conditions were only 6–7 wt%.545

In fast pyrolysis, a bio-oil is obtained by rapid condensation
of the pyrolysis vapours. Fast pyrolysis in a micropyrolyser is
however mostly executed with direct GC analysis of the vapours
and does not involve condensation. To investigate the influence
of condensation on the pyrolysis products, Shanks et al. per-
formed lignin fast pyrolysis with and without condensation of
the vapours prior to GC analysis.115 They observed that con-
densation results in significant repolymerisation of reactive
phenolic compounds and thus lowers the monomer yield. This
repolymerisation was furthermore found to be facilitated by
acetic acid, a major product obtained from lignin fast pyrolysis.
In line with these results, Bai et al. obtained a considerably
higher monomer yield in the pyrolysis of corn stover acetosolv
lignin in a micropyrolyser without condensation compared to
pyrolysis at large scale in a fluidised bed reactor with down-
stream condensation (12 vs. 6 wt%).549

Fast pyrolysis, similar to solvolysis, produces a large pool of
monomeric products, comprising substituted and unsubstituted
methoxyphenols, catechols, and phenols, with the substituents
mainly being unsaturated (mostly vinyl), saturated (methyl,
ethyl), and to a lesser extend oxygenated (ethanone, aldehyde,
carboxylic acid) groups (Fig. 20).115,547–550 Meier et al. and
Lin et al. demonstrated that fast pyrolysis generates a considerably
more complex product mixture than mild hydroprocessing381 and
base-catalysed depolymerisation,496 indicating the low product

selectivity of fast pyrolysis. Shen et al. showed that compounds
with unsaturated and oxygenated side-chains are produced at
lower temperature (r650 1C), while unsubstituted and alkyl-
substituted compounds dominate at higher temperature
(Z650 1C).556 Also, a selectivity shift from methoxyphenols to
catechols and phenols occurs by increasing the pyrolysis tempera-
ture. Evans et al. studied the pyrolysis of various native and
isolated lignins, and found that the primary pyrolysis products
from native lignins are coniferyl and sinapyl alcohol.557 While
pyrolysis of milled wood lignins rendered a similar product slate
as native lignin, pyrolysis of organosolv and kraft lignin yielded
smaller compounds such as unsubstituted and methyl-, ethyl-,
and allyl-substituted methoxyphenols. This further exemplifies
the chemically degraded state of technical lignins.

As briefly mentioned above, lignin fast pyrolysis has mainly
been studied at very small scale in batch reactors, and realising
large scale continuous pyrolysis has been shown to be challen-
ging. In 2010, an international study on lignin fast pyrolysis was
performed by fourteen laboratories, involving the fast pyrolysis
of two lignin samples, one with high and the other with low
lignin purity.531 The study showed that (pure) lignin cannot be
effectively pyrolysed in reactor systems designed for whole
biomass, such as bubbling fluidised bed reactors. This is due
to the low melting temperature of lignin and its tendency to
agglomerate, causing plugging of the feeder and defluidisation
of the reactor bed. Pyrolysis of the less pure lignin sample, with
a high carbohydrate content, proceeded somewhat better than
pyrolysis of the more pure lignin, since it behaved more like a
typical raw biomass. It was concluded that new reactor designs will
be required for continuous lignin fast pyrolysis. Bai et al. demon-
strated that pretreatment of lignin with Ca(OH)2 neutralises melting
and agglomeration during fast pyrolysis and enables continuous
pyrolysis of lignin in a fluidised bed reactor.549 Ca(OH)2 reacts
with phenolic hydroxyl, carboxylic acid, and aldehyde groups in
lignin, which are suggested to be responsible for the melting and
agglomeration behaviour. Alternatively, De Wild et al. were able
to effectively pyrolyse lignin in a bubbling fluidised bed reactor
by pelletising lignin together with a natural mineral additive and
by using a specially designed cooled-screw feeder.546–548 Jensen
et al. demonstrated that the problem of feeder plugging could be
circumvented by using an alternative reactor set-up. The applied
pyrolysis centrifuge reactor indeed prevented plugging of the
feeder, but instead plugging of the cooling nozzle was observed
after one hour of operation.551

Catalytic fast pyrolysis (CFP). In catalytic fast pyrolysis (CFP),
pyrolysis is executed in presence of a catalyst, which is either
physically mixed with the biomass in the pyrolysis reactor
(in situ CFP) or is placed after the pyrolysis reactor and is only
contacted with the pyrolysis vapours (ex situ CFP). Similar to
lignin fast pyrolysis, published work in lignin CFP is mostly
performed in a batch micropyrolyser with a very small amount of
lignin (0.5–2 mg). Most studies using a micropyrolyser perform
in situ lignin CFP with a high catalyst-to-lignin ratio (ranging
from 2 to 20).324,535–541,558–561 CFP in a micropyrolyser can also
be run in ex situ mode, by separating the lignin and catalyst by
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quartz wool in the pyrolysis tube,532 or by placing the catalyst in
a second microfurnace, which makes it possible to perform
pyrolysis and catalytic conversion at different temperatures.562

Lignin CFP at intermediate scale (0.5 g lignin) has been
performed by Guo et al. in a tubular reactor (ex situ mode)545

and at larger scale by Huber et al. in a fluidised bed reactor
(in situ mode)563 and by Jensen et al. in a pyrolysis centrifuge
reactor (B30 g; ex situ mode).564

Most lignin CFP studies show a high selectivity towards
deoxygenated aromatics such as benzene, toluene, xylene, and
naphthalene. Next to these compounds, also some (methoxy)-
phenols are usually produced (Fig. 20). Several studies have also
indicated the formation of short chain olefins and
alkanes.558,562,564 The monomer yields (sum of deoxygenated
aromatics and (methoxy)phenols) are generally below 20 wt%,
with a few studies reporting higher yields.535,541,545 Because
deoxygenated aromatics are the major products, the monomer
yields should be interpreted with caution, since these compounds
can be produced from both lignin and carbohydrates. Several
lignin CFP studies have been performed with impure lignins such
as enzymatic or acid hydrolysis residue, in which the carbo-
hydrates content can reach up to 50 wt%.539,560

Lignin CFP is mainly studied with acidic
zeolites,324,535–541,545,558–565 but also with other catalysts such
as mesoporous silicas,538,545 oxides,535,536,538 and metal-
supported catalysts (Fig. 20).532,536,538,539 Van Bokhoven et al.
indicated that the catalyst has a dual role in CFP, namely (i) the
stabilisation of the intermediates, hereby preventing repoly-
merisation and cokes formation, and (ii) the transformation of
depolymerised intermediates into the targeted products.535

They showed that non-acidic porous catalysts like Na-ZSM-5
and silicalite only stabilise the intermediates, and thus yield
the typical lignin fast pyrolysis products (phenols and methoxy-
phenols), while acidic catalysts like H-ZSM-5 further convert
the primary products to deoxygenated aromatics. A clear
increase in yield of deoxygenated aromatics was observed with
decreasing Si/Al ratio, and thus increasing acid density, for a
range of H-ZSM-5 catalysts. A similar trend was observed by
Boateng et al. and Zhang et al. with both H-ZSM-5 and H-beta
zeolites.560,561 A mechanism for the conversion of methoxy-
phenols to deoxygenated aromatics over acidic zeolites was
recently proposed by Brown et al.566

Lignin CFP is most often performed with H-ZSM-5, as this
catalyst enables both a high monomer yield and deoxygenated
aromatics selectivity.541,545,560–562 Several studies have shown that
H-ZSM-5 outperforms other zeolites such as H-Y and H-beta in
terms of monomer production. For instance, Moutsoglou et al.
compared H-ZSM-5 and H-Y in CFP of aspen butanosolv lignin
at 600 1C, and obtained a higher monomer yield (28 vs. 17 wt%)
and selectivity towards deoxygenated aromatics (82 vs. 35%)
with H-ZSM-5.541 Zhang et al. observed a higher monomer yield
but lower selectivity towards deoxygenated aromatics with
H-ZSM-5 compared to H-beta and H-Y.561 This was ascribed to
the small pores of H-ZSM-5, which hamper the conversion of bulky
intermediates such as syringols to aromatics. In contrast, Van
Bokhoven et al. reached a higher monomer yield (47 vs. 44 C%)

and selectivity towards deoxygenated aromatics (83 vs. 77%) with
H-USY compared to H-ZSM-5 in the conversion of softwood kraft
lignin at 650 1C, which was attributed to the larger pore size of
H-USY.535 For more information on lignin fast pyrolysis and CFP,
we refer the reader to more specialised reviews.116,320,567–569

5.2.5 Two-step lignin depolymerisation. In all previously
discussed methods, lignin depolymerisation is performed in a
single step. An alternative strategy is to perform a two-step
process, wherein the goal of the first step is to weaken the b-O-4
linkage by altering the chemical structure of the motif. As a result,
subsequent depolymerisation in a second step can occur at milder
conditions, which favours the rate of depolymerisation over
repolymerisation. Two primary methods to enhance the reactivity
of lignin have been reported to date, namely (i) oxidation of
benzylic alcohols and (ii) methylation of benzylic alcohols.

