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Abstract

Lignin valorization represents a crucial, yet underexploited component in current
lignocellulosic biorefineries. An alluring opportunity is the selective depolymeriza-
tion of lignin towards chemicals. Although challenged by lignin’s recalcitrant nature,
several successful (catalytic) strategies have emerged. This review provides an over-
view of different approaches to cope with detrimental lignin structural alterations
at an early stage of the biorefinery process, thus enabling effective routes towards
lignin-derived chemicals. A first general strategy is to isolate lignin with a better
preserved native-like structure and therefore an increased amenability towards depo-
lymerization in a subsequent step. Both mild process conditions as well as active
stabilization methods will be discussed. An alternative is the simultaneous depo-
lymerization-stabilization of native lignin towards stable lignin monomers. This
approach requires a fast and efficient stabilization of reactive lignin intermediates
in order to minimize lignin repolymerization and maximize the envisioned produc-
tion of chemicals. Finally, the obtained lignin-derived compounds can serve as a
platform towards a broad range of bio-based products. Their implementation will
improve the sustainability of the chemical industry, but equally important will gen-
erate opportunities towards product innovations based on unique biobased chemical
structures.
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1 Introduction

Today, alternative technologies are being developed to reduce our society’s depend-
ency on fossil resources [1-4]. Several renewable resources, viz., hydro, solar, wind,
hydrothermal, and biomass, can be applied for the production of electricity or heat,
but only biomass possesses a carbon precursor structure that is required to synthe-
size chemicals, materials, and liquid transportable fuels. In this light, the concept of
the biorefinery, in which biomass is converted to marketable products, is receiving a
lot of attention [4—6]. Lignocellulose, the most abundant type of biomass on earth, is
regarded as a highly promising feedstock, though its sustainable exploitation should
be closely managed; this is likely more realistic in the context of medium volume
applications such as chemicals and materials [7, 8].

Due to lignocellulose’s complex matrix of entangled biopolymers, viz., cellulose,
hemicellulose, and lignin, biorefineries often apply a fractionation strategy to lower
the complexity and to allow a tailored downstream conversion of each of these frac-
tions to targeted products [4—6]. Whereas traditional biorefineries primarily focus on
the carbohydrate fraction, e.g., for paper and pulp or bio-ethanol production, lignin
valorization is becoming increasingly recognized as a crucial link in the valoriza-
tion chain [9-11]. A major obstacle, however, is lignin’s strong tendency towards
irreversible degradation, resulting in a recalcitrant lignin-derived side-stream that is
usually incinerated for energy recuperation or electricity production [12—14]. Since
lignin constitutes the largest source of aromatic compounds in nature, its full val-
orization potential is nonetheless far from reached. An alternative to incineration
is the use of lignin for macromolecular applications such as binding and dispersing
agents, polymer composites, and carbon nanofibers, which forms the subject of a
highly active research field [11, 15-19]. More recently, the utilization of lignin as
a feedstock for chemicals came into the spotlight, and this forms the topic of this
chapter (see Fig. 1).

After a brief introduction on the compositional and structural features of ligno-
cellulosic biomass (Sect. 2), traditional lignocellulose fractionation methods will be
discussed with emphasis on the ongoing lignin chemistry (Sect. 3). Subsequently,
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Fig. 1 Schematic overview of major lignin valorization strategies to chemicals discussed in this chapter
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major lignin depolymerization strategies will be reviewed, illustrating the recalci-
trant nature of lignin upon traditional isolation (Sect. 4). The reactivity of native
lignin can be (partially) preserved during milder fractionation processes, hereby
enabling a more selective and high-yield production of chemicals from isolated
lignin (Sect. 5). Alternatively, the selective depolymerization of lignin into stable
products can be performed already during the fractionation step. This strategy will
be discussed in Sect. 6. Finally, a perspective on lignin-derived chemicals is pro-
vided in Sect. 7.

2 Lignocellulosic Biomass

Lignocellulose, the main constituent in plant cell walls, represents the most abun-
dant source of biomass on earth [20, 21]. Its widespread availability and limited
interference with the food industry have turned this biomass feedstock into a favora-
ble renewable candidate for the future chemical industry [22]. The most important
sources of lignocellulosic biomass are forestry (hardwoods and softwoods) and
agricultural wastes (e.g., corncob, corn stover, rice straw, and wheat straw) next to
fast-growing perennial grasses like Miscanthus and switchgrass [23]. An imped-
ing factor, however, is lignocellulose’s recalcitrance towards chemical and biolog-
ical conversion, originating from its natural role as a structural and antimicrobial
component in plants [24, 25]. This recalcitrant behavior is mainly caused by strong
covalent and non-covalent interactions between the three major biopolymers, i.e.,
cellulose, hemicellulose, and lignin, which together form the lignocellulose matrix,
as illustrated in Fig. 2. Briefly, cellulose is organized into highly ordered fibrillary
macrostructures, which are supported by a complex intertwined network of hemi-
cellulose and lignin polymers [21, 26]. The fraction represented by each of these
three constituents, as well as their chemical composition, varies significantly within
different biomass substrates [27-29]. In addition, other compounds such as pectin,
proteins, ashes, terpenes, waxes, and fatty acids are also present, albeit in smaller
amounts. Altogether, this contributes to the heterogeneous nature of the lignocel-
lulosic feedstock.

Cellulose is the main biopolymer in plant cell walls, constituting roughly 35-55%
of the lignocellulosic biomass. It is defined as a linear homo-polysaccharide, com-
posed out of p-glucopyranose units (up to 104), which are linked via $-1,4 glyco-
sidic bonds [30, 31]. The obtained polymer has a strong tendency towards intra- and
inter-unit hydrogen bonding, which in combination with van der Waals forces and
hydrophobic forces results in the formation of organized crystalline zones [30, 31].
In cellulose, crystalline domains co-exist with less-ordered amorphous zones, lead-
ing to a semi-crystalline macrostructure, which is insoluble in water and has a very
high tensile strength. These properties are critical to provide both chemical stability
and mechanical strength to the plant, but at the same time hamper downstream con-
version towards fuels (e.g., bio-ethanol) or chemicals (e.g., levulinic acid, sorbitol)
[30].

In contrast to cellulose, hemicellulose is a branched hetero-polysaccharide with
a variety of monomer building blocks. Typically, hemicellulose comprises a linear
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Fig.2 Schematic illustration of the lignocellulose matrix [35] in plant cell walls, mainly composed of
three biopolymers: cellulose, hemicellulose and lignin Adapted from Sels et al. [36]

polymer chain of p-xylose (e.g., glucuronoxylan in hardwoods, illustrated in Fig. 2,
or arabinoglucuronoxylan in grasses or softwoods) or p-glucose and D-mannose
(e.g., galactoglucomannan in softwoods) linked through p-1,4 glycosidic bonds [32,
33]. The addition of L-arabinose, D-galactose, uronic acids, and acetyl groups on the
linear chain generates a branched amorphous structure that is relatively prone to
biological or chemical attack. Hemicellulose makes up 10-35% of lignocellulosic
biomass and has a lower degree of polymerization compared to cellulose, typically
ranging from 50 to 300 units [33, 34]. Hemicellulose’s main biological function is
to reinforce the cell wall by tethering cellulose microfibrils and participating in the
construction of covalently bonded lignin-carbohydrate complexes (LCCs) [21].
Lignin is the third major component, representing about 15-30% of the lignocel-
lulose matrix [14, 37]. This polymer has an amorphous aromatic structure and plays
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a vital role in plant’s antimicrobial defense mechanism [26]. By strongly interacting
with hemicellulose, through LCCs, lignin also supports cellulose fibres, thus con-
tributing to the rigidity of the plant cell wall [38, 39].

The lignin polymer is primarily synthesized from three monolignols, i.e., p-cou-
maryl (H), coniferyl (G), and sinapyl alcohol (S), which possess 0, 1, or 2 ortho-
methoxy-groups, respectively. Once incorporated in the lignin polymer chain, the
corresponding phenolic units are denominated as p-hydroxyphenyl (H), guaiacyl
(G), and syringyl (S) units [13, 33]. Through enzyme-catalyzed H-abstraction of
the phenolic OH-group, resonance-stabilized radicals are formed. The delocalized
electrons enable radical coupling reactions at several positions, leading to various
types of inter-unit linkages (see Fig. 2), being either C—C bonds or ether bonds [40,
41]. With a relative contribution of 50-80%, the p-O-4 ether bond is by far the most
abundant inter-unit linkage in lignin [14]. Other common structures are phenylcou-
maran (f-5+a-0-4), resinol (f—f+ a-O-y), spirodienone (f-1+a-O-a), biphenyl
(5-5), dibenzodioxocin (5-5 + a-O-4 + -O-4), and diphenyl ether (4-O-5) [37, 41].
From these linkages, the a-O-4 and f-O-4 bonds are most readily cleaved during
processing. However, since a-O-4 bonds are mostly present in combination with
more resilient C—C linkages, cleavage of the a-O-4 bond has no direct effect on the
extent of lignin depolymerization. Due to its high abundancy and readily cleavable
nature, the $-O-4 bond is the most investigated inter-unit linkage in lignin research.

The distribution of inter-unit linkages in lignin varies significantly with differ-
ent sources of lignocellulose. An important variable is the ratio of the H, G, and S
building blocks in the lignin polymer. Since methoxy groups occupy either one or
both of the ortho-positions (relative to the phenolic group) on the aromatic ring,
they block the formation of resilient -5 and 5-5 bonds. For this reason, lignin with
a higher content of methoxy groups (S >G> H) contains a lower fraction of resist-
ant C—C bonds and therefore has a higher susceptibility towards extensive depolym-
erization [42-44]. Hardwood lignin has a high S-content (50-80%) and a smaller
fraction of G units, whereas softwood lignin is almost completely composed out of
G units [14, 37]. Consequently, hardwood lignin typically contains a higher amount
of ether bonds compared to softwood lignin (60 vs. 45-50%) [14, 42]. Finally, lignin
in herbaceous crops is predominantly built from G units (55-70%) next to smaller
amounts of S and H compounds [45—47].

