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Abstract

Over recent years, Reductive Catalytic Fractionation (RCF) has given traction as a potential
method for lignocellulosic biomass valorisation. Based on the active stabilisation of reactive
lignin intermediates, the process produces a carbohydrate-rich pulp and lignin oil- a mixture
of lignin-derived monophenols, oligomers, polymers, and carbohydrate derivatives. For the
RCF process industrial implementation, homogeneous monophenol streams and the faith of
oligomeric and polymeric lignin fractions are among the key factors. Following this reasoning,
the current thesis aims to provide new chemical insights into the polymeric lignin fractions
and introduce new approaches to steer the RCF lignin oil composition. Accordingly, a solvent
fractionation strategy is first developed to produce distinctive lignin oil fractions, enabling
deconvoluting analytical data. As a result, new non-native reduced B-O-4 linkages are
discovered, demonstrating an additional lignin stabilisation mechanism that also incorporates
polymeric lignin moieties. Deconvoluting the spectral data also showed that the carbohydrates
in lignin oil are oligoxylan alcohols. Additionally, a new Structural Index metric is introduced
to assess the chemical nature of oligomeric and polymeric lignin with a simple GPC/UV-VIS
analysis. To steer the process outcomes, mechanocatalytic pretreatments are introduced prior
to the RCF. It is discovered that adding acetic acid to ball-milling before the RCF process
increases monophenol yields and carbohydrate retention in pulp. In addition, a semi-batch
RCF strategy is introduced with incremental temperature increases. It is demonstrated that
process conditions have an immense effect on monophenols distribution, and at low
temperatures, lignin can be partially extracted with complete carbohydrate retention in pulp.
In a broader context, the current thesis provides new insights into the chemical nature of
lignin-derived oligomers and polymers, which can open new avenues for these lignin fractions'
modification and utilisation. Additionally, the introduced RCF approaches provide new ways

to steer the process outcomes, creating further options in the process design considerations.
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1. Introduction

Lignocellulosic biomass is the most abundant renewable organic material on Earth, produced
through photosynthesis by terrestrial plants.™? It forms the structural framework of plants and
is primarily composed of three biopolymers: cellulose, hemicellulose, and lignin. Cellulose is a
crystalline polysaccharide and forms the primary scaffold of plant cell walls. Hemicellulose, a
heterogeneous mixture of branched polysaccharides, surrounds the cellulose microfibrils and
provides flexibility and cross-linking capacity. Lignin is a complex, amorphous aromatic
polymer, which enwraps the polysaccharide matrix and imparts mechanical strength,
hydrophobicity, and resistance to microbial degradation.** While the total global annual
biomass production through photosynthesis is assessed to be 100-200 billion tons, the
lignocellulosic part forms roughly a quarter of it.">® Among the lignocellulosic biomass, it is
assessed that 3-5 billion tons of it would be technically accessible for industrial use without
compromising the current utilisation patterns.®® This, on the other hand, is in the same order

of magnitude as annual oil (~5 billion tons)® and gas (~3 billion tons)™

production in 2024 and
significantly exceeds the annual production of primary petrochemicals (~0.5 billion tons) and

petrochemical-derived materials (~1.2 billion tons)."

As such, lignocellulosic biomass is abundantly available and presents a viable alternative to
fossil resources for the production of chemicals, materials, and biofuels. Accordingly, its
efficient utilisation and conversion can play an important role in tackling the challenge of
anthropogenic climate change. While biomass is central to renewable carbon strategies, it is
important to recognise that other non-fossil carbon sources also hold promise. These include
captured CO,, waste plastics, aquatic biomass, and industrial organic residues, among
others.’*'* Rather than being seen as competitors, these alternative carbon sources should be
seen as complementary approaches, each capable of replacing specific segments of the fossil-
based value chains. Among these options, biomass stands out due to its broad availability and
inherently renewable nature. Moreover, lignocellulosic biomass possesses a high degree of
intrinsic chemical functionality, which can be leveraged for atom-efficient conversion

strategies. Upgrading its components for the chemicals industry not only offers a sustainable
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alternative to petrochemical routes but also enables potentially more cost- and resource-

efficient production.’

The valorisation of the individual biopolymers within lignocellulosic biomass fundamentally
depends on effective fractionation into cellulose, hemicellulose, and lignin streams that can be
independently upgraded. Historically, biomass fractionation was developed primarily to
support the pulp and paper industry, with the Kraft and sulphite pulping processes emerging
as dominant technologies in the early 20th century.’® These two processes continue to account
for the vast majority of global pulp production today with approximately 120 million tonnes
produced annually via the kraft process and 10 million tonnes via the sulphite process, out of
a total of roughly 200 million tonnes." Both rely on the chemical removal of lignin from wood:
the kraft process uses sodium hydroxide and sodium sulfide under alkaline conditions, while
the sulphite process employs acidic conditions with sulphite salts. Although these methods
are efficient at isolating cellulose, the lignin fraction undergoes significant structural
degradation and condensation during pulping and is primarily burned to recover energy and
process chemicals. In the case of the sulphite process, lignosulfonates—sulfonated lignin
derivatives—have been isolated commercially since the 1930s and used primarily as
dispersants, binders, and in vanillin production.'® Similarly, lignin can be recovered to varying
extents from kraft pulping, and recent decades have seen the introduction of new separation
technologies that enable partial recovery of dissolved kraft lignin.” Nevertheless, the high
sulphur content and highly condensed nature of these technical lignins continue to limit their
suitability for high-value applications, ultimately hindering the economic feasibility of

recovering lignin at larger scales.?

In addition to traditional wood fractionation processes, a variety of new biorefining concepts
have emerged over time, aiming to achieve complete biomass valorisation while avoiding the
incorporation of sulphur into the lignin structure. The organosolv process, developed in the
late 20th century, uses organic solvents to extract lignin—sometimes along with
hemicelluloses—under relatively mild, sulphur-free conditions.?" Although several pilot-scale
demonstrations have been built, the process has yet to become widely adopted at industrial
scale. In parallel, the past few decades have seen a renewed interest in soda pulping, a method

first introduced in the mid-19th century that uses sodium hydroxide to extract lignin. While
11



once largely sidelined, soda pulping has found modern applications in the fractionation of
non-woody biomass and the production of bioethanol, leading to the construction of new
facilities in recent years.? In addition, advancements in sulphite process technologies over the
past two decades have enabled a broader product portfolio and pushed the process closer to
complete biomass valorisation.’® More recently, new biorefineries have been established that
rely on acid hydrolysis for wood fractionation. These industrial and demonstration-scale plants
typically combine chemical pretreatment with biological upgrading of the carbohydrate
fractions into value-added chemicals.?*** Although such approaches can achieve near-
complete biomass utilisation, the harsh acidic conditions often cause lignin to undergo

condensation reactions, thereby limiting its use to a narrower range of applications.

To avoid the lignin condensation and unleash the lignin's full potential as a functional aromatic
molecule, Lignin-First biorefining (LFB) has emerged in recent years as a method considering
lignin valorisation already in the process design phase. LFB is an umbrella term for methods
that are based on the active stabilisation of the reactive lignin species released during its
solvolysis.® Accordingly, the LFB methods avoid lignin condensations and thereby render
lignin streams with great potential for upgrading. To date, the LFB is an umbrella term for three

different fractionation methods (Figure 1-1).2°
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Figure 1-1. Three lignin-first strategies reported to date using solvolysis and catalytic stabilization of reactive
intermediates to stable products or protection-group chemistry and subsequent depolymerisation. Reproduced from
reference®’ licensed under CC BY 3.0.

The most widely studied lignin-first approach is Reductive Catalytic Fractionation (RCF), which
employs a heterogeneous catalyst in the presence of either molecular hydrogen or a
hydrogen-donor solvent to stabilise reactive lignin intermediates as they are released during
solvolysis. Notably, RCF under H, pressure was already explored in the early 1940s as an
analytical method for studying lignin structure, although it was never commercialised.?® The
concept gained renewed attention in the early 2010s, when a new generation of research
began to position RCF as a viable biorefining strategy.?’*' RCF produces a lignin oil containing
a mixture of lignin-derived monophenolic compounds, which serve as versatile, functionalised
building blocks for both bulk and fine chemicals. In addition to monomers, the oil typically
contains varying amounts of oligomeric and polymeric lignin fractions, as well as
hemicellulose-derived compounds, depending on the process conditions.* These higher
molecular weight fractions- largely free from non-native condensed structure- could offer
promising opportunities for materials and polymer applications. The process also yields a

carbohydrate-rich pulp that is amenable to downstream upgrading. The second LFB approach,
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known as diol-assisted fractionation, was introduced in 2015 and relies on the utilisation of
diols in acidic media to trap the reactive carbonyl-containing lignin fragments into acetals.*?
As such, readily upgradable lignin-derived monomers can be isolated along with the cellulose-
rich pulp.® In 2016, aldehyde-assisted fractionation was first introduced. It involves
introducing aldehydes prior to lignin extraction, which selectively protect reactive sites on the
lignin structure and prevent undesired degradation and condensation.>* The resulting lignin

can either be used directly or further depolymerised using RCF-like methods.

While the RCF process have been studied for almost a decade by now, further understanding
of it as well as various technical aspects like catalyst recycling must be resolved before it can
reach full industrial feasibility. In addition, the very nature of RCF to avoid condensation
reaction is also a tool to develop a better understanding of lignin itself, aiding biomass
valorisation in a more general sense. As such, the current thesis focuses on advancing the RCF
concept by expanding the understanding of the processes occurring during fractionation and
by introducing new approaches to better steer process outcomes. The experimental work
builds on previous research conducted in our group and employs poplar wood as the biomass
feedstock, Raney Ni as the catalyst, and a 2-propanol/water mixture as the hydrogen-donor

solvent system for the RCF process.

The thesis begins with a literature review that introduces the chemical foundations and current
understanding of lignocellulosic biomass composition. From there, it follows the path of lignin
from its release during biomass fractionation to its stabilisation and depolymerisation under
reductive catalytic conditions, highlighting both chemical transformations and
physicochemical processes. The chapter concludes with a discussion of techno-economic
aspects related to RCF implementation. Chapter 3 of the thesis introduces a solvent
fractionation strategy of RCF lignin oil for molecular profiling of different molecular weight
fractions. During this process, an additional lignin stabilisation mechanism during the RCF
process is discovered via the formation of non-native reduced B-O-4 linkages. The chapter
also explores the chemical nature of carbohydrate-derived components present in the lignin
oil and introduces a new UV-Vis-based metric for lignin characterisation. Chapter 4
investigates the effect of mechanocatalytic pretreatment using various additives prior to the

RCF process. The results demonstrate that incorporating acetic acid during ball milling
14



enhances monomer yields and improves pulp quality. In Chapter 5, a semi-batch temperature-
stepping RCF strategy is introduced, emphasising the importance of process conditions, and
not necessarily the catalyst alone, in determining the product portfolio and monophenols

selectivity.
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2. Literature review

To facilitate the insights into the RCF process, the current literature review aims to cover the
journey of lignin molecules, starting with the release from the lignocellulosic matrix to the
stabilisation and further degradation on the catalyst surface (Figure 2-1). As the growing
knowledge of lignin structure and the lignocellulosic matrix itself goes hand-in-hand with the
understanding and possible outcomes of the RCF process, the first subchapter focuses on the
lignin and other cell wall constituents' structure along with their placement in the
lignocellulosic matrix. From the second sub-chapter, the lignin journey begins the detachment
from the lignocellulosic matrix. Solvent properties for lignin dissolution and cleavages in the
biopolymers are looked at in detail. The third sub-chapter covers the lignin processes taking
place during the diffusion from the release from the lignocellulosic matrix to the bulk liquor.
Accordingly, further degradation of lignin and carbohydrate moieties, condensation of reactive
species, and the diffusion itself are touched. After lignin moieties reach the bulk liquor, the
fourth chapter focuses on the catalytic processes on the heterogeneous catalyst. Therefore,
the effects of solvents on it and the reductive processes that take place are covered. The
subchapter ends with a tabulated summary of reaction conditions and catalysts utilised in RCF
processes. The fifth sub-chapter gives a brief overview of the process impact on holocellulosic
pulp focusing on biopolymers retention and upgradability of the pulps. The sixth and final
subchapter considers the techno-economic aspects of the process. Accordingly, an overview
of recent techno-economic analysis and life-cycle assessments of the process are given, and
the downstream upgrading of the lignin fraction is discussed. The section finishes with the

research objectives.
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2.1. Lignocellulosic biomass
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Figure 2-1. Visual overview of the literature review.

2.1. Lignocellulosic biomass

Lignocellulosic biomass encompasses a diverse range of plant-based materials, which can be
divided into three broad categories: grasses, hardwood, and softwood. Figure 2-2 depicts a
breakdown of softwood from the cellular level to the nanoscale, highlighting different parts of
cell walls and major biopolymers present in secondary cell wall structures.®® A plant cell wall is
arranged in layers comprising primary and secondary cell walls and middle lamella. The

secondary cell wall is further divided into outer (S1), middle (S2), and inner (S3) layers, which
17



deviate in the orientation of microfibrils present in corresponding layers. As the secondary cell
wall forms more than 95% of the wall thickness in STEM wood cells, the lignocellulosic biomass
section focuses primarily on the composition and architecture of secondary cell walls' main
components- cellulose, hemicellulose and lignin.*® This subchapter provides an overview of
the chemical origin and molecular structure of each biopolymer, along with the intermolecular
interactions and supramolecular structure, to facilitate the later discussion on chemical and

physical processes during reductive catalytic fractionation.

—— Disordered o —.
1 . celluloseand .. g
. fibril
Lumen ‘L hemicelluloses \
|

£

Glucomannan

Figure 2-2. Schematics illustrating the breakdown of softwood from the cellular level to the nanoscale. Lumen is a
void space in developed wood occupied by cell organelles during cell development. The primary cell wall in woody
biomass is very thin and is located between the S1 layer and the compound middle lamella (CML). The larger volume
of adhering CML in the corners of multiple cells is termed corner CML (CCML). Reproduced from reference 3> licensed
under CC BY 4.0.

2.1.1. Structural features of lignin

Lignin derives from aromatic monomer units, which are synthesised via enzymatic pathways
from phenylalanine (and from tyrosine in grasses) in the cell’'s cytosol. The majority of the
monophenolic compounds that are transported to the cell wall are formed by three canonical
lignin monomers- p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. The key enzymatic
steps towards the three canonical monolignols along with the intermediates and additional
phenols forming in cell’s cytosol are recently summarised by Vanholme et al. and could be

1 .37

found in Appendix Figure A- After transport to the cell wall, laccase and peroxidase
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enzymes generate monolignol radicals, which undergo coupling and polymerisation to form
lignin.*® Accordingly, Scheme 2-1 summarises the cell wall lignification process, emphasising
that any phenol transported to the cell wall can undergo oxidative radical coupling and can be

incorporated into the lignin structure.®

Cytosol o Cell wall
&
H
Various phenolic Canonical lignin 3 —
. . > Lignin
intermediates monomers 3
o
5 ¥o
>
OH © R Ry
OH R R
: Radical formation R,
OH and coupling,

Enzymatic . Ry
R, R, polymerisation
processes
S / : R
NH, 1 :
HO i
o R, |
OH Ri=Ry=H R
. R : R, 2
phenylalanine/ :

Ri=OMe R,=H |
tyrosine ! 2 | O:ﬁi

(only in grasses) Ri=R;=OMe

Scheme 2-1. Graphical representation of the space where lignin formation takes place. Lignin monomers are
synthesised in the cytosol, which, after transport to the cell wall, can undergo a lignification process.

In the lignin structural features subchapter, different lignin monomeric units found from lignin
to date are first summarised. This is followed by a discussion on the formation of lignin linkages
and lignification. Finally, lignin structure is discussed in light of lignification theory and

experimental data.

2.1.1.1. Lignin monomers

Lignin is often described as being formed from three canonical monolignols (p-coumaryl,
coniferyl, and sinapyl alcohols) by oxidative radical coupling to form the corresponding H, G-
and S-units in lignin.*® While the three monolignols usually make up the bulk of the lignin, a
variety of other phenolic compounds from the monolignol biosynthetic pathway as well as
other routes beyond the canonical pathway, can be incorporated into the structure. Depending
on the plant species, environmental conditions, and growth stage, the ratio of canonical
monolignols and the extent of incorporation of non-canonical lignin monomers into lignin can
vary significantly. Scheme 2-2 summarises the lignin monomers that have been detected in
plant lignin structures to date. In total, 46 different monomers in 12 classes have been

detected, with 34 monomers in 9 classes from the canonical monolignol biosynthesis pathway
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and 12 monomers in 3 classes from biosynthetic pathways beyond the canonical

monolignol.*”#!

Many of the lignin monomers displayed on Scheme 2-2 have only been

discovered in recent years, and it is likely that the list will further expand in the near future.
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Scheme 2-2. Summary of the 46 different lignin monomers in 12 different classes found to date in natural lignins.
The grouped monomers arising from the canonical monolignol pathway are boxed in light brown, with the most
abundant group of hydroxycinnamyl alcohols highlighted in wide bold and another abundant class- the
hydroxycinnamyl esters highlighted in bold. The monomer classes arising from biosynthesis pathways beyond the

canonical monolignol are boxed in grey.

20



In hardwoods, lignin is primarily formed from coniferyl and sinapyl alcohols, with a minor
inclusion of p-coumaryl alcohol. Softwood lignin is mainly constructed from coniferyl alcohol
along with small amounts of p-coumaryl alcohol. In grasses, both coniferyl and sinapyl alcohols
play a significant role, and slightly higher levels of p-coumaryl alcohol incorporation compared
to hard- and softwoods can take place®***?. Along with widespread canonical hydroxycinnamy!
alcohols, two other monomers in this class have been found in native lignins. Caffeyl alcohol
has been found to be the dominant monomer in vanilla seed coats as well as in some cactus
seeds.*® 5-hydroxyconiferyl alcohol has been found in small amounts (<1%) in the lignin of

some grasses.***

Besides canonical lignin monomers, hydroxycinnamyl esters are the most widespread non-
canonical lignin monomers and can be found in many plants. Acetylation of lignin is a result
of monolignol acetates’ incorporation during lignification.*? Acetylated lignin species could
be found at substantial levels in various grasses and at lower levels in several hardwoods. In
Agave leaf fibres, up to 52% of the lignin units are acetylated, while the acetylation of lignin in
rice culm can reach up to 2.5%.%*7>> From hardwoods, aspen lignin incorporates around 1% of
acetylated lignin monomers, while in hornbeam, 45% of the S-units and 3% of the G-units are
acetylated.”® In most plants, acetylation occurs mainly on S-units, and softwoods like pine and
spruce, rich in G-type lignin, completely lack acetylated lignin units.*"** Monolignol p-
hydroxybenzoates are common in hardwood lignins (e.g., poplars, aspens, and willows), where
they can comprise 10-15% of the total lignin.**°%>® They have also been identified in grasses
at substantial levels and have been shown to occur mainly on S-units.>*® Monolignol p-
coumarates are typical in grasses, where they can be prevalent (around 50% of the units are
p-coumaroylated in elephant grass and papyrus) or only be found in trace amounts in

others.%'

While acetates, p-hydroxybenzoates, and, to some extent, p-coumarates are common lignin
monomers in many plants, other hydroxycinnamyl esters like ferulates, benzoates, and
vanilates have only been found in trace amounts in native lignins. Monolignol ferulates have
been found in small quantities (usually <0.1%) from various grasses.®® Monolignol benzoates

have shown a tendency to occur simultaneously with p-hydroxybenzoates, and it has been
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found in trace amounts from poplar and palm tree lignin.?”*® To date, monolignol vanilates

have only been described in trace amounts in Canary Island palms.®’

Hydroxycinnamaldehydes could be found at low levels in the lignin of most normal plants.”®

As a direct precursor for canonical monolignols, the downregulation of the cinnamyl alcohol
dehydrogenase enzyme responsible for the reduction has led to significant incorporation of
the aldehydes into the lignin structure.”"”> Out of the hydroxyarylpropanols, dihydroconiferyl
alcohol and guaiacylpropane-1,3-diol have been detected in small amounts in many
softwoods as well as in some hardwoods.”>”® The hydroxypheylglycerols have also been found
in trace amounts from woody biomass lignin. However, it is unclear whether they derive
enzymatically in the cell's cytosol or are a result of radical oxidation reactions during
lignification in the cell wall and could, therefore, not be accounted for as lignin

monomers.’>767980

Ferulic acid has been shown to be present in trace quantities in grasses as well as in hardwood
lignins.*8" In grasses, ferulates acylate polysaccharides, particularly arabinose residues at the
C-5 in arabinoxylans.?®* Coumarin scopoletin has recently been discovered in trace amounts
in the lignin of some grasses, along with the enzyme responsible for its production from
ferulates.®>® Hydroxybenzaldehydes and hydroxybenzoic acids have been found in small

quantities in the native lignin of grasses.?’