Benzylic alcohol oxidation and depolymerisation. Oxidation of
the benzylic alcohol in b-O-4 lignin units significantly weakens
the Cb–O ether bond570 and thus facilitates subsequent
depolymerisation.571 Several groups have investigated a two-
step depolymerisation strategy comprising benzylic alcohol
oxidation on lignin b-O-4 model compounds.380,572–582 Stahl
and co-workers studied benzylic oxidation of a non-phenolic
b-O-4 model compound with various stoichiometric oxidants
and through metal- and non-metal-catalysed aerobic oxidation.
The best result was obtained with a 4-acetoamide-TEMPO/
HNO3/HCl catalyst system under oxygen atmosphere.572 This
catalyst system was also able to selectively oxidise other phenolic
and non-phenolic b-O-4 models, and even an actual lignin sample,
namely aspen CEL (verified through 2D NMR). In a follow-up
study, the authors demonstrated the effective depolymerisation of
this oxidised lignin in an aqueous formic acid/sodium formate
solution at 110 1C, yielding 52 wt% monomers, in contrast to only
7 wt% monomers from non-oxidised lignin.573 The monomer
fraction was composed of phenolic diketones (syringyl- and
guaiacyl-1,2-propanedione, Fig. 21), aldehydes (syringaldehyde
and vanillin), and acids (syringic, vanillic, and p-hydroxybenzoic
acid). Alternatively, Westwood et al. achieved selective benzylic
oxidation of non-phenolic b-O-4 models, a b-O-4 model polymer,
and birch dioxasolv lignin with a DDQ/tBuONO catalyst system
under oxygen.380 Subsequent reductive depolymerisation of the
oxidised lignin with an excess amount of Zn in presence of
NH4Cl at 80 1C yielded 6 wt% monomers, with a very high
selectivity to syringyl-3-hydroxy-1-propanone. In following
studies, this depolymerisation strategy was also applied to other
lignins, generating 1 to 5 wt% combined yields of guaiacyl- and
syringyl-3-hydroxy-1-propanone.135,581

Other examples of two-step benzylic alcohol oxidation and
depolymerisation processes that have been shown to selectively
convert b-O-4 model compounds are: (i) [4-AcNH-TEMPO]BF4-
mediated benzylic alcohol oxidation574 or (ii) NHPI/2,6-lutidine-
mediated electrocatalytic benzylic alcohol oxidation,582 followed
by photoredox-catalysed reductive b-ether bond cleavage with an
iridium-complex, (iii) photocatalytic benzylic alcohol oxidation
with Pd/ZnIn2S4 proceeded by photocatalytic b-ether hydrogeno-
lysis with TiO2,575 (iv) VOSO4/TEMPO-catalysed aerobic benzylic
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alcohol oxidation followed by aerobic oxidative Ca–Cb bond
cleavage with a Cu/1,10-phenanthroline catalyst,576 (v) Cp*Ir-
catalysed oxidant-free benzylic alcohol dehydrogenation followed
by reductive b-ether bond cleavage with Zn/NH4Cl,577 and (vi)
benzylic oxidation with either TPPFeCl/tBuOOH, DDQ/NaNO2/O2

or TEMPO/NaNO2/NaCl/O2 followed by Ca–Cb bond cleavage
through Baeyer–Villiger oxidation.578

Benzylic alcohol methylation and depolymerisation. Xu et al.
and Ouyang et al. have both shown that methylation of the
benzylic alcohol in a b-O-4 model considerably enhances its
reactivity towards reductive depolymerisation.364,431 Ouyang et al.
showed that methylation of wheat alkali lignin (with methanol in
presence of Al2(SO4)3 under microwave irradiation) prior to Pd/C-
catalysed liquid-phase reforming (in methanol/formic acid at 280 1C)
enhanced the monomer yield from 11 to 17 wt%.431 Xu et al.
demonstrated that a Ni/C catalyst enables in situ benzylic alcohol
methylation during lignin hydrogenolysis in methanol, and thus
facilitates b-ether bond cleavage.364 Organosolv pulping with
alcohols is also known to etherify the benzylic alcohols within
lignin,64,204 which thus likely enhances the lignin reactivity.

5.3 Critical discussion on lignin depolymerisation

5.3.1 Monomer yield: impact of depolymerisation method.
The histograms from Fig. 14, 15, 17, 18 and 20 are displayed as
boxplots in Fig. 22 to allow for a visual analysis and comparison
of the reported monomer yields for each depolymerisation
method. At first glance, three depolymerisation strategies dis-
play a median (Q2) that exceeds an arbitrary threshold of
20 wt% monomers: reductive catalytic fractionation (RCF; Q2
of 37 wt%), bifunctional hydroprocessing towards cycloalkanes
(32 wt%), and oxidation to non-phenolic acids (23 wt%). However,
it should be noted that the cycloalkane yields reported for the
majority of bifunctional hydroprocesses includes both mono- and
bicycloalkanes. Unlike bifunctional hydroprocessing and oxida-
tion to non-phenolic acids, RCF is the only method that generates

aromatic products. Remarkably, more than 75% of the data
points exceed the 20 wt% monomer threshold (see Q1). Amongst
the other methods that result in aromatic products, especially
liquid-phase reforming enables high monomer yields, with
almost half of the data points over 20 wt% (Q2 of 19 wt%). Both
Heeres et al.422 and Weckhuysen et al.401 compared lignin con-
version through liquid-phase reforming and hydroprocessing,
and reached considerably higher monomer yields with the
former method. The highest monomer yields from liquid-
phase reforming were reported by Hensen et al., ranging from
60 to 86 wt% from various technical lignins (softwood kraft
lignin, Protobind 1000, and Alcell lignin).417

Mild hydroprocessing (Q2 of 12 wt%), harsh hydroprocessing
(12 wt%), ACD (12 wt%) and CFP (10 wt%) can be considered as
the third most efficient depolymerisaton methods for produc-
tion of aromatic monomers, with at least half of the data points
over 10 wt%. The highest monomer yields through mild hydro-
processing have been achieved by Lutherbacher et al., who even
demonstrated the quantitative conversion of an isolated lignin.226

The latter lignin was isolated through formaldehyde-assisted
lignin extraction, which almost quantitatively retained the b-O-4
bonds in lignin. Harsh hydroprocessing can yield up to 35 wt%
monomers, which was obtained by Barta et al. from softwood
kraft lignin.405 For ACD, yields ranging from 58 to 62 wt% were
reported by Dephe et al. from industrial organosolv lignin and
softwood kraft lignin.509,514 Through CFP, Bokhoven et al. obtained
about 34 wt% (47 C%)555 monomers from softwood kraft lignin,535

while Moutsoglou et al. and Guo et al. both reached monomer
yields of about 28 wt% (39 C%)555 from aspen butanosolv lignin541

and rice husk pyrolytic lignin545 respectively.
The last category includes the remaining depolymerisation

methods, with the majority of data points below 10 wt%. In
lignin oxidation, the highest yield was obtained by Lee et al.
through alkaline aerobic oxidation (23 wt% from FT-DAP
poplar lignin),180 by Song et al. through aerobic oxidation in
an ionic liquid (30 wt% from hardwood organosolv lignin),487

and by Ma et al. through oxidation with peracetic acid (47 wt%
from corn stover enzymatic residue).481 For BCD, all reported
monomer yields are below 20 wt%. Lignin solvolysis can yield up
to 37 wt% monomers, which was obtained by Sasaki et al.
through conversion of softwood kraft lignin in water.521 Through
fast pyrolysis, a maximum monomer yield of 37 wt% (40 C%)555

was reported by Guo et al. from rice husk pyrolytic lignin.545

As mentioned in Section 5.2.4, a large part of the data points
from solvolysis and fast pyrolysis are derived from catalytic
depolymerisation studies (on reductive depolymerisation,
BCD, ACD and CFP) as the blank (non-catalysed) runs. In most
cases, catalytic depolymerisation was found to outperform non-
catalysed depolymerisation in terms of monomer yield, which
illustrates the benefits gained from implementing catalytic
technology.

In addition to these general observations, recently developed,
sophisticated processes enable efficient lignin depolymerisation,
such as (i) ACD with in situ stabilisation,97,204,375–377 (ii) 2-step
depolymerisation with benzylic oxidation,380,573 and (iii) reduc-
tive depolymerisation with hydrosilanes.349 For instance,

Fig. 21 Schematic overview of two-step lignin depolymerisation methods.
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Barta et al. showed that by in situ stabilisation through acetal
formation with ethylene glycol, the monomer yield from triflic
acid-catalysed conversion of walnut dioxasolv lignin could be
increased by a factor of three.97 With Fe(OTf)3 as acid catalyst, a
maximum monomer yield of 38 wt% was achieved from walnut
methanosolv lignin.205 Stahl et al. demonstrated that benzylic
oxidation of aspen CEL prior to depolymerisation with formic
acid/sodium formate could enhance the monomer yield from 7
to 52 wt%.573 In reductive depolymerisation with hydrosilanes,
Feghali et al. reached monomer yields up to 17 wt% and 41 wt%
from respectively softwood and hardwood formacell lignins,349

which is in the same range of yields obtained through RCF.
As a critical note, it should be pointed out that the monomer

yields from lignin depolymerisation strongly depend on three
aspects, namely (i) the depolymerisation method, (ii) the lignin
isolation method, and (iii) the lignin source (see Fig. 12 on
lignin reactivity). This makes a clear quantitative comparison of
the various depolymerisation methods difficult, as a broad
range of different lignin substrates has been used. An addi-
tional hurdle is the large variation between reported results in
literature, sometimes even between studies that use the same
(or very similar) lignin and depolymerisation method. For
instance, two studies on CFP of softwood kraft lignin in a
micropyrolyser with H-ZSM-5 (silica-to-alumina ratios of
respectively 25 and 30) at 650 1C indicated deoxygenated
aromatics yields of respectively 5 wt%559 and ca. 24 wt% (34
C%).535 As another example, solvolytic conversion of softwood
kraft lignin in water at 350 1C for 30 min has been stated to
yield 4 wt%519 and 37 wt%521 monomers in two separate
studies. Fortunately, a large set of data points (395) from an
invaluable collection of depolymerisation studies (192) is avail-
able, which counterbalances part of the variation and makes it
possible to evaluate the various depolymerisation methods.
Nevertheless, for an even more accurate assessment of the

different methods, studies are needed that examine multiple
depolymerisation methods on the same lignin substrate and
use similar analytical techniques to quantitatively verify the
depolymerisation efficiency. Only in this way, the influence of
the lignin structure can be decoupled from the depolymerisa-
tion method. For the same reason, studies that apply one
specific depolymerisation method on a set of different lignins
are as equally important to unambiguously evaluate the reac-
tivity of different lignin substrates (vide infra).