3 Lignin Chemistry During Biomass Fractionation

The objective of any biorefinery is the conversion of biomass into a spectrum of
marketable products. Due to the heterogeneous and complex nature of the lignocel-
lulose matrix, a fractionation strategy is often applied, prior to tailored processing of
each individual product stream. As the pulp and paper industry played a dominant
role in the landscape of lignocellulosic biorefining during the 19th and 20th centu-
ries, many traditional fractionation processes are geared towards efficient isolation
and purification of a fibrous cellulose product stream [48, 49]. With the more recent
emergence of the second-generation bio-ethanol industry, again technological efforts
are focused on the carbohydrate fraction [50, 51]. In both carbohydrate-oriented
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contexts, lignin is perceived as an uninteresting constituent due to its contribution to
biomass recalcitrance, which impedes carbohydrate valorization [52, 53]. Therefore,
lignocellulose is processed under harsh conditions to separate the carbohydrates
from lignin, causing irreversible chemical alterations in lignin’s chemical structure.
The resulting lignin side-stream has long been considered a waste product and is
mostly burned for process heat and electricity [13, 37]. In this chapter, the most
common (industrial) fractionation processes are summarized and the impact of each
of those methods on the chemical structure of lignin is highlighted, especially with
regard to the fate of -O-4 bonds.

3.1 Base-Catalyzed Fractionation
3.1.1 Application and Mechanism

Alkaline media are widely applied for the removal of lignin from lignocellu-
losic feedstock. Major sources of commercial lignin (e.g., sulphite, kraft, soda)
are obtained through alkaline lignocellulose fractionation in the pulp and paper
industry [54]. An important reason for this is the base-catalyzed deprotonation
of phenolic and benzylic OH-groups in lignin (see Fig. 3), resulting in the for-
mation of ionic intermediates with an improved water-solubility, compared to
native lignin [12, 55, 56]. Lignin ionization therefore enhances the extraction
of lignin from the lignocellulose matrix. Several other base-catalyzed reac-
tions further impact lignin depolymerization and thus its extraction (Fig. 3). For
instance, deprotonation of the benzylic OH-group in non-phenolic units initiates
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Fig.3 Fate of the B-O-4 ether bond during base-catalyzed fractionation of lignocellulosic biomass: a bal-
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(C—-C bond formation) reactions
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slow B-O-4 bond cleavage, resulting in additional phenolate ions, but also in the
formation of epoxides, which readily participate in repolymerization reactions
[56, 57]. Phenolate ions are readily converted to quinone methide (QM) interme-
diates, provided that a good leaving group (~OH, —OR) is present at the benzylic
position [55, 56, 58]. The QM has a strong tendency to restore the aromatic-
ity, which can occur through several reaction pathways. The selectivity to which
these pathways occur has a large influence on the final lignin product proper-
ties, making the QM a key intermediate during alkaline biomass fractionation.
Nucleophilic attack on the QM can induce further lignin depolymerization via
ether bond cleavage, but can just as well introduce new C—C bonds via repolym-
erization with lignin-derived nucleophiles [55, 56, 58]. A third route to restore
QM’s aromaticity is by breaking the Cy—C, bond in the aliphatic side-chain, thus
creating an alkali-stable enol-ether. The hereby released formaldehyde might,
however, introduce additional C—C linkages, through phenol-formaldehyde con-
densation reactions [14, 56, 59]. This intricate balance between solubilization,
depolymerization and repolymerization determines the lignin product outcome
and differs for several important base-catalyzed fractionation processes (e.g.,
kraft, sulphite, soda), as discussed next.

3.1.2 Kraft Pulping

The kraft process is today’s dominant chemical pulping process, reaching
a global market share of over 90% and an annual pulp production volume of
around 130 MT [14, 60, 61]. During the kraft process, lignocellulose is frac-
tionated in an aqueous solution of NaOH and Na,S at temperatures around
443 K [59, 61]. This results in a solid cellulose-enriched pulp and a liquid prod-
uct stream called ‘black liquor’, which contains a mixture of soluble lignin and
hemicellulose components. Although the kraft process produces the largest
lignin product stream in industry, at this moment, only a small portion (<2%)
is actually available as isolated kraft lignin [13, 54]. The reason for this is the
predominant incineration of black liquor for the generation of electricity and
heat, as well as the regeneration of Na,S [14]. Nevertheless, lignin can be read-
ily isolated from the black liquor, for instance via precipitation induced by neu-
tralization of the alkaline liquor [62]. It is important to emphasize that isolated
kraft lignin has a strongly altered chemical structure compared to native lignin
[47, 55]. Strong nucleophilic HS™ ions, present during the process, react with
the a-carbon of QMs, hereby initiating p-O-4 cleavage and the incorporation of
sulphur, ultimately ending up in the form of thiol groups. Furthermore, the alka-
line conditions promote a complex network of repolymerization reactions [14],
briefly discussed in the context of Fig. 3. As a result, kraft processing leads to a
condensed, recalcitrant, and water-insoluble lignin product, which has lost most
of the native $-O-4 ether bonds and possesses a (relatively low) sulphur content
of 1-3%, which is known to act as a catalyst poison [14, 54, 63]. Kraft lignin
therefore represents a challenging feedstock for catalytic conversions to chemi-
cals and fuels.
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3.1.3 Sulphite Pulping

Sulphite pulping was the dominant process until the 1950s, but has since been
superseded by the more flexible kraft process and now represents less than 10% of
the chemical pulping industry [55, 64]. By adjusting the cation (Na*, NH,*, Mg**,
Ca*") of the sulphite or bisulphite salt, the process can proceed under a wide range
of pHs, from 1 to 13 [55, 65]. Although the underlying mechanism is pH-dependent,
typically the benzylic a-carbon in lignin is sulphonated upon nucleophilic attack of
the (bi)sulphite anion, which is followed by the cleavage of B-O-4 bonds [56, 66].
The resulting lignosulphonates have a higher sulphur content (4-8%) compared to
kraft lignin and possess a greatly improved solubility in water (even at low pH),
which has enabled their implementation as a macromolecular component in multiple
applications (e.g., dispersants, adhesives) [65, 66]. Lignosulphonate’s good solubil-
ity in water slightly complicates their isolation, though several techniques such as
ultrafiltration, extraction, or precipitation are being successfully applied [66, 67].
Due to their high applicability and feasible isolation, lignosulphonates represent the
largest commercial source of lignin at this moment, despite the smaller production
capacity of the sulphite process [54].

3.1.4 Soda Pulping

The soda process is a third important fractionation method used in the pulping
industry. It is similar to kraft processing, but uses an aqueous NaOH solution with-
out Na,S [65]. The absence of a strong nucleophile leads to a less-efficient cleavage
of f-O-4 bonds and steers the QM intermediate towards repolymerization pathways,
discussed previously (see Fig. 3) [55, 65]. Therefore, soda pulping is primarily used
for the fractionation of herbaceous feedstock (e.g., perennial grasses, agricultural
residues), which typically possess a more accessible structure, a lower lignin con-
tent, and a higher amount of alkali-unstable ester linkages [62, 63]. To increase the
fractionation efficiency during soda-pulping, anthraquinone is often used, because it
can act as a redox shuttle to promote ether bond cleavages (reductive) and stabilize
the carbohydrate fraction (oxidative) [61, 68]. A major advantage of the soda pulp-
ing process is the production of a more valuable sulphur-free lignin, thus avoiding
catalyst poisoning or bad odors (often linked to sulphur) during downstream lignin
processing [63, 69].

3.2 Acid-Catalyzed Fractionation
3.2.1 Application and Mechanism
Acidic media are traditionally applied in lignocellulose fractionation to catalyze
the hydrolytic cleavage of glycosidic bonds in hemicellulose and cellulose [70, 71].

This results in the formation of soluble mono- and oligomeric carbohydrates, ready
for downstream bio- or chemocatalytic processing. The process severity can also be
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reduced to perform a selective hydrolysis of hemicellulose while retaining the more
stable cellulose as a solid product fraction [12, 70, 72]. In contrast to base-catalyzed
fractionation, acidic conditions do not exert a direct promoting effect on the solubi-
lization of lignin [72, 73]. However, a complex network of acid-catalyzed reactions
evokes lignin depolymerization and repolymerization, hereby altering the chemical
structure of the native lignin polymer [73, 74]. Depending on the process condi-
tions and setup, the final lignin product is either obtained as a highly degraded solid
residue or as a solubilized product that in certain cases can be separated from the
solubilized carbohydrates through lignin precipitation. Before discussing traditional
acid-catalyzed fractionation processes, a general introduction on the underlying
acid-catalyzed lignin chemistry is provided.

Due to its high abundance and readily cleavable nature, the fate of the -O-4
ether bond has a major impact on the final lignin properties. In acidic media,
B-O-4 bond cleavage is initiated via protonation and subsequent dehydration
of the benzylic OH-group, resulting in a benzylic carbocation (see Fig. 4) [74].
This ion can either undergo (1) proton abstraction or (2) Cg-C, bond cleav-
age, which in both cases leads to the formation of an enol-ether. Acid-catalyzed
hydration of the C,=Cg double bond generates a hemiketal or hemiacetal, which
after B-O-4 bond cleavage results in a carbonyl group on the B-carbon [74, 75].
Ketone-substituted phenolics (route I) have a C;-side-chain and are denominated
as Hibbert ketones, whereas the aldehyde-substituted phenolics (route II) have
a C,-side-chain resulting from the release of CH,O upon Cyg—-C, bond cleavage
[75-77]. Besides its conversion to enol-ethers, the carbenium ion is also prone
to undergo nucleophilic attack, leading to repolymerization reactions with for

Route |
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Enol ether

e Repolymerisation - Hibbert ketones (C3)

4 A3

- -CH,0
Benzylic -H\\ &

carbenium ion

Route Il

Aldehyde-substituted
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Fig. 4 Fate of the B-O-4 ether bond during acid-catalyzed fractionation of lignocellulosic biomass, illus-
trating a multitude of lignin intermediates, reactive towards repolymerization
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instance the electron-rich meta-positions on the aromatic ring [78, 79]. Note
that the electron density on the aromatic ring is pH-dependent, shifting from
the ortho-position at high pH to the meta-position at low pH [78]. Moreover, a
complex network of repolymerization reactions occurs between carbenium ions,
formaldehyde, Hibbert ketones, and C,-aldehyde substituted phenolics [73, 76,
80]. This ultimately results in a condensed lignin structure, in which the extent of
ether bond cleavage and C—C bond formation is related to the severity and char-
acteristics of the applied fractionation process.