Besides phenolic compounds arising from the canonical monolignol biosynthetic pathway,
recent years have also uncovered lignin monomers beyond the canonical monolignol pathway.
In 2012, tricin was reported as the first monomer of this type being incorporated into the lignin
of wheat straw.®® The research followed has indicated tricin to be present in the lignins of a
large variety of grasses.®®' In the latter years, other flavonoids (e.g., naringenin, naringenin
chalcone, and dihydrotricin) have been discovered from the grass lignins.®**> Another class of
compounds derived from beyond the canonical monolignol biosynthetic pathway is
hydroxystilbenes. Resveratrol, piceatannol, and isorhapontigenin have been found in the
lignins of fruit endocarps.®®%* Hydroxystilbene glycosides have been recently reported in the
lignin of Norway spruce bark.*** Ferulic acid amides are also derived from beyond the

monolignol biosynthetic pathway. Ferulotyramine has been described as part of lignin in
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96-99

tobacco plants as well as in several other plants, and diferuloylputrescine has been found

in the lignin of maise kernels."®

Along with the natively occurring monolignols, a significant amount of research has been
dedicated to genetically modify plants to alter the occurrence of enzymes responsible for
monolignol synthesis in plants. For example, overexpression of ferulate 5-hydroxylase (F5H),
which is responsible for the methoxylation of coniferaldehyde and coniferyl alcohol, led to
poplar containing 98% S-units.>*>®1°" In turn, knocking out the F5H enzyme produces plants
solely with G-lignins."" A recent comprehensive overview of key efforts in monolignol
engineering is provided by Ralph et al., covering the engineering of conventional monolignol

production as well as engineering monolignol pathway intermediates into lignin polymers.'%

Although the bulk of the lignin in plants is derived from the three canonical monolignols as
well as from hydroxycinnamyl esters, research on the incorporation of other metabolites from
the canonical lignin biosynthetic pathway and beyond that has significantly broadened the
understanding of this biopolymer. Evolving efforts on lignin characterisation, as well as the
examination of a wider range of plants, will likely lead to further expansion of the lignin

monomers list in the upcoming years.

2.1.1.2. Radical coupling and formation of lignin linkages

After monolignol transport from cytosol to the cell wall, they undergo peroxidase/laccase-
induced oxidative radical formation. Once the radicals are formed, they couple and cross-
couple randomly, forming quinone methide intermediates. In an aqueous medium, the species
undergo rearomatisation and thereby give rise to linked lignin moieties racemic in their nature.
2037102 Accordingly, Scheme 2-3 summarises the lignin polymerisation process starting with
resonance stabilised monolignol radical, formation of quinone methide intermediate and
rearomatisation to form lignin.'® Linkages arising from canonical monolignols are described
as they make up the majority of lignin monomers and, therefore, participate in most linkages

formation.

B-aryl ether is the most common lignin linkage prominent in all lignocellulosic biomasses. The
number of -O-4 linkages per 100 aromatic units can range from 35 in Maple to 60 to 73 in
birch.'®1% In softwoods, the B-O-4 content is slightly lower than in hardwoods, usually ranging
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from 40-50 linkages per 100 aromatics.?%%471% 20|t can be formed via two monolignols radical
coupling or, more commonly, via monomer-oligomer cross-coupling.’® The rearomatisation
occurs under kinetic and not thermodynamic control, giving rise to a racemic mixture of
anti/syn isomers.''% Like B-O-4 linkage, phenylcoumaran can be formed via coupling of two
monomeric units or oligomer coupling with a monomer. The produced quinone methide
intermediate rearomatises by internal trapping with available phenol, resulting in trans-
selective ring closure and formation of five-membered ring.**'® The abundance of
phenylcoumaran linkages varies from 3-12% in different plants. The third common lignin
linkage in plants is resinol, contributing 1-12% of the total lignin linkages.® Unlike B-aryl ether
and phenylcoumaran moieties, it can only be formed via the coupling of two monolignol units.
Like the quinone methide intermediate for phenylcoumaran formation, the B-f coupled
quinone methide is internally trapped. However, this time by hydroxyl groups at C,, and the

rearomatisation produces only a single isomeric form,'0%11

Along with the three common lignin linkages, other bonding motifs could be found in many
plants. The oligomer-oligomer coupling of G-units producing biphenyl linkages almost
exclusively undergoes another coupling to form a cyclic ether structure- the

dibenzodioxocin.""'1?

Importantly, evidence only for free phenolic versions of
dibenzodioxocin has been found to date, implementing that the linkage does not create a
branching point in lignin."” Dibenzodioxocin linkages are common in G-unit-rich softwoods
(5-7%) but less prominent in hardwoods (<1%) and grasses.?’ Similarly to dibenzodioxocin,
diaryl ethers arise from the coupling of two oligomeric moieties, and only free phenolic forms
have been evidenced."*'"* Therefore, the 4-O-5 linkage does not create a branching point
either.'® The diaryl ether has been identified to link approximately 1-2% of the lignins in
plants.?®' Spirodieone moieties are derived from monolignol coupling with an existing
phenolic end of B-aryl ether.”>"® Importantly, one of its phenolic groups remains non-
etherified, implying that the spirodieone linkages do not present a branching point in the
lignin structure.”™® The occurrence of the moiety usually remains between 1-2% but can reach

also higher levels in selected hard- and softwoods.?%'%
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Scheme 2-3. Summary of the lignin linkages formation process from prototypical monolignols along with their
relative abundance in different types of lignocellulosic biomass. a) Enzymatic oxidation and H-abstraction of
monolignol to form resonance stabilised radical. b) Formation of 5-aryl ether linkage. c) Formation of phenylcoumaran
linkage. d) Formation of resinol linkage. e) Formation of dibenzodioxocin linkage from 5-5' linked oligomer. {)
Formation of diaryl ether linkage from lignin oligomers. g) Formation of spirodienone linkage. *The content of lignin
interunit linkages is aggregated from references 20.104-106
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The six main structures deriving from canonical monolignols form the backbone of the lignin.
Importantly, the phenolic acyl groups in common lignin monomers like p-hydroxybenzoates
and p-coumarates preferentially undergo radical transfer reactions instead of radical coupling,
indicating that the given acyl groups mostly remain free phenolics. Therefore, p-
hydroxybenzoates and p-coumarates are pendant groups in lignin structure.>®'""'® |f an
acylated monolignol undergoes [3-B' radical coupling with another canonical monolignol or its
ester, the resinol structure cannot be formed, and a tetrahydrofuran-like structure found in
small amounts in some lignins is formed instead.*”*>*%'"® Other unconventional lignin
monomers usually follow similar coupling patterns to canonical monolignols, with some
exceptions. The aromatic 3-hydroxyl group of caffeyl alcohol and 5-hydroxyconiferyl alcohol
causes internal trapping of quinone intermediate after B-O-4 coupling and gives rise to
benzodioxane moieties. Lignins solely synthesised from caffeyl alcohol and containing only
benzodioxane moieties are called “C-lignins” and have been found in seed coats of vanilla and
cactuses.*'2'?" Tricin have been shown to only appear at the starting end of the lignin chain
and has been suggested to play a role as a nucleation site in grasses during lignification.’?® An

extensive overview of unconventional lignin monomers and their incorporation mechanism

into lignin during lignification is given by del Rio et al. in a recent review.*'

2.1.1.3. Lignin structure

One of the most intriguing discussions to date in the lignin research community remains the
very nature of native polymeric lignin. Historically, lignin has often been stated to be a cross-
linked polymer. However, the lignification theory and NMR studies on native lignin structures
tend to point towards a more linear structure than usually thought.'*'? Three main points of

disagreement exist, which essentially determine how branched and cross-linked the lignin is.

e The nature of 5-5' (diphenyl) structures. It has been stated that 5-5'-linked units are
almost exclusively forming dibenzodioxocin linkages, in which the linked monomer
remains as a free phenolic, resulting in a “U"-type structure instead of "Y"-type.?102124

This is challenged by the research on softwood milled-wood lignin, which, based on

lignin derivatisation, NMR, and UV-Vis analysis, has concluded that most of the 5-5'-

linked units are not dibenzodioxocin units, but rather etherified from both phenolic
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ends forming "H"-type cross-linking point. The dibenzodioxocin moieties present are

also etherified, giving a "Y"-type branching point.'12¢

e Etherification of 4-O-5 (diaryl ether) units. Only the free-phenolic form of the diaryl
ether has been evidenced in native lignins, resulting in “U"-type structures instead of
"Y"-type.'%113114 Etherification of the phenol, often referred to in literature, would
result in a "Y"-type structure and consequently a branching point in lignin structure.'®

e Etherification of a- and y-positions in alkyl chain. NMR studies have revealed that
although present in some synthetic lignins, there is little evidence of a-aryl ethers in
plants, and the a-position is occupied by the hydroxyl group arising from water
addition to quinone methide intermediate in B-O-4 moieties.'®?"'?8 |t has also been
suggested the presence of a-and y-alkyl ethers which would give rise to "Y"-type
branching points. However, no direct evidence or identification is known to date.’®
Formation of a-alkyl ester would require hydroxypropyl aromatic (y-OH) unit addition

to quinone methide intermediate during the -O-4 bond formation, which is unlikely

in cell walls rich in water and carbohydrates.

It is important to emphasise that the lignin structure arising from radical coupling is inherently
non-deterministic due to the variety of monolignols and linkages as well as the racemic nature
of the linkages. Therefore, any representation or proposed model of a “lignin structure” is
merely a rough approximation of an average lignin molecule in the cell wall. It has been
estimated that, on average, lignin contains 20-30 monomeric units with a considerable
polydispersity, therefore also containing lignin molecules from only several monomers up to

more than 100.12>122130

Moving forward, 5-5'-linked units are considered to be in dibenzodioxocin linkages and
contain, along with 4-O-5 linkages, a free phenolic end. While in hardwoods and grasses, the
5-5'-and 4-O-5-linked units only make up a minor fraction (<2%), the prevalence of 5-5' linked
units in softwood makes it important to keep in mind the ambiguity about the very nature of
the 5-5'-linked units. Scheme 2-4 depicts a hardwood lignin structure proposed by Ralph et
al. in 2019 based on the current lignification theory and NMR studies. The lignin molecule
results from the polymerisation of 20 monolignol units and contains the estimated amounts

of corresponding monolignols and lignin linkages.
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hydroxyl groups are derived from water addition during quinone methide rearomatisation. The lignin monomers in
the backbone are marked in black, while the formed lignin linkages are colorised according to the legend of the figure.

2.1.2. Structural features of hemicellulose

Hemicelluloses are heterogeneous polysaccharides, which comprise 15-35% of the weight of
biomass. Unlike lignin which is synthesised in the cell wall via radical coupling, hemicelluloses
are enzymatically synthesised in the Golgi apparatus from corresponding nucleotide
sugars.?3 The synthesised polysaccharides are transported into the cell wall, where they can
potentially undergo enzymatic remodelling. The main monomeric units in hemicelluloses are
pentoses (D-xylose, L-arabinose), hexoses (D-mannose, D-galactose, D-glucose) and uronic

acids (D-glucuronic and 4-O-methyl-D-glucuronic acid)."?

Along with the major
monosaccharides, hemicelluloses can also contain L-rhamnose, L-fucose, and other uronic
acids. Importantly, many hemicelluloses are also acetylated via O-2 and/or O-3 position, and
the acetyl groups can account for 3-5% of the hardwood and 1-2% of softwood
composition.” Scheme 2-5 summarises the main types of hemicelluloses along with their

relative abundance in different types of biomass's primary and secondary walls.
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Scheme 2-5. The main types of hemicelluloses, along with the most common pentoses, hexoses and uronic acids
found in corresponding hemicelluloses. The content of the hemicelluloses in hardwoods, softwoods, and grasses is

based on reference 3.

Glucuronoxylans (GXs) are the main component of hardwood hemicelluloses.*®"’ Its D-

xylopyronose (Xylp) backbone is linked via B-(1—4) glucosidic linkages, with the 4-O-methyl-

D-glucuronic acid (4-O-MeGlIcA) attached via a-(1—2) bond to the linear backbone. On

average, 3-7 xylose units out of 10 are acetylated at O-2 and/or O-3 positions, and the degree

of polymerisation (DP) ranges from 100-200."*%'3® Arabinoglucuronoxylans (AGXs) could be

found mainly from softwoods."**"3? AGXs share the same backbone and 4-OMeGlIcA units with
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GXs, but AGX backbone is not acetylated and contains a-(1—3)-linked L-arabinofuranose (Araf)

residues.’°

Arabinoxylans (AXs) and Glucuranoarabinoxylans (GAXs) are the main
hemicelluloses in grasses and can also be found in the primary walls of hardwoods. They share
the same xylan backbone with GXs and AGXs, and are substituted with a-(1-2)- or a-(1-3)-
linked Araf units.**'%11%2 The arabinosyl unit can be further acylated with ferulic acid from O-
5 position, which in turn is responsible for cross-linking hemicelluloses and lignin.""” Beside

arabinosyl units, AGX backbone is substituted with D-glucuronic acid (GIcA) and 4-O-MeGIcA

via a-(1-2)-linkages and can contain O-2 and/or O-3 linked acetyl groups.™*

Xyloglucans (XGs) can be found in the primary cell walls of all lignocellulosic plants. XGs
backbone is formed by B-(1—4)-linked D-glucopyranose (Glcp), and on average, 6-8 units out
of 10 are substituted with Xylp at O-6 via a-(1-6) linkages. The xylose side units can be further
substituted with D-galactopyranose (Galp) via B-(1—2)-linkage and Araf via a-(1—-2)-linkage,

and also contain acetyl groups.’>"#

Galactoglucomannans (GGMs) are the main hemicelluloses in softwoods. They can account for
up to 30 wt% of the secondary cell wall. GGM backbone consists of D-mannopyranose (Manp)
and D-Glcp linked via p-(1—4) bonds, with Manp being predominant over Glcp. The GGM
backbone is substituted by a-(1-6) linked Galp units and is partially acetylated (2-3 units out
of 10) at O-2 and/or O-3 positions.™ ™ Glucomannans (GMs) share the same backbone as
GGMs but do not contain Galp side units. They can be found in both hard- and softwoods,

where they form up to 5 wt% of the biomass.'

Besides the aforementioned hemicelluloses, B-(1—3,1-4) linked glucans could also be
considered hemicelluloses and can form 2-15 wt% of the grasses.”™® Other polysaccharides
such as arabinans, arabinogalactans and galactans are occasionally added to the hemicellulose
group. However, they are better suited to be part of pectin molecules as they do not share the

equatorial B-(1—-4) linked backbone with common hemicelluloses."

2.1.3. Lignin-carbohydrate complexes

In plant cell walls, lignin moieties can be covalently linked to carbohydrates, forming lignin-

carbohydrate complexes (LCCs), with most carbohydrates involved being hemicelluloses.'" >

It has been shown that all lignin moieties in softwoods and 47-66% of lignin moieties in
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hardwoods are bound in LCCs."™™* Lignin-carbohydrate bonds arise during the biosynthesis

of lignin in the cell wall and are usually assumed to result from nucleophilic addition of

carbohydrate to quinone methide intermediate arising from lignin radical coupling.”™ Scheme

2-6 summarises the main types of LCCs bonds described to date.
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Scheme 2-6. Main types of lignin-carbohydrate linkages found in LCCs.

Benzyl ethers are thought to arise from carbohydrate hydroxyl group nucleophilic addition to

Cu in quinone methide intermediate from B-O-4 lignin linkage formation. Dependant if the

hydroxyl group is primary or secondary in the carbohydrate, C6 hydroxyl groups in hexoses

and C5 hydroxyl group in L-arabinofuranose form type | benzyl ethers, while nucleophilic

addition from any secondary OH-group results in type Il benzyl ether.”*® In softwoods, the

number of LCC linkages per 100 aromatic units has been measured to vary between 3.8-6.1,

while in hardwoods, the corresponding number of linkages is up to 4.""1>7-1%0
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Benzyl esters are described to arise via a similar mechanism to benzyl ethers, but instead of
pentose or hexose hydroxyl group addition to quinone methide intermediate, the nucleophilic
addition takes place from the carboxylic OH-group from uronic acid.™® Formed benzyl ester is
proposed to further mitigate to C, in lignin, giving rise to thermodynamically more stable y-
esters.'®™™"% The number of benzyl and y-ester linkages per 100 aromatic units have been

measured to be in the proximity of 5 in both soft- and hardwoods.™®

Phenyl glycosidic LCCs are abundant in woody biomass with 4.4-6.8 linkages per 100 aromatic
units in softwoods and 5.0-7.9 in hardwoods."*""*"*® Nonetheless, phenyl glycosidic LCC bond
formation remains ambiguous to date. One proposed mechanism is based on the acid-
catalysed hemiacetal formation at the reducing end of hemicellulose with a phenolic hydroxyl
group, resulting in phenyl glycosidic linkage."®'%*'®> Recently, Rencoret et al. demonstrated
the presence of hydroxystilbene glucoside monolignol in softwood bark, which gives rise to
phenyl glycosidic LCCs after lignification.®® In another recent study by Miyagawa et al, in vitro
experiments were carried out with monolignol 4-O-glucoside with and without the enzyme [3-
glucosidase responsible for transglycosylation in the cell wall in the presence of peroxidase
responsible for initiating lignin radical coupling. The direct addition of the monolignol 4-O-
glucoside via quinone intermediate was determined as the primary mechanism for
incorporating the phenyl glycosidic bond. However, evidence of glucose migration to phenolic
ends via transglycosylation was also found, supporting the hypothesis that phenyl glycosidic
bonds could not only form via radical coupling of monolignol glucoside with monolignol or
oligomeric lignin moiety but could also form between hemicellulose and phenolic moieties in
cell wall while not involving quinone methide intermediates. The same study also found
evidence of the formation of monolignol y-O-glucosides via transglycosylation, giving rise to

alkyl glycoside that can be incorporated into the lignin structure after radical coupling.'®® 7123~

125

In grasses, ferulated carbohydrates (Scheme 2-2 and Scheme 2-5) participate in lignification
via oxidative radical coupling, resulting in ferulate ester LCCs if the ferulated carbohydrate is
coupling with monolignol or lignin oligomer or in diferulate LCC if two ferulated carbohydrates
couple with each other.34%"7%9 Another group of LCCs are acetals and hemiacetals, which can

originate from the addition of hydroxyl groups from carbohydrates to carbonyl groups present
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in some less common monolignol units (Scheme 2-2), forming hemiacetal and acetal type LCC

bonds 151,170-172

2.1.4. Structural features of cellulose

Cellulose is the main component of lignocellulosic biomass, forming 40-50 wt% of hard- and
softwoods and 35-75 wt% of grasses."® Unlike lignin and hemicellulose, cellulose is a
homopolymer formed by repeating units of B-(1—4)-linked D-glucopyranose. Its DP ranges
from 1,000-30,000, making it 1-2 orders of magnitude more polymerised compared to other
biopolymers in cell wall."’* Cellulose can form different intra- and intermolecular hydrogen
bonding patterns depending on its origin and treatment, resulting in several crystal
structures.'” In its native form, cellulose forms intermolecular hydrogen bonding between the
oxygen atom at C3 and the hydroxyl group at C6, and intramolecular hydrogen bonding
between ether-oxygen and hydroxyl group at C6 as well as between the oxygen atom at C6
and hydroxyl group at C2 (Scheme 2-7)."5"7 This is termed cellulose | with two different crystal
phases. Triclinic |l is common in microorganisms, while monoclinic lg is the dominant form of

cellulose in all higher plants.'”

le]
Q
O

H
He

zO%iPH %%g %v %71 %v At ;f

O—T
O I\o
O—T
O I\O
O—I

Scheme 2-7. Molecular structure of cellulose along with the hydrogen bonding patterns in cellulose |.