In conclusion, the efficiency of depolymerisation is deter-
mined by the rate of lignin depolymerisation relative to the rate
of repolymerisation or degradation. Two main principles can
thus be followed to enhance the efficiency of lignin depolymer-
isation, namely (i) prevention of repolymerisation/degradation
and (ii) enhancement of the depolymerisation rate. In Fig. 23,
some specific strategies are outlined regarding these two
principles.

Prevention of repolymerisation/degradation can for instance
be accomplished by chemically converting reactive intermedi-
ates to more stable compounds. In reductive depolymerisation,
this is performed by reductive stabilisation of reactive inter-
mediates, which explains the high monomer yields that can be
achieved (Sections 5.1.1 and 5.2.1). Stabilisation of reactive
intermediates has also been demonstrated in ACD, either
through acetal formation (with ethylene glycol97,204,205,375,376 or
methanol378), decarbonylation,97,377 or hydrogenation.97 In
other depolymerisation methods without an active (chemical)
stabilisation step, passive stabilisation is typically applied by
physically removing the reactive intermediates from the reac-
tion zone. This usually involves a precise tuning of the reaction
time, by finding the right balance between depolymerisation
and repolymerisaton/degradation. In methods like fast pyroly-
sis and CFP, the retention time of reaction products in the
reaction zone is very short, and the products are rapidly cooled

Fig. 22 Box plots showing the distribution of monomer yields for each lignin depolymerisation method. A total of 395 data points (gathered from 192
studies) are used. Data points exceeding the value of Q3 with more that 150% of the interquartile range (IQR = Q3–Q1) are displayed as outliers (�).
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to minimise secondary reactions. However, it should be kept in
mind that condensation of pyrolysis products also facilitates
repolymerisation.115 The need for short reaction times to
maximise monomer yields was also clearly demonstrated in lignin
solvolysis,521 BCD,492 and oxidation.444,445 In ACD, Dephe et al.
reported very high monomer yields, but it is however not clear
how repolymerisation is prevented under their reaction condi-
tions (250 1C in methanol/water for 30–120 min).509,514

As to the second principle, the rate of depolymerisation
relative to the rate of repolymerisation/degradation can be enhanced
by increasing the reactivity of cleavable linkages in lignin. This
has been demonstrated by oxidation380,573 and methylation431 of
the benzylic hydroxyl groups (i.e. 2-step approaches, Section 5.2.5).

While the principles outlined in Fig. 23 are based on the
effective cleavage of ether bonds and prevention of carbon–carbon
bond formation, an alternative strategy is to depolymerise lignin
through scission of carbon–carbon bonds between the phenolic
units. This includes both native carbon–carbon interunit linkages
(Fig. 1) and carbon–carbon bonds formed during biomass fractio-
nation (Sections 3.1 and 3.2). Research groups are increasingly
focusing on the cleavage of carbon–carbon interunit linkages
through oxidative pathways, and this has already led to various
exciting results on model compounds.583–585

5.3.2 Monomer yield: impact of lignin structure. As indicated
by several studies, the lignin b-O-4 content is one of the crucial
factors that determines lignin’s reactivity in depolymerisation reac-
tions. For RCF, the impact of the b-O-4 content of native lignin on
the monomer yield was directly demonstrated by Galkin et al.352 and
indirectly by Sels et al.,231 and corroborated by the histograms
displayed in Fig. 14 (see Section 5.1.1 for discussion). As a general
trend, these histograms show that the monomer yields increase
in the order softwoods o herbaceous crops o hardwoods, which
correlates with their respective b-O-4 content. In order to relate the
depolymerisation reactivity and the b-O-4 content of isolated lignins,
Bugg and co-workers characterised seven isolated lignins and
studied their chemo- and biocatalytic conversion.135 They observed
an overall positive trend between the catalytic results and the b-O-4
content of the lignins. Recently, Barta et al. examined the chemoca-
talytic conversion of a very large set of isolated lignins (27 lignins),
and also observed an overall positive correlation between the
monomer yields and the b-O-4 content of the lignins.205 However,
the fact that this relationship is not fully conclusive indicates that
also other factors besides the b-O-4 content affect the susceptibility
of lignin in depolymerisation reactions.

For instance, the presence of impurities can contribute to
lignin’s recalcitrance, and should not be overlooked.21 Note
that impurities can originate from (i) the biomass feedstock,
(ii) chemicals used during biomass processing, or from external
sources (e.g. metal leaching from reactor vessels and piping).137

For example, sulfur originating from Na2S in kraft pulping can
act as a poison for many transition metal catalysts, thereby
decreasing the catalyst life time.137 Acid catalysts on the other
hand are prone to deactivation by alkali and earth alkali metals
(e.g. Na+ and Ca+) which exchange for H+. As a third example,
residual carbohydrates and degradation products (e.g. furfural)
can decrease the activity of hydrogenation catalysts due to
competitive adsorption.242,586 For a more elaborate discussion
on catalyst deactivation and strategies to resolve these issues, the
interested reader is referred to a dedicated review by Lange.137

A statistical assessment of lignin depolymerisation suggests
that, if a depolymerisation method only cleaves ether bonds,
the maximum attainable monomer yield roughly equals the
square of the fraction of cleavable inter-unit ether bonds, i.e.
b-O-4 bonds.21,244,349 Because the b-O-4 bond fraction in native
lignin varies from about 45% to 75% for wood and herbaceous
crops,21,24,66,73 the monomer yields obtained through RCF, viz.
20–55 wt%, approximate the theoretical limit according to
this mathematical relationship. The cleavage of b-O-4 bonds
and formation of carbon–carbon bonds that occurs in many
fractionation processes therefore has a detrimental effect on
the efficiency of the subsequent depolymerisation step. Since
technical lignins like softwood kraft lignin, Alcell lignin, and
Protobind 1000 have low b-O-4 bond contents (below 10%),75 the
very high monomer yields that are obtained by certain liquid-
phase reforming,417,422,432 harsh processing,405 ACD,432,509,514

CFP,535 and solvolysis processes521 can only be explained by
the ability of these methods to cleave carbon–carbon bonds.

While analytic methods such as 2D NMR and thioacidolysis
make it possible to verify and compare the structural character-
istics of lignins, valuable information regarding lignin reactivity
can also be derived from depolymerisation studies. For instance,
Bouxin et al. further evidenced the higher reactivity of ARP lignin
compared to ethanosolv lignin via mild hydroprocessing.143 In
the same way, the higher reactivity of AFEX lignin compared to
soda lignin was validated. Luterbacher et al. demonstrated via
bifunctional hydroprocessing that GVL-extracted lignin is much
more reactive than AAP lignin.281 In other work, Luterbacher et al.
showed that formaldehyde-assisted dioxasolv pulping retains the
lignin reactivity much better than conventional dioxasolv pulping,
as evidenced by results from mild hydroprocessing.226 However,
even with the same lignin substrates, different analytical and
depolymerisation studies often lead to different conclusions.
For instance, Hensen et al. obtained considerably higher mono-
mer yields from commercial softwood kraft lignin than from
Alcell lignin through liquid-phase reforming (respectively 86 vs.
62 wt%).417 In line with this, Weckhuysen et al. also reached a
higher monomer yield from commercial softwood kraft lignin
compared to Alcell lignin in liquid-phase reforming (respectively
18 and 9 wt%).401 Thring et al. and Barta et al. on the other
hand found commercial softwood kraft lignin to be less reactive

Fig. 23 Strategies to enable efficient lignin depolymerisation.
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than Alcell lignin, respectively in nitrobenzene oxidation
(6 wt% monomers from softwood kraft lignin vs. 9 wt% from
Alcell lignin)587 and ethylene glycol-assisted ACD (0.5–2.6 wt%
monomers from three softwood kraft lignins vs. 4.1 wt% from
Alcell lignin).205 De Wild et al. reached rather similar monomer
yields through fast pyrolysis of both substrates (7 and 6 wt%
from respectively softwood kraft and Alcell lignin).546 These
examples underpin the value of comprehensively evaluating
lignin reactivity through multiple methods, as no universal
approach exists.