3.2.2 Concentrated Acid Hydrolysis (CAH)

CAH is a traditional fractionation method in which cellulose and hemicellulose are
efficiently hydrolyzed, reaching yields of over 90% towards water-soluble oligosac-
charides [81, 82]. The use of concentrated aqueous acidic solutions (e.g., 42-66 wt%
HCI) allows the physicochemical disruption and (partial) depolymerization of insol-
uble crystalline cellulose fibrils at ambient temperature. However, a post-hydroly-
sis step under diluted conditions (<5 wt% acid) and increased temperature is often
applied to further depolymerize the soluble carbohydrates towards monomeric pen-
tose and hexose sugars [70, 81, 82]. Overall, the native lignin structure is exposed to
strongly acidic conditions, causing nearly complete removal of 3-O-4 bonds and a
high extent of repolymerization reactions, as discussed within the context of Fig. 4.
As a result, lignin is primarily retained as an insoluble highly degraded residue,
apart from a small fraction of acid-soluble lignin monomers and short oligomers
[83]. The solid lignin residue is easily isolated from the solubilized carbohydrate
fraction via filtration. Due to its high fractionation efficiency, this approach is also
often used as an analytical tool to determine the amount of lignin (e.g., Klason
lignin) and carbohydrates in lignocellulosic materials [83, 84].

3.2.3 Dilute Acid Hydrolysis (DAH)

However, the use of high acid concentrations has some economical drawbacks like
severe metal corrosion and inefficient acid recovery [70, 85]. This instigated the
development of dilute acid hydrolysis methods. Although preferred by industry, the
much lower acidity of the process medium (< 10 wt% acid) strongly increases the
required temperature (>373 K) to hydrolyze the inaccessible crystalline cellulose
domains. This in turn leads to unwanted thermal degradation reactions, like sugar
dehydration to furans and repolymerization to humins [86, 87]. Moreover, acid-cat-
alyzed reactions (Fig. 4) produce a degraded solid lignin residue, contaminated with
insoluble carbohydrate degradation products, often called pseudo-lignin [87—89].
High rates of sugar degradation compared to (hemi) cellulose depolymerization can
be tackled by shortening the residence time, which triggered the development of
flow-through reactor setups [70]. This also has a positive impact on the preservation
of the original lignin structure, as will be discussed in Sect. 5.1.
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3.3 (Aqueous) Organosolv Fractionation

Organic solvents have been introduced in biomass fractionation strategies as a
way to increase the solubility of lignin in the processing liquor, hereby minimiz-
ing lignin redeposition on the cellulose pulp, as observed during mild acid ligno-
cellulose pretreatment [90, 91] and ensuring a more efficient isolation of lignin in
a broader range of process conditions [92-95]. Note the analogy with base-cata-
lyzed methods that use lignin ionization (i.e., deprotonation) as a tool for lignin
solubilization. A wide range of solvents, including alcohols [96-98], organic
acids [99, 100], cyclic ethers [101, 102], short polyols [103], and ketones [104,
105], have been applied, either in combination with water and/or acids (mostly
HCl, H,SO,, or H;PO,) or in their pure form. Organosolv lignins typically
possess a high purity and low molecular weight, and they are rich in phenolic
hydroxyl groups, which make them soluble in a range of organic solvents [93].

Depending on the process characteristics, the final lignin structure can be
extensively degraded or can show a partial preservation of the original func-
tionalities, like the p-O-4 bond [106]. If organic solvents are used in combina-
tion with acids or hot water, acid-catalyzed cleavage of hemicellulose, LCCs,
and lignin ether bonds results in a soluble mixture of lignin- and hemicellulose-
derived products, next to a solid cellulose pulp. Afterwards, lignin is readily iso-
lated from the liquid product mixture via precipitation [92-95]. An alternative
strategy is the use of pure organic solvents without the addition of water or acids.
Under such pH-neutral conditions, the hydrolysis of both hemicellulose and cel-
lulose is strongly impeded, while an extensive removal of lignin from the ligno-
cellulose matrix can still be achieved, albeit at higher reaction temperatures. Sol-
volysis has been appointed to cause (partial) cleavage of LCCs and lignin ether
bonds [107-110], yet additional investigations are required to clarify the underly-
ing mechanisms [33, 98—100].

4 Are Traditional Lignin Streams a Promising Feedstock
for the Production of Chemicals?

Lignin valorization towards chemicals constitutes an alluring biorefinery strategy.
This is evidenced by the vast amount of lignin depolymerization studies, start-
ing from ‘traditional’ lignin streams that are isolated by the lignocellulose frac-
tionation methods discussed in Sect. 3. The production of lignin-derived chemi-
cals, however, requires a multidisciplinary effort, not solely focusing on lignin
depolymerization, but aligning all relevant variables between the initial feed-
stock choice and the target chemicals. Essentially, two complementary research
domains can be defined: (1) fractionation and (2) depolymerization, wherein the
isolated lignin forms the common element. To optimize the entire valorization
chain, the output from both domains (i.e., isolated lignin from fractionation and
depolymerized lignin from depolymerization) should be used as feedback mecha-
nisms (see Fig. 5).
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imperative to allow a sensible interpretation of the product outcome from fractionation and depolymeri-
zation processes

4.1 Considerations on the Isolation and Analysis of Lignin

Obviously, the production of chemicals through lignin depolymerization is greatly
influenced by the properties of the lignin substrate. Analysis of isolated lignins
therefore embodies an important feedback mechanism that enables the optimization
of existing fractionation methods. Aryl-ethers, mainly represented by p-O-4 bonds,
are the dominant inter-unit linkages in native lignin, but their abundance decreases
significantly during most fractionation processes. Unfortunately, a reduced p-O-4
content in the isolated lignin is typically linked to an impaired lignin reactivity and
a lower phenolic monomer yield upon lignin depolymerization [12, 106, 111-113].
Recent studies, however, also showed that the correlation between the 3-O-4 con-
tent and the lignin reactivity is not fully conclusive, and that other factors like, for
instance, the presence of impurities [e.g., sulfur, (earth) alkali metals, biomass deg-
radation products] can influence the depolymerization efficiency as well [106, 111,
112]. Nevertheless, the relative amount of p-O-4 bonds, determined by 2D HSQC
NMR [114, 115] or thioacidolysis [116], remains a useful and frequently applied
measure to assess the reactivity of isolated lignins. Note that potential differences
in the applied analytical protocols should always be considered when comparing the
results of independent studies [117]. To avoid any ambiguity, designated characteri-
zation studies, using a fixed set of analytical techniques to compare the reactivity of
isolated lignins, are indispensable.

General statements on the reactivity of lignin, obtained from different fractiona-
tion methods (e.g., kraft lignin vs. organosolv lignin), should be treated with cau-
tion, since the extent of f-O-4 cleavage can vary significantly within the boundaries
of a specific isolation method. Apart from the fractionation mechanism, the process
severity and the lignocellulosic feedstock also greatly affect the reactivity of the iso-
lated lignin. This was demonstrated by Barta et al. in a characterization study of 22
organosolv lignins, displaying a wide variation in p-O-4 content, ranging from 2 to
62% [106]. Consequently, a more balanced discussion is required, encompassing all
variables that contribute to the obtained lignin properties instead of only referring to
the general term of the fractionation method.
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A final consideration is the difficulty to reconcile a high lignin reactivity with a
high isolated lignin yield. Higher isolation yields usually require an increased pro-
cess severity, which in turn has a negative impact on the lignin reactivity. Therefore,
the isolation yield cannot be overlooked when striving for a maximal lignin reactiv-
ity, as it represents a crucial factor to optimize the yield to chemicals based on the
original total amount lignin in the biomass feedstock [12, 118].

4.2 Depolymerization of Traditional Lignin

The large amount of existing depolymerization processes can be categorized into
five main groups, based on their dominant cleavage mechanism (i.e., reductive, oxi-
dative, acid/base, solvolytic, and thermal depolymerization). Each strategy leads to
a characteristic product outcome and will be discussed below. It should, however,
be stressed that comparing the depolymerization efficiency of different processes is
never straightforward. A large variety of traditional lignin streams are available (see
Sect. 3 and 4.1) and different procedures exist to analyze the reaction products after
lignin depolymerization. Therefore, results can be described by multiple variables,
while several definitions can be used for the same variable [117]. Nevertheless, for
the production of chemicals from lignin, a specifically relevant measure is the mon-
omer yield, defined as the wt% of lignin monomers, relative to the original weight
of the lignin fraction in the biomass substrate. In addition, the monomer fraction
ideally comprises a limited number of monomeric compounds, thus decreasing the
product complexity and facilitating down-stream processing. For these reasons, both
the monomer yield and the product selectivity within the monomer fraction will be
discussed for each depolymerization strategy.

4.2.1 Reductive Depolymerization

Common to all reductive depolymerization processes is the use of a redox catalyst
in the presence of a reducing agent. This combination allows the cleavage of aryl-
ether linkages through hydrogenolysis, thereby effectuating lignin depolymerization
[119-121]. Other chemical reactions that frequently occur are the removal of oxygen
via hydrodeoxygenation (HDO) and the saturation of C=C double bonds, C=0 dou-
ble bonds, or aromatic rings through hydrogenation. On the other hand, C—C bond
cleavage does normally not take place in reductive processes. Hydrogen is typically
applied as the reductant, although the use of other reducing agents such as hydrosi-
lanes has been demonstrated as well [122]. When hydrogen is supplied in the form
of H, gas, the process is typically called hydroprocessing. Catalytic transfer hydro-
genation is an alternative option, which is based on hydrogen-donating solvents.
Both hydroprocessing and catalytic transfer hydrogenation have been performed
with noble metal (e.g., Pt/Al,O5 [29, 111, 112], Ru/C [123, 124]) and base metal
(e.g., NiMo [125, 126], CuMgAIO, [127, 128]) catalysts.

In the case of hydroprocessing, a further distinction can be made between three
process variants, each yielding characteristic lignin products. Mild hydroprocess-
ing is usually performed at temperatures below 593 K in the presence of a solvent
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(e.g., water, alcohols, cyclic ethers, or solvent mixtures) [29, 111, 112, 129-131].
Under these conditions, the methoxy groups on the aromatic rings are mostly pre-
served, resulting in a relatively narrow product distribution, mainly containing
methoxyphenolic monomers with a propanol- or alkyl-substituent at the para-posi-
tion. Hydroprocessing at temperatures above 593 K can be denoted as harsh hydro-
processing and is characterized by a broader product spectrum, including mainly
demethoxylated phenolic species, next to deoxygenated aromatics, alkanes, cat-
echols, and methoxy-phenols [125, 126, 132-134]. Noticeably, harsh hydroprocess-
ing can be performed in the absence of a solvent. Both mild and harsh hydropro-
cesses typically result in monomer yields below 20 wt% when starting from (partly)
degraded traditional lignins, although higher yields have been reported. A third
variant, called bifunctional hydroprocessing introduces an acidic catalyst in addi-
tion to the reductive system. This enables additional reactions such as hydrolysis and
dehydration, resulting in a more extensive reduction of the lignin substrate towards
alkanes at temperatures below 593 K. To obtain a high alkane selectivity, sufficient
acid strength and a good interaction between the acid and metal sites are both key
[135-137]. Yields of up to 50 wt% and more towards C4,—C,¢ alkanes have been
reached, although these values represent both monomer and dimer products.