Cellulose is synthesised at the plasma membrane by large cellulose synthase (CESA)
complexes, producing glucan chains arranged into elementary fibrils containing 18 individual
chains.'”®8! The elementary fibrils are further organised into microfibrils 10-20 nm in width,
which can additionally form microfibrillar bands in the order of 100 nm in width and up to a

few microns in length.'’>182
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2.1.5. Other compounds in cell walls

Besides the three biopolymers cellulose, hemicellulose, and lignin forming a large majority of
lignocellulosic biomass, different parts of the cell wall can also contain varying amounts of
other components which do not fall under the classification of any of these three. Pectins are
similarly to hemicelluloses heteropolysaccharides, but are mainly present only on the primary
cell wall and middle lamella.’®*'® As the two parts of the cell wall make up only 5% of the
whole cell wall in woody biomass, the amount of pectins in wood is only up to a few per cent.*
Pectins are considerably more acidic compared to hemicelluloses as they mostly contain a-
(1—-4) linked D-galactopyranosyl acid backbone with large side chains containing L-

arabinofuranose, L-rhamnopyranose, D-xylopyranose, and D-galactopyranose units.'

Another component present in the cell wall is termed extractives. The term extractives could
be defined as compounds that are extractable from biomass with various neutral solvents, and
the extraction procedure and solvent(s) define the yield and composition of the extractives.
Water and ethanol extractives can contain non-structural sugars, organic acids, inorganic
material, waxes, nitrogenous materials and other minor components.'®'®" The lipophilic
components more soluble in solvents of low polarity (e.g. hexane, diethyl ether) include fats
and fatty acids, steryl esters and sterols, terpenoids, and waxes.>® In hard- and softwoods, the
amount of extractives varies between 0.5-5%, while grasses can contain considerably higher
amounts of extractives.”® In addition, ash refers to inorganic residue remaining after burning
the organic matter and accounts for the various elements present in lignocellulosic biomass.
It mainly contains O, Ca, K, Si, Mg, Al, S, Fe, P, Cl, Na, Mn, and Ti, and usually contributes 0.1-

2% of the biomass weight.'81%°

2.1.6. Lignocellulosic matrix

In recent years, there has been a significant boost in the methods used to determine the
supramolecular structure of lignocellulose. In this effort, isotope-labelled plants grown in *CO.
atmosphere have been analysed with solid-state NMR combined with dynamic nuclear
polarisation (DNP) methods, and density functional theory (DFT) calculations along with
computer simulations have been employed to unveil the structural and chemical principles

underlying the ultrastructure.®19-1%
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Unlike lignin and hemicellulose, the supramolecular structure of cellulose has a long history,
and extensive research has been done over the years. Although cellulose forms a crystalline
structure, it is established that the fibrillar bands of cellulose also contain amorphous
regions.” The models describing amorphous parts of cellulose have evolved over the years.
The first proposed model of crystalline fibril with an amorphous surface layer failed to explain
cellulose mechanical properties and reduction in DP during hydrolysis.’*?" As the neutron
scattering revealed that amorphous regions are situated within the microfibrils instead of their
surface, amorphous-crystalline model where crystalline regions alternate with smaller
amorphous regions along the fibril was proposed.’®?%2%The model has been further refined
to mesomorphous-crystalline model, where long crystalline areas alternate with short

amorphous regions and paracrystalline structure covers the fibril surface.”

Hemicelluloses are known to have a strong interaction with cellulose fibrils. In solution, xylans
are present in a thermodynamically more stable three-fold structure, where one 360° twist
occurs every third glycosidic bond.'®?% In the lignocellulosic matrix, it has been recently
shown that xylans closely interact with cellulose hydrophilic surfaces via hydrogen bonding,
forcing otherwise thermodynamically less favoured two-fold helical screw confirmation on the

) 192-195,207-209

fibril surfaces (Figure 2-4

In 2022, Kirui et al. utilised solid-state 2D "*C-"*C NMR correlation spectra of isotope-labelled
plants grown in *CO. atmosphere to determine the identity of intermolecular interactions in
the secondary cell wall. Figure 2-3 depicts the measured interactions between surface (s) and
interior (i) cellulose, 2-and 3-fold xylans along with their acetyl groups, and S-and G-type lignin
and their methoxy groups attached to the aromatic ring.'®® Along with the previous study in
2019 by the same group performed on grasses utilising the same methodology, an extensive
correlation between G/S units with xylose ring carbons as well as carbonyl and methyl carbons
in acetyl groups was determined, validating the principal role of extensive xylan-lignin
interaction in lignocellulose supramolecular structure stabilisation.’*'®* Furthermore, a
widespread association of mannan and lignin in softwood was determined. While the
interactions between cellulose and lignin in grasses were limited, wood lignin exhibited
extensive interactions between cellulose and lignin. This feature, at least in part, is associated

with the mechanical strength of wood stiff stems.'®
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Figure 2-3. a) Summary of 272 intermolecular interactions identified in eucalyptus, poplar, and spruce. Cellulose,
lignin, mannan, and mixed sugars are colour-coded in red orange, light green, light orange, and purple, respectively.
b) The count of lignin-lignin, cellulose-lignin, and xylan-lignin interactions in eucalyptus, poplar, spruce, Arabidopsis,
and grasses (maise, rice, and switchgrass). Reproduced and cropped from reference '°3 licensed under CC BY 4.0.

Based on the interactions determined by NMR and accompanying DFT calculations, the
authors depicted the nature of cellulose, hemicelluloses, and lignin spatial distribution in
secondary cell walls based on their interactions (Figure 2-4)."" In grasses, lignin and
hemicelluloses are spatially more separated, and lignin is likely to form hydrophobic
nanodomains with binding to three-fold xylans."®'*'" |n hardwoods, lignin and cellulose
become more colocalised, and the molecular mixing of hemicelluloses and lignin becomes
much more prevalent, with lignin binding all xylan conformers. In softwoods, lignin and
cellulose contacts become even more prevalent, and lignin and hemicelluloses are well-mixed
on the nanoscale.'® Although the thermodynamic driving force for hemicellulose and lignin
molecular mixing is not clear yet, the ability of the aromatic part to effectively retain and

immobilise water molecules points to it in woody biomass.?*191193210

36


https://creativecommons.org/licenses/by/4.0/

Grass Hardwood Softwood
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Figure 2-4. The figure shows the spatial arrangement of lignin (yellow), cellulose (white fibrils), two-fold xylan (red
flat ribbons), three-fold xylan (blue twisted ribbons), mixed forms of xylan (magenta), and mannan (GGM; green) in
secondary plant cell walls. Numbered spheres highlight the structural features of (1) lignin—xylan interaction in all
plants, (2) cellulose bundles in woody plants, (3-6) two-fold and three-fold xylan with different sidechains, and (7)
galactoglucomannan. The molecular fraction of polysaccharides is considered in the depiction, but the illustration may
not be strictly to scale. Lignin and carbohydrates are much better mixed in woody plants than in grass, resulting in
the binding of lignin to both three-fold and two-fold xylan as well as to cellulose microfibrils. The structural assembly
of woody cell walls is thus different from the domain-separation scheme of grass cell walls. Reproduced from reference
193 licensed under CC BY 4.0.

While Figure 2-4 depicts the interactions between different macromolecules in secondary cell
walls of lignocellulosic biomasses, it does not present spatial crowding of the molecules.
Recently, Sarkar et al. carried out diffusion modelling in the intact secondary cell wall of woody
biomass.™" In this effort, they created an atomistic model containing four 18-chain cellulose Ig
bundles, lignin structure illustration by Ralph et al (Scheme 2-4) and glucuronoxylans
containing acetyl groups compressed in a box to reach the experimental density of 1.5 g cm™
in the dry secondary cell wall (Figure 2-5).%19"2"" The model depicts the molecular mixing
between hemicellulose and lignin, close contact of lignin and cellulose, and dense packing of

molecules in woody biomass.
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0 Wt% water 3 Wt% water

Figure 2-5. Atomistic representation of secondary cell wall in plants at different moisture levels. In this representation,
blue is used for the central cellulose fibril, orange for lignin polymers, and green for hemicellulose. Atoms within a
water molecule are colour-coded, with red for oxygen and white for hydrogen. The range 0-30% of water weight per
cent represents low to high moisture content in wood. A box with dimensions 7.9x7.9x21.1 nm contains 120000-
790000 atoms. Reproduced from reference '°' licensed under CC BY 4.0.

The lignocellulosic biomass subchapter gave an overview of the chemical nature of the key
components present in the lignocellulosic biomass cell wall, along with the key steps in their
formation and interaction with each other. It is important to emphasise that the composition
of the macromolecules and consecutive interactions with each other is strongly species and
environment-dependent and, therefore, can vary significantly depending on the source of the
lignocellulosic biomass. On the other hand, the research on the structural features of cellulose
over the past century and on hemicellulose and lignin over the past decades, coupled with the
research on their interactions over the past years, have laid a solid foundation for having a
relatively comprehensive understanding of the molecular and supramolecular architecture of
lignocellulosic biomass. Upcoming vyears will likely bring further refinement in the
understanding of the factors governing the architecture of lignocellulosic biomass, especially
in terms of thermodynamic factors governing the ultrastructure and, correspondingly, the
cellulose, hemicellulose, and lignin structure developing from the evolutionary standpoint of
a plant. Based on the chemical and structural framework of lignocellulose in this subchapter,
the following sections will concentrate on the processes during reductive catalytic

fractionation.
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2.2. Processes during lignin detachment from lignocellulosic matrix

The journey of lignin in the reductive catalytic fractionation process starts with its release from
the intact lignocellulosic matrix. This is accompanied by the processes on hemicelluloses and,
to a lesser extent, on cellulose. The RCF process is commonly carried out under acidic
conditions, either as being a result of the deacetylation of hemicellulose during the process

)212-216 or direct addition of acid to the process.?"’

itself resulting in an acidic medium (pH 4-5
Accordingly, the depolymerisation of the biopolymers will be here considered in acidic
medium. Figure 2-6 summarises the key processes during the lignin detachment from the
lignocellulosic matrix along with the activation energies of C-O bond cleavages under acidic
conditions. Importantly, the bond dissociation energies of various lignin-lignin C-O and C-C
bonds (220-490 kJ mol™)?'822? are significantly higher compared to the apparent activation
energy for the acidolysis of B-aryl ether bonds (13-46 kJ mol™)??*? Therefore, the

solvothermal decomposition of lignin, as well as other lignocellulose components, can be

considered negligibly slow under the conditions of the RCF process (140-250°C).
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Figure 2-6. Key processes in the lignocellulosic matrix for lignin (and carbohydrates) dissolution during reductive
catalytic fractionation. a) cleavage of B-O-4 linkages in lignin. Activation energy obtained from reference 2?3, b)
Cleavage of lignin-carbohydrate bonds (benzyl ethers). Activation energy obtained from references 227227, ¢)
Deacetylation of hemicellulose responsible for medium acidification. Activation energy obtained from reference 2. d)
Hydrolysis of hemicelluloses. Activation energies obtained from reference 2. e) Hydrolysis of cellulose. It is important
to emphasise that only amorphous regions of cellulose can undergo hydrolysis under RCF conditions, as the crystalline
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part hydrolysis requires the presence of strong acids (pK.<-3) to proceed at appreciable rates.?®® Activation energies
obtained from references 224229234,

Due to the poor contact between the heterogeneous catalyst and lignocellulosic matrix, RCF
can be considered to share the same processes with Organosolv pulping at this very stage of
the two processes.”® Therefore, the conducted research on solvent parameters is
interchangeable between the two processes, and the hydrolytic dissolution mechanism could
also be considered very similar. In this section, the solvent properties necessary for lignin
dissolution are first discussed. This is followed by the discussion on the hydrolytic cleavage
mechanism of the C-O bonds under the RCF conditions- namely deacetylation and cleavage

in lignin-lignin, LCC, and glycosidic bonds.

2.2.1. Solvent properties for lignin dissolution

To solubilise a molecule, the intermolecular interactions between the solvent molecules must
be in the same order of magnitude as the intermolecular interactions of solute molecules.?*
The first theory of solubility parameters was described by Hildebrand and Scott in the 1950s.
It was based on cohesive energy between the molecules in pure compounds, which, for liquids,
is equal to the energy of vaporisation.?*® The derived Hildebrand parameter is defined as the
square root of cohesive energy density, and the two substances sharing similar Hildebrand
parameters should, therefore, have favourable interactions.?*® The methodology was soon
improved by Hansen, who divided the total cohesion energy utilised by Hildebrand into three
contributing forces- nonpolar interactions (London dispersion forces), polar interactions
(between permanent dipoles), and hydrogen bonding.?” The corresponding energy
contributions add up to the total cohesive energy, and correspondingly, Hansen solubility

parameters (HSP) are linked with the Hildebrand parameter as
5% =685+ 65+ 64

where & corresponds to the square root of total cohesive energy density (Hildebrand
parameter), &p to the square root of the cohesive energy density of dispersion interactions, &p
to the square root of the cohesive energy density of polar interactions and &4 to the square
root of the cohesive energy density of hydrogen bonding.?*” Therefore, the Hildebrand
solubility parameter corresponds to the length of a vector in 3-dimensional space, with the

Hansen parameters acting as coordinates.”® In the case of a solvent mixture (m), the Hansen
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parameters are commonly linearly additive according to the volume fractions ¢; and the vector

coordinates &pm, Spm, and &nm can be expressed as

XiPidp;i XiPidp; Xi ¢i5H,i>

oM, 6 ,6M) = , ,
(05", 08", O1f) ( & & &

Consequently, a mixture of different solvents can result in combined solubility parameters
much closer to solute than individual solvents alone. According to Hansen solubility theory,
the solubility of a polymer (pol) is determined by a sphere with radius Ry, with the centre on
polymers' Hansen parameters &p,pol, Sppoi, and Supor (Figure 2-7a). The ratio between the length
of solvent (solv) vector from the sphere centre and Ry is termed as relative energy difference

(RED), and could be expressed as
R,
RED = —

R

where

R, = J4(5§°l — 85°)2 + (88 — 5502 + (857 — 55°1)2

Therefore, any RED value less than 1 falls inside the sphere in Figure 2-7a, and the solvent
could be considered good, while RED values greater than 1 usually result in poor solubility of

the solute in the corresponding solvent(s).?
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Figure 2-7. a) The 3-dimensional space of Hansen solubility parameters. A sphere centred at the Hansen parameters
of a solute and with radius Ro governs the solubility in the given solvent. If the relative energy difference (RED) of the
solvent and solute falls in the sphere (RED< 1, ratio of the length of blue vector and Ro), the solvent can be considered
good. However, if it falls outside the sphere ((RED>1, ratio of the length of rede vector and Ry), the solvent can be
considered poor for the given solute. Reproduced from reference 23 licensed under CC BY 4.0. b) The 3-dimensional
space of Hansen solubility parameters along with lignin and various solvents. *Lignin solubility parameters and Ro are
based on the determination by Hansen and Bjérkman (8p=21.9 MPa'’?, 5p=14.1 MPa'’?, §,=16.9 MPa'’?, Ry=13.7
MPa'7?).238 Polar protic solvents depicted are water, methanol, ethanol, 2-propanol, 1-butanol, 2-butanol, ethylene
glycol, glycerol, and 1,1,1,3,3,3-hexafluoro-2-propanol. Water is highlighted as having a hydrogen bonding parameter
considerably higher than other solvents. Polar aprotic solvents are acetone, ethyl acetate, dimethyl sulfoxide,
dimethylformamide, acetonitrile, tetrahydrofuran, and 1,4-dioxane. Non-polar solvents include hexane, cyclohexane,
benzene and toluene. The HSP values for solvents are obtained from reference 23 ,and the corresponding numerical
values can be found in Appendix Table A-1.

While Figure 2-7a depicts the general requirement for solvent selection based on HSP, Figure
2-7b illustrates the HSP of polar protic, polar aprotic, and non-polar solvents along with lignin
HSP (8p=21.9 MPa"?, 8p=14.1 MPa"?, §4=16.9 MPa"?) in the sphere with Ry=13.7 MPa'/2?*
The extracted wood lignin HSP parameters and solubility sphere were first determined by
Hansen and Bjorkman in 1998, when they correlated experimental solubility data of milled-
wood lignin (MWL) in 82 different solvents.?*® Utilising a larger set of solvent data and genetic
optimisation algorithms, the same parameters were confirmed by Vebber et al. in 2014.2*° The
obtained parameters have since been used to rationalise the solvent selection for lignin
extraction and fractionation, usually resulting in relatively good agreement of lignin solubility

parameters proposed by Hansen and Bjérkman 238239241-248
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However, as discussed in the previous section, lignin structure is strongly dependent on the
species and environment in which the plant grows. Therefore, the inherent nature of lignin
varying in monomer composition, polymer linking, and molecular weight makes it infeasible
to assume a singular set of HSP values across all lignins. Accordingly, Table 2-1 summarises
HSP values for different lignins, adapting references from a recent review by Ragauskas and

coworkers while differentiating the lignin source and method used.?

While the dispersion
parameter &p deviates a little between different studies (16.1-21.9 MPa'?), the polar
interactions parameter &p (4.9-18.4 MPa"?) and hydrogen bonding parameter &y (10.2-21.8
MPa'?) experience significant divergence. Therefore, the source and isolation method of
lignins strongly determines the corresponding polar and hydrogen bonding parameters, and

for an appropriate solvent selection, tuning these parameters of the solvent mixture can be a

key to facilitating lignin dissolution.

Table 2-1. Hansen solubility parameters of lignin measured in different studies utilising a variety of different lignins
and methods. Adapted from Meng et al.?*® with permission (Elsevier).

Biomass Method 8 8o 8p 8n Ro
(MPa™  (MPa'3  (MPa'3)  (MPa'?) (Mpa'y) ererence
Hard- and . - Hansen &
softwood MWL empirical solubility 31.0 219 14.1 16.9 13.7 Bjorkman?3®
General ~ Combined data, 310 217 142 169 135  Vebber et al 20
computational methods
General Combined data, 307 216 139 169 132 Weng?®
computational methods
Pine Combined data, 253 194 81 14,0 Barana et al?%°
computational methods
Kraft lignin, computational
method based on 24.6 16.7 13.7 11.7
Pine functional groups Thielemans &
Acetylated Kraft lignin, Wool?*!
computational method 22.5 16.1 12.0 10.2

based on functional groups

Kraft lignin, computational
Pine method based on 24.5 20.3 49 12.8 Isnard et al.?>?
functional groups
Kraft lignin empirical

Eucalyptus solubility 28.3 17.8 18.4 12.1 13.5  Ribeiro et al®>3
Lignin, computational

Poplar methods based on 24.7 21.8 5.4 10.2 Huang et al.?>*
solubility in ionic liquids
Soda lignin (Protobind ®) 262 180 9.4 16.6

Wheat empl'rl'cal SO|UbI|-Ity- Adjaoud et

Straw Esterified Soda lignin al255
(Protobind ®) empirical 24.8 17.0 13.1 12.5

solubility
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Organosolv lignin empirical Badorrek et

Beech solubility 238 17.6 11.8 10.8 8.0 al256
Sugar cane Qrggnosolv delignification 317 214 86 218 136 Novo &
bagasse in different solvents Curvelo®’

While HSP values are a useful tool to understand polymer solubility by capturing forces
pertinent to solvation, the limited number of parameters the model contains is insufficient to
capture the full complexity of polymer-solvent interactions.?*® In their recent study, Venkatram
et al. utilised a dataset of 25 polymers to determine the accuracy of the Hansen solubility
parameters, which was 67% for solvents and 76% for non-solvents.”® The limitations of HSP
are especially important to address when considering lignin solvolysis from the lignocellulosic
matrix. In this setting, factors like temperature, local concentration of lignin in the densely
packed lignocellulosic matrix, polymer molecular weight, heterogeneity of lignin and
intermolecular interactions with other polymers play crucial roles in determining the extent of

lignin solvolysis.