Organosolv pulping is frequently considered to be a relatively
mild isolation procedure that well preserves the reactivity of
lignin, while traditional pulping methods such as kraft or soda
pulping lead to highly condensed isolated lignins because of
extensive degradation. A higher reactivity of organosolv com-
pared to kraft lignin was for instance observed by Kaminsky et al.
in the fast pyrolysis of beech and spruce ethanosolv and kraft
lignins.550 Nonetheless, as discussed in the previous paragraph,
the reactivity of kraft lignin is often found to be higher than that
of organosolv lignin. Furthermore, several studies have reported
very similar results from kraft, soda, and organosolv lignins.
For example, similar monomer yields were obtained from harsh
hydroprocessing of softwood kraft and Organocell lignin (both
11 wt%),409 from nitrobenzene oxidation of hardwood kraft
and organosolv lignin (17 vs. 21 wt%),468 and from liquid-phase
reforming of wheat straw soda lignin (Protobind 1000) and
ethanosolv lignin (19 vs. 16 wt%).427 Hence, the assumption that
organosolv lignins are always more reactive than kraft or soda
lignins is an erroneous generalisation, as previously pointed out
by Rinaldi et al.21 Next to the applied fractionation method, the
reactivity of the isolated lignin is strongly determined by the
fractionation severity and biomass type, as indicated in Fig. 12.

Organosolv pulping can be performed with a wide range of
aqueous organic solvents, with or without acidic additives and
under varying reaction conditions (Section 4.1.2). Hence, large
variations in process severity exist, which in turn affects the
lignin reactivity. The variation in reactivity of different organosolv
lignins is exemplified in several studies. Westwood et al. for
instance showed that the alcohol solvent used in organosolv
pulping strongly affects the reactivity, with the b-O-4 content
and the monomer yield from ethylene glycol-assisted ACD being
considerably higher for ethanosolv lignins compared to butano-
solv lignins.204 Furthermore, the b-O-4 content and monomer
yield of their self-prepared beech ethanosolv lignin was much
higher than that of a technical beech ethanosolv lignin (17 vs.
2 wt% monomer yield), which illustrates the large impact of
different isolation conditions. Feghali et al. also demonstrated
the effect of the pulping liquor on the reactivity of the organo-
solv lignin, with the monomer yield from hydrosilylation of
pine lignins decreasing in the order formacell lignin (10 wt%),
ethanosolv lignin (7 wt%), methanosolv lignin (5 wt%), and
acetone organosolv lignin (2 wt%).349

Compared to lignin precipitates such as kraft and organosolv
lignin, lignin-rich residues from enzymatic or acid hydrolysis
are less frequently employed for lignin depolymerisation.
Nevertheless, a few studies have examined their conversion.

For instance, Barth et al. performed liquid-phase reforming on
a range of softwood enzymatic and acid hydrolysis residues
and obtained significantly lower monomer yields than from
softwood kraft lignin (4–6 vs. 11 wt%).424 On the other hand,
nitrobenzene oxidation of corn stover enzymatic residues was
found to yield 20–25 wt% monomers,293 while Nb2O5-catalysed
peracetic acid oxidation of spruce and corn stover enzymatic
residue even generated up to 35 and 47 wt% monomers
respectively.481 The latter examples illustrate the potential of
enzymatic hydrolysis residues as feedstock for aromatic mono-
mers production. In analogy to isolated lignins, the reactivity of
the lignin-rich residues is determined by the severity of the
fractionation procedure and biomass type (Fig. 12). Within this
context, the effect of residual carbohydrates or other impurities
on depolymerisation efficiency should not be overlooked.

Lignin depolymerisation is frequently studied with commer-
cial or technical lignins such as softwood kraft lignin (Indulin
AT), Alcell lignin, and Protobind 1000, which are all derived
from optimised fractionation processes and therefore represent
industrially relevant lignin substrates. Next to technical lignins,
also self-prepared lignins are regularly used in depolymerisation
studies, in which their reactivity is assessed relative to other
lignins. In most cases the isolated lignin yield (i.e. the yield of
isolated lignin relative to the native lignin in the feedstock) is not
indicated, despite the fact that the isolated yield is tightly linked
with the lignin reactivity (Section 4.3.1). Reaching a higher
isolated lignin yield requires a harsher or more extended isola-
tion process, which in turn lowers the lignin reactivity. This was
clearly illustrated by Pepper et al., who showed that prolonged
dioxasolv pulping of aspen wood increases the yield of isolated
lignin, but decreases the reactivity of the isolated lignin in
nitrobenzene oxidation.588 Therefore, a fair evaluation of the
effect of different isolation methods on the lignin reactivity
requires similar isolated lignin yields. In analogy, the effect of
enzymatic or acidic hydrolysis on the reactivity of a lignin-rich
residue can only be fairly assessed if the lignin content in the
residue is comparable, since removing more carbohydrates from
the residue (and thus increasing the lignin content) requires
more severe conditions or higher enzyme loadings, which in
turn impacts the lignin reactivity.

Finally, we urge the lignin research community to consider the
complete lignin mass balance when investigating (depolymerisa-
tion of) isolated lignins. Because lignocellulosic biorefineries aim
at maximally valorising all lignocellulose constituents, the entire
native lignin fraction should be taken into account in lignin
depolymerisation research. When fractionation and depolymer-
isation are performed in separate stages, an optimal balance
should be found between the lignin isolation and depolymerisa-
tion efficiency, i.e. between the isolated lignin yield and monomer
yield, to maximise the product yield on a native lignin basis.
Ideally, an isolation method should be used that enables high
isolated lignin yields while maximally retaining their reactivity
(see Section 4). As both the isolation and depolymerisation
efficiency should be taken into account, a reduced lignin reactivity
can be compensated by a higher isolation yield, and vice versa.
This phenomenon was recently illustrated by Westwood et al. in
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a comparative study between ethanosolv and butanosolv lignin
from walnut shells and beech wood.204 While the ethanosolv
lignins were considerably more reactive than butanosolv lignins
in ethylene-glycol assisted ACD, butanosolv pulping enabled
much higher isolated lignins yields, resulting in over two times
higher monomer yields on a native lignin basis.

5.3.3 Product selectivity. As illustrated in the above over-
view, the different depolymerisation methods also exhibit clear
differences in terms of product selectivity. In the category of
reductive depolymerisation, mild hydroprocessing is a selective
method, as it yields a limited product slate consisting of
substituted methoxyphenols. Especially mild hydroprocessing
of native lignin (RCF) is highly selective towards a small number
of compounds. Substituted methoxyphenols can be considered
as primary depolymerisation products (Fig. 6), as the phenolic
core of the products is retained. Harsh hydroprocessing on the
other hand generates a more complex product mixture, since
secondary reactions take place that change the phenolic core,
i.e. demethoxylation, (de)alkylation, and hydrogenation of the
aromatic ring. This yields a broad pool of primary (methoxy-
phenols) and secondary products ((alkyl)phenols, catechols,
deoxygenated aromatics, etc.). In liquid-phase reforming, a similar
shift from primary to a mixture of primary and secondary
products can be observed with increasing process severity. Hence,
the selectivity of harsh methods is generally low. Bifunctional
hydroprocessing on the other hand enables a high product
selectivity, as this method facilitates full defunctionalisation of
the primary products, leading to one specific type of (stable)
secondary products, namely cycloalkanes (concept of chemical
funneling, Section 6). Summarising, selective (reductive) depoly-
merisation is achieved with methods that completely suppress
secondary reactions (mild hydroprocessing, RCF) or with methods
wherein secondary reactions occur to a maximal extent (bifunc-
tional hydroprocessing). Methods situated in between yield a
complex mixture of primary and secondary products (harsh
hydroprocessing and liquid phase reforming).

While mild reductive depolymerisation usually generates substi-
tuted methoxyphenols, two unique processes in this category selec-
tively produce substituted catechols and pyrogallols. Barta et al.
showed that Cu/PMO under hydrogen atmosphere can selectively
convert candlenut organosolv lignin to propanolcatechol and some
other catechols,389 while Feghali et al. presented a depolymerisation
process using hydrosilanes as reducing agent which selectively
produces either propyl- or propanol-substituted catechol and pyro-
gallol from woody organosolv lignins (Fig. 16).349 In the former study,
it is however not clear if the lignin structure (candlenut lignin) or the
catalytic process is responsible for the formation of catechols.

In the group of oxidative depolymerisation methods, alkaline
and acidic aerobic oxidation towards phenolic compounds are
both selective towards a handful of products, with alkaline
oxidation generating aromatic aldehydes, and acidic oxidation
yielding a mixture of aromatic aldehydes and acids (or esters).
Oxidation towards aliphatic carboxylic acids also usually generates
a limited number of products.

Oppositely, in BCD, ACD, solvolysis, and fast pyrolysis, the
overall product selectivity is relatively low. At relatively mild

conditions, a wide variety of methoxyphenols is obtained, with
various oxygenated, unsaturated, and saturated side-chains.
Similar to reductive depolymerisation, moving from milder to
harsher conditions shifts the product spectrum from methoxy-
phenols (primary products) to catechols and phenols (secondary
products). In some cases, this improves the product selectivity.
For instance for BCD, more severe conditions enable the rather
selective formation of catechol and its methyl- and ethyl-
substituted analogues.293,493–496 Furthermore, moving from
fast pyrolysis to catalytic fast pyrolysis enhances the product
selectivity. The implementation of catalytic technology selec-
tively steers the reaction towards secondary products, namely
deoxygenated aromatics.

Two acid-catalysed depolymerisation methods that have
recently been developed include an in situ product stabilisation
step and generate a small set of products. The process reported
by Barta, Westwood and co-workers selectively yields phenolic
C2-acetals,97,204,205,375,376 while methyl- and propenyl-substituted
methoxyphenols are obtained in the process disclosed by
Bruijnincx et al.377 The stabilisation mechanisms prevent the
occurrence of unwanted repolymerisation reactions, thereby
improving the monomer selectivity, as well as the total monomer
yield.