In liquid phase reforming, H, gas is replaced by hydrogen-donating solvents,
such as isopropanol, formic acid, tetralin, but also common alcohols like methanol
and ethanol [29, 124, 127, 128, 138]. Advantages of this approach are a lower reac-
tor pressure and reduced safety concerns. Note that the oxidation of the solvent as
a result of hydrogen donation (e.g., isopropanol to acetone) implies an additional
reduction-step, likely with H, gas, to recuperate the solvent. The fate of oxidized sol-
vent molecules is, nonetheless, scarcely described and therefore needs more atten-
tion in follow-up studies. A broad product spectrum is obtained, similar to that of
harsh hydroprocesses, and monomer yields of up to 30 wt% are frequently observed.
Hensen et al. reported even higher yields, reaching up to 60-86 wt%, which was
explained by the specific role of ethanol, functioning as capping agent and formalde-
hyde scavenger [127, 128]. This impedes lignin repolymerization and increases the
mass of the lignin products due to extensive alkylation with ethanol.

4.2.2 Oxidative Depolymerization

During oxidative lignin depolymerization, an oxidant (e.g., O,, H,O,, nitrobenzene,
metal oxides) is used to convert the lignin polymer into oxygenated low molecular
weight compounds [139-141]. In contrast to reductive processing, where primarily
ether bond are cleaved, oxidants also enable the scission of C—C bonds. Most oxida-
tion studies describe a selective C—C cleavage of the aliphatic side-chain, resulting
in the formation of methoxy-phenolic aldehydes, ketones, and acids. Alternatively,
cleavage of the aromatic ring with formation of aliphatic (di)carboxylic acids can be
targeted as well [139-143].

The most well-known example of oxidative lignin valorization through C-C
cleavage of the aliphatic side-chain is the production of the flavoring component
vanillin (4-hydroxy-3-methoxybenzaldehyde) from sulphite liquor (see sulphite
pulping in Sect. 3.1) [144, 145]. The process has been commercially practiced for
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over 80 years and was once the major route to vanillin in the world. Competition
with vanillin synthesis from fossil resources, next to environmental concerns and
the decreasing market volume of the sulphite pulping process, have now lowered the
market share of lignin-derived vanillin to about 15% of the global production, leav-
ing the Norwegian company Borregaard as sole remaining producer [144, 145]. The
Borregaard process is performed in a concentrated aqueous NaOH solution and uses
O, (air) as the preferred oxidizing agent, as it is inexpensive, readily available, and
converted to water upon reaction.

Recent studies on aerobic oxidative lignin depolymerization also often apply
aqueous NaOH solutions. Nevertheless, other bases (e.g., KOH [146]), acids (e.g.,
acetic acid [147], H,SO [41] [46, 149], H;PMo,,0,, [148, 149]), and solvents such
as methanol [150] have been used as well. Although not essential, a large num-
ber of homogeneous and heterogeneous catalysts has been investigated to improve
the attainable monomer yield [139—-141]. The dominant use of alkaline media for
aerobic oxidative lignin depolymerization is related to the fast ionization of phe-
nolic groups at high pH. Though the exact cleavage mechanism remains a subject of
discussion, the formation of phenolate ions and their subsequent oxidation towards
phenoxy-radicals is generally regarded as a crucial step to initiate C—C bond cleav-
age [140, 142, 151, 152]. Temperatures of 393-463 K with a (partial) oxygen pres-
sure of 2—15 bar are commonly applied, with the primary products being p-hydroxy-
benzaldehyde, vanillin, and syringaldehyde, next to their acid- and aceto-analogues.
These monomer products are prone to secondary (repolymerization) reactions under
the applied oxidative conditions, resulting in phenolic monomer yields of around
10% [153, 154]. Interestingly, short reaction times at high temperatures, using a
flow-through setup, can be applied to minimize product degradation and increase the
phenolic monomer yield [155].

An opposite strategy is to target the further oxidative conversion of unstable phe-
nolic products. Cleavage of the aromatic ring can be favored by increasing the reac-
tion time, the reaction temperature, the O, partial pressure, or by applying a stronger
oxidant such as H,0,. This results in a selective production of aliphatic (di)carbox-
ylic acids, mainly represented by formic, acetic, oxalic, malonic, and/or succinic
acid. The ratio in which each acid is formed strongly depends on the process char-
acteristics. A variety of temperatures (333—498 K), pH conditions (acid [156, 157],
neutral [158], base [143, 156]), and oxidants (O, [116] and H,O [156-158]) have
been applied, resulting in a wide range of total monomer yields from 11 to 56 wt%.

4.2.3 Acid- or Base-Catalyzed Depolymerization

As mentioned previously, acid or base catalysts are often added during reductive
or oxidative depolymerization processes as a way to further improve the yield or
selectivity of the monomeric products. However, a vast amount of catalytic stud-
ies also demonstrated the applicability of homogeneous and heterogeneous acids or
bases as catalysts for the depolymerization of lignin in a redox-neutral environment.
Typically, the absence of a redox driving force is counteracted by stronger cata-
lysts and/or higher process temperatures (typically >513 K) [159-165]. No hydro-
genation or cleavage of aromatic rings is observed, resulting primarily in a set of
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methoxy-phenolic products without a side-chain group or with an aldehyde-, aceto-,
acid-, alkene-, or alkane-functionality at the para-position. Both in acid and base-
catalyzed depolymerization, a shift in the product selectivity towards catechols and
alkyl-catechols has been observed at increasing temperatures [161-164]. Most stud-
ies report monomer yields below 20 wt%, although a few acid-catalyzed depolym-
erization studies have reported higher phenolic monomer yields between 20 and 60
wt% [164, 165].

As discussed in Sect. 3, lignin is prone to repolymerization reactions in the pres-
ence of acid or base catalysts. The repolymerization products have a low solubility
in water and are easily converted to chars [160]. A possible solution is the use of
(aqueous) organic solvents instead of pure water in order to improve the solubility
of the lignin products in the reaction medium. For instance, Hensen et al. showed a
doubling in monomer yield (from 6 to 13 wt%) when switching from water to etha-
nol as the reaction solvent during depolymerization of wheat straw soda lignin with
a Lewis acid Cu-acetate catalyst [160]. Superior monomer yields with organic sol-
vents, compared to reactions in water, were also demonstrated for the acid-catalyzed
depolymerization of softwood kraft lignin with metal chlorides [164], as well as for
the base-catalyzed depolymerization of pine ethanosolv lignin with MgO [159].

4.2.4 Solvolytic Depolymerization

Without oxidants, reductants, and acid/base additives, solvolytic depolymerization
processes benefit from their simplicity regarding downstream product isolation and
the redundancy of catalyst recovery. Water, organic solvents, and mixtures thereof
have been used as reaction media at temperatures in the range of 523-723 K [160,
164, 166—170]. A fairly broad product distribution is obtained, consisting of (meth-
oxy-)phenols with oxygenated and unsaturated side chains for reactions at the lower
end of the temperature spectrum, while shifting towards unsubstituted and alkylated
(methoxy-)phenols and catechols at higher temperatures or with higher water-to-
solvent ratios [166—168]. As solvolytic depolymerization processes often function
as the blank run in catalytic studies, a comparison is easily made. Typically, non-
catalyzed processes reach inferior monomer yields compared to their corresponding
catalytic process, and usually do not surpass 10 wt%. However, higher monomer
yields are sometimes reported, for instance reaching 22 wt% from softwood kraft
lignin in water at 537 K [169] or 24 wt% from an organosolv lignin (extracted from
corncob residue) in tetrahydrofuran at 573 K [170].

4.2.5 Thermal Depolymerization Through Fast-Pyrolysis

In fast-pyrolysis (FP), lignin (or biomass) is rapidly heated to high temperatures of
673-1073 K in the absence of oxygen [171-173]. Under these conditions, vapors are
formed next to a solid carbon-enriched char. After removal of the vapors from the heat-
ing zone, they are partially condensed into a liquid oil while the remaining fraction is
collected in the form of gasses. When targeting the production of chemicals from lignin,
a maximization of the liquid fraction is wanted, as it contains the lignin-derived mono-
mers. Higher oil- and monomer yields are normally obtained at temperatures between
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673 and 923 K for short vapor residence times (in the order of seconds) [171]. The
yields can be further increased by the addition of a catalyst, at which the process is thus
called catalytic fast-pyrolysis (CFP). The catalyst serves a dual role, as it (1) stabilizes
reactive intermediates to avoid excessive charring, and (2) increases the product selec-
tivity [172]. The latter is especially clear in the case of acid zeolites, which can be used
to drastically improve the selectivity towards deoxygenated aromatics like benzene,
toluene, and xylene [174—179]. As demonstrated for a range of H-ZSM-5 catalysts, the
lower the Si/Al ratio, the higher the acid density and the higher the yield of deoxy-
genated aromatics [176]. Moreover, Triantafyllidis er al. investigated the influence of
porosity and external surface area of H-ZSM-5 on the selectivity towards monophe-
nolics or deoxygenated aromatics [180]. Next to H-ZSM-5, other zeolites (sometimes
loaded with metals) and oxides have also been applied in CFP [181-184]. During non-
catalytic fast-pyrolysis or when the applied catalyst has a low acidity, the product selec-
tivity shifts from deoxygenated products to methoxy-phenolic and catechol products,
substituted with oxygenated, unsaturated, or saturated side chains. Overall, most studies
on FP and CFP report large numbers of monomer products with total monomer yields
below 10%, although higher selectivities and yields of up to 40% have been sporadi-
cally observed with CFP [176, 180, 185].