In the pursuit to determine HSP values more suitable for lignin solvation from the
lignocellulosic matrix, Novo and Curvelo recently performed Organosolv delignification of
sugar cane bagasse at 125°C for 1 h in a variety of organic solvents with the addition of 10
vol% 0.05 M HCl aqueous solution.?” Due to the relatively poor fit between the delignification
extent and established solubility parameters by Hansen and Bjorkman, they calculated a new
solubility sphere to match the delignification results with the HSP parameters of §p=21.4
MPa'?, 8§p=8.6 MPa'"?, 6,=21.8 MPa'?, and Ry=13.6.>" In comparison to Hansen and Bjérkman

1/2

HSP values, lower polarity parameter (-5.5 MPa"“ in &p) and higher hydrogen bonding

"2 in &) were determined.?*” Accordingly, the solvent or solvent mixture's

parameter (+4.9 MPa
ability to form hydrogen bonds appears to play a more important role in lignin extraction from
the lignocellulosic matrix compared to the solvation of isolated lignin. Hypothetically, the
hydrogen bonding ability can play a role when considering the coexistence of lignin with
hemicellulose and cellulose, helping to untangle the polymers as well as coextracting the
hemicelluloses to make the lignocellulosic matrix more accessible. Further research

pinpointing solvent parameters for lignin extraction from different lignocellulosic matrices is

much needed to shed further light on this matter.

44



Hansen solubility parameters can be a useful tool for understanding the underlying principles
of lignin dissolution. In general, polar protic solvents with the exception of pure water, can be
considered good solvents for lignin. This also holds for polar aprotic solvents, especially when
combined with water or another polar protic solvent to tune the mixture’s parameters. When
selecting solvent(s) for lignin extraction from the lignocellulosic matrix, empirical data
considering HSP as a starting point should be obtained to facilitate the lignin extraction from
the matrix and not the solvation of isolated lignin alone. In the context of RCF, a variety of
solvent parameters other than the solvent's ability to dissolve lignin also become crucial.
Parameters like Hz solubility, ability for H-transfer, catalyst inhibition and lignin conformation
in the solution will be discussed in Section 2.4 when catalytic processes in the RCF processes
are discussed. Apart from the physical and chemical properties of the solvent, the green
solvent rating, the price, and the availability of the solvent should be considered when

developing the RCF concept for an industrial setting.

2.2.2. Lignin depolymerisation in lignocellulosic matrix

Lignin is predominantly linked by [B-O-4 linkages, which cleavage is highly condition-
dependent. In this regard, two mechanistic proposals exist that govern the lignin
depolymerisation in the lignocellulosic matrix. Under the more standard RCF conditions
employing small alcohols as the solvent, solvolysis of the $-O-4 linkages is considered to be
the predominant pathway.*?**%%2 |n this regard, nucleophilic substitution of the solvent
alcohol to the Cq is the first step of the process, mediating the dissolution of the lignin moiety
as well as inducing the cleavage of the C-O bond in B-O-4 linkages.>**° However, the
mechanism of the solvent-mediated cleavage event remains unknown. When carrying out an
NMR analysis of the lignin products resulting from evolving lignin solvolysis with methanol,
Van den Bosch et al. reported the formation and decay of coniferyl/sinapyl alcohol structures
in extracted lignin.?*° This, on the other hand, would mean that the depolymerisation event in
the lignocellulosic matrix must include a reductive step. Solvent-mediated depolymerisation is
accompanied by the reductive catalytic processes outside the lignocellulosic matrix, which is

discussed in Section 2.4.
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In addition to solvolytic cleavage, the f-O-4 linkages in lignin can undergo acidolysis to varying
degrees depending on the process conditions. The mechanism can be mediated either by
weak acids resulting from the lignocellulosic biomass degradation or the direct addition of
acid to the reaction mixture. Unlike the solvolytic cleavage of the B-O-4 linkages, acidolysis of
the ether bonds in lignin is relatively well understood, especially in aquatic systems 223263-269
Accordingly, the first step is the elimination of a-OH and formation of benzylic carbocation.
The formed reactive carbocation can result in f-O-4 cleavage in two pathways (Scheme 2-8).
In the first, C3 pathway, two C-O cleavage events take place, yielding the family of Hibbert

ketones. The second, C2 pathway, proceeds via deformylation and sequential rehydration,

resulting in the formation of C2 aldehydes.
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Scheme 2-8. The two pathways for 3-O-4 linkage acidolysis. The proposed activation energy for the formation of
benzylic carbocation is obtained from reference 22,

The extent of the two pathways is strongly dependent on the reaction conditions and the type
of acid utilised. Accordingly, the Japanese community have done pioneering work over the
years to pinpoint the key factors influencing the outcomes of B-aryl ethers acidolysis.?**2%" As
such, the Bronsted acid choice alone(H.SO4 vs HCl and HBr) can determine if the reaction
proceeds predominantly via C2 or C3 pathway.??%%7 |n the context of Lignin-First
biorefining, Barta's research group have utilised diols to trap the reactive carbonyl compounds.
Accordingly, they have carried out extensive studies to maximise the C2 pathway by catalyst

choice optimisation (triflates) and reaction conditions, facilitating the high yields of C2 acetals

from the process.?®®?’° In 2014, Beckham and coworkers carried out an experimental and
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theoretical study on the acid-catalysed cleavage of B-O-4 linked model compounds to
determine the effect of groups present in native lignin on the acidolysis kinetics. It was found
that the reaction barrier for the B-O-4 acidolysis is considerably lower next to phenolic groups,
indicating that the acid-mediated depolymerisation is more likely to proceed via end groups
of lignin. In addition, the activation energy for the formation of benzylic carbocation was
proposed to be as low as 13 kJ mol” under the studied conditions, making it a highly

favourable event among the lignocellulose deconstruction.

Phenylcoumaran and resinol linkages containing B-5 and B-B carbon-carbon bonds
respectively have shown to be reasonably resistant to degradation in Organosolv processes.?’’
Dibenzodioxocin structures are acid-labile and can undergo a-O-4 and -O-4 cleavage in the
lignocellulosic matrix.?’#?"* However, as it cleaves a free phenolic monomer while the 5-5
linkage remains intact, the cleavages do not cause depolymerisation of the lignin backbone.
Diaryl ether linkages are not cleaved under the solvolysis pathway in the lignocellulosic matrix
and can be considered to remain unmodified at this stage of the process.?’* In contrast,
spirodienone structures are prone to undergo ring opening under mildly acidic conditions,
resulting in chain cleavage and the formation of -1 linkage and phenoxyacrolein at the

terminals of the formed oligomers (Scheme 2-9).2%'"
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AY OH OMe OMe
+ H*/H,0 o @ 0,
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Spirodienone B-1 linked terminal unit 2-phenoxyacrolein terminal unit

Scheme 2-9. Acid hydrolysis of spirodienone linkages.">

In the same timeframe and space with the cleavage of the lignin backbone in the lignocellulosic
matrix resulting in the depolymerisation, the pendant groups in lignin can also undergo
hydrolysis and transesterification. To date, the acid-catalysed hydrolysis and transesterification
of lignin pendant ester groups in the context of RCF have seen little attention. At the same
time, research on “clipping off” the aromatic pendant groups under base-catalysed conditions

has emerged in recent years.?’>*"® Accordingly, the faith of the pendant groups in the context
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of RCF is likely to gain further attention in the future years as well- both in the context of
removal by pretreatments prior to the RCF as well as their faith during the process once
untreated biomass is utilised. As an endeavour to acknowledge the y-esters cleavage under
RCF conditions in the lignocellulosic matrix, Scheme 2-10 summarises the potential fate of the
most abundant y-ester pendant groups along with the indicative activation energies for the
transformations based on similar processes. Generally, ester hydrolysis under alkaline
conditions is a fast process proceeding already at low temperatures (<100°C), while hydrolysis
in dilute acids often requires elevated temperatures.?’® Under the mildly acidic conditions of
RCF and the presence of alcohol, the y-esters can also undergo transesterification. The extent
of transesterification is dependent on the solvent composition as well as the properties of

alcohol utilised for the process.

a) p-hydroxybenzoates
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Scheme 2-10. a) Hydrolysis/transesterification of p-hydroxybenzoate pendant groups followed by decarboxylation of
p-hydroxybenzoic acid under the conditions of reductive catalytic fractionation. b) Hydrolysis/transesterification of p-
coumarate pendant groups followed by decarboxylation of p-coumaric acid under the conditions of reductive catalytic
fractionation. *Obtained from references.289281 **Qptained from references 281282,

Pendant p-hydroxybenzoates are common in hardwoods and assemble closely to the structure
of parabens, a widespread preservative in cosmetic and pharmaceutical products. The
hydrolysis of parabens under the conditions of RCF (pH 4-5) has shown to proceed at
appreciable rates already at 130°C with the activation energy for the hydrolysis in the range of
80-90 kJ mol'289% |mportantly, the formed p-hydroxybenzoic acid is prone to undergo
decarboxylation. In a recent study, Castada et al. determined the apparent activation energies

for the acid decarboxylation in different natural oils between 22-82 kJ mol™ just by heating
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the oils.?® In a separate study focusing on parabens hydrolysis and sequential decarboxylation
in an aqueous medium, the activation energies of 117 kJ mol™ at pH 1.3 and 110kJ mol™ at pH
6.6 were determined, while the decarboxylation rate varied a little in the pH range of 1-10.%'
Accordingly, the hydrolysis as well as decarboxylation of p-hydroxybenzoates in lignin is likely
to be slower than the hydrolytic cleavage of B-O-4 linkages while still proceeding at

appreciable rates similar to hemicellulose hydrolysis and deacetylation.

P-coumarates are another common pendant aromatic group in biomass abundant in many
grasses. Recently, Saulnier et al. monitored the hydrolysis of p-coumarates in corn stover in an
acidic aqueous medium at 180°C.?® In the study, the initial content of p-coumarate groups in
the biomass dropped to half in 2.4 h at the pH range of 2.9-3.4 following the first-order
kinetics. Accordingly, it is reasonable to assert that the hydrolysis of p-coumarates proceeds
at rates similar to p-hydroxybenzoates and should be considered under the RCF conditions.
Similarly to p-hydroxybenzoic acid, p-coumaric acid can undergo decarboxylation, resulting in
p-vinylphenol. The decarboxylation of hydroxycinnamic acids is well studied in the presence
of metal or organic catalysts, 2% however, the rate in an acidic aqueous medium is
ambiguous. Under pyrolytic conditions, p-coumaric acid decarboxylation displays activation
energy of 79 kJ mol™.2#” Recently, Wu et al. utilised Organosolv bagasse lignin to determine
the fate of residual p-coumarates when treated with different catalysts in methanol at 155°C
for 2 h.®® No added catalyst resulted in methyl p-coumarate yield of less than 0.5% and p-
vinylphenol yield of 1.6%, while under acidic conditions, the ester yield was 1.3-2.2% and
decarboxylation product yield 0.2-1.9%.2%® Therefore, the rate of hydrolysis and solvent-
dependant transesterification is comparable to sequential decarboxylation, and both

processes can proceed at appreciable rates under the RCF conditions.

While the hydrolytic depolymerisation of lignin and hydrolysis of the pendant groups initiates
in the lignocellulosic matrix, it is important to emphasise that the same reactions also govern
lignin depolymerisation during its diffusion out from the lignocellulosic matrix. Once diffused
out of the matrix, the hydrolytic processes continue to proceed simultaneously with the
processes on the heterogeneous catalyst. The stability of the formed species described in this

section will be discussed in Section 2.3, where condensation reactions are considered.
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2.2.3. Deacetylation of lignocellulosic matrix
Hemicelluloses in lignocellulosic biomass are often acetylated, and the acetyl groups can

comprise up to 5% of hardwood mass.”*

Besides the acetylated hemicelluloses,
hydroxycinnamyl acetates can be incorporated into the lignin structure and can be found in
various types of grass and at low levels from hardwoods.”*** Under the conditions of RCF,
acetyl groups in both lignin and hemicelluloses can be considered similar and are prone to
undergo hydrolysis and transesterification, consequently acidifying the reaction medium

(Scheme 2-11).
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Scheme 2-11. a) Deacetylation of hemicelluloses resulting in acetic acid or solvent alcohol ester. The activation energy
is obtained from reference 2'4. b) Analogous y-acetate hydrolysis/transesterification of lignin.

The apparent activation energy for hemicellulose deacetylation has been measured to be 121
k) mol™ in hardwoods and 111 kJ mol™ in corncobs in an aqueous medium with no added acid
or base.?™ Accordingly, deacetylation in the lignocellulosic matrix proceeds at a perceptible
rate under RCF conditions and is comparable to lignin pendant groups hydrolysis. In a recent
study, Graca et al. monitored the concentration of acidic acid in RCF process with poplar wood
utilising a mixture of 2-PrOH/H,O (7:3 V:V) with Raney Ni at 200°C for 6 h.?" While the
concentration of acidic acid increased for the first two hours, it levelled off for the remaining
process. The phenomena was attributed to the reached acetic acid/acetate equilibrium as free
acetic acid (pK.=4.8) suppresses further hydrolysis of acetate groups.?”® In another recent
study, Arts et al. performed RCF experiments with birch wood utilising methanol with Pd/C

catalyst and H, at 220°C for 2 h.?®° As a result of the process, 3.7g of acetyl groups in 100g of
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wood resulted in 5.3g methyl acetate, while 0.7g of acetyl groups remained in the resulting
pulp. Therefore, more than 80% of the initial acetyl groups in wood resulted in

transesterification product with methanol.

The extent of deacetylation, as well as the distribution of the deacetylation products (acid vs
ester), appears to be strongly dependent on the RCF conditions and corresponding solvent
mixture. Considering the abundance of acetyl groups in lignocellulosic biomass, future years
are likely to bring further focus on deacetylation research in the context of RCF, as the potential

industrial process would result in significant amounts of deacetylation products.

2.2.4. Cleavage of lignin-carbohydrate bonds

In woody biomass, lignin and hemicelluloses are covalently linked in three main classes of
lignin-carbohydrate complexes- benzyl ethers, esters, and phenyl glucosides. In grasses,
hemicelluloses and lignin are further linked by ferulate esters. Although kinetic data on lignin-
carbohydrate bonds cleavage remain scarce, the following section attempts to summarise the
cleavage of common lignin-carbohydrate bonds in the lignocellulosic matrix under the

conditions of RCF process (Scheme 2-12).
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Scheme 2-12. Cleavage of common lignin-carbohydrate bonds in the lignocellulosic matrix in acidic medium. a)
Hydrolysis of benzyl ethers. * Activation energy obtained from reference 2. b) Hydrolysis/transesterification of benzy!l
and y-esters. ¢) Hydrolysis of phenyl glycosides. Activation energy obtained from references 22520, d) Hydrolysis/
transesterification of ferulate esters.

Acid-catalysed hydrolysis of benzyl ethers has indicated activation energy of 80 kJ mol™ in
Organosolv process with aqueous methanol in the temperature range of 130-210°C.2*’
Accordingly, the cleavage of the LCC can be expected to proceed at a substantial rate in the
RCF process. The reaction mechanism is likely to form carbocation at Cs, and consequently
also result in $-O-4 cleavage or nucleophilic attack to the site (by water/alcohol or any other
nucleophile). Type | benzyl ether LCCs involving primary alcohol could also undergo ether
cleavage via Sn2 mechanism due to the presence of primary alcohol in the corresponding
carbohydrate. The cleavage of ester-linked LCCs (either benzyl esters or mitigated y-esters), as
well as the ferulate esters sparse in grasses, are likely to proceed at rates in the same order of
magnitude with the hydrolysis/transesterification of y-ester pendant groups in lignin.
Accordingly, the cleavage is likely to proceed at appreciable rates under the RCF conditions.
The phenyl glycoside model compound has shown an activation energy of 102 kJ mol™ in

5mM p-TsOH solution in methanol.?® In aqueous 10 mM HCl solution (pH=2), the same model
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compound displayed activation energy of 130 kJ mol™.?*® Lawoko et al. simulated different
pre-treatment effects on phenyl glycoside model compound and reported 96% of the initial
phenyl glycoside bonds cleaved at 170°C in aqueous acetic acid solution (13 mg mL™) after 90

minutes.?”’

Accordingly, extensive cleavage of the phenyl glycosidic bonds is expected under
the conditions of an RCF process. The cleavage mechanism is established to proceed via the

unimolecular mechanism by the formation of carbocation at anomeric carbon.?*?

2.2.5. Cleavage of carbohydrate-carbohydrate glycosidic bonds

Sugars in hemicelluloses and cellulose are linked via glycosidic bonds, which are acid-labile
and can undergo cleavage under the conditions of reductive catalytic fractionation. Scheme
2-13 summarises hydrolytic cleavage of glycosidic bonds in lignocellulose carbohydrates,

ultimately resulting in the dissolution of the hemicellulose and cellulose fragments.
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Scheme 2-13. a) Hydrolysis of hemicelluloses under acidic conditions. *Activation energy obtained from reference >'4.

b) Hydrolysis of amorphous regions of cellulose under acidic conditions. ** Activation energy obtained from references
224,229-234

When considering hemicellulose hydrolysis in the lignocellulosic matrix, it is essential to
outline the framework of what is considered under the hydrolysis term. In the context of
reductive catalytic fractionation, the hemicellulose hydrolysis kinetics is considered in the
context of dissolution from the lignocellulosic matrix. While the approximate degree of
polymerisation (DP) in hardwood's glucuronoxylans is 100-200,"*%'3® the xylans only become
water-soluble at an approximate DP <30, with the oligomers being well soluble in an aqueous

medium.?® Accordingly, hydrolytic cleavage towards the end of the polymer or multiple
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hydrolytic cleavages are necessary to detach a hemicellulose fragment from the lignocellulosic
matrix. Garrote et al. investigated the kinetics of xylan release from a variety of lignocellulosic
materials under mild autohydrolysis conditions in the temperature range of 150-220°C,
conditions closely reassembling the ones in the lignocellulosic matrix during an RCF process.*™
Obtained apparent activation energies were in the range of 103-154 kJ mol”, which is
considerably higher compared to the cleavage of B-O-4 linkages in lignin and in the similar
range to deacetylation and cleavage of LCC bonds. Therefore, the extraction of hemicelluloses

under RCF conditions is expected to proceed at a slower pace than lignin.

Unlike hemicelluloses, cellulose is assembled into crystalline domains in the lignocellulosic
matrix and is intrinsically less accessible for hydrolysis.?*® Therefore, the glycosidic bonds in
amorphous regions cleave 1000-5000 times faster compared to the crystalline areas.?®'?**
When considering cellulose hydrolysis in the context of an RCF process, the same principles
apply as for hemicelluloses. Therefore, hydrolysis in the current context should refer to
hydrolytic detachment and dissolution of cellulose fragments from the lignocellulosic matrix.
Literature on cellulose hydrolysis kinetics in acidic medium includes a wide spread of apparent
activation energies in the range 102-189 kJ mol™ 22422934 With the consideration above,
comprehensive studies considering cellulose release from various lignocellulose sources under
the conditions RCF are much needed to pinpoint the parameters of cellulose hydrolytic
dissolution. As a generalisation, crystalline domains can be expected to remain intact during

the RCF process, while hydrolytic release of cellulose fragments from amorphous regions is

expected to proceed at rates in the same order of magnitude as hemicellulose hydrolysis.

The apparent activation energy for carbohydrate fragments release from hemicellulose is
considerably higher compared to the cleavage of -O-4 moieties in lignin. Owing to the
crystalline structure of cellulose fibres, the favourability of lignocellulose's main components
in hydrolytic dissolution is expected to be lignin>hemicelluloses>cellulose under the RCF
conditions. Accordingly, Chapter 5 demonstrates the favourability of the extraction of the three
main components under the RCF conditions and lays down a strategy to exploit the differences

in the release rate.
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2.3. Processes after solvolysis- transport to bulk medium and

condensation reactions

After the dissolution of lignocellulose moieties from the lignocellulosic matrix, the same
degradation processes highlighted in the previous Section 2.2 continue to proceed. Besides
the summarised hydrolytic dissolution processes, further degradation of the lignin and
carbohydrate species can give rise to additional reactive species. This subchapter starts with a
look into these processes and consequently summarises the reactive species present in the
lignocellulosic matrix along with the possible condensation routes. In the final part of the

section, the diffusion of the species out from the lignocellulosic matrix will be discussed.