The 2-step depolymerisation methods involving benzylic
oxidation are selective towards a handful of compounds and also
provide some unique monomers, which to the best of our knowl-
edge have not been produced via traditional 1-step approaches. The
process developed by Stahl et al. yields phenolic diketones next to
aldehydes and acids,573 while Westwood et al. obtained 3-hydroxy-
1-propanone-substituted methoxyphenols with high selectivity
(Fig. 21).380

Through specific depolymerisation methods, lignin can be
selectively converted into a range of different compounds or
categories (methoxyphenols, catechols, phenols, cycloalkanes,
or deoxygenated aromatics). Interestingly, for substituted
methoxyphenols, also the length of the side-chain can be tuned
by selecting a suitable depolymerisation method. For instance,
mild hydroprocessing selective yields C3-substituted methoxy-
phenols, especially when applied to native lignin (RCF).
Ethylene glycol-assisted ACD and alkaline RCF (mainly) generate
C2-substituted compounds, while C1-substituted compounds are
selectively formed through alkaline or acid oxidation, and ACD
combined with decarbonylation.

Next to the depolymerisation methods, the product selectivity
also depends on the lignin source and the fractionation method.
As pointed out in Section 4.3.1, the reactivity of isolated lignin is
determined by the fractionation method, with a more severe
fractionation treatment generating a more condensed, less reactive
lignin. Both Bouxin et al.143 and Evans et al.557 demonstrated that
the lignin reactivity clearly affects the structure of depolymerisa-
tion products. They found, respectively through hydrogenolysis
and pyrolysis, that more condensed lignins yield methoxyphenols
with shortened side-chains, while the products from less con-
densed and native lignins better retain the original C3 side-chains.
This is also illustrated by the hydrogenolysis of native lignin (RCF),
which almost exclusively generates products with C3 side-chains.
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Due to the impact of the lignin structure on the product
distribution, the effect of the depolymerisation method on the
product selectivity is most ideally examined using the same lignin
substrate. This again points to the value of comparative studies.

Finally, valorisation of the obtained depolymerisation products
strongly depends on the complexity of the product mixture. When
a small number of compounds is produced, separation and
purification of individual compounds may be feasible. Complex
product mixtures on the other hand might be more suitable for
applications that do not require pure compounds, but rather
well-defined chemical and physical characteristics (precursors
for resins, fuel-additives, solvents, etc.).21,589–591 Alternatively,
the complexity of depolymerised lignins can be diminished by
means of convergent funneling approaches. The later strategy
will be discussed in the next section.

6. Upgrading to targeted chemicals

A few of the monomeric compounds obtained from the various
depolymerisation approaches (Section 5) can be applied as such
in end-use applications, without further transformation. For
instance, vanillin (from oxidative depolymerisation) can be used
directly as vanilla fragrance and flavorant.443,592 Nonetheless,
many depolymerisation methods give rise to substituted phenolic
compounds that require additional transformations en route to
marketable chemicals. These down-stream transformations are
grouped under the umbrella term upgrading, and include both
chemocatalytic and biocatalytic approaches.

In addition, a frequently encountered hurdle that obstructs the
implementation of lignin-derived compounds is the complexity
of the lignin product mixture obtained from depolymerisation
(Section 5.3.3). Isolating pure compounds from these often-
complex streams is technically challenging, while the obtained
quantities of a single compound are generally low. Although this
methodology can be economically viable for certain high-value
chemicals (e.g. vanillin),443 a more energy and mass effective
approach is needed for low cost drop-ins, as for instance fuels
(e.g. specific alkanes, alcohols) and polymer building blocks (e.g.
phenol, adipic acid, terephthalic acid). An alternative upgrading
strategy to ease the problem of lignin product complexity and
down-stream separation, is funneling. The main idea of this
concept is to convert – i.e. funnel – a broad and heterogeneous
mixture towards a smaller pool of central platform chemicals/
intermediates, which in turn can be transformed into desired
products. Inspired by Nature’s inherent funnels from aromatic
catabolism, the term was first introduced in the context of
biological upgrading of lignin (Section 6.2).145 Complementary,
also certain chemocatalytic upgrading routes can be considered
as funnels,21 as will be explained in Section 6.1. Critical con-
siderations on funneling are provided in Section 6.3.

6.1 Chemocatalytic upgrading of phenolic compounds

Lignin-derived monomers most often resemble their parent
monolignol structure, and therefore consist of a phenolic core,
substituted with one or two o-methoxy groups and a p-side-chain.

The nature of the side chain strongly depends on the depolymer-
isation method, and ranges from simple alkyl-chains to highly
functionalised substituents comprising alkenyl, alcohol, carbonyl,
or carboxyl groups. In the following overview on chemocatalytic
upgrading, a distinction is made between (i) transformations
that affect the phenolic core and its substitution degree, and
(ii) transformations that change the structure of the side-chain
(Fig. 24). Regarding transformations that affect the phenolic
core, the focus is on defunctionalisation through hydrodeoxy-
genation (HDO). HDO reactions result in a (partial) decrease
of the product complexity and can therefore be considered as
confluent, chemocatalytic funnels. After the HDO step, the
resulting products can be subjected to secondary reactions that
also affect the phenolic core. Therefore, the phenolic core
transformations are subdivided in primary (HDO) and secondary
(beyond HDO) transformations.

Next to HDO, also oxidation can be considered as a chemical
route to funnel a mixture of phenolic compounds to a small set
of compounds. For instance, Ma et al. showed that various
phenolic compounds can be converted into a small number of
carboxylic acids.488

6.1.1 Primary core transformations. Hydrodeoxygenation
(HDO) of lignin depolymerisation products often forms an
essential and primary upgrading step, because many applications
(especially fuels) require compounds with reduced functionality
and O/C ratio. HDO constitutes a highly active research field, and
can be divided in four sub-domains based on the targeted products:
alkanes, aromatics, phenols, and cyclohexanols (Fig. 24). They
differ in (i) oxygen content (complete vs. partial HDO) and (ii) in
the fate of the aromaticity (preservation vs. hydrogenation).
Consequently, the four classes display a characteristic O/C and
H/C ratio, as depicted in Fig. S2 of the ESI†. For a more elaborate
discussion on HDO, the reader is referred to dedicated reviews
on the topic.23,24,66,71,321,323

The class of lignin-derived alkanes, and more specifically
C1–3-alkylated cyclohexanes, includes interesting candidates to
serve as mid-range fuel additives.593 It has been demonstrated
numerous times that cyclohexanes can be acquired in high
yields from methoxylated phenols through the combined
action of both metal catalysis (hydrogenation) and Brønsted
acidity (dehydration and/or demethoxylation).244,594–604 Noble
metals (Ru, Rh, Pd, Pt) have been shown to provide excellent
hydrogenation activity in these transformations, but also cheaper
Ni-based catalyst have been applied successfully. The acidic
counterpart of the bifunctional system can be provided by homo-
geneous acids (e.g. H3PO4, CH3COOH, acidic IL) as well as
heterogeneous acids (e.g. HZSM-5, HBEA). Note that this bifunc-
tional approach can also be applied directly on isolated lignin (see
bifunctional hydroprocessing; Section 5.2.1); hereby combining
depolymerisation and upgrading in a one-pot process. In addi-
tion, alternative upgrading strategies have been proposed that
rely on direct C–O hydrogenolysis instead of acid-mediated
dehydration/demethoxylation.605–607

The second class of lignin-derived HDO-products comprises
aromatic hydrocarbons (e.g. propylbenzene). In order to selectively
acquire fully deoxygenated aromatics, direct C–O hydrogenolysis
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must be preferred over ring hydrogenation. This selectivity is
favoured by operating in gas phase, at high temperature, and
low hydrogen pressure (o1 bar).608 Traditional sulfided CoMo
and NiMo catalysts, which are widely used in the petrochemical
industry for hydrotreating processes,609 have been intensely
investigated for this transformation.66,71,323 However, these
type of catalysts require co-feeding of sulfur (e.g. as H2S) to
compensate for sulfur losses and to maintain the catalytic
activity.608 Furthermore, demethylation reactions lead to catechols,
which are sensitive to the formation of cokes under the employed
conditions.66,323 In search for alternatives, promising results have
been obtained with non-sulfided catalysts such as MoO3,608

FeMoP,610 Ru/TiO2,611 PdFe/C612 and PtCo/C.606 In addition
to gas-phase configurations, several successful liquid-phase
systems, with pressurised hydrogen (e.g. 20 bar) or H-donors,
have been recently reported as well.613–617

Besides complete stripping of the monomer oxygen-
functionality, upgrading can also aim to preserve the phenolic
OH-group. For instance, selective demethoxylation of guaiacols
gives rise to (substituted) phenols,591 which can be used as
intermediates for the synthesis of various new and drop-in

polymer building blocks (vide infra). As such, higher value
compounds are obtained from lignin, as opposed to the alkanes
and aromatics. The reaction can be enabled by traditional sulfided
CoMo- and NiMo-based catalysts.323,618–620 Additionally, high yields
of phenolics have also been obtained with supported noble metal
(e.g. Pd/C, Ru/C),611,612,621 and base metal catalysts (e.g. Fe/C,
MoCx/C, and WP/SiO2).612,622–624 It should be stressed that only a
limited scope of phenolics has been studied thus far, mostly
unsubstituted or alkylated guaiacols. However, an intriguing catalytic
process was recently demonstrated by Zhu et al., in which two
complex functionalised methoxyphenols, namely vanillic acid and
syringic acid, could be selective demethoxylated to p-hydroxybenzoic
acid over a MoWBOx/C catalyst.625 A noteworthy illustration of how
demethoxylation can be applied as a chemocatalytic funnel to convert
a complex mixture of substituted methoxyphenols was recently
presented by Rinaldi et al.624 By employing a MoCx/C catalyst,
a pyrolysis bio-oil was converted and funneled primarily to
(4-alkyl)phenols and aromatic hydrocarbons. Subsequently, these
two major fractions could be easily separated from each other
owing to their different polarity, which illustrates the benefits of the
funneling concept for down-stream product purification.624