4.3 Closing Remarks on Traditional Lignin Valorization

Traditional lignin valorization is defined here as a two-step lignin isolation-depolym-
erization approach in which no special attention is given to the fate of the lignin struc-
ture during isolation (i.e., fractionation). This approach comes forth from the current
dominance of carbohydrate-oriented biorefineries in which a maximal valorization of
the carbohydrates is the primary objective. A large side-stream of isolated lignin is
obtained this way, which can serve as a substrate for depolymerization towards chemi-
cals. However, as discussed in Sect. 3, the native lignin structure is prone to repolym-
erization and degradation reactions during the fractionation process, hereby impeding
downstream depolymerization. Although promising results have been reported (see
Sect. 4), most studies clearly demonstrated the recalcitrant nature of traditional lignins,
reaching monomer yields below 20 wt%, often in combination with a broad spectrum
of lignin monomer products. In order to address the issue of lignin condensation, alter-
native strategies for lignin valorization have emerged [186], either (1) targeting the
isolation of native-like lignin, in which the original reactivity is maximally preserved
or (2) enabling lignin depolymerization to stable monomeric products during lignocel-
lulose processing (see Fig. 6). Both strategies will be discussed in separate sections
(Sects. 5, 6), while providing an overview of the most promising examples and their
main advantages and disadvantages.
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Fig.6 Lignin valorization to chemicals should exploit the reactive structure of native lignin. Two major
routes exist, either targeting lignin isolation with minimal structural alterations (Sect. 5) or directly depo-
lymerizing native lignin to stable monomeric products during lignocellulose processing (Sect. 6)

5 Innovative Lignin Streams: Preserving B-0-4 Bonds During
Fractionation

Compared to most isolated lignins, the native lignin structure is more susceptible to
depolymerization as a result of its higher ether-bond content and reduced degree of
C—C crosslinking. A valid strategy therefore is to isolate lignin from lignocellulosic
feedstocks with minimal alteration of its original chemical structural features. This
way, the obtained lignin isolate forms a more reactive substrate for further conver-
sions to chemicals. Despite lignin’s strong tendency towards condensation, several
fractionation methods have achieved the isolation of native-like lignin, especially
with respect to the preservation of 3-O-4 bonds. To favor lignin isolation over lignin
condensation, most of these innovative methods apply mild process conditions, for
example by improving the lignin solvating power of the reaction medium. Alterna-
tively, active stabilization mechanisms were introduced recently, allowing a higher
process severity and higher isolation yields of native-like lignin.

5.1 Mild Fractionation: Passive Approach
5.1.1 Ammonia

The use of liquid ammonia as a swelling agent for cellulose and as a suitable sol-
vent for lignin solubilization has been known for over 60 years [187, 188]. Several
ammonia-based processes are particularly relevant in the context of mild fractiona-
tion on herbaceous crops, where high degrees of structural preservation have been
achieved in the isolated lignin. Note, however, that a good preservation of -O-4
bonds often goes hand in hand with low to intermediate lignin extraction yields
(circa 50%) [111, 189-191]. Moreover, small quantities of nitrogen are incorporated
in the lignin products in the form of amides [189, 192].
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Ammonia fiber expansion or AFEX is probably the most recognized ammonia-
based method and starts by contacting wet biomass with ammonia. Temperatures
close to the critical temperature of ammonia (405 K) are typically applied, resulting
in high autogenous pressures (> 100 bar) [193-195]. Alongside other reactions, the
lignin polymer is partially solubilized after hydrolysis and ammonolysis of LCCs
and to a minor extent lignin ether bonds [194, 196]. Following an explosive pres-
sure release, ammonia is briskly evaporated, opening up the biomass structure while
redistributing lignin [194]. As such, AFEX is not a fractionation method, but simply
induces physicochemical alterations of the lignocellulose matrix, hereby enhancing
its susceptibility towards lignin extraction. By using organic or alkaline extraction
solvents, 50-65% of the native lignin in herbaceous crops can be extracted, mainly
in the form of oligomeric fragments with a well-preserved amount of $-O-4 bonds
[111, 190, 194].

A second method is called anhydrous ammonia pretreatment (AAP) and differs
from AFEX by the required low moisture content of the lignocellulosic feedstock
and the absence of an explosive pressure release [191, 192, 197]. Without this pres-
sure drop, the lignin-containing ammonia solution can be easily separated from
the solid carbohydrate fraction. This process is also often referred to as extractive
ammonia pretreatment (EAP). However, relatively low extraction yields of circa
45% have been obtained from corn stover [191, 197]. Alternatively, a controlled
evaporation of ammonia, followed by an alkaline extraction results in higher isola-
tion yields, up to 65% [192]. The low moisture content of the substrate is required
to allow an intense interaction between crystalline cellulose domains and ammonia.
This alters the crystalline structure of cellulose from its native C; form into the Cyy;
polymorph, making it more susceptible towards enzymatic hydrolysis [198].

Finally, higher lignin extraction yields, up to 85% from corn stover, have been
obtained by performing a flow-through lignin extraction from lignocellulose with
aqueous ammonia [199-201]. This process is called ammonia recycled percolation
(ARP), as it continuously recovers and reuses the ammonia through evaporation.
ARP has also been performed on hardwoods, reaching extraction yields of up to
63% [189, 202]. After precipitation from the reaction mixture, a rather low isolated
lignin yield of 31% was obtained by Jackson et al., yet showing a good retention of
B-O-4 bonds [111, 189].

5.1.2 lonic Liquids

Ionic liquids (IL) are known for their excellent solubilizing capacity, which can be
tailored to the envisioned application by a careful selection of the anion and cat-
ion [67, 203-205]. For the effective isolation of native-like lignin from lignocellu-
lose, the ionosolv process is a promising method. In analogy to traditional (aque-
ous) organosolv fractionation, a selective solubilization of lignin and hemicellulose
is targeted, while retaining cellulose as a solid product. However, the use of ILs
allows to work at lower reaction temperatures (<433 K) and at atmospheric pres-
sure, which in turn reduces structural alterations in the lignin polymer. As a result,
ionosolv lignins retain a significant amount of the original f-O-4 bonds, although
the extent of B-O-4 bond cleavage is strongly dependent on the IL and the process
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conditions [112, 206, 207]. Despite their interesting physico-chemical properties,
several challenges need to be addressed before an IL can be labeled as a competi-
tive green solvent. For instance, the use of halogenated anions (e.g., PF®~, BF*)
and organic cations (e.g., substituted imidazolium) in many common ILs, results in
a high cost of components [203, 206]. This in turn requires a long-term stability of
the IL under the applied reaction conditions of the biorefinery process, as well as an
efficient isolation procedure, to allow multiple recycling of the IL. Moreover, a high
purity is required as low amounts of IL degradation products or biomass compo-
nents can severely influence the properties and the dissolution performance of the IL
[205]. Finally, the development of environmentally friendly synthesis routes (e.g.,
deep eutectic solvents [208]) and a better understanding of the toxicity and biodeg-
radability of ILs are important criteria to advance their applicability in the biorefin-
ery [203, 205, 206, 209].

5.1.3 Flow-Through Reactor Setups for Acid Hydrolysis

Compared to batch-mode dilute acid hydrolysis (see DAH in Sect. 3.2), a flow-
through reactor setup (FT-DAH) is much more suited to combine high temperatures
and short residence times. This way, reactive carbohydrate and lignin intermediates
can be removed from the heating zone before degradation occurs [156, 210, 211]. In
contrast to the solid lignin residue obtained upon batch mode processing, FT-DAH
mainly produces soluble and less degraded oligomers, which can be recovered from
the product solution via precipitation. Successful depolymerization of the isolated
lignin precipitate clearly indicates a partial preservation of 3-O-4 bonds [156, 211].

Two related flow-through processes are dilute acid pretreatment (FT-DAP) and
hot water pretreatment (FT-HWP), which apply milder process conditions to target
a selective solubilization of hemicellulose and lignin, while retaining cellulose as a
solid product [212, 213]. FT-DAP uses lower acid concentrations or temperatures
compared to FT-DAH, while FT-HWP represents an autocatalytic process that is
based on the acidic properties of hot water in combination with organic acids (e.g.,
acetic acid), originating from the lignocellulosic substrate [72, 73, 212, 213]. The
relatively mild process conditions in both methods result in highly oxygenated low
molecular weight lignin products (mainly oligomers), which are proposed to possess
a significant part of the original $-O-4 interunit linkages [156, 190, 211], yet addi-
tional investigations are required. The high solubility of the lignin-derived product
fraction in the hydrolysate solution, however, hampers an effective precipitation and
isolation of the lignin fraction [213].

5.1.4 y-Valerolactone

As mentioned in Sect. 3.3 on organosolv fractionation, the extent of $-O-4 bond
cleavage varies significantly with different solvents and process conditions [106]. A
remarkably mild organosolv fractionation was reported by Dumesic et al., using an
80/20 wt% mixture of y-valerolactone (GVL) and water with a low concentration of
H,SO, (1.5 wt%) [123]. The use of the polar aprotic solvent GVL promotes the dis-
ruption of the lignocellulose matrix [214-218] and allows an effective solubilization
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of lignin and hemicellulose [123]. The yield of extracted lignin from corn stover
reached 75% at a reaction temperature of 423 K. After precipitation, the isolated
lignin was analyzed by 2D HSQC NMR, showing great structural similarities with
native lignin [123]. Moreover, the preservation of -O-4 bonds, observed with
NMR, was further corroborated by high monomer yields of up to 48%, obtained
upon bifunctional hydroprocessing of the lignin precipitate with Ru/C, H;PO,, and
H, [123].

5.1.5 Mechanical Pretreatment

Applying mechanical stress to open up the lignocellulose structure is another strat-
egy to isolate lignin with minimal structural alterations compared to native lignin
[219-222]. However, these procedures are lengthy and usually reach limited lignin
isolation yields. As a result, this approach is primarily relevant in analytical lignin
studies where a maximal preservation of the native lignin structure is the main
requirement and no restrictions exist with regard to process costs and efficiency.
Milled wood lignin (MWL) for instance, is obtained by ball-milling a lignocellulosic
substrate for several days, followed by lignin extraction with an aqueous organic
solvent [220-222]. The yield of the isolated native-like lignin is generally below
35% [223]. Instead of direct lignin extraction, mechanical pretreatments can also
be followed by an enzymatic hydrolysis step, using cellulolytic enzymes. Here, the
carbohydrates are converted into soluble mono- and oligosaccharides, while a solid
residue is obtained, containing a mixture of lignin, residual carbohydrates, proteins
and ashes. Lignin can be extracted from this solid residue and subsequently precipi-
tated, after which it is denominated as cellulolytic enzyme lignin (CEL) [223-225].
Again, a high preservation of p-O-4 bonds and a rather low lignin yield (<35%) is
obtained [223, 226]. Lignin isolation can be improved by performing an additional
acid hydrolysis step on the solid residue obtained upon enzymatic hydrolysis [226,
227]. This results in the cleavage of lignin-carbohydrate complexes and enables a
more extensive solubilization of lignin. After precipitation, a 65% yield of enzymatic
mild acidolysis lignin (EMAL) can be obtained [223, 226].