2.3.1. Further degradation of lignin and carbohydrates to reactive species

Under RCF conditions, the lignin species can further degrade in a manner that does not result
in depolymerisation. Therefore, lignin moieties linked by carbon-carbon bonds
(phenylcoumaran, resinol, dibenzodioxocin, spirodienone) can undergo transformations
resulting in moieties with modified structures. In Section 2.2.2, it was summarised that
dibenzodioxocin is acid labile and can form a 5-5 linked structure with free-phenolic ends,
while spirodienone is prone to ring opening resulting in -1 linked terminal monomeric unit
(Scheme 2-9). 20115272273 \Whjle the formed 5-5 structure could be considered recalcitrant to
further degradation, -1 linkages can undergo further degradation under acidic conditions.
Water elimination from Cq results in a conjugated structure, while the same process coupled
with the elimination of formaldehyde results in the formation of a stilbene-type structure
(Scheme 2-14a). Utilising B-1 linked model compound containing y-OH group, Minami et al.
demonstrated almost complete conversion to stilbene (and formaldehyde detachment) after
20 minutes in supercritical methanol at 270°C.** Although the conditions in an RCF process
are milder and proceed in a liquid medium, the study demonstrates the favourability of

formaldehyde detachment and stilbene formation from -1 linked moieties.
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Scheme 2-14. a) Further degradation of -1 linkages derived from spirodienone moieties to form stilbene-type
structures. b) Degradation of phenylcoumaran moieties resulting in stilbene-type structures.

Similar elimination to -1 linked moieties can also proceed in phenylcoumaran linkages, but
the two units remain linked via -5 linkage instead (scheme 2-14b). Li and Lundquist studied
phenylcoumaran model compounds in an acidified mixture of dioxane and water, and
observed stilbenes yield up to 38% under the reflux (100°C) in 10 h.?*> In the same study, the
elimination of only y-OH was also observed, yielding a conjugated system between the two
aromatic units. Stilbenes formation during the hydrothermal processes has been also
associated with homolytic cleavage of p-O-4 linkages, which is followed by radical coupling
and loss of y-methylol group as formaldehyde.”’'?% Although the origin of the stilbene
structures can not be attributed to one singular process, they have been reported in various
Organosolv lignins obtained under acidic conditions.?’"**"?% Evidently, elimination reactions
resulting in the formation of unsaturated moieties conjugated with aromatic rings and
separation of water or formaldehyde can proceed in the lignocellulosic matrix under the RCF
conditions. This further broadens the range of reactive species in the medium, and the formed
species should accordingly be considered as participants in condensation reactions potentially

resulting in the formation of new carbon-carbon bonds.

Reactive species prone to condensation can also be formed from carbohydrates. Once the
dissolved oligomeric carbohydrate species have been hydrolysed to monomeric sugars, they
can undergo further degradation by dehydration (Scheme 2-15). Accordingly, monomeric
pentoses can form furfural under acidic conditions, which is prone to undergo condensation
reactions. The apparent activation energy for xylose dehydration has been reported in the
range of 95-141 kJ mol™,2**3% with the reaction in 0.5 M acetic acid media proceeding with

an apparent activation energy of 109 kJ mol™3% Therefore, the formation of furfural can
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proceed at appreciable rates under the RCF conditions once the monomeric pentoses have
been formed. Similarly to pentoses, hexoses released from hemicellulose and cellulose
hydrolysis can undergo dehydration. The reported activation energy of glucose dehydration
to 5-(hydroxymethyl)furfural (HMF) is in the range of 86-153 kJ mol™.3%3% Formed HMF can
undergo rehydration, resulting in levulinic and formic acids with an apparent activation energy

of 57-111 kJ mol-1.39-3%
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Scheme 2-15. a) Dehydration of pentoses (D-xylose on the scheme) to furfural. *Activation energy for xylose
dehydration is obtained from references 2°°3%, b) Dehydration of hexoses (D-glucose on the scheme) to 5-
(hydroxymethylfurfural and further dehydration to levulinic and formic acids. ** Activation energy obtained from
references 394737 *** Activation energy obtained from references 395-3%,

2.3.2. Condensation of reactive species

To this point, the degradation of lignocellulose components has been discussed while
dismissing the potential reactions between the derived molecules. Before diffusing out from
the lignocellulosic matrix and reaching the heterogeneous catalyst, the lignin- and
carbohydrate-derived reactive species can undergo condensation reactions between each
other as well as with polymers still retained in the lignocellulosic matrix. In fact, the RCF and,
more broadly, lignin-first strategy is based on the active stabilisation approach to avoid these
condensation reactions that lead to recalcitrant lignin polymers.?> While the term condensation
itself usually refers to a process combining two molecules into one larger one with the
elimination of a small molecule, a condensation reaction in the context of lignin extraction can
be considered as the formation of new carbon-carbon bonds recalcitrant to catalytic cleavage
under RCF conditions. Accordingly, condensation reactions resulting in new C-O bonds are not
considered here as, although prevalent during the process, they can be cleaved either by

hydrolytic or catalytic processes in the temperature ranges utilised in RCF.
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In an attempt to categorise the reactive species resulting from lignin and carbohydrate
degradation and potentially participating in C-C linkage forming condensation reactions,
Scheme 2-16 displays the key reactive species forming in lignocellulosic matrix grouped based
on their expected likelihood to participate in condensation reactions. In this regard, moieties
arising from B-O-4 depolymerisation (benzylic carbocations, C2 aldehydes, Hibbert ketones
and unsaturated moieties from solvolysis) are both abundant and reactive and are likely to
extensively participate in condensation reactions. Additionally, carbohydrate dehydration
products like furfural and HMF can be present in considerable amounts and, therefore, could
also participate in condensation events to a considerable degree. In addition to the
aforementioned more abundant reactive species, the lignocellulosic matrix can also contain a
variety of reactive species that are less prevalent (e.g. enol ethers, vinyl compounds, stilbenes,

acroleins) but can also be part of the lignin condensation.
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Scheme 2-16. A selection of reactive species prone to undergo condensation reactions in the lignocellulosic matrix
under the conditions of reductive catalytic fractionation. The species depicted on top are more abundant and, therefore,
likely to participate in condensation events, while the species at the bottom are present in a much lesser degree.

Likelihood of participating in lignin condensation events

Fragments depicted in Scheme 2-16 can couple in a large variety of different combinations,

and accordingly, the condensed lignin lacks structural homogeneity and can also be
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considered branched and cross-linked. Due to the complex structure of the condensed lignins,
it remains a challenge to pinpoint the exact structural modifications taking place during the
condensation. In a recent review by Gong and Shuai, lignin condensation was categorised into
four main classes of reactions- benzylic carbocation-induced diarylmethane (DAM)
condensation, aldehyde-induced DAM condensation, aldehyde-induced aldol condensation
and radical-induced coupling reactions3' Following this rationale, but not limiting the
carbocation-induced reactions only to DAM formation, the four reaction classes are discussed

in the context of conditions in lignocellulosic during an RCF process.

Benzylic carbocation is a strong electrophilic centre prone to a nucleophilic attack and can
accordingly form new carbon-carbon bonds when reacting with an electron-rich carbon
moiety. Good nucleophiles in the medium include lignin's phenolic moieties, which can
undergo electrophilic aromatic substitution to form a-6 linked condensed lignin moieties
reassembling DAM structure.®'" Similarly, carbohydrate-derived furfural and HMF can undergo
electrophilic aromatic substitution with the benzylic carbocation, however, the electron-
withdrawing aldehyde group reduces their reactivity to SeAr.>'> New carbon-carbon bonds
from benzylic carbocation can also be formed during the nucleophilic attack by carbonyl
compounds (Hibbert's ketones and C2 aldehydes) enol equilibrium products to the site. A
similar nucleophilic attack could also proceed from any other non-aromatic C-C double bonds

(eg. p-vinylphenol, stilbenes), resulting in a new condensed lignin structure.

Aldehyde-induced DAM condensation assembles the mechanism of acid-catalysed formation
of phenol-formaldehyde resins and can accordingly link two lignin aromatic moieties via
methylene bridge."**'* Formaldehyde is the least sterically hindered aldehyde in the reaction
mixture and could, therefore, be considered prone to undergo DAM condensation. Similar
condensation reactions could also be induced by other aldehydes in the mixture (furfural, HMF,
C2 aldehydes from -O-4 cleavage), however, the reactivity can be considered lower due to

the steric hindrance.?°

Aldol condensation can be induced between any two carbonyl compounds in the reaction
mixture, resulting in a carbon-carbon linked conjugated enone product. In this fashion, Deuss

et al. demonstrated with *C-labelled B-O-4 model compounds that the aldol-condensation
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product readily forms under acidic conditions at 140°C between the C2 aldehydes produced
during the B-O-4 linkage acidolysis.>* Aldol condensation is also considered the main reaction
type responsible for the formation of humins- a carbonaceous material forming in an acidic
medium as a result of condensation reactions between furfural, HMF, and monomeric

carbohydrates degradation products.>'>3"

Radical-induced coupling reactions can be another pathway leading to condensation reactions
in the medium. Although the extent of homolytic cleavage of covalent bonds could be
considered negligible compared to heterolysis under the conditions of an RCF process
(Chapter 2.2), the radicals can also be formed by the molecular oxygen present in the reactor.?'
Accordingly, the coupling between two radicals can result in a new C-C bond and condensed
lignin moiety. The amount of oxygen in the reactor could be drastically decreased by purging
the reactor with inert gas (e.g. Ny) prior to the process, therefore preventing oxygen-induced

radical formation.

Different strategies have been developed over the years to hinder the release of reactive
species and condensation reactions. Diol-assisted and aldehyde-assisted fractionations, the
two other current lignin-first strategies apart from the RCF, rely on the stabilisation of reactive
intermediate species already in the lignocellulosic matrix.> During diol-assisted fractionation,
the formed carbonyl species, particularly C2 aldehydes, are bound into acetal structures by the
diol, protecting them from condensation and resulting in acetal monophenolics and modified
oligomers.*>*'*1® Aldehyde-assisted fractionation utilises aldehyde to create an acetal bridge
with Co-OH and C,-OH, and accordingly prevents the formation of benzylic carbocation during
the lignin extraction. After the extraction of stabilised lignin, monomers can be produced by
hydrogenolysis with a heterogeneous catalyst.>*32°32? Besides the other two current lignin-first
strategies, a variety of physical protection strategies have been developed to minimise the
exposure time of reactive species in the medium during biorefining and are summarised in a

recent review by Luo et al>"

It is important to emphasise that lignin condensation is not necessarily limited only to the four
categories of reactions summarised above and can potentially involve more complex

condensation pathways. To date, condensation reactions and corresponding products during
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biorefining remain at least partially poorly understood. Similarly, the nature of residual lignin
in pulp remains unclear as it is being influenced by the condensation reactions. Regardless of
the exact nature of condensation reactions, minimising the extent of potential condensation
pathways remains of paramount importance for lignin valorisation. In the context of RCF, the
stabilisation relies on heterogeneous catalysis, and in order to minimise the extent of
condensation, the time reactive species spend in the lignocellulosic matrix must be minimised.
In the next subsection, a closer look is taken at the mass transport in the lignocellulosic matrix,

an important factor determining the space-time of reactive species in the matrix.

2.3.3. Diffusion of dissolved species in lignocellulosic matrix

Based on the intrinsic structure of lignocellulose particles, the diffusion of dissolved species
can be considered in two distinct domains. Firstly, diffusion through the cell wall itself, and
secondly, diffusion in void cell lumen and vessel elements. Figure 2-8 depicts the two necessary
mediums the substrates released from the lignocellulosic matrix must diffuse through before
reaching the bulk solution outside the particle. A Cell wall itself is a densely packed medium
(Figure 2-5), and accordingly, the diffusion rate in the cell wall can be considered much slower

compared to the diffusion rate in the cell lumen and vessel elements.
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Figure 2-8. Visualisation of the structure of a milled poplar wood particle and its modes of internal mass transport.
a) Full X-ray computed tomography (XCT) reconstruction19 of a poplar particle. b) Longitudinal XCT cross-section,
which illustrates high-aspect ratio cell lumen (pores) aligned with the major axis of the particle. c) Transverse XCT
cross-section, which illustrates the distribution of vessel elements (large pores) and fibre cells (small pores). d) Optical
micrograph of fibre cells in a transverse cross-section. Reproduced from reference 323 with permission (John Wiley and
Sons).

Depending on the biomass, the cell wall thickness usually ranges from 1-3 pm, which is the
distance from the middle lamella to the lumen.3?*3%* Relevantly, the lignin is not uniformly
distributed in the cell wall, and while the lignin content in wood'’s secondary cell walls can

range between 20-30 wt%, the middle lamella contains 40-50 wt% of lignin and the cell corners
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60-80 wt% of lignin.*® Accordingly, the lignin species released from the high lignin
concentration areas (middle lamella and cell corners) experience the longest diffusion path out
from the cell wall, and the direction of diffusive flux is always towards the lumen. The void cell
lumen usually has a diameter in the range of 10 um and the vessel cell lumen in the range of

323,324

50 pm.

When considering small molecule diffusion in lignocellulosic particles, the axial diffusion along
the lumens is usually estimated to be two orders of magnitude faster compared to the radial
diffusion through cell walls.*** However, when considering oligomeric and polymeric moieties
released from the lignocellulosic matrix, their dimensions are in the same order of magnitude
as the mesoporous medium between cellulose fibres (3-10 nm).*?® Accordingly, Knudsen's
contribution should be accounted for when considering lignin (and carbohydrate) species

diffusion in cell walls.

Transport phenomena in industrial pulping processes are well-studied and rely on complex
transport models concentrating mainly on solvent and reactants penetration to the wood
chips.333% However, when considering diffusion in the context of an RCF process, it is
paramount to acknowledge that fast lignin transport out from the lignocellulosic matrix carries
high importance due to the necessity to suppress reactive species and retain lignin
upgradability. In the pursuit of establishing a reaction-diffusion model for wood particles
under conditions similar to an RCF process, Thornburg et al. recently carried out pioneering
work combining empirical data with computer simulations.?® In their study, poplar particles
were sieved into different fractions followed by an unstirred Organosolv process in methanol
with rapid heating to 220-250°C. Based on the physical characteristics of the particles and the
kinetics of Organosolv extraction of lignin, hemicellulose and cellulose, they created a
reaction-diffusion model to evaluate mass transport limitations inside the particles. The
reaction model was based on pseudo-first-order reversible reactions, and the different particle
sizes were correlated against the Thiele modulus (¢). Thiele modulus is calculated as the square
root of reaction and diffusion rates ratio, and accordingly, low Thiele modulus (<0.4)
corresponds to a kinetically limited regime while the system with high Thiele modulus (>4) is
entirely diffusion limited.?*’ Based on the developed model, a more detailed overview of the

diffusion in the two distinct domains, cell wall and lumen, is given.
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Based on the empirical data fitted into the model, the reaction between methanol and lignin
for the dissolution process in the cell wall is entirely limited by the reaction rate as the
methanol diffusion is considered fast compared to the lignin release (¢~0.01). Once the
fragment is released, the diffusion rate of the lignin is comparable to its redeposition rate. In
this manner, Thiele moduli of @=0.61 for tetrameric lignin compounds and ¢@=1.05 for lignin
decamers were calculated at 220°C under the given conditions. Importantly, elevating
temperature is proposed to increase the Thiele modulus as the effect of faster lignin release
and consequent redeposition surpasses the increased diffusion rate (corresponding Thiele
moduli were ¢©=0.79 and ¢@=1.43). The authors consider lignin species up to 10 lignin
monomeric units, however, the released lignin species can also exhibit considerably higher
MW. With the increasing lignin dimensions, the mean free path for lignin molecules will likely
decrease fast in the narrow pores of the cell wall, thereby increasing the Thiele modulus
significantly. Importantly, the diffusion rate is also affected by the lignin configuration in the
selected solvent, and over the course of delignification, the pore size in the cell wall increases,

thereby lowering the Thiele modulus.??%328

While the cell wall thickness is intrinsically in the range of a few microns and can not be easily
reduced, the particle size is a parameter subject to manipulation. Accordingly, Thornburg et al.
modelled the diffusion in wood lumens of different-sized particles. Figure 2-9 depicts lignin

redeposition’s Thiele modulus in a particle based on the particle characteristic lengths (L).
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Figure 2-9. Relationship between intraparticle Thiele moduli for lignin redeposition (¢.p) and average particle domain
length (2L) evaluated at 220°C and 250°C. Reproduced and cropped from reference 323 with permission (John Wiley
and Sons).
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While lignin redeposition dominates in particles with 2L>2mm, the diffusion and redeposition
are expected to proceed at comparable rates for particles with 200pm<2L<2mm. Particles with
domain length 2L<200um are expected to proceed in a kinetically-limited regime, where lignin
diffusion out from the particle greatly exceeds the extent of redeposition. As for the diffusion
in cell walls, lowering temperature is expected to hinder the redeposition rate more than the
diffusion rate. Accordingly, a process carried out at a lower temperature is likely to experience
a lower Thiele modulus, and therefore, larger particles can also operate in kinetically-limited
regime when the process temperature is lowered. In a separate study, Anderson et al.
demonstrated that the RCF process with particle sizes ranging from 0.075-1Tmm was mass
transfer limited when operated in a stirred batch mode, while the same process in the flow-
through reactor was not.*®' As a result, the bulk solution lignin concentration appears to

strongly influence the intraparticle effective diffusion rates.

In the Thornburg et al. investigation, hemicellulose and cellulose fragments extraction during
the non-stirred Organosolv process levelled off right after the beginning of the process.
Therefore, more than 90 wt% of the carbohydrates were retained in the pulp. However, in an
Organosolv or RCF processes involving H>O as a (co)solvent, lower xylan retention is usually
observed, likely owing to the water's better ability to hydrolyse carbohydrates compared to
methanol.®*® Accordingly, future models in different solvents should also consider
carbohydrate diffusion, as the extraction process is not entirely dominated by lignin in these
mediums. Another consideration for future models includes the charged particles. It is known
that in cell walls, positively charged cations diffuse more slowly compared to anions due to
the strong interactions between hemicellulose’s carboxylate groups retarding cations free
diffusion.*™" Accordingly, the diffusion rate of dissolved lignocellulose components is likely

not only to depend on molecular weight and structure but also on the charge.

With the reaction-diffusion modelling in a framework applicable to an RCF process, Thornburg
et al. demonstrated that intraparticle lignin extraction is diffusion-limited once the particle size
exceeds a few millimetres, and particle sizes lower than a few hundred microns allow diffusion
rates considerably higher compared to redeposition. Accordingly, researchers are
recommended to utilise particles smaller than 200pm when evaluating heterogeneous

catalysts in an RCF process to avoid feedstock-specific mass transfer limitations. In cell walls,
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the released molecules' diffusion is predicted to compete at the same time and length scales
with the redeposition, and the very nature of the released species strongly determines the
diffusion rate out from the cell wall. Once the molecule has escaped the lignocellulosic matrix,
the mass transfer in bulk solution becomes facilitated by advection. In the next section, the
eyes are turned outside the lignocellulosic matrix, and a closer look is taken at the heart of an

RCF process- the heterogeneously catalysed reductions.

2.4. Catalytic processes on heterogeneous catalysts

A variety of considerations must be taken into account to encapsulate the key parameters for
an effective catalytic process. Accordingly, a closer look is first taken at the solvent effects on
the reductive process. This is followed by a description of the key catalytic processes that take
place on the catalyst surface. The subchapter finishes with a summary of key results and

conditions from various RCF processes performed to date.

2.4.1. Solvent effects

While Chapter 2.2.1 concentrated on the solvent properties necessary to facilitate lignin
dissolution, a variety of other solvent properties can affect the heterogeneously catalysed
reductive process, hence influencing the outcomes of an RCF process. Accordingly, factors like
H, solubility, lignin structural conformation, the solvent's ability for H-transfer, and the

potential inhibition of the catalyst should be considered.