Fig. 24 Schematic representation of chemocatalytic upgrading strategies for substituted phenolics. Primary core transformations (i.e. hydrodeoxy-
genation) can decrease the mixture complexity and number of compounds, and are therefore considered as chemocatalytic funnels.
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The fourth and smallest domain within the primary core
transformations encompasses the partial HDO towards cyclo-
hexanols via demethoxylation and aromatic ring hydrogenation,
without removal of the alcohol functionality. This challenging
task requires precise tuning of the catalyst properties and reaction
conditions. Catalysts such as Ni/CeO2,626 Ni/SiO2–Al2O3,627

RANEYs Ni,628 CoNx/C,629 Ru/ZrO2–La(OH)3,630 Ru–MnOx/C,631

and Ru/C + MgO632 have been reported as active and selective
catalysts for this transformation in liquid phase.

6.1.2 Secondary core transformations. Upgrading can include
extra transformations, downstream of the HDO funnel. These
transformations are denoted as secondary core transformations,
examples are depicted in Fig. 24. Alkylphenols,591 obtained from
demethoxylation of alkylguaiacol and syringol, can be selectively
dealkylated with an acidic H-ZSM-5 zeolite, as disclosed by
Verboekend et al.633 Dealkylation of ethyl- and propylphenol leads
to two commodity chemicals: phenol and short olefins (ethylene,
propylene).633 Another interesting drop-in chemical that can be
obtained from lignin is terephthalic acid. Zhu et al. demonstrated
that p-hydroxybenzoic acid, obtained from demethoxylation of
vanillic and syringic acid, can be selectively carboxylated to
terephthalic acid by PdNiOx/C.625

Besides routes towards drop-in chemicals, complementary
strategies to produce new polymer building blocks are also
under investigation. For instance, alkylated cyclohexanols (e.g.
propylcyclohexanol) can be oxidised towards the corresponding
cyclohexanone.626,634 Subsequent Baeyer–Villiger oxidation yields the
alkylated caprolactone, a potential polyester building block.626,634

Incorporation of a certain amount of alkylated caprolactone could
alter the properties of regular polyester because of the presence of
the alkyl side-chain. Analogously, alkylated cyclohexanone might
be converted towards alkylated adipic acid or caprolactam.626

These examples highlight that bio-based chemicals could provide
an extra, distinguishing feature to the envisioned application,
thereby unlocking new markets.

6.1.3 Side-chain transformations. In addition to transforma-
tions affecting the phenolic core, the side-chain can be targeted
as well, for example through hydrogenation, hydrogenolysis (of
–OH groups) and dehydration (Fig. 24). Such reactions can
already take place during HDO, and can thereby contribute to
a decrease of the product complexity. Alternatively, (other) side-
chain transformations can also be performed separately, while
leaving the phenolic core unchanged. The remaining of this
paragraph summarises some selected examples.

Eugenol can for instance be isomerised to isoeugenol, which
in turn yields vanillin upon oxidation. This route was already
established in the late 19th century to satisfy the increasing
demand for vanilla aroma.443 Similarly, oxidation of trans-ferulic
acid embodies a complementary route to vanillin.635–637 Vanillin
possesses the potential to serve as a versatile platform chemical,
provided that cheap vanillin will become available from
future biorefineries in large quantities, either via upgrading
of (iso)eugenol or through oxidative depolymerisation of lignin.
Numerous polymer building blocks can be derived from vanillin,
as demonstrated by Caillol et al.592,638,639 Possible vanillin
transformations include the selective oxidation to vanillic acid,

the partial reduction to vanillylalcohol,640 and the reductive
amination towards vanillylamine.641,642 Analogous transforma-
tions and applications could be envisioned starting from
syringaldehyde, but are far less studied.

Alternatively, unsaturated alkyl chains, such as for instance
in (iso)eugenol and ferulic acid, can serve as anchoring point
for olefin metathesis.232 Bruneau et al. demonstrated the cross
metathesis of eugenol with methylacrylate, acrylonitrile and
acrylamide, leading to polyfunctional alkenes.643 The reaction
was mediated by Grubbs second generation type catalysts.
Similarly, self-metathesis of eugenol provides a strategy to
synthesise alternative bisphenols.644,645 These and other
lignin-derived bisphenols could become renewable substitutes
for controversial bisphenol A.646–649

6.2 Biocatalytic upgrading of phenolic compounds

In addition to the aforementioned chemocatalytic funneling
approaches, microbial transformations also offer promise for
upgrading of lignin-derived products to value-added chemicals.
The foundational concepts of biological funneling of lignin
primarily arose via the elucidation of microbial aromatic-catabolic
pathways, motivated in part by bioremediation studies of xeno-
biotic aromatic compounds in the biosphere.650–653 Specifically, the
genomes of many common microbes contain large batteries of
enzymes that defunctionalise (i.e. funnel) aromatic compounds,
including dimers and oligomers, into central intermediates, which
are most commonly catechol, protocatechuate, and gallate in
aerobes (Fig. 25).654–658 These central intermediates can then
be ring-opened via dioxygenase enzymes,659–662 and eventually
channelled into central carbon metabolism. We note that other
aromatic-catabolic pathways exist, for example, for anaerobic
assimilation of aromatic compounds, but these have not been
extensively investigated to date for lignin conversion.650 Overall,
these natural aerobic pathways offer promise for the conversion of
heterogeneous lignin streams to single compounds. Here, we
briefly review several highlights of the emerging concept of biol-
ogical funneling, and refer the reader to recent, detailed reviews for
a more comprehensive treatment of this evolving area.663–665

Fig. 25 Schematic representation of biocatalytic funneling strategies.
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In the context of lignin upgrading, much of the initial work
to use microbial catalysts was reported by Masai, Fukuda, Bugg,
Eltis, and co-workers. In particular Masai, Fukuda, and collea-
gues have elucidated monomer and dimer catabolic pathways
and enzymes in Sphingobium sp. SYK-6, which is able to cleave
b-O-4 and 5-5 linkages in lignin dimers, as well as catabolise
many common lignin-derived aromatic compounds.658,666,667

Indeed, SYK-6 has become one of the most prominent model
organisms for studying aromatic catabolism related to lignin.668–670

Bugg, Eltis, and co-workers reported one of the first metabolically
engineered microbial strains (Rhodococcus jostii RHA1) to convert
lignin-derived aromatic compounds into a value-added chemical,
namely vanillin, albeit at low titers from whole wheat straw, most
likely due to the difficulty in depolymerising solid lignin with a
bacterium alone.671 Vanillin production was accomplished via the
knockout of the vanillin dehydrogenase gene.

In the last several years, additional studies have been reported
using aromatic-catabolic microbes to convert lignin-derived
streams to value-added chemicals. In 2014, Pseudomonas putida
KT2440 was employed to upgrade aromatic compounds present in
alkaline pretreatment liquor (APL, Section 4.1.1) from corn stover
to medium-chain-length polyhydroxyalkanoates (PHAs, 32), which
can be used directly as biodegradable plastics or thermally
depolymerised into chemical building blocks.145 This report
coined the term biological funneling, and was among the first
studies to use partially depolymerised lignin as a substrate – likely
a requirement for effective microbial lignin upgrading – for
producing a value-added product. Subsequently, P. putida was
engineered to produce cis,cis-muconic acid (28), which is the
ortho-cleavage product of catechol (catalysed by the 1,2-catechol
dioxygenases), via deletion of the CatBC genes.146 Muconic acid is
a precursor to adipic acid, terephthalic acid, and other functional
replacement products.672 Continued developments for muconic
acid have led to titers in excess of 30 g L�1 from lignin model
compounds such as p-coumarate, ferulate, and benzoate
at near-theoretical yields.673–675 In a study from Bugg and
colleagues, the authors demonstrated the production of novel
pyridine dicarboxylic acids (29) from lignin-derived aromatic
compounds in R. jostii. These pyridine dicarboxylic acids will
likely exhibit novel chemical and polymer properties.676 It was
also shown by Johnson et al. that employing meta and ortho-
cleavage pathways of protocatechuate and catechol, two key
central intermediates, result in different pyruvate, succinate,
and acetyl-CoA yields, thus affecting product yields of products
derived from central carbon metabolism (e.g. lactic acid (30)
from pyruvate).677

Multiple bacterial strains have also been compared directly in
terms of their efficacy for biological funneling. Salvachua et al.
conducted a comparative study of 15 bacteria on corn stover APL,
comparing conversion and examining multiple properties of the
lignin substrate during microbial conversion.678 Four strains,
R. jostii RHA1, P. putida KT2440 (and mt-2), Amycolatopsis sp.,
and Acinetobacter baylyi ADP1 all perform reasonably well,
converting up to 30% of the lignin in a process-relevant stream
to microbial biomass and, when deprived of excess of nitrogen,
fatty acids, or PHAs. This study also demonstrated that these

aromatic-catabolic microbes are able to secrete ligninolytic
enzymes and partially depolymerise lignin oligomers, suggesting
a conceptual link to the well-studied Consolidated Bioprocessing
paradigm for microbial polysaccharide conversion.678 In addition,
Yuan and co-workers examined 15 strains of P. putida, comparing
growth on vanillic acid.679,680 Using a newly characterised
P. putida strain (A514), the authors conducted a proteomics
investigation to highlight the enzymatic pathways responsible
for aromatic catabolism, engineered in the ability for enhanced
secretion of an effective ligninolytic enzyme, and modified PHA
biosynthesis to increase product titers.677

Yuan, Ragauskas, and colleagues have also conducted a
significant body of work in an oleaginous bacterium, R. opacus,
which is able to convert lignin-derived aromatic compounds into
fatty acid-derived compounds (31) under nutrient deprivation.680

For example, the authors have combined exogenous enzymes
(e.g. laccases) with R. opacus and demonstrated a significant
increase in lipid yields via extracellular lignin depolymerisation
and uptake of released aromatic compounds.680,681 Similar work
was done with P. putida KT2440 in the presence of an entire
fungal ligninolytic secretome, but only minor improvements in
microbial biomass were observed.682 Further understanding of
the synergy between ligninolytic enzymes and aromatic-catabolic
microbes is clearly needed to design microbial solutions that can
attack oligomeric or polymeric lignin substrates effectively.