5.2 Chemical Stabilization During Fractionation: Active Approach

A general observation with respect to mild fractionation processes is the undesirable
trade-off between the lignin isolation yield and the preservation of p-O-4 bonds in
the isolated lignin. Although the methods discussed in Sect. 5.1 enable the produc-
tion of reactive lignins, isolation yields are limited due to the mild process condi-
tions. On the other hand, attempts to improve the isolation yield by increasing the
process severity are often linked with increased lignin degradation [106, 203]. A
promising advancement here is the use of active stabilization mechanisms that pre-
vent the formation of reactive intermediates during fractionation. Ideally, p-O-4
bonds can be preserved under more severe process conditions, in turn leading to
higher lignin isolation yields.
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Luterbacher et al. was the first to demonstrate the success of this approach
[79]. Related to organosolv processing, the method uses an acidified aqueous
dioxane reaction mixture to extract lignin from the lignocellulosic feedstock (i.e.,
beech wood). With this method, high lignin extraction yields of up to 80% can
be obtained at low temperatures of 353-373 K [79]. The innovative aspect lies
in the addition of formaldehyde (FA), which undergoes acid-catalyzed condensa-
tion with the a- and y-OH side-chain groups, hereby forming 1,3-dioxane struc-
tures (see Fig. 7) [79]. This acetal is relatively stable under the applied conditions
and prevents the formation of reactive carbenium ions, the key intermediate in
acid-catalyzed depolymerization and repolymerization reactions. A second sta-
bilization mechanism is the blocking of reactive meta-positions [78] on the aro-
matic ring, through electrophilic substitution with FA. This way, m-hydroxyme-
thyl groups are formed, though without the formation of recalcitrant methylene
bridges [228].

The excellent structural integrity of the FA-stabilized lignin was demonstrated
by a subsequent reductive depolymerization with a Ru/C catalyst at 523 K in
methanol. A lignin monomer yield of 47%, based on the total lignin in beech
wood, was realized, which is around the theoretical maximum [79]. In contrast,
when fractionation was performed in the absence of FA, the subsequent depo-
lymerization of the isolated lignin only resulted in a 7% monomer yield. Further-
more, a decent product selectivity towards ethyl- and propyl-substituted guaiacol
and syringol can be obtained. After reductive depolymerization, the hydroxym-
ethyl groups at the meta-position are retained in the form of methyl groups on the
aromatic ring, while FA incorporated in the 1,3-dioxane structure is converted to
methane. Note that this strategy implies the consumption of formaldehyde and
also lowers the product selectivity by the introduction of additional methyl side
chains. Interestingly, aromatic alkylation can be excluded by utilizing other alde-
hydes than FA, such as acetaldehyde and propionaldehyde [229].

Traditional acid-catalysed HO. (J:,
fractionation

B-O-4 bond cleavage &
repolymerisation

--------- » Preserved B-O-4 bonds
Formaldehyde-
assisted fractionation

Fig.7 Lignin stabilization during formaldehyde-assisted fractionation. The formation of 1,3-dioxane
structures prevents the formation of reactive carbenium ions (see also Sect. 3.2) while hydroxymethyl
groups block reactive meta-positions [79]
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6 Depolymerization of Native Lignin to Stable Monomers

Instead of targeting the high-yield isolation of native-like lignin (Sect. 5), a comple-
mentary valorization approach is to instantly convert native lignin to stable lignin
monomers during lignocellulose processing. The key aspect is to provide a process
environment in which lignin depolymerization can be performed without the detri-
mental consequences of lignin repolymerization. Reductive depolymerization-stabi-
lization of native lignin has been investigated most frequently, though other methods
exist and are applicable as well.

6.1 Reductive Catalytic Fractionation (RCF)

Hydrogenolysis of native lignin through redox catalysis under reductive conditions
was first conveyed in literature by Hibbert, Pepper, and coworkers around 70 years
ago [230-233]. Their research efforts were primarily focused on the analytically
challenging elucidation of the lignin structures in several lignocellulosic species
(e.g., maple, spruce, wheat straw), but also demonstrated the selective production
of phenolic monomers with a preserved structure, resembling the original lignin
building blocks. These observations were later explained by solvolytic reactions and
a reductive catalytic depolymerization-stabilization of lignin (intermediates) [107,
234-236]. Nevertheless, the potential of this approach for the production of lignin-
derived chemicals in a lignocellulosic biorefinery was recognized only recently. This
lignin-first type of biorefinery strategy is referred to here as “reductive catalytic frac-
tionation (RCF)”, but is also known under the name “catalytic upstream biorefining
(CUB)” [237-239].

In 2008, Yan et al. was one of the first to report near theoretical monomer yields
(up to 46%) by processing birch sawdust in a dioxane:water (50:50 vol%) mixture
in the presence of a Pt/C catalyst and 4 MPa H,-gas at 473 K for 4 h [240]. Simi-
lar results were obtained by Song et al. (2013), who acquired phenolic monomer
yields of around 50% from birch wood in pure methanol [234]. Interestingly, the
solvent methanol served as the hydrogen donor for reductive depolymerization-sta-
bilization. An inexpensive base-metal Ni/C catalyst was applied, demonstrating an
89% selectivity towards propyl-substituted guaiacol and syringol (see Fig. 8). Insti-
gated by such promising results, the scientific field of RCF processing has strongly
expanded the last few years [241], leading to several fundamental and technological
advancements.

Understanding the relation between the applied feedstock and the product out-
come is a vital aspect in any biorefinery. Studies have illustrated the positive cor-
relation between the amount of syringyl units (S-units) and the f-O-4 content within
the original lignin structure of different feedstocks [42, 43]. This in turn has a direct
impact on the attainable lignin monomer yield from RCF. As a result, RCF of hard-
woods (up to 80% S-content) generates the highest yields of phenolic monomers
(40-55%), in contrast to the monomer yields from softwoods (>95% G-content),
which usually do not surpass 30% [46, 234, 240-244]. RCF of herbaceous crops
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Product selectivity in RCF
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Fig. 8 Overview of the phenolic monomer products that can be selectively obtained from reductive cata-
lytic fractionation (RCF) under specified catalytic conditions (and feedstock)

(5% H, 65% G, 30% S) typically leads to intermediate monomer yields of 25-40%,
though yields of over 60% have been reported [46, 237, 245]. Consequently, most
RCF studies have been performed on hardwoods. Notwithstanding, the very high
selectivity to guaiacyl compounds from softwoods or the unique feature of side-
chain ester or acid groups from herbaceous crops (see Fig. 8) justify their use for
RCF as well.

Next to the feedstock, the solvent also plays a decisive role during RCF. First of
all, the fractionation efficiency (i.e., delignification versus carbohydrate pulp reten-
tion) is strongly dependent on the polarity and the lignin solvating power of the sol-
vent (or solvent mixture) [221, 232, 233]. The solvent should hence be carefully
selected and optimized in relation to other process parameters, like the reaction tem-
perature and time [234, 246, 247]. Interestingly, acid additives (e.g., H;PO, [238,
240], Yb(OTY); [248, 249]) can be used to further tune the fractionation efficiency
while reducing the process severity. Moreover, several solvents, such as isopropanol,
methanol, and ethanol, have been applied as a hydrogen donor in RCF, thus elimi-
nating the direct need for external H, [234, 244]. Alternatively, other components
(e.g., formic acid), released during the fractionation process, have been appointed as
effective hydrogen donors [242, 250]. Finally, an active participation of the solvent
in the (partial) cleavage of lignin carbohydrate complexes and/or f-O-4 bonds has
been suggested [234, 242, 243, 245]. It was shown that under specific conditions
(e.g., MeOH at 523 K and 12 MPa) lignin solubilization and depolymerization occur
predominantly via solvolytic (instead of catalytic) mechanisms [107]. In this case,
catalytic action is solely required to stabilize lignin intermediates in solution through
hydrogenation. Consequently, no physical contact between the heterogeneous cata-
lyst and the solid lignocellulosic substrate is required during RCF, as demonstrated
by the successful use of a catalyst basket [107]. This also facilitates the previously
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challenging separation between the solid catalyst and the carbohydrate pulp after
RCF, and opens up new opportunities in future reactor design (e.g., Carberry reac-
tors, flow-through fixed-bed catalytic reactors) and scale-up initiatives. Interestingly,
the above findings were corroborated recently by two independent research groups,
successfully demonstrating RCF in a flow-through reactor. A fixed bed containing
lignocellulose feedstock was placed in front of a fixed catalyst bed. At elevated tem-
perature, a flow of methanol extracts lignin intermediates from the biomass bed,
which are subsequently forced through the catalyst bed. Liquid sampling before and
after the catalyst bed therefore enabled the isolation of solvolytic and catalytic pro-
cesses [235, 236, 251].

A final key feature in the RCF process is the catalytic system. Apart from effec-
tuating high lignin monomer yields through reductive stabilization, the catalyst also
functions as a tool to tune the product selectivity, especially with regard to the func-
tionalities on the para-substituted side chain (see Fig. 8). As mentioned previously,
a high selectivity to propyl-substituted phenolic monomers can be obtained with a
Ni/C catalyst and methanol as the hydrogen-donating solvent. Similar results were
obtained with Ru/C, Pt/C, and Rh/C catalysts or with a synergistic Pd/C and Zn**
catalytic system, all in the presence of pressurized H, [46, 240, 243]. These catalytic
systems are capable of removing y-OH groups through hydrogenolysis or tandem
dehydration/hydrogenation. Other catalysts, such as Pd/C and Raney Ni, selectively
retain the y-OH functionality and reach high selectivities to propanol-substituted
monomers [244, 252, 253]. Alternatively, Galkin et al. reported a high selectiv-
ity to propenyl-substituted guaiacol and syringol under inert atmosphere, using an
H,-activated Pd/C catalyst at a short reaction time of 1 h [242]. Moreover, Pd/C in
combination with Al(OTf); acid results in methoxypropyl-substituted phenolic mon-
omers, formed by the acid-catalyzed etherification of y-OH groups with methanol,
which is used as the solvent [248]. Finally, also ethyl-substituted monomers (C,) can
be selectively obtained from RCF, for instance through decarboxylation/hydrogena-
tion of acid or ester side chains, present in the monomers from RCF with herbaceous
crops (see also previous paragraph on the influence of the lignocellulosic substrate)
[237]. Another route is to perform RCF in alkaline media, leading to the base-cata-
lyzed release of formaldehyde from quinone methide intermediates (see Fig. 3). The
resulting enol-ether is then further converted to ethyl-substituted monomers through
subsequent 3-O-4 bond cleavage and hydrogenation [233, 238].