2.4.1.1. H: solubility in different solvents

H. solubility in solvent becomes important if the RCF process is carried out in the presence of
hydrogen gas. A useful metric describing gas solubility in solvents is Henry's parameter, which
can be expressed in numerous ways.**’ In a simplified form, hydrogen molar fraction in a
solvent, x4z, can be expressed as

_ Y, Protar

tz HH

2

where the numerator corresponds to H; partial pressure in the gas phase and the denominator
Huz to hydrogen Henry's volatility in the given solvent. For practical purposes and considering

wide temperature ranges, Henry's volatility can be calculated by Harvey's equation, which
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utilises solvent properties along with empirical constants obtained for each solvent.®303%
Harvey's equation is expressed as

a 1 0.355 1 .
lTlHHZ = lnPS +T_ a+b(1 _TT) ' +CTT (T——l)
r T

where Ps is the solvent’s saturation pressure at a given temperature, T,=T/T. with Tc marking
the critical temperature of the given solvent, and a, b, and ¢ denote empirical constants.
Utilising Harvey's equation, Trinh et al. recently investigated hydrogen solubility at
temperature ranges that are compatible with RCF processes.®** In this pursuit, they utilised
experimental data along with molecular simulations, and the parameters for Harvey's equation
were obtained in various solvents suitable for biomass catalytic valorisation. Based on the
obtained parameters from Trinh et al. study,** Figure 2-10 depicts Henry's volatility parameter
as a function of temperature up to 240°C, or up to a limit the correlation holds valid for the

solvent.
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Figure 2-10. Henry's volatility parameter of H; in different solvents. Henry's parameter is based on Harvey's equation
and corresponding coefficients determined by Trinh et al33? The Huz is plotted in the temperature range where the
Harvey equation coefficients hold with up to an absolute average standard deviation of 5%.

As the denominator in determining the H, molar fraction in the solvent, a lower Hy. value
favours hydrogen solubility in the liquid phase. Accordingly, hydrogen is less soluble in
solvents with high polarity (water, ethylene glycol) and more soluble in nonpolar solvents
(hexane).*** In the context of an RCF process, utilising alcohol can significantly increase the

hydrogen solubility compared to pure water, as the hydrogen solubility in methanol is more
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than an order of magnitude higher than in pure water at 200°C. However, as we witnessed in
Chapter 2.2.1, adding water to the solvent mixture can help to tune the solvent mixture
parameters to facilitate lignin dissolution itself. Therefore, hydrogen solubility should be
viewed as an additional parameter for picking a solvent for an RCF process and not a factor
solely determining the solvent selection. It is also important to emphasise that solutes added
to the reactor or released from the lignocellulosic matrix can affect the hydrogen solubility in
the medium. Sugars and sugar alcohols have been found to slightly increase the hydrogen
solubility in water, while ionic species dramatically reduce the H. solubility in a medium.333-33¢
When considering reactor design from a practical standpoint for effective hydrogen transport
from the reactor headspace to the liquid, the impeller type is another important variable. As a
general rule, turbine- and fluidfoil-type impellers facilitate the best gas distribution in liquids.
However, in the context of reductive catalytic fractionation, the axial mixing component is also

important for solids distribution.?*”¥’

2.4.1.2. Lignin configuration in different solvents

Depending on the solvent interaction with the lignin molecules, the lignin in solution follows
a thermodynamically most favoured configuration. Recently, Vermaas et al. carried out
338

molecular simulations to study the secondary structure of lignin in different solvents.

Accordingly, Figure 2-11 depicts a linear lignin molecule configuration in various solvents.
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Figure 2-11. Representative snapshots of what a single polymer from the spruce looks like at the end of equilibrium
simulation in different organic solvent environments. The borders, labels, and chemical structures indicate what the
10 different solvent environments are, although, for clarity, solvent molecules are omitted from the visualisation.
Within the individual space-filling representations for the polymers, carbons are coloured grey, oxygens are coloured
red, and hydrogens are coloured white. Reproduced from reference 338 with permission (American Chemical Society).

In the extended lignin configurations, the strength of lignin interactions with the solvent
exceeds its intramolecular interactions. Accordingly, solvents that allow the largest extension
of the lignin molecule also tend to be the best solvents for dissolving lignin.3*® Hexane and
water alone are poor solvents for lignin (Chapter 2.2.1) and, accordingly, form globular
molecular configurations. In contrast, good lignin solvents like DMSO, dioxane and alcohols
allow extensive unfolding of the lignin molecule. The lignin molecule configuration is especially
important when considering lignin interaction with the catalyst for reductive processes. While
reactions taking place on the catalyst surface can be considered to mainly involve oligomeric
and monomeric lignin moieties, where intramolecular interactions are less prominent, we have
recently shown that polymeric lignin species with high molecular weight also interact with the
catalyst (Chapter 3).2*° Therefore, understanding lignin configuration in solvent becomes
particularly important when considering the high molecular weight lignin fractions and their

potential catalytic modification and valorisation.

2.4.1.3. Solvent interactions with heterogeneous catalysts
Solvent direct interaction with the heterogeneous catalyst is another factor that can influence

the outcome of the reductive processes on the catalyst surface. While the solvent interactions
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with the catalyst are commonly limited to weak specific (H-bonding) and/or weak nonspecific
(van der Waals) interactions, some solvents can also interact with the catalyst's active sites via
chemisorption.>® Accordingly, the solvent molecules that have a strong interaction with the

catalyst may compete with the substrate for the catalytic sites.?*

Surface studies of Ni(111), Ni(211), and Ni(100) have shown that primary alcohols like
methanol and ethanol readily bind with the catalyst surface through dissociative cleavage of
the O-H bond.*%3% Accordingly, the chemisorption of methanol and ethanol leads to
methoxyl/ethoxyl groups and H adatoms on the catalyst surface. This, in turn, can at least
partially inhibit the catalyst's activity and lower the number of active sites available for
substrate adsorption. In contrast, secondary alcohols readily interact with the catalyst from
multiple atoms at low temperatures. For example, besides the scission of the O-H bond, 2-
propanol also goes through the scission a-C-H bond already at 50°C on Ni(111) surfaces.**?
As a result, acetone is released into the gas phase while two hydrogen atoms remain adsorbed
on the catalyst. In this manner, secondary alcohols can act as hydrogen donors for

hydrogenation or hydrogenolysis reactions already at low temperatures.*+34

In 2012, Wang and Rinaldi performed Raney Ni catalysed reactions in different solvents with
diphenyl ether model compound in the presence of H, at 80°C.>*’ Figure 2-12a displays the
conversion and product distribution obtained in various solvents, while Figure 2-12b pictures
a correlation between the solvent’s Lewis basicity described by donor number (DN) and the
conversion achieved. Significantly, conversion correlated strongly with the donor number with
the complete or near complete conversions achieved in protic solvent displaying no Lewis
basicity (hexafluoro-2-propanol) and in aprotic nonpolar solvents (methylcyclohexane,
decaline, and n-heptane). During the conversion, both extensive hydrogenolysis and
hydrogenation took place, resulting in complete or almost complete hydrogenation of the

aromatic rings.
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Figure 2-12. a) Results from the conversion of diphenyl ether with Raney Ni in various solvents. b) Lewis basicity of
the solvents described by donor number correlated against the conversion of diphenyl ether. Reproduced from
references 3" and 333 with permissions (John Wiley and Sons and Royal Society of Chemistry).

On the other hand, protic solvents with high Lewis basicity (1-butanol, ethanol, t-butanol)
resulted in low conversion (up to 33%) and retained largely the aromaticity. Four solvents
utilised in the study fell off from the general trend. Utilising 2-propanol and 2-butanol resulted
in higher conversion than expected based on their Lewis basicity. This is attributed to the ability
of H-transfer already at low temperatures, which in turn resulted in more extensive
hydrogenolysis and hydrogenation. On the other hand, dioxane and methanol resulted in
lower conversion at the given conditions. As 1,4 dioxane can bind with both O-sites on the
catalyst surface, it effectively blocks many catalytic sites. At the same time, methanol can cover

the catalyst surface with methoxyl groups, therefore hindering the adsorption of the substrate.

While the H; solubility in the given solvents can affect the catalyst performance, the study
demonstrates that solvent adsorption on the catalyst surface is an important parameter when
considering solvent selection for reductions on heterogeneous catalysts. Accordingly, solvents
displaying similar hydrogen solubility result in very different conversions of diethyl ether under
the studied conditions. N-heptane (H; solubility 4.7 mol m™ at 1 bar and 25°C) results in 99%
conversion, ethyl acetate (3.5 mol m™) in 47% conversion, and methanol (3.5 mol m?3) in 12%
conversion.*’3% Therefore, the interactions between the solvent itself and the catalyst prove

to be another essential parameter when considering solvents for an RCF process.

The study above and the examples based on Nickel catalysts illustrate the catalyst's direct

interaction with the solvent. Importantly, the interactions between O-atoms and the catalyst
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play an important role in the catalyst's effectiveness, which becomes further relevant when
considering the carbohydrate fragments released from the lignocellulosic matrix and lignin
fragments themselves. In light of different catalysts, it is important to emphasise the inherent
differences between the active sites. Therefore, establishing a comprehensive understanding
of the interaction between the selected catalyst and the solvent is paramount to steer the

outcomes of the process itself.

2.4.2. Reductive processes- hydrogenolysis, hydrodeoxygenation, and
hydrogenation

Reductive processes of lignin moieties on the surface of the heterogeneous catalyst are the

key for lignin fragments stabilisation and production of lignin-derived monomers. Once

chemisorbed on the catalyst surface, the lignin can undergo hydrogenolysis,

hydrodeoxygenation (HDO), and hydrogenation. Following, a closer look is taken at the

reductive processes based on the very nature of the lignin species in solution- lignin moieties

still intact in their native form and lignin fragments altered during the hydrolytic processes.

2.4.2.1. Hydrodeoxygenation and hydrogenolysis of retained lignin linkages

Still natively linked lignin moieties undergo two main reductive processes on the catalyst
surface- HDO and hydrogenolysis. As the dominant linkage in native lignin, the reductive
degradation mechanism of lignin $-O-4 linkages has been considered in a variety of studies
with multiple proposed mechanisms.***2*" Accordingly, Scheme 2-17 summarises the key

proposed routes for the reductive degradation of -O-4 moieties.
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Scheme 2-17. Possible routes for reductive degradation of B-O-4 moieties in lignin. a) Concurrent hydrogenolysis of
Ca-O and Cg-O. b) Preferential hydrogenolysis of C4-O leading to more stable reduced -O-4 lignin linkage. c)
Preferential hydrogenolysis of Cp-O, leading to depolymerisation and formation of alkyl chain with two hydroxyl
groups. d) Acid-catalysed formation of enol ether, which is followed by hydrogenolysis of Cp-O leading to
depolymerisation or hydrogenation leading to more stable reduced -0-4 lignin linkage. As the possibility for cleaving
the Cp-O after Co-O would have been cleaved remains unknown under the RCF conditions, it is marked in light grey
along with a question mark.

Recently, Li and Song carried out the hydrogenolysis of deuterium-incorporated dimeric and
polymeric p-O-4 model compounds in order to pinpoint the mechanism behind the
hydrogenolysis.®*! Utilising Ru/C and Pd/C catalyst in MeOH with 30 bar H. at the temperature
range of 150-250°C, they concluded that the cleavage of Cg-O occurs simultaneously with the
cleavage of Co-O bond (Scheme 2-17a). Significantly, carrying out the experiment at lower
temperatures resulted in a substantial amount of HDO product by the cleavage of Cs-O
without the hydrogenolysis of Cg-O bond (40% vyield at 150°C, 26% at 180°C, and 14% at
220°C)(Scheme 2-17b). When carrying out the RCF under the same conditions at 220°C and
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250°C utilising the model compound with reduced Cq-H: in -O-4 linkage, no hydrogenolysis
Cg-O occurred with almost complete (96%) recovery of the model compound. Therefore, it can
be concluded that HDO of C4-OH proceeds at less severe conditions compared to the
concurrent hydrogenolysis of Co-O and Cg-O. Once the B-O-4 linkage has undergone the HDO

at Cq, the linkages become significantly more recalcitrant to the hydrogenolysis of Cg-O bond.

We have recently demonstrated the presence of the reduced B-O-4 moieties with Co-H; in
lignin oils obtained in the RCF process with poplar chips and Raney Ni at 200°C for 3 h.?**
Furthermore, reduced B-O-4 moieties also occur in the highest molecular weight fractions of
lignin oil (M,=17000 Da), and comprise up to 22% of the still retained B-O-4 linked moieties
in oligomeric fraction (M,=500 Da). Accordingly, the HDO of C4-OH also occurs on the surface
of Raney Ni and with the utilisation of actual lignocellulosic biomass. Furthermore, lignin
interactions with the catalyst are not limited to oligomeric species, and polymeric lignin
moieties also interact with the catalyst. However, the study does not allow pinpointing if the
once-formed reduced B-O-4 moieties with Co-H> undergo further (catalytic) degradation or

accumulate in the reaction medium over time.

In their study, Li and Song also determined the retention of deuterium atoms in different
positions of the alkyl chain after reductive degradation of the 3-O-4 model polymer. While the
deuterium atoms were fully retained at Cg and C, at all studied temperatures after the cleavage
of Co-O and Cg-O resulting in 4-(3-hydroxypropyl)guaiacol, the deuterium retention at Cy was
76% at 180°C dropping to 29% at 250°C. Therefore, only Cq experiences H/D exchange on the
Pd/C surface at the given conditions and is therefore in closer proximity to the catalyst surface
compared to Cg and C,. This further supports the preferential adsorption of the Co-OH or Cq
itself with the catalyst compared to Cg and C, and explains the ease of cleaving the Co-OH
bond. Importantly, different catalysts interact differently with the lignin. For example, both
Pd/C and Raney Ni adsorb the aromatic ring of lignin. However, Raney Ni has a higher affinity
for oxygen compared to Pd/C and, therefore, preferentially interacts with the oxygen atom,
resulting in different reaction mechanism for the Co-OH cleavage (Figure 2-13).**3>* While
Raney Ni and Pd/C have both indicated the presence of independent C«-OH bond cleavage, it
is therefore important to emphasise that different catalysts can interact differently with the

lignin molecules.
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Figure 2-13. Hydrogenolysis mechanism of the benzylic hydroxyl group on Raney Ni and Palladium. Raney Ni having
a strong dffinity towards oxygen results in the retention of benzylic position stereochemistry, while the reaction on Pd
results in the inversion of the chiral centre. Reproduced modified figure from reference 33 with permission (American
Chemical Society) and permission from the original graph in reference 3>* (Oxford University Press).

In order to cleave the B-O-4 linkage, the process could potentially also proceed only via the
hydrogenolysis of the Cg-O bond, retaining the Co-OH intact (scheme 2-17¢).3****° However,
this contradicts the previous argument of the preferential interaction of Co-OH with the
catalyst.®**' Furthermore, monomeric lignin-derived compounds are exclusively reported
without the hydroxyl group at Cq, therefore making the mechanism unlikely in the presence of
the common catalysts utilised in RCF processes. Another potential mechanism for the 3-O-4
linkage cleavage on the catalyst involves the initial elimination of the hydroxyl group at Co and
formation of enol ether as for the acid-catalysed -O-4 cleavage (scheme 2-8), which is
followed by hydrogenolysis of the Cg-O bond (scheme 2-17d). However, the complete
retention of deuterium at Cg during the hydrogenolysis of the deuterated 3-O-4 lignin model
compound indicates that this is not the dominant path in the degradation of 3-O-4 linkage in
the presence of heterogeneous catalyst with hydrogen.®' Accordingly, the concurrent
cleavage of C-O and Cg-O can currently be considered as the main pathway of catalytic
degradation with simultaneous occurrence of the cleavage of C-O only as a side reaction.®'
While this holds for Pd/C and most likely for Raney Ni, it is again important to remark that
different heterogeneous catalysts can interact differently with the substrate, and other reaction

mechanisms might be feasible under different conditions.

Apart from the cleavage of B-O-4 linkages, 4-O-5 linked lignin moieties can undergo

hydrogenolysis on the catalyst surface. Ralph and coworkers recently utilised 4-O-5 dimeric
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model compound with native-like structures and reported the cleavage on Pd/C to proceed
exclusively via the scission of Cs-O bond, resulting predominantly in two phenolic monomers
along with minor rearrangement products after the Cs-O scission.*>® At the same time, many
model compound studies have been carried out with diaryl ether model compounds, resulting
in hydrogenation of the aromatic ring(s).2*¢3473>6-35¢ Therefore, the phenolic hydroxyl group in
the linkage appears to play an important role during the 4-O-5 bond cleavage by preventing
the hydrogenation of the aromatic ring. While the literature on realistic 4-O-5 model
compounds cleavage is very limited, it is plausible to assume that the cleavage of 4-O-5 bond
proceeds similarly on other catalysts as it does on Pd/C, as the scission of C4-O would result

in non-phenolic moieties not reported from the RCF studies with various catalysts.

2.4.2.2. Stabilisation of reactive moieties

As seen in Chapters 2.2 and 2.3, lignin degradation results in various reactive species prone to
undergo condensation reactions. Therefore, reductive catalytic processes stabilising the
released fragments are the key to avoiding the formation of recalcitrant lignin and maximising
the production of lignin-derived monomers. Broadly, the species stabilisation can be looked
at in two main categories- reduction and HDO of carbonyl compounds and their equilibrium

products and hydrogenation of the unsaturated lignin fragments (Scheme 2-16).

The catalytic reduction of aldehydes and ketones results in primary and secondary alcohols,
which can undergo further HDO via C-O cleavage. Carbonyl groups in the benzylic position
(Ca) have indicated to undergo complete conversion to alcohol and HDO product already at
low temperatures (80°C) in the presence of Raney Ni,**® as well as with Cu/Al,Os (90°C), Pd
(60°C), and MoCoO,/C (150°C).3**3¢' Similarly, carbonyl groups at Cg are prone to reduction,
resulting in complete conversion under mild conditions. Accordingly, full conversion of Cg
ketone or aldehyde to alcohol or HDO product was achieved with Raney Ni (80°C) and Pd/C
(50°C).>#¢3%2 Therefore, the catalytic conversion of the Hibbert ketones and C2 aldehydes
released during the acidolysis of B-O-4 bonds can be considered a favourable process under
the RCF conditions and can easily proceed once the substrate reaches the catalyst. Other
aldehydes like furfural and HMF derived by dehydration of carbohydrates can similarly
undergo catalytic reduction during an RCF process. However, complete conversion of aldehyde

to alcohol, HDO or reduction of aromatic ring usually proceeds at more severe conditions.
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While the reduction of lignin-derived aldehydes yielded complete conversion in the presence
of Raney Ni after 3 h in 2-PrOH at 80°C, the same process at 120°C resulted in 44% conversion
of furfural and 42% conversion of HMF.2*¢ A complete conversion of furfural in the presence
of Raney Ni was reported by Xu et al. at 180°C (MeOH, 4 h).>*3 On the Pd/C catalyst, a complete
conversion of furfural has been reported at 150°C (H.O, 1 h and EtOH, 1 h).3643%

Similarly to the reduction of carbonyl compounds forming from the lignocellulosic biomass,
hydrogenation of unsaturated lignin compounds acts as a stabilisation mechanism hindering
condensation reactions. Notably, the hydrogenation of non-aromatic double-bonds in
aliphatic regions readily proceeds at mild conditions in the presence of common RCF catalysts.
Experiments with syringyl and guaiacyl model compounds with unsaturated alkyl chains
resulted in complete hydrogenation of the double bonds with Raney Ni at 80°C and substantial
hydrogenation of the aromatic ring and demethoxylation.>* In the temperature ranges of 200-
250°C, catalytic reduction of eugenol on Pd, Ru and Pt on both carbon and Al,Os supports has
resulted in complete conversion with extensive hydrogenation of aromatic ring and HDO of

methoxy and phenolic OH groups.*3¢7

In the context of reductive catalytic processes taking place on the catalyst surface, it is
important to emphasise that when performing an RCF process with actual biomass, a large
variety of additional factors can influence the chemistry on the catalyst surface. Lignin's
inherent molecular structure, configuration in the solvent, and surface crowding by solvent or
other substrates released from the lignocellulosic matrix can have an impact on the processes
on a catalyst surface.®®® Therefore, an RCF process with actual biomass can often result in

different monomer characteristics compared to the reactions with just model compounds.