6.3 Funneling: critical considerations

Although upgrading of phenolic compounds has been intensely
studied, the concept of funneling is still quite nascent. Multi-
disciplinary research is needed to further improve its industrial
relevance and to evaluate its feasibility. From the substrate side
of the funnel, maybe the most important consideration in
the subdomain of chemocatalytic upgrading is that the vast
majority of research has been performed on pure, simple model
compounds like phenol, cresol, anisole, and guaiacol. It will
be essential to broaden the applicability of chemocatalytic
upgrading routes in the near future by shifting to more complex
compounds (substituted guaiacols and syringols), to compound
mixtures mimicking depolymerisation streams, and of course, to
raw depolymerised lignin streams. However, we note that many
chemocatalytic upgrading strategies have a limited substrate
scope since they require (i) volatile substrates for gas-phase
conversion or (ii) substrates that are soluble in the applied
solvent for liquid-phase conversion; HDO reactions are often
performed in either water or alkane solvents, which both display
a limited solubility for certain phenolic compounds. Moreover,
the effect of poisons or oligomers in actual depolymerisation
streams is largely unknown. As to the product side of the
chemocatalytic funnel, an important consideration is that
HDO processes almost exclusively aim at upgrading lignin
depolymerisation streams to fuel-grade liquids (e.g. alkanes)
instead of pure chemicals. The latter constitutes a rather new
challenge in HDO research.

Similar to chemocatalytic funneling, the concept of using
microbes to convert lignin-derived compounds to value-added
products is still in its infancy. Significant research efforts are
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needed to understand if this concept will be viable for
biorefinery applications in the long term. Realistic biological
processes generally require high titers, rates, and yields of
products. In the context of biological funneling, this will likely
hinge on the delivery of monomeric aromatic species or rapid
biological depolymerisation of oligomeric lignin. Biocatalysis is
most often performed in aqueous media which exhibit limited
solubility for phenolic compounds, thereby putting constraints
on how much carbon can get in the cell. In addition, not all
compounds might go through the funnel fully, consequently
leading to a lower conversion. Another important consideration
is the possible detrimental effect of toxic aromatic substances
present in the depolymerised lignin substrate. Certainly advances
in lignin depolymerisation (Section 5) in some cases could link
closely to downstream microbial conversions.

In conclusion, funneling is a promising but still new concept,
and we strongly encourage future research in this direction.
Though, it should be kept in mind that chemocatalytic and
biocatalytic strategies each have their own (inherent) limitations.
Paying attention to product selectivity already during lignin
depolymerisation is therefore imperative, which underscores
the connection between the three main biorefinery aspects
(fractionation, depolymerisation, and upgrading).

7. Conclusion

During the last decade, there is a growing stimulus to better
integrate lignin valorisation in current and future biorefinery
schemes. While various (macromolecular) applications for
lignin can be envisioned, lignin conversion to chemicals repre-
sents a promising opportunity, and is the focal point of this
review. From a chemo-technological point of view, the success
of a lignin-to-chemicals valorisation chain is determined by
an interplay of three important biorefinery unit operations:
(i) lignocellulose fractionation, (ii) lignin depolymerisation, and
(iii) upgrading. For each of these aspects, diverse methodologies
have been developed. Aligning these three interconnected trans-
formations is of paramount importance to maximise the value
harvested from lignin, and by extension, from the complete
biomass.

The various lignocellulose fractionation methods can be
split into two categories, namely (i) methods that target
the extraction of lignin from the biomass, leaving behind a
delignified carbohydrate pulp, and (ii) methods that intend to
solubilise (or liquefy) the carbohydrate fractions, resulting in a
solid lignin residue or precipitate. In either case, preventing
structural degradation of lignin during fractionation – the key
challenge for this subdomain – is important to preserve the
reactivity towards subsequent depolymerisation. Newly developed
fractionation methods therefore aim at (i) maximally retaining the
native b-O-4 bonds in lignin and/or (ii) preventing the formation
of recalcitrant carbon–carbon bonds once reactive intermediates
are formed (see Fig. 13 for conceptual overview). Maximally
retaining the native b-O-4 bonds in lignin can be accomplished
by either active (chemical) stabilisation of the lignin structure

(as in formaldehyde-assisted extraction), or passive b-O-4 preserva-
tion, by applying mild fractionation conditions or promoting the
solubilisation of the biomass (e.g. GVL-assisted acid hydrolysis).
Formation of recalcitrant carbon–carbon bonds can be prevented
by chemically quenching reactive intermediates (as in RCF) or
by physically removing them from the heating zone (as in flow-
through processing). Hence, the successful implementation of
these principles implies that the valorisation of lignin should
be considered as a primary target of the biorefinery, right from
the start, instead of a subordinate opportunity.

Efficient depolymerisation of the isolated lignins, i.e. the
second stage of the lignin-to-chemicals valorisation chain,
also requires that formation of stable carbon–carbon bonds
(repolymerisation) is avoided. This can be accomplished by
specifically aiming to prevent repolymerisation, whereas an
alternative strategy is to enhance the reactivity of lignin towards
depolymerisation, hereby increasing the rate of depolymerisation
relative to the rate of repolymerisation (Fig. 23). As in biomass
fractionation, repolymerisation of reactive intermediates can be
prevented by chemical quenching (e.g. through reductive processing
or ACD combined with acetal formation or decarbonylation) or
physical removal from the reaction zone. Enhancing the reactivity
of the b-O-4 ether bonds has been demonstrated by both benzylic
alcohol oxidation and methylation.

In spite of the innovations made in the field of biomass
fractionation, industrial implementation will require signifi-
cant additional research efforts. At least in the short term,
the paper industry will continue to produce high volumes of
lignin according to well-established traditional methods which
inevitably induce severe lignin degradation. In particular, kraft
pulping is likely to remain the predominant pulping process
for the years to come. Hence, valorisation of kraft and other
degraded lignins – as long as they are not consumed to generate
required local energy – remains a difficult but important objec-
tive to the biorefinery. Depolymerisation methods that are able
to (selectively) cleave carbon–carbon bonds are probably most
suitable to turn these recalcitrant substrates into chemicals.
Such methods often require harsh processing conditions, which
in turn promote the occurrence of repolymerisation (lowering the
monomer yield) and unwanted secondary reactions (lowering
the monomer selectivity). Hence, degraded lignins constitute a
challenging feedstock for the production of chemicals, which poses
the question whether or not these substrates might better be
utilised for macromolecular applications (i.e. lignin-to-materials).

As complex product mixtures are frequently obtained from
lignin depolymerisation, upgrading these mixtures to targeted
chemicals is the last link in the lignin-to-chemicals valorisation
chain. An encouraging concept within this third subdomain is
funneling. The goal of this concept is to transform (i.e. funnel)
broad and diverse product mixtures to a smaller set of central
intermediates, which in turn can be converted to desired chemicals.
Hence, funneling can serve as a tool to bridge the gap between
raw product soups obtained from lignin depolymerisation, and
the application of specific chemicals and fuels. This tool can be
translated into chemocatalytic methods (e.g. defunctionalisation
via HDO) as well as into biological approaches by engineering
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nature’s inherent metabolic funnels. Several upgrading routes
adopting this funneling principle have been demonstrated,
ranging from the production of fuel compounds over drop-in
chemicals to innovative polymer building blocks. Keeping in
mind that funneling also has its limitations, it remains impor-
tant to pay attention to the selectivity of lignin depolymerisation
processes.

Finally, to guide and improve future research on fractionation/
depolymerisation, we would like to point out a few critical
remarks. As learnt from the above overview, the structure and
reactivity of isolated lignins is governed by (i) the biomass type,
(ii) the fractionation method, and (iii) the harshness of the
fractionation method (which in turn determines the isolated
lignin yield or purity). Therefore, fair comparisons of structural
characteristics can only be made by decoupling these three
determining aspects from one another. For example, in order to
make an unambiguous assessment of different fractionation
methods, the biomass source should be identical, and the isolated
lignin yields (or purity) should at least be similar. Likewise, with
respect to lignin depolymerisation, the effectiveness strongly
depends on (i) the depolymerisation method as well as on
(ii) the structural characteristic of the lignin substrate. A clear
comparison of different depolymerisation methods requires that
the lignin substrate is the same, and vice versa.