6.2 Reductive One-Pot Processing

Reductive processing of lignocellulosic biomass does not necessarily cause fraction-
ation into a lignin oil and a carbohydrate pulp. Recently, so-called one-pot processes
have been disclosed that target the transformation of the complete lignocellulose
matrix into soluble low molecular weight products. These processes are character-
ized by a higher process severity in terms of solvent, acidity, and/or temperature
compared to RCF. In short, reductive one-pot processes and RCF processes both
benefit in a similar way from the reactivity of native lignin as well as the reductive
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stabilization of lignin intermediates, but differ with regard to the fate of the carbohy-
drate fraction.

Li et al. investigated the one-pot conversion of birch wood with a Ni-W,C/AC
catalyst in water at 508 K and 6 MPa H,. Lignin monomer yields of over 35% were
combined with a 70% yield of sugar-derived diols, mainly represented by ethylene
glycol and propylene glycol [254]. The same process with methanol as the solvent
(i.e., typical RCF conditions) gave a phenolic monomer yield of 47% (around the
theoretical maximum) without carbohydrate conversion to diols. Note that in this
specific process, the acidity of water at high temperature is required to realize effec-
tive carbohydrate hydrolysis as a first step to C, —C, diols [254]. However, (pure)
organic solvents have been successfully applied as well for one-pot processing. Ford
et al. applied supercritical methanol (573-593 K at 160-220 bar) in the presence of
a copper-doped porous metal oxide to produce substituted cyclohexyl alcohols and
ethers from lignin and acyclic C,-C¢ alcohols and ethers from the carbohydrate frac-
tion [255, 256]. Alternatively, specific acid-redox catalytic systems (e.g., TSA +ht-
Ru/C [257, 258], PUNbOPO, [259]) achieve the production of gasoline-range
alkanes via extensive depolymerization and hydrodeoxygenation of both lignin and
(hemi)cellulose components at relatively mild temperatures of 463-493 K. Inter-
estingly, the alkane product mixture is likely suitable for fuel applications without
additional separation steps. In other cases, the cost-efficiency of a one-pot process
should always be considered against the costs, related to a potentially more difficult
product separation.

6.3 Oxidative Catalytic Fractionation (OCF)

As discussed in Sect. 4.2 on the oxidative depolymerization of isolated lignin, oxi-
dants are known to enable the cleavage of C—C bonds. Nevertheless, most oxida-
tion studies yield low amounts of aromatic monomers (typically < 15%) from iso-
lated lignin [153, 154]. Similar to RCF, oxidative catalytic fractionation (OCF) is
performed directly on lignocellulosic substrates, hereby exploiting the reactivity of
native lignin to improve the attainable monomer yield. The potential of this approach
has already been indicated in the 1930s, when nitrobenzene and later CuO were used
as oxidants to depolymerize lignin for compositional analysis [260, 261]. Both meth-
ods (i.e., nitrobenzene and CuO oxidation) were compared by Pepper et al., reaching
monomer yields of circa 20% from spruce wood and 40% from aspen wood upon
reaction at 453 K for 2 h in a concentrated 2 M NaOH solution [261]. According to
the guaiacyl/syringyl ratio of the lignocellulosic feedstock, either vanillin (spruce)
or syringaldehyde (aspen) was the major monomer product. More recently, Tara-
banko et al. successfully applied O, as an inexpensive and environmentally benign
oxidant during birch processing, using a homogeneous Cu(OH), catalyst in a 2.5 M
NaOH solution at 443 K for 25 min [262]. A combined monomer yield of 43% was
obtained for the aldehyde-substituted monomers vanillin (13%) and syringaldehyde
(30%) [262, 263]. Noticeably, in the absence of Cu(OH),, the selective production
of vanillin and syringaldehyde decreased by half. Next to the soluble lignin fraction,
a cellulose-enriched carbohydrate pulp was produced, amenable for downstream
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processing [263]. Although promising, the number of OCF studies is still scarce and
additional research will be required to support and further develop this strategy. For
instance, the fate of the carbohydrate fraction during OCF has to be further investi-
gated and the required high NaOH concentration is ideally lowered. Also, the imple-
mentation of heterogeneous catalysts, as demonstrated earlier for the oxidative depo-
lymerization of lignin model compounds and isolated lignins [153, 154, 264], could
benefit the techno-economical aspect of the OCF process.

6.4 Other Opportunities Towards Higher Lignin Monomer Yields from Native
Lignin

Several other methods have demonstrated the advantage of processing lignocellu-
losic feedstock instead of isolated lignin for the selective and high yield production
of lignin-derived chemicals.

6.4.1 Thermal (Fast-Pyrolysis)

A mechanistic pyrolysis study performed by Evans et al. demonstrated that native
lignin is much less refractory as commonly believed [265]. A selective initial for-
mation of coniferyl alcohol (CA) and sinapyl alcohol (SA) was observed when pro-
cessing whole biomass samples, as opposed to identical pyrolysis reactions on sev-
eral isolated lignins [265]. Consequently, under optimized conditions, an improved
production of CA- and SA-derived chemicals has been observed after pyrolysis on
lignocellulosic substrates [265-267]. For example, Kuroda et al. reported a three-
fold increase in the monomer yield after fast-pyrolysis of Japanese softwoods: cedar
(23%), cypress (21%), and red pine (18%) for 4 s at 773 K, in comparison with the
same reaction on the organosolv lignin analogues (yielding 8, 7, and 6%, respec-
tively) [266]. Main monomer products were guaiacol, 4-methylguaicol, 4-vinylguai-
acol, eugenol, and isoeugenol. Nevertheless, due its multicomponent composition,
thermal processing of whole biomass will generate a more complex pyrolysis oil,
compared to that from isolated lignin, especially in the absence of a catalyst.

6.4.2 Solvolytic

Organosolv fractionation typically introduces structural alterations in the lignin pol-
ymer (see Sect. 3.3), although milder process variants exist that preserve most -O-4
bonds in the isolated lignin (see Sect. 5.1). On the other hand, organosolv fractiona-
tion at high temperatures and short reaction times can also be applied as a method
to obtain high lignin monomer yields directly from lignocellulose. Remarkably,
methanol:water (90:10) at 543 K inflicts extensive lignin depolymerization after
only 3 min, reaching a high monomer yield of 44% from beech wood, with a high
selectivity towards coniferyl- and sinapyl alcohol, as well as their y-methyl ether
analogues [108, 109]. The short reaction time is a key aspect to minimize repolym-
erization reactions and was enabled by immersing a small 5-ml reactor in a molten
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tin bath. The high heating and cooling rate forms a challenging aspect for large-scale
batch processes and likely requires a transition to flow-through reactor setups.

6.4.3 Base-Catalyzed

Aqueous alkaline pretreatment, a milder version of the traditional soda-pulping pro-
cess (Sect. 3.1), typically uses less-concentrated NaOH solutions (0.1-1 M instead
of 2 M) at temperatures of 373-433 K for 0.5 h [268-270]. These mild process
conditions are not suitable for efficient ether bond cleavages, but enable a selective
conversion of alkali-labile ester linkages, abundantly present in herbaceous crops
(e.g., corn stover, switch grass) [55, 195]. This approach is therefore limited to her-
baceous feedstocks, from which high phenolic monomer yields of up to 27% have
been achieved [268]. Major monomer products are p-coumaric acid, ferulic acid,
and vanillic acid.

6.4.4 Acid-Catalyzed

Finally, also acid-catalyzed lignocellulose fractionation can be reconciled with high
lignin monomer yields. This, however, requires the stabilization of reactive ketone-
and aldehyde-substituted intermediates, typically formed under acidic conditions
(see Fig. 4). Several mechanisms can be envisioned and are illustrated in Fig. 9.
Barta et al. applied diols to stabilize reactive carbonyl groups through the forma-
tion of cyclic acetals (Fig. 9), thereby preventing acid-catalyzed repolymerization
[76, 106]. When ethylene glycol was used in the acid-catalyzed depolymerization
(ACD) of walnut dioxasolv lignin, a threefold increase of the lignin monomer yield
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Fig.9 Lignin stabilization strategies during acid-catalyzed lignin depolymerization/lignocellulose frac-
tionation, converting reactive carbonyl intermediates into acid-stable acetals or methyl groups
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was obtained, compared to ACD in the absence of a diol [76]. A successful imple-
mentation of this method, directly on native lignin (i.e., during lignocellulose frac-
tionation) is expected to further improve the achieved monomer yields, but remains
to be demonstrated. Note that the underlying chemistry of the cyclic acetal forma-
tion is related to the formaldehyde-assisted fractionation, discussed in Sect. 5.2,
although in that case the carbonyl group is provided by formaldehyde, which reacts
with diol-groups in the lignin side chain. Watanabe et al. applied a similar stabili-
zation approach as Barta et al., though relying on acetal formation with methanol
instead of ethylene glycol [271]. During acid-catalyzed fractionation of Japanese
cedar in toluene, stable monomeric dimethyl-acetals were obtained this way. Finally,
an alternative strategy is to use decarbonylation as a way to remove reactive car-
bonyl groups. Both homogeneous [76] and heterogeneous [272] catalysts have been
applied to convert reactive C,-aldehyde substituted intermediates to stable p-methyl
substituted products. This approach has not yet been demonstrated on native lignin.

7 Perspective on Lignin-Derived Chemicals

Based on the platform of lignin-derived compounds that can be produced via previ-
ously described lignocellulose conversion processes, a myriad of end products can
be envisioned. These end products can either be obtained through (1) direct utili-
zation/purification of the lignin monomers, or (2) through downstream catalytic
upgrading. Furthermore, a distinction is made between drop-in chemicals with an
existing market platform, and new chemicals with potentially beneficial properties
as a result of their unique chemical functionality. Here, selected examples are pro-
vided to illustrate some general principles and strategies. It is also important to note
that most of these technologies are still in an early stage of development and require
significant further investigation to assess and improve their industrial viability.