2.4.3. Catalysts and monomer yields in Reductive Catalytic Fractionation

To this point, the discussion has mainly focused on the key processes during the reductive
catalytic fractionation. In the following subsection, a tabulated summary of RCF results
obtained with different biomasses under various conditions is given. The different results are
compiled based on the utilised catalysts, and the monomer yields are listed based on the initial
lignin content in the biomass.?> The section finishes with additional considerations from the

catalysts' perspective in RCF processes.
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2.4.3.1. Nickel catalysts in RCF processes
Nickel has been used in different hydrogenation reactions since the very late 19" century and
is widely applied in industrial processes due to its relatively low price (7-47 $/kg between 2013-

2023) and good hydrogenation performance.®®*=""

Accordingly, nickel has been widely
explored as a potential catalyst for biomass conversion. Table 2-2 summarises a selection of
RCF processes utilising Nickel catalysts, which are carried out in batch mode in various

conditions and biomasses.

Table 2-2. Reductive catalytic fractionation of various biomasses with Nickel catalysts in batch mode.

Feedstock Reaction conditions Results?
Lignin Particle Solvent: Mono-
. 9 . Catalyst  Solvent T P H- Time Biomass: phenolics Main
Biomass  content size o . Ref.
(Wt%) (mm) (v:v) (°C) (bar) source (h) Catalyst yield product
(mL:g:g) (%)
160 12.2 P(OH)S
Rane 2-PrOH 180 15.4 P(OH)S
Poplar 30 5 < / Auto  Solvent 3 85:1:06 (OH) 372
Ni H,0 (7:3) 200 16.3 P(OH)S
220 30.8 ES
Sugarcane Raney 2-PrOH/
225 N/I i 180 Auto  Solvent 3 20:1:0.7 25.8 DHCHPA 373
begasse Ni H,0 (7:3)
MeOH 39.3 P(OH)S
Beech 21 <0.15 Ni/C(10%) MeOH/ 200 20 H, 5 20:1:0.1 374
514 P(OH)S
H,O (6:4)
35 45:1:0.15 68 PG
35 45:1:0.10 65 PG
. . 35 H, 45:1:0.05 56 PG
Mischantus 13 <04 Ni/C (11%) MeOH 225 12 375
10 29 MeFer
5 45:1:0.10 30 MeFer
35(N,) Solvent 27 MeFer
X 20:1:0.05 20 P(ene)S
Birch 16
A 20:1:0.10 32 PS
t
, ute 20:1:005 6 P(OH)G
Poplar 19 <04 Ni/C(11%) MeOH 200 (2 bar Solvent 6 376
Ny) 20:1:0.10 26 P(ene)S
? 20:1:0.05 16 P(ene)S
Eucalyptus 24
20:1:0.10 28 P(ene)S
Poplar 26 <2 Ni/C (15%) MeOH 225 30 H> 3 96:1:0.16 36.8 PS 37
. Auto  Solvent 6 pHBA/MP
Poplar 26 <2 Ni/C (5%) MeOH 225 6 15:1:0.05 378
30 H, 19.9 P(ene)G
1 213
) 3 245
Corn stover 14 <0.2 Ni/C (5%) MeOH 200 30 H, 6 30:1:0.10 283 MeFer 30
24 28.6
Pine 23 0.1 Ni/C (1%) MeOH 200 30 H> 3 40:1:0.10 14.8 PG 379
Ni/SiO, MeOH 230 30 H, 3 25:1:0.10 26.5 P(OH)S
Poplar 21 <0.25 380
(25%) EG 185 Auto  Solvent 3 20:1:0.20 9.6 P(ene)S
MeOH 42 P(OH)S
Ni/ZIF-8 EtOH 30 H, 12 32.7 P(OH)S
Eucalyptus 27 0.5-1 220 20:1:0.10 381
(14%) 2-PrOH 304 P(OH)S
MeOH Auto  Solvent 4 20.8 P(OH)G
] 05 304
. NI/A|203
Birch 20 0.25-0.5 21%) MeOH 250 30 H, 3 20:1:0.10 44.2 P(OH)S 259
(]
6 51.2
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Poplar N/I 0.25-04 Ni/ALO;  MeOH 240 10 H, 3 20:1:0.15 259 P(ene)S 382

Birch 20° 36.9° PS
Poplar 15b 32.4b P(OH)
Ashtree 18° Ni-W,C/C 40.5P PS
<04 H,O 235 60 H, 4 100:1:0.40 383
Beech 25P (4%) 26.1° PS
Bagasse 14b 32.9° P(OH)S
Pine 34b 10.1° PG
Ni/C(5%) 15 10.5 P(ene)G
Ni/C(15%) 19.5 PS
0.08-025
Poplar 26 Ni/C(5%) MeOH 200 H, 1 50:1:0.20 17.3 PS 261
Ni/C(15%) 30 198 PS
0.5-1.0  Ni/C(15%) 15.1 PS

aMonophenols yield is given based on the initial total lignin content in the biomass. P(OH)S- 4-(3-
hydroxypropyl)syringol. PS- 4-propylsyringol. P(ene)S- 4-propenylsyringol. ES- 4-ethylsyringol. P(OH)G- 4-(3-
hydroxypropyl)guaiacol. PG- 4-propylguaiacol. P(ene)G- 4-propenylguaiacol. MeFer- methylferulate. pHBA- p-
hydroxy benzoic acid. MP- methyl paraben. DHCHPA- 3,4-dihydroxycyclohexanepropanoic acid ®The composition of
biomass was measured by Van Soest method with lignin content deviating considerably compared to the standard
NREL method for biomass composition determination.38438 Accordingly, the monophenols yield deviates based on the
determined biomass composition.

2.4.3.2. Pt, Pd, Rh, Ry, and Ir in RCF processes

Besides Nickel-based catalysts, a variety of other transition metal catalysts have been
employed in different RCF processes. However, the price of Platinum (20 000-50 000 $/kg in
2013-2023), Palladium (23 000-94 000 $/kg in 2013-2023), Rhodium (20 000-970 000 $/kg in
2013-2023), Ruthenium (1 300-26 000 $/kg in 2013-2023) and Iridium (13 000-200 000 $/kg
in 2013-2023) is considerably larger compared to the Nickel catalyst.*®® Accordingly, any
advantages produced by utilising the catalysts above must well overdrive the three orders of
magnitude price difference, even when considering that the metal content ranges between 1-
10% on the catalyst support. Table 2-3 summarises a selection of RCF processes utilising Pt,
Pd, Rh, Ru, and Ir catalysts that are carried out in batch mode in various conditions and

biomasses.
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Table 2-3. Reductive catalytic fractionation of various biomasses with Pt, Pd, Rh, Ru, and Ir catalysts in batch mode.

Feedstock Reaction conditions Results?
Lignin Particle Solvent: Mono-
. 9 . Catalyst  Solvent T P H- Time Biomass: phenolics Main
Biomass  content size o . Ref.
(Wt%) (mm) (v:v) (°C) (bar) source (h) Catalyst yield product
(mL:g:g) (%)
Auto  Solvent 14.7 P(ene)G
Ru/c 30 Ha 23.0 Ps
Auto  Solvent ) 28.1 ES 378
Poplar 26 <2 Pd/C MeOH 225 30 " 6 15:1:0.05 584 POH)S
Auto  Solvent 26.8 P(ene)S
Pu/c 30 H, 29.6 PS
Pine 28 EtOH/H,0O Hy/ 23 P(ene)G
2 Pd/C (5% 195  Aut 1 10:1:0.13 3
Birch 20 ) /CO%) ) 4 solvent 49 P(ene)S
Poplar 19 54 PS
Birch 16 Pd/C+ o 52 PS 2
Eucalyptus i <04 7nCh MeOH 225 34 H, 12 30:1:01 29 b
Pine 31 19 PG
Birch 19 50.0 PS
Poplar 21 0.25-0.50 Ru/C (5%) MeOH 250 30 H, 3 20:1:0.15 439 PS 28
Softwood 27 20.5 PG
: Ru/C (5%) 51.2 PS
Birch 21 25-0. MeOH 2 1 H 20:1:0.1 387
irc 0.25-0.50 PA/C (5%) e0 50 0 2 3 0:1:0.15 178 POHIS
H,0 438 P(OH)S
. MeOH 28.1 P(OH)S
_ 9 L1 329
Birch 21 0.25-0.5 Pd/C (5%) EtGly 200 30 H, 3 20:1:0.10 269 POH)S
EtOH 17.4 P(OH)S
Birch 22 35 PS
Poplar 24 . EtOH/H,0 22 PS
h P % 21 A [ 1 20:1:0.1 388
Spruce 7 Chips d/C (5%) () 0 uto  Solvent 5 0 0.10 1 G
Pine 26 7 EG
RU/C(5%) o 488 P(OH)S
Pd/C (5%) 2 o 50.2 P(OH)S 380
Eucalyptus 23 0.25-0.50 PL/C (5%) n kz:{t;a)nol 200 30 H, 2 20:1:0.10 493 POH)S
Rh/C (5%) ) 469 PS
. Pt/Al,O3 MeOH/ 1. 390
Birch 20 Sawdust % Hoq 230 300N Solvent 3 20:1:0.25 46.1 PS
o
_ o) . . . 391
Eucalyptus 27 025-040 Pd/C(10%) . 240 30 H, 4 40:1:0.10 122 POH)S
2-PrOH 40.0 P(OH)S
Ru/C (5% 414 PS
. WC %)\ eony o
Birch 20 0.20-040 Pd/C(5%) |, 73 250 20 H, 8 50:1:0.20 341 PS
PYC(5%) o 38.8 PS
MeOH 230 30 H, 25:1:0.05 37.8 S
Popl 21 25 R 9 380
opar <025 RUCOR) gy 185  Auto Solent  ° 20:1:0.10 8.1 P(ene)S
Beech 22 <04  Ru/C(5%) MeOH 250 10 H, 3 50:1:0.15 44.1 PS 393
Pine 25 Sawdust  Pt/C (5%) MeOH/ 230 30 H, 3 20:1:0.05 15 PG 394
H,0 (1:1)
Ru/C o 46.4 PS 305
Poplar N/I 0.25-0.50 pd/C MeOH 240 10 H, 3 20:1:0.15 213 OMHPP
Pd/C (1%) 15.0 PG
Pine 23 0.1 Pt/C (1%) MeOH 200 30 H, 3 40:1:0.10 14.4 PG 379
Ru/C (1%) 125 PG
aMonophenols yield is given based on the initial total lignin content in the biomass. P(OH)S- 4-(3-
hydroxypropyl)syringol. PS- 4-propylsyringol. P(ene)S- 4-propenylsyringol. ES- 4-ethylsyringol. P(OH)G- 4-(3-

hydroxypropyl)guaiacol.  PG- P(ene)G- DMHPP-  3-dimethoxy-4-

hydroxypropiophenone.

4-propylguaiacol. 4-propenylguaiacol.

2.4.3.3. On the catalyst choice in RCF processes
In addition to the aforementioned catalysts commonly utilised in RCF processes, a variety of
other catalytic systems have been employed over recent years. Zinc has been utilised as a co-
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catalyst in Zn/Pd/C, in RuN/ZnO/C, and in ZnMoOs/MCM-41 catalysts,?3493%397 while Copper
has been used in CuPMO, CuO/C, Cu/Zn0O/Al,03, and Cu/CeO:; catalysts. 30394 Acidic sites
containing zeolites have been utilised as a co-catalyst or by themselves (although in this case,
it becomes ambiguous to classify it as an RCF process due to the lack of active

stabilisation),?81401-403

while a large variety of triflate salts have been added to the reaction
mixture to serve a similar purpose.*®*'° In addition, mineral acids like HsPO4, H.SO4, and HCI
in liaison with Pt/C, Pd/C, and Ni/C have been added to the reaction mixtures to promote

30,407411-414 \vhile the addition of NaOH has resulted in lower monomer

depolymerisation,
yields. 216411415476 Exploration of modified and new catalytic systems in the context of the RCF

process is ever continuing with every year bringing new research with new catalysts.

Considering the wide range of monomer yields and selectivity obtained with the same catalysts
at the different reaction conditions (Tables 2-2 and 2-3), it transpires that process conditions
play a very significant role in determining the outcome of the RCF process. Accordingly, while
the catalyst plays an important role in the stabilisation process and its configuration influences
the selectivity of the monomers, the reaction conditions like temperature, time, and solvent
are at least as important. It is in line with the discussion and overview given in the previous
subchapters, where lignin moieties' journey prior to reaching the catalyst was summarised.
Accordingly, factors like lignin solubility and configuration in the solvent dependant on the
temperature and solvent, the extent of lignin depolymerisation in the matrix and bulk liquor
dependent on the chemical environment and temperature, the extent of lignin condensation
in the matrix dependent on particle size and temperature as well as multiple more factors

affect the outcomes with the monomers yield at least to the same extent as the catalyst itself.

When considering the catalyst for the RCF process, recyclability is another important factor
determining the process scalability and operation cost. Accordingly, several studies have
considered the utilisation of the catalyst over several RCF cycles. Rinaldi and Ferrini found that
in the RCF process with Raney Ni, the catalyst could be reused at least 8 times in the batch
process without significantly affecting lignin oil properties.?’ Liu et al. demonstrated up to 10%
relative decrease in monomer yield when utilising RuN/ZnO/C catalyst for up to five runs.3%
Their results implied that catalyst deactivation might be mainly caused by the fouling of

metal/support, and regeneration of the catalyst did not result in a significant loss of catalytic
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performance.** Van den Bosch et al. utilised Ni/Al,Os catalyst in the RCF process and observed
a subsequent decrease in monomers yield from the first to the fifth run.*** However, a reductive
treatment on the spent catalyst restored the availability of the Ni sites and the same monomer
yield was achieved as during the first run with a fresh catalyst.>*® In the flow-through RCF
process, Lan et al. showed a 50% reduction in monomer yield after flowing 1.2 g acetal-
stabilised lignin over 0.125 g Ni/C catalyst. At the same time, Anderson et al. observed a 10%
decrease in monomer yield after processing four 1 g biomass beds over 0.15 g Ni/C
catalyst.*""#'® Accordingly, catalyst recyclability and the ability to recover its activity are major
factors when considering RCF process upscaling, as the complex pool of lignocellulose

moieties in reaction liquor renders the decrease in catalyst activity over time.

Considering the different RCF catalysts highlighted and discussed in this section, the present
work will consistently employ Raney Ni as the heterogeneous catalyst, based on three main
considerations. Firstly, the use of a single catalyst across all experiments facilitates direct
comparison between different process configurations and variables. Secondly, nickel is
significantly more affordable than other transition metal catalysts commonly used in RCF, such
as palladium, ruthenium, or platinum. This cost advantage enhances the feasibility of industrial
implementation, reducing capital expenditure (CAPEX) and making operational expenditure
(OPEX) less sensitive to uncertainties around catalyst lifetime and regeneration. Thirdly, Raney
Ni has an extensive track record in RCF literature, with various studies exploring its
performance, stability, and recyclability under varied process conditions,?’21216346372419
Building on this established knowledge base allows the current study to position itself within
a well-characterized framework and expand on prior insights. In addition, the general
framework of new approaches regarding the process conditions could be expanded to other

catalysts with additional studies as the Raney Ni shares the principle of being a heterogeneous

catalyst facilitating reductive processes with other catalysts in RCF processes.

It is important to highlight that while Raney Ni offers various advantages in the RCF process

like high hydrogenation, hydrodeoxygenation and hydrogenolysis activity along with high

surface area and self-supporting structure, #2%4%'

it also presents some practical disadvantages.
Accordingly, Raney Ni is pyrophoric in nature when dry, which necessitates careful handling

and limits ease of use in scaled-up or continuous processes.*** Additionally, although Raney
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Ni is generally less expensive than noble metal catalysts, it is often more costly than supported
Ni catalysts (e.g., Ni/C or Ni/Al,Os3), particularly on a per-use basis due to its higher nickel

content and complex preparation, 260262422

2.5. Impact on holocellulosic pulp

While the focus of this literature review is on the lignin journey through the Reductive Catalytic
Fractionation, the process also results in holocellulosic pulp rich in cellulose. Accordingly, a
brief overview of the pulp properties, along with the effect of the process conditions on it, is
given in this section. The upgradability of the pulp resulting from the RCF process is visited in

the second part of this subchapter.

2.5.1. Retention of carbohydrates and delignification

In 2016, Ferrini et al. carried out a thorough investigation on pulp characteristics from the RCF
process in comparison with the Organosolv process.*’® Accordingly, RCF and Organosolv
processes utilising poplar wood with and without Raney Ni catalyst were carried out in 2-
PrOH/H>O mixture for 3 h in the temperature range of 160-220°C. As a result, the glucan
content in RCF pulp increased from 57% at 160°C to 84% at 220°C, while in the Organosolv
pulp, the glucan content increased from 48% to 81%, respectively. Accordingly, the RCF
process presented consistently higher glucan retention in the pulp compared to the
Organosolv process. The same trend was also observed for the xylans. The extent of RCF pulp
delignification increased from 53% at 160°C to 87% at 220°C, while the Organosolv pulp
delignification increased from 33% to 77%, respectively. Therefore, the RCF process results in
pulps of superior quality and a higher degree of delignification compared to the Organosolv
pulps obtained at the same process conditions without the catalyst.*'® The ability of the catalyst
to decompose the carboxylic acids renders the liquor less acidic compared to the Organosolv
process, thereby hindering the carbohydrate hydrolysis. Accordingly, the RCF pulps also
display a higher degree of polymerisation for the cellulose in the pulp. At the same time, the
passivation of the lignin moieties decreases the likelihood of lignin redeposition, resulting in

a higher degree of pulp delignification compared to the Organosolv process.*'

In general, RCF processes commonly result in a high degree of cellulose retention (>80%) and
a high extent of pulp delignification (>80%).2739>3%6411423426 At the same time, the
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hemicellulose retention in the pulp can significantly vary from almost complete removal to
near complete retention.3?**” Accordingly, the reaction conditions utilised and the inherent
nature of different biomass types strongly influence the fate of hemicellulose in the RCF
process. As a common rule, acids promote hemicellulose hydrolysis while bases suppress it.
Accordingly, Renders et al. demonstrated that the addition of H3PO4 to an RCF process utilising
poplar with Pd/C catalyst and MeOH results in an increase of monophenol yields and a
decrease in hemicellulose retention, while the addition of NaOH drastically decreases the
monophenol yield while resulting in high hemicellulose retention.*'" Similarly, Chesi et al.
reported a significant increase in xylans retention when NaOH, NaHCOs, and Na,COs were

individually added to the RCF reaction mixture.?'

2.5.2. Upgradability of the RCF pulps

The cellulose-rich pulp from the RCF process can be upgraded in multiple ways. Due to the
mass transfer limitations described in Chapter 2.3, small chips or sawdust are utilised for the
process. This, in turn, hinders RCF pulp usage in the traditional pulp and paper industry, which
usually requires long cellulose fibres. At the same time, the pulp could be upgraded by
enzymatic hydrolysis to sugars and fermentation to ethanol or applied to produce speciality
celluloses. To assess the yield of enzymatic hydrolysis to sugars from RCF pulps in comparison
with Organosolv pulps, the pulps in the above-described work by Ferrini et al. were subjected
to enzymatic hydrolysis with Cellulast® enzyme.*'® Accordingly, Figure 2-14 displays the

glucose yield from RCF pulps and Organosov pulps obtained at different temperatures.
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Figure 2-14. Glucose yields from the enzymatic hydrolysis of poplar wood. a) CUB pulps and b) Organosolv pulps
obtained at varying temperatures. Reaction conditions: substrate (equivalent to 1g of glucans), Celluclast® (350U g’
substrate), pH 4.8 (acetate buffer),45°C. Note: Catalytic Upstream Biorefining (CUB) is now known as Reductive
Catalytic Fractionation (RCF). Reproduced from reference 4'° with permission (John Wiley and Sons).

Figure 2-14 indicates that the pulps obtained by the RCF process result in higher glucose yields
compared to the Organosolv pulp counterparts. As transpires from the same study, the higher
glucose yield is primarily achieved due to the lower content of residual lignin in RCF pulps, as
the glucose yield was found to decay exponentially with the increasing residual lignin content
at different enzymatic hydrolysis times.*'® Similarly, very high (>90%) glucose yields from
enzymatic hydrolysis of RCF pulps have been reported in several studies.*'341942842% Optained
glucose from RCF pulps could be further fermented into bioethanol. Accordingly, Cooreman
et al. recently reported an ethanol yield of 78% from enzymatically hydrolysed pulp when
utilising RCF pulp from a process using n-BuOH/H,O system in the presence of Ru/C catalyst,
while the pulp obtained by the RCF process with only n-BuOH resulted in 60% ethanol yield

respectively.**°

In addition to enzymatic hydrolysis strategies, the cellulose-rich pulp could potentially be
upgraded to speciality celluloses. While the production of microcrystalline cellulose (MCC) is
yet to be demonstrated utilising RCF pulps, the strategy has been successfully explored in
several studies utilising the pulps from the Organosolv process.*'™*** Accordingly, while
moving towards the industrial implementation of the RCF process, potential valorisation

strategies for the pulp fraction have to be carefully assessed. However, it has become
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universally recognised that RCF pulps present high-quality properties and could be more easily

upgraded than their Organosolv counterparts.

2.6. Techno-economic aspects of RCF

The final section of the literature review gives a brief overview of the RCF process's techno-
economic aspects. Firstly, the potential industrial production of RCF lignin oil is looked at from
the techno-economic and environmental impact aspects based on the recent preliminary and
still limited research in the field. The second part of this subchapter discusses potential routes

for upgrading the RCF lignin oil downstream.

2.6.1. Techno-economic analysis and Life-Cycle Assessment for the production

of RCF lignin oil
In 2020, Tschulkow et al. conducted a thorough techno-economic analysis (TEA) of the
potential industrial-scale RCF process.*** The TEA was based on the RCF process utilising Ru/C
catalyst with methanol and hydrogen gas with birch, poplar, pine, and waste wood. The
process was designed to produce a pulp stream along with separate streams of lignin
monomers and oligomers obtained by solvent extraction with hexane. With lignin monomers
and oligomers fixed selling price of 1.75 € kg™, the production capacity was evaluated in terms
of net present value (NPV) and internal rate of return (IRR). With a production capacity of 150
kt year' of wood, the use case of waste wood presented the highest IRR of 26% with positive
NPV, while the utilisation of pine, birch, and poplar at the same scale resulted in the IRR
between 8-11% and negative NPV. The break-even annual capacities for the modelled RCF
biorefineries were 80 kt for waste wood and between 191-234 kt for poplar, birch, and pine.***
While the study was based on a broad range of assumptions, it indicates an industrial-scale

RCF plant would be a viable option when the lignin fraction's selling price is 1-2 € kg™

In 2021, Bartling et al., involving several group leaders from the RCF field, performed TEA and
a life cycle assessment (LCA) of a potential industrial RCF process.*® In the study, the RCF
processes were evaluated based on the minimum selling price (MSP) of RCF lignin products
for an IRR of 10% over the 30-year lifetime of the biorefinery to produce an NPV of zero. The
evaluated processes were based on the capacity to process 2 kt of dry hybrid poplar feedstock

per day, and the pulp was enzymatically hydrolysed to sugars and fermented to ethanol with
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the selling price of 1.65 $ gallon™ (0.44 $ L. In the base case process, 9 L of methanol:H,0O
9:1 (V:V) mixture and 10 L of H, (STP) per minute were utilised per kg of dry biomass feed. 15
wt% Ni/C catalyst was used at 1:10 ratio to the dry biomass by weight. The proposed RCF
process was carried out at 200°C and 60 bar. As the functional unit for LCA analysis, 1 kg of
the lignin fraction in RCF lignin oil was utilised. Accordingly, Figure 2-15 lays out the different
plant sections' contribution to the MSP as well as the global warming potential (GWP) and

cumulative energy demand (CED) of the corresponding sections.
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Figure 2-15. RCF lignin oil production base case economics, GWP, and CED utilising 2kt of hybrid poplar, 9L
methanol:H;0 9:1 (V:V) solvent mixture per Tkg of biomass, 15wt% Ni/C catalyst with 1:10 catalyst to biomass ratio,
200°C for 3h with the H> flow rate of 10L (STP) per minute per 1kg of biomass. (a) Contributions to the MSP of the
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lignin portion of RCF oil (MSP-lignin fraction). *Cost of feedstock includes all upstream feedstock logistics, handling,
and pre-processing steps up to the reactor. (b) Breakdown of contributions to GWP-lignin fraction. The results shown
are normalised to the production of 1 kg lignin fraction and allocated according to mass (c) Breakdown of contributions
to CED-lignin fraction. Results shown are normalised to 1 kg lignin fraction and allocated according to mass. A
thorough list of considerations can be found in the corresponding article.> Reproduced from reference ** licensed
under CC BY 3.0.

The base case of the study resulted in an MSP of 1.74 $ kg-1 for the lignin fraction in RCF oil.
The MSP for whole RCF lignin oil, including the carbohydrate-derived moieties, was estimated
to be 1.13 $ kg™', while the MSP for lignin-derived monomer fraction would be 3.63 $ kg™.***
The largest cost driver for the plant was determined to be the capital cost for the RCF
equipment (mostly reactors) required to withstand the high-pressure operation. From the GWP
standpoint, the largest contributor was also the RCF area due to the high heat demand for
solvent recovery, resulting in 0.079 kg CO; eq. per 1 kg of produced lignin fraction. The high
heat demand of the RCF area was also one of the two large contributors to the CED next to
the energy input required by the farming process, with the CED for the process assessed to be
74 MJ per 1 kg of produced lignin fraction.**® Based on the TEA and the sensitivity analysis of
the process parameters, the authors recognise two key cost drivers. Firstly, the reduction in
process pressure would significantly reduce the capital cost for the required RCF reactors.
Secondly, lowering the solvent loading and the extent of decomposition would reduce the
recovery's energy requirement and thereby significantly reduce the CED and GWP. The catalyst
contribution to the MSP was assessed to exhibit only minimal impact on the MSP of the lignin
fraction.*®> However, the authors assume that catalyst replacement would correspond to
approximately 26000 kg of processed wood per 1 kg of the catalyst. This is 2-3 orders of
magnitude higher compared to the studies done in the lab scale, in which the catalyst has seen
sintering, leaching, and poisoning, decreasing the monomer yield from the process.*'"#'®
Accordingly, the assumption would only hold valid if effective catalyst regeneration measures
were added to the process. While the catalyst cost contribution to the MSP is small when
decreasing the catalyst lifetime 12 times, a 2-3 order of magnitude decrease compared to the
assumption would already mean that the catalyst cost would be the main cost driver of the
obtained RCF oil lignin fraction. Accordingly, additional research on the catalyst deactivation

during the process and potential reactivation is required to justify the assumption made in the

TEA and LCA analysis.
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In addition to the base case, Bartling et al. also looked at three additional cases, where instead
of methanol/water mixture as a solvent, ethanol:H,O 85:15 (V:V) mixture with H,, ethanol:H,O
1:1 (V:V) mixture without H,, and ethylene glycol:H,O 99:1 (V:V) with H, were utilised. The
reactor pressures in the given processes were 50, 30, and 6 bar, respectively. The ethanol case
with hydrogen resulted in the lignin fraction MSP of 1.88 $ kg-1, while the GWP was net
negative with -0.18 kg CO; eq. and CED of 77 MJ per 1 kg of lignin. The ethanol case without
hydrogen resulted in MSP of 1.34 $ kg-1 for lignin fraction with GWP of -0.02 CO; eq. and CED
of 75 MJ per 1 kg of lignin. However, as the monomer fraction was significantly decreased, the
MSP of the monomer fraction alone became 7.58 $ kg™'. The TEA analysis of the ethylene glycol
case resulted in a lignin fraction MSP of 1.51 $ kg-1 with GWP of 0.39 CO; eq. and CED of 78
MJ per 1 kg of lignin. As transpires from the analysis of different RCF cases, the MSP of the
lignin fraction remains in the same order of magnitude with each case. The ethanol cases with
and without hydrogen also provided examples of negative GWP, indicating that an RCF design

with net negative GWP is well achievable.

In 2023, Arts et al. introduced an additional approach, where RCF products, along with the
solvent, are partially recycled to the reactor.?® In their design, Pd/C catalyst with the assumed
lifetime of 2 years was used with a reaction temperature of 220°C, utilisation of gaseous H.
and a plant capacity of 150 kt of wood per year. While the same considerations for the catalyst
regarding its recycling hold as for the work by Bartling et al,** the partial recycling of the
process liquor resulted in a considerable decrease in MSP of the RCF lignin fraction.?®
Accordingly, Figure 2-16 depicts the nearly 2-fold reduction in RCF lignin MSP when
implementing the liquor recycling strategy. Additional reactor cost optimisation, along with
liquor recycling, managed to bring the MSP of the lignin fraction to 0.7 € kg™'. Along with the
decreasing MSP of the lignin fraction, liquor recycling also allowed a three-fold decrease of

the process GWP with 1.5 kg CO: eq. per 1 kg of refined lignin oil.
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Figure 2-16. Global warming potential (GWP-RLQO) vs. minimum selling price (MSP-RLO) of the lignin oil for all cases
examined in the work in reference 2%. The GWP-RLO represents the scenario where no renewable energy vectors (i.e.,
renewable hydrogen and electricity) were used in the RCF biorefinery, and the carbon neutrality principle was not
applied. This allows to better compare the gains achieved with liquor recycling and reactor cost optimisation compared
to the GWP of fossil-based chemicals. GWPs are on average 2 to 4 times smaller when renewable energy resources
are used and decrease by ~5 kgCO, kgRLO™" under the carbon neutrality principle. Reproduced and modified from
reference 282 licensed under CC BY 3.0.

2.6.2. RCF lignin oil downstream upgrading

Obtaining RCF lignin oil at a conceivable price and quantity is one part of the equation for the
process industrial implementation. The second part of the equation is finding compatible
downstream routes for the products suitable for the market requirements. In this regard, two
different strategies could be pursued. Firstly, the lignin-derived monomers could be
defunctionalised to make them compatible raw materials for the established synthesis routes
in the petrochemical industry. Secondly, the existing functionality in the lignin-derived
monomers can be substituted or built on to facilitate highly atom-efficient production of fine

chemicals.

Utilising the first approach, Liao et al recently demonstrated the conversion of the lignin-
derived methoxylated and alkylated phenols in RCF lignin oil into phenol and propylene.*?” In
doing so, the lignin-derived monomers were first hydroprocessed over Ni/SiO. at 285°C to
produce a stream rich in n-propylphenols and n-ethylphenols. The obtained mixture was then
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funnelled into a dealkylation process with a ZSM-5 (Z140-H) catalyst. As a result of the two
additional catalytic processes, 20 wt% phenol and 9 wt% propylene yields were achieved based
on the initial lignin content in birch wood. Based on the experimental results of printing ink
production from the oligomeric lignin fraction in RCF lignin oil, the authors carried out TEA
and LCA for a potential industrial plant producing 100 kt of bio-based phenol annually. The
proposed case resulted in a high IRR of 23% with a payout time of only four years.*?” Similarly
to the discussion in the previous subsection, the authors indicate the capital cost of pressure
reactors as the highest driver of the production price. The GWP of both phenol and propylene
production was estimated to be considerably lower compared to the current petrochemical
routes. Accordingly, the proposed phenol production resulted in 0.74 kg CO; eq. (vs. 1.73 kg
CO; eq. on petrochemical route) and propylene in 0.47 kg CO; eq. (vs 1.47 kg CO; eq.

respectively).*?’

While the study by Liao et al. paved a potential pathway for the production of phenol and
propylene from the RCF process,*’ the paradigm of lignin (and hemicellulose) derived
monomers defunctionalisation to fill in the established petrochemical synthesis routes can be
expanded to a more extensive range of commodity chemicals. In the previously introduced
study by Bartling et al., the MSP of RCF lignin oil and its fractions were compared with a variety
of commodity chemicals potentially obtainable from the products of RCF lignin oil.
Accordingly, Figure 2-17 displays the production volume and price of the commodity
chemicals that could be potentially derived from the RCF process. As transpires from the
comparison as well as from the study by Liao et al,**’ the lignin- and hemicellulose-derived
streams from the RCF process can be competitively priced in the very high volume markets.
However, further advances in downstream processing strategies are much needed to facilitate

a step-change in the implementation of the RCF process in this paradigm.
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Figure 2-17. Minimum RCF oil selling prices with the U.S. price and global consumption of various chemicals for
reference. The U.S. Price and Global Consumption data were sourced from a 2016 report by Biddy et al. and are 3-5
year averages.*3® Tabulated data are summarised in the supplementary information of the article. Reproduced from
reference #3° licensed under CC BY 3.0.

The second approach for downstream upgrading is utilising lignin-derived monomers'
inherent functionality to provide an atom-efficient platform for fine chemical and polymer
synthesis. In a recent study by Afanasenko et al, several synthesis pathways leading to
biologically active agents are highlighted from C2 ethylene glycol stabilised guaiacols
obtained by diol-assisted lignin-first biorefining.**” As the lignin-derived aromatic compounds
incorporate structural moieties often found in biologically active compounds due to their
common biosynthetic origin, the study demonstrates the strategy’s feasibility for producing
active pharmaceutical ingredients.”*” Concerning the lignin-derived monomers from the RCF
process, Wu et al. recently introduced Raney Ni catalysed amination of phenolic alcohols,
rendering a production route for y-aminated phenols.**® Accordingly, a precursor for several
pharmaceuticals was obtained. In addition, phenolic alcohols that are the primary monomeric
product in the Raney Ni catalysed RCF process under the conditions utilised throughout this
work can undergo functionalisation to form intermediates useful in synthesising heterocyclic
compounds, which are known for their pharmacological activities.**** While the fine-
chemicals routes from the RCF process lignin-derived monomers are still largely unexplored,
the strategy has the potential to valorise biomass components order(s) of magnitude higher

compared to the defunctionalisation of lignin-derived monomers to existing platform
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chemicals. In addition to the fine chemicals, the lignin-derived monomers from the RCF
process have been shown to serve as a successful precursor for polymer synthesis, indicating
that a paradigm where the starting point is a more functionalised molecule could serve as a

viable technology. 397443445446

Herein, it is important to highlight that for the complete valorisation of the biomass, oligomeric
(and polymeric) lignin fractions resulting from the RCF process should also be emphasised in
the context of the product portfolio. Due to the suppression of lignin condensation during the
RCF process, the resulting higher molecular weight lignin fraction is structurally different from
the current technical lignins. Accordingly, the polymeric fraction has the potential to be utilised

in materials and polymers that are yet to be explored.

2.7. Research objectives

In the journey of lignin molecules through the reductive catalytic fractionation process, a
complex list of factors, each influencing the outcomes of reductive catalytic fractionation, was
witnessed. As a result, understanding the processes taking place during an RCF process for
controlling its outcomes poses a vast challenge to current researchers. At the same time, the
large variety of independent and dependent process variables also offers an opportunity to
develop novel routes to replace current oil-based chemical production. In addition, an entirely
new class of platform chemicals and polymers could be obtainable. Considering the large
number of variables affecting the result of an RCF process, the current work aims to enhance
the understanding of the chemical transformation taking place during the RCF process. On top

of that, new approaches aiming to enhance the process outcomes are introduced.

Accordingly, Chapter 3 introduces a solvent fractionation strategy for molecular profiling of
different molecular weight lignin fractions in RCF lignin oil. In this process, an additional lignin
stabilisation mechanism is discovered, which also incorporates polymeric lignin moieties. In
addition, the chemical nature of oligomeric carbohydrates in the lignin oil is determined, and
a new metric based on the UV-VIS absorption for the lignin is introduced. Chapter 4 explores
the effect of mechanocatalytic pretreatment with different additives prior to the RCF process.
Due to the need for biomass comminution before the RCF process, it is discovered that adding

acetic acid to the ball-milling process enhances monomer yields and improves the pulp quality.
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In Chapter 5, a semi-batch temperature-stepping RCF strategy is introduced, emphasising the
importance of process conditions, and not necessarily the catalyst alone, in determining the

product portfolio and monophenols selectivity.
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3. Solvent fractionation strategy for detailed insights into
lignin stabilisation and carbohydrate chemical nature in

the H-transfer RCF process

Some of the results presented in this chapter are published in the article “Lignin Stabilization
and Carbohydrate Nature in H-transfer Reductive Catalytic Fractionation: The Role of Solvent

Fractionation of Lignin Oil in Structural Profiling” and can be found under the reference #*°.

3.1. Introduction

Reductive catalytic fractionation of lignocellulosic biomass produces lignin oil containing
lignin-derived monoaromatic phenolics as the primary products along with oligomeric and
polymeric lignin fragments and carbohydrate-derived molecules. Alongside the lignin oil,
delignified high-quality pulp is isolated.*’**"*#’ Dependant on the RCF process conditions,
lignin oils obtained under the low severity conditions (e.g. H-transfer RCF using Raney Ni and
2-propanol/water at <200°C and <6h) can contain a substantial amount of lignin oligomers

and polymers with a significant amount of heavy lignin fractions (>2000 Da).?"*®

Despite the rapid advancements in RCF strategies over the past decade, there is still very little
information about the chemical nature of the lignin oligomers/polymers as well as the
carbohydrates in the literature. Given the inherent complexity of the lignin oil matrix, a
fractionation strategy can potentially reduce the complexity and thereby aid in deconvolving
complex data (e.g.,, HSQC NMR measurements). This, in turn, would enable the elucidation of
the structural features of lignin oligomers/polymers and carbohydrates in lignin oils.
Furthermore, obtaining lignin oil fractions in different molecular weight ranges would facilitate
determining the structural heterogeneity across the entire molecular weight distribution of
lignin. Structural profiling is also essential for answering the pending research question about
whether lignin stabilisation on the catalyst encompasses all lignin species in bulk medium or
is only limited to low-MW species. Accordingly, facile and environmentally friendly methods

for lignin oil fractionation are needed to further accelerate the progress in RCF research.

Solvent fractionation serves as a potential pathway for lignin oil separation into various

fractions. Accordingly, solvent fractionation techniques have been extensively investigated on
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technical lignins. Recently, Gigli and Crestini published a comprehensive review on the

industrial technical lignins fractionation.**

They outlined that solvent fractionation
encompasses 85% of all fractionation processes, while membrane-based technologies account
for 15%.%°% Concerning solvent fractionation, Gosselink et al. created a method for technical
lignin fractionation that utilises lignin powder packed with inert particles in a column, where a
series of increasing polarity solvents were used to solubilise different lignin fractions.**® A
fractionation method using expanded solvent systems (2-methyltetrahydrofuran/CO;) was
recently reported by Leitner group.*” Adjusting the CO, pressure in the expanded solvent

system, the method proved highly selective in separating lignin fractions in different MW

ranges.

In RCF research, solvent fractionation methods have been primarily employed for the isolation
of low-MW lignin-derived products. Sels group utilised ethyl acetate (EtOAc) and n-heptane
in the work-up of lignin oil from pine wood, thereby facilitating significant progress in
characterising lignin dimers and trimers.*****® However, despite the reported use of solvent
fractionation as a work-up method of lignin oil to separate the low-MW fraction of lignin oil,
it has not yet been deployed as a method for the structural profiling of RCF lignin oil

oligomeric/polymeric fractions.

In this chapter, phenomenological analysis of the solvent fractionation of RCF lignin oil
obtained from poplar wood in the presence of Raney Ni and 2-propanol as the H-donor (2-
PrOH/H,0 7:3, v/v) at 200°C for 3 h is reported. It was found that utilising environmentally
friendly solvents methanol (MeOH), acetone, and EtOAc allows for the production of lignin oil
fractions in different MW ranges. Furthermore, the solvents can also be used in sequence to
further broaden the range of different lignin oil fractions. This outcome allowed the structural
heterogeneity of lignin products to be addressed and distinctive structural features imprinted
by Raney Ni on lignin products and carbohydrates in the H-transfer RCF process to be
elucidated. Accordingly, this chapter's results and discussion section contains four main parts.
The first part presents a phenomenological analysis of solvent fractionation of RCF lignin oil
with the three solvents. The second part expands the concept to sequential solvent
fractionation with the same three solvents. The third part examines the fractions thoroughly

using high-resolution HSQC NMR spectroscopy and elucidates the structural features created
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by reductive processes of Raney Ni