When these prerequisites are fulfilled, fractionation and
depolymerisation methods can be evaluated over different
studies. However, an additional hurdle is the large variation
in analytical procedures that exist between studies, leading to
different outcomes. Hence, to facilitate a fair and trustworthy
assessment of the various fractionation and depolymerisation
methods, comparative studies that keep in mind the proposed
criteria and apply the same set of analytical methods can
provide valuable insight.

As last, we would like to stimulate the lignin research
community to take into account the entire (native) lignin fraction
in future fractionation and lignin depolymerisation studies. An
optimal valorisation of lignin into chemicals requires an optimal
use of the entire lignin portion in the feedstock, which thus
necessitates the combination of an effective (high yield) lignin
isolation and depolymerisation step.

Abbreviations

AAP Anhydrous ammonia pretreatment
AFEX Ammonia fiber explosion
ACD Acid-catalysed depolymerisation
APL Alkaline pretreatment liquor
AQ Anthraquinone
ARP Ammonia recycled percolation
ASL Acid-soluble lignin
BCD Base-catalysed depolymerisation
BuOH Butanol
CAH Concentrated acid hydrolysis
CEL Cellulolytic enzyme lignin
CFP Catalytic fast pyrolysis

DAH Dilute acid hydrolysis
DAP Dilute acid pretreatment
DL Depolymerised lignin
DMR Deacetylating and mechanical refining
EAP Extractive ammonia pretreatment
ECCL Early-stage catalytic conversion of lignin
EMAL Enzymatic mild acidolysis lignin
EtGly Ethylene glycol
EtOH Ethanol
FA Formaldehyde
FT Flow-through
FP Fast pyrolysis
G Guaiacyl or guaiacol
GC Gas chromatography
GPC Gel permeation chromatography
GVL g-Valerolactone
H para-Hydroxyphenyl
HDO Hydrodeoxygenation
HPA Heteropolyacid
HSQC Heteronuclear single quantum coherence
HTC Hydroxytalcite
HWP Hot water pretreatment
im Imidazolium
iPrOH Isopropanol
IL Ionic liquid
LCC Lignin–carbohydrate complex
LP Lignin precipitate
LR Lignin residue
MeOH Methanol
MeTHF Methyl tetrahydrofuran
MIBK Methy isobutyl ketone
M(OTf) Metal triflate
MWL Milled wood lignin
NMR Nuclear magnetic resonance (spectroscopy)
NP(s) Nanoparticle(s)
MW Molecular weight
PMO Porous metal oxide
RCF Reductive catalytic fractionation
RT Room temperature
S Syringyl or syringol
SEP Steam explosion pretreatment
THF Tetrahydrofuran
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A. Gutiérrez, J. Agric. Food Chem., 2007, 55, 5461–5468.

61 J. Ralph, J. Nat. Prod., 1996, 59, 341–342.
62 Y. Mottiar, R. Vanholme, W. Boerjan, J. Ralph and

S. D. Mansfield, Curr. Opin. Biotechnol., 2016, 37, 190–200.
63 R. Vanholme, K. Morreel, J. Ralph and W. Boerjan, Curr.

Opin. Plant Biol., 2008, 11, 278–285.

64 M. V. Galkin and J. S. M. Samec, ChemSusChem, 2016, 9,
1544–1558.

65 R. Parthasarathi, R. A. Romero, A. Redondo and S. Gnanakaran,
J. Phys. Lett., 2011, 2, 2660–2666.

66 D. D. Laskar, B. Yang, H. M. Wang and J. Lee, Biofuels,
Bioprod. Biorefin., 2013, 7, 602–626.

67 A. Tolbert, H. Akinosho, R. Khunsupat, A. K. Naskar and
A. J. Ragauskas, Biofuels, Bioprod. Biorefin., 2014, 8, 836–856.

68 S. P. Chundawat, G. T. Beckham, M. E. Himmel and
B. E. Dale, Annu. Rev. Chem. Biomol. Eng., 2011, 2, 121–145.

69 T.-Q. Yuan, S.-N. Sun, F. Xu and R.-C. Sun, J. Agric. Food
Chem., 2011, 59, 10604–10614.

70 M. Balakshin, E. Capanema, H. Gracz, H.-m. Chang and
H. Jameel, Planta, 2011, 233, 1097–1110.

71 H. Wang, J. Male and Y. Wang, ACS Catal., 2013, 3, 1047–1070.
72 G. Gellerstedt and G. Henriksson, Lignins: major sources,

structure and properties, Amsterdam, The Netherlands,
Elsevier, 2008.

73 P. Azadi, O. R. Inderwildi, R. Farnood and D. A. King,
Renewable Sustainable Energy Rev., 2013, 21, 506–523.

74 A.-M. Boudet, Plant Physiol. Biochem., 2000, 38, 81–96.
75 S. Constant, H. L. J. Wienk, A. E. Frissen, P. d. Peinder,

R. Boelens, D. S. van Es, R. J. H. Grisel, B. M. Weckhuysen,
W. J. J. Huijgen, R. J. A. Gosselink and P. C. A. Bruijnincx,
Green Chem., 2016, 18, 2651–2665.

76 T. Aro and P. Fatehi, ChemSusChem, 2017, 10, 1861–1877.
77 F. G. Calvo-Flores and J. A. Dobado, ChemSusChem, 2010, 3,

1227–1235.
78 W. O. Doherty, P. Mousavioun and C. M. Fellows, Ind.

Crops Prod., 2011, 33, 259–276.
79 S. Laurichesse and L. Avérous, Prog. Polym. Sci., 2014, 39,

1266–1290.
80 F. G. Calvo-Flores, J. A. Dobado, J. Isac-Garcı́a and

F. J. Martı́n-Martı́Nez, in Lignin and Lignans as Renewable
Raw Materials: Chemistry, Technology and Applications, John
Wiley & Sons, Ltd, 2015, pp. 247–288.

81 G. Gellerstedt, in Pulping Chemistry and Technology,
ed. M. Ek, G. Gellerstedt and G. Henriksson, 2009, vol. 2,
pp. 91–120.

82 J. Gierer, Wood Sci. Technol., 1980, 14, 241–266.
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and J. Aguilar-Pliego, New J. Chem., 2015, 39, 5112–5115.

638 M. Fache, E. Darroman, V. Besse, R. Auvergne, S. Caillol
and B. Boutevin, Green Chem., 2014, 16, 1987–1998.

639 J. F. Stanzione Iii, J. M. Sadler, J. J. La Scala, K. H. Reno and
R. P. Wool, Green Chem., 2012, 14, 2346–2352.

640 J. Kayalvizhi and A. Pandurangan, Mol. Catal., 2017, 436, 67–77.
641 M. Chatterjee, T. Ishizaka and H. Kawanami, Green Chem.,

2016, 18, 487–496.
642 M. Pelckmans, T. Renders, S. Van de Vyver and B. F. Sels,

Green Chem., 2017, 19, 5303–5331.
643 H. Bilel, N. Hamdi, F. Zagrouba, C. Fischmeister and

C. Bruneau, RSC Adv., 2012, 2, 9584–9589.
644 B. G. Harvey, C. M. Sahagun, A. J. Guenthner, T. J. Groshens,

L. R. Cambrea, J. T. Reams and J. M. Mabry, ChemSusChem,
2014, 7, 1964–1969.

645 K. A. Alexander, E. A. Paulhus, G. M. L. Lazarus and
N. E. Leadbeater, J. Organomet. Chem., 2016, 812, 74–80.

646 S. F. Koelewijn, S. Van den Bosch, T. Renders, W. Schutyser,
B. Lagrain, M. Smet, J. Thomas, W. Dehaen, P. Van Puyvelde,
H. Witters and B. F. Sels, Green Chem., 2017, 19, 2561–2570.

647 H. A. Meylemans, T. J. Groshens and B. G. Harvey,
ChemSusChem, 2012, 5, 206–210.

648 P. Ferrini, S.-F. Koelewijn, J. Van Aelst, N. Nuttens and
B. F. Sels, ChemSusChem, 2017, 10, 2249–2257.

649 A. Kaiho, D. Mazzarella, M. Satake, M. Kogo, R. Sakai and
T. Watanabe, Green Chem., 2016, 18, 6526–6535.

650 G. Fuchs, M. Boll and J. Heider, Nat. Rev. Microbiol., 2011,
9, 803–816.

651 R. Y. Stainer and L. N. Ornston, Adv. Microb. Physiol., 1973,
9, 89–151.

652 L. Ornston and R. Stanier, J. Biol. Chem., 1966, 241, 3776–3786.
653 C. S. Harwood and R. E. Parales, Annu. Rev. Microbiol.,

1996, 50, 553–590.
654 M. P. McLeod, R. L. Warren, W. W. L. Hsiao, N. Araki,

M. Myhre, C. Fernandes, D. Miyazawa, W. Wong, A. L.
Lillquist, D. Wang, M. Dosanjh, H. Hara, A. Petrescu,
R. D. Morin, G. Yang, J. M. Stott, J. E. Schein, H. Shin,
D. Smailus, A. S. Siddiqui, M. A. Marra, S. J. M. Jones,
R. Holt, F. S. L. Brinkman, K. Miyauchi, M. Fukuda,
J. E. Davies, W. W. Mohn and L. D. Eltis, Proc. Natl. Acad.
Sci. U. S. A., 2006, 103, 15582–15587.
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