7.1 Direct Utilization

Obviously, the direct utilization of lignin monomers for chemicals is limited by
the product outcome of the lignin depolymerization process. Important criteria
that should be assessed are the applicability and the (potential) market value of the
targeted product, as well as the yield at which this product can be obtained from
lignocellulose. This approach seems especially suitable for chemicals with a rela-
tively high market value to compensate for lower product yields and higher costs,
associated with the isolation of pure compounds from potentially complex product
mixtures. For instance, vanillin is a high-value flavoring and fragrant component,
which is produced at a commercial scale via oxidative depolymerization of sulphite
liquor (see Sect. 4.1), despite a rather low product yield (~ 5%) and competing fos-
sil-based routes [144, 145]. Nevertheless, many biorefinery schemes lead to substi-
tuted phenolics with no or limited existing applications. A future challenge therefore
exists in identifying opportunities for new applications, which exploit the distin-
guishing functionality (e.g., methoxy groups, side chain) of these lignin monomers.
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For example, several advantages were observed, using either 4-n-propylguaiacol
or 4-n-propylsyrignol in the synthesis of bisguaiacols (BG) or bissyringols (BS),
respectively, as biobased alternatives to bisphenol A from phenol [273]. 4-n-propyl-
guaiacol or 4-n-propylsyringol were isolated in high yield and selectivity upon RCF
of softwoods or hardwoods, respectively (see Sect. 6.1). Compared to phenol, both
lignin-derived molecules facilitate BG/BS synthesis and purification, reduce the
estrogen potency, and introduce advantageous properties in BG polycarbonates, BG
cyanate ester resins, and BS polyesters [273, 274]. As such, lignin-derived products
potentially carry a competitive advantage, which can open the market to new and
valuable chemicals.

7.2 Chemocatalytic Upgrading

A second strategy is the catalytic upgrading of lignin-derived compounds, for which
both biocatalytic and chemocatalytic approaches exist. Within this context, a variety
of chemocatalytic processes have been investigated, though this section is mainly
focused on the complete or partial defunctionalization of lignin monomers through
hydrodeoxygenation (HDO). An interesting feature of HDO is that complex phe-
nolic mixtures, obtained from lignocellulose processing, can be funneled into a
limited number of targeted products. This reduces the complexity of the product
mixture and allows a higher yield of individual compounds, while lowering the cost
associated with product isolation. As a result of funneling, a high market value (as
in the case of vanillin) might not always be required for lignin-derived chemicals to
become economically viable. Depending on the process characteristics, chemicals
such as (1) alkanes, (2) aromatic hydrocarbons, (3) phenols, or (4) cyclohexanols
can be selectively obtained.

Complete defunctionalization of substituted phenolics to alkanes is usually
achieved with bifunctional acid-redox catalysis. Various p-substituted-o-methoxy-
lated phenolics as well as isolated lignin streams (see also bifunctional hydropro-
cessing in Sect. 4) have been selectively converted to cyclic alkanes, e.g., (alkylated)
cyclohexanes [7, 136, 240, 275-279]. The resulting alkane (mixture) could be
directly applicable as a mid-range fuel additive, hereby eliminating the need for iso-
lation or purification of individual compounds. Alternatively, HDO can lead to the
selective production of aromatics, e.g., (alkylated) benzenes, when conditions are
applied that disfavor hydrogenation. Therefore, gas-phase reactions at high tempera-
ture and under low H,-pressure have been frequently disclosed, using either tradi-
tional sulfided CoMo- and NiMo catalysts or non-sulfided catalysts such as MoO; or
PtCo/C [42, 280-282].

For the production of phenol or p-substituted phenols, the preservation of the phe-
nolic OH-group should be combined with a selective removal of the methoxy group.
Again, both traditional sulfided CoMo and NiMo catalysts as well as non-sulfided
catalysts (e.g., Pd/C, Fe/C, MoC,/C) have been successfully applied, though most
studies are limited to the conversion of (alkylated) guaiacols [283-285]. Notice-
ably, Rinaldi et al. demonstrated the production of alkylated phenols, next to aro-
matic hydrocarbons, starting from a complex pyrolysis oil using a MoC,/C catalyst
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[284]. Alkylphenols (e.g., 4-ethyl- or 4-propyl phenol), could be further dealkylated
towards phenol and the corresponding olefin, viz., ethylene or propylene, as dis-
closed by Sels and coworkers [286]. A related two-step upgrading strategy is the
selective demethoxylation of vanillic and syringic acid towards p-hydroxybenzoic
acid, i.e., a p-substituted phenol, which in turn can be carboxylated to terephthalic
acid [287].

Cyclohexanols, the fourth major product class, can be directly obtained through
demethoxylation and ring hydrogenation of lignin-derived phenolics. Several cata-
lysts, including Ni/CeO,, Ru-MnO,/C, and Raney Ni have demonstrated high
selectivities to (alkylated) cyclohexanols from a variety of substituted phenolics
[288-292]. Note that selective removal of o-methoxygroups can generate metha-
nol, which for instance could be used as an integrated solvent in the lignocellulosic
biorefinery [291]. Moreover, (alkylated) cyclohexanols are readily dehydrogenated
to the corresponding ketone, which can be further converted to (alkylated) caprol-
actone, caprolactam or adipic acid [289, 293]. The non-alkylated analogues are pri-
marily used as building blocks in the production of polyamide (e.g., nylon) and pol-
yesters materials. Interestingly, the alkyl-chain might introduce new and potentially
advantageous properties into the polymer, thus creating added value, compared to
their fossil-based unsubstituted analogues.

7.3 Biocatalytic Upgrading

The biocatalytic upgrading of lignin-derived products is inspired by aromatic cata-
bolic pathways, studied primarily in aerobic micro-organisms [294-296]. In princi-
ple, a wide range of aromatic compounds, including p-substituted-o-methoxylated
phenolics, can be enzymatically converted towards a small set of central metabolic
intermediates, such as catechol, protocatechuate, and gallate [296-298]. Subsequent
opening of the aromatic ring leads these intermediates into the central carbon metab-
olism. Based on the elucidated enzymatic reaction pathways, research has focused
on the metabolic engineering of microbial strains in order to attain a highly selec-
tive production of value-added chemicals. For example, using alkaline pretreatment
liquor (see Sect. 6.4) as the aromatic substrate, polyhydroxyalkanoates (PHAs) were
produced through catabolic reactions in Pseudomonas putida KT2440 [270]. PHAs
are valuable polymers that can be used as such in plastics and adhesives, or can be
depolymerized and converted to (chiral) chemical precursors or methyl-ester-based
fuels [299]. Alternatively, P. putida could be engineered towards a selective produc-
tion of muconic acid via oxidative cleavage of catechol. Amongst others, muconic
acid can be further transformed into adipic acid or terephthalic acid, both impor-
tant polymer building blocks [300, 301]. Also, other bacteria have been studied. For
instance, Rhodococcus opacus was grown on a minimal medium containing organo-
solv lignin (see Sect. 3.3), which led to the production of triacylglycerols, a valuable
substrate within the field of oleochemistry (e.g., lubricants) or for the production of
biodiesel [302]. Note, that in this study, R. opacus effectuates both lignin depolym-
erization as well as further metabolic conversion of released phenolic monomers.
Although lignin valorization through biocatalysis constitutes a promising strategy,
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future research is likely required to further improve the attainable titers, reactions
rates, and yields, as well as the robustness of the biocatalysts towards inhibitors
(e.g., toxic aromatic compounds).

8 Conclusions

Today, lignin valorization is being recognized as a crucial, yet underexploited com-
ponent in the lignocellulosic biorefinery. This growing awareness has triggered the
development of new technologies, enabling a multitude of future lignin-based appli-
cations. One promising opportunity in particular is the selective depolymerization of
lignin towards chemicals. Although challenged by lignin’s recalcitrant nature, sev-
eral successful (catalytic) strategies have emerged over the last decade, which were
highlighted in this book chapter.

The difficulty of producing chemicals from lignin can be ascribed to the high
reactivity of native lignin and its tendency to undergo repolymerization and deg-
radation reactions during lignocellulose fractionation. However, traditional (indus-
trial) fractionation methods have focused primarily on carbohydrate valorization and
process conditions have therefore been optimized with little concern about lignin
structural alterations. Consequently, commercial lignins embody a challenging feed-
stock for depolymerization processes, typically leading to low monomer yields and/
or a low product selectivity.

In response, mild fractionation methods have been proposed, isolating lignin with
a better preserved structure and an increased amenability towards depolymerization.
A high retention of native $-O-4 ether bonds can be successfully obtained, while the
formation of new recalcitrant C—C bonds through repolymerization reactions was
largely avoided. Unfortunately, the applied mild conditions usually do not enable
high lignin isolation yields. However, to ensure a full utilization of the lignin frac-
tion present in the lignocellulosic feedstock, the structural preservation of lignin and
its isolation in high yields should be combined. An alluring strategy is the active
stabilization of B-O-4 bonds, as recently demonstrated with formaldehyde. This
stabilization approach allows a higher process severity, leading to a more complete
extraction of lignin, while retaining a high content of readily cleavable 3-O-4 bonds.

An alternative for the isolation of native-like lignins is the instant depolymeri-
zation-stabilization of native lignin towards stable lignin monomers during ligno-
cellulose processing. This approach benefits from depolymerizing lignin in its most
reactive form, but requires a fast and efficient stabilization of reactive lignin inter-
mediates in order to minimize lignin repolymerization and maximize the envisioned
production of chemicals. Effective stabilization strategies for instance include (1)
reductive stabilization, (2) quenching of carbonyl groups through acetal formation,
(3) decarbonylation, or (4) a fast physical removal of reactive species from the heat-
ing zone.

In conclusion, a selective and high-yield production of lignin-derived platform
chemicals can be attained via several strategies as long as three criteria are fulfilled:
(1) lignin or lignin-derived products are isolated in high yields, (2) the intrinsic
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reactivity of native lignin towards depolymerization is fully exploited, and (3) a sta-
bilization mechanism is applied to minimize lignin repolymerization.

Finally, lignin-derived platform chemicals could serve as the starting point for a
broad range of existing and new bio-based applications. In particular, opportunities
exist in the catalytic conversion of these platform compounds towards base chemi-
cals and fuels, as well as specialty chemicals, pharmaceuticals, and materials.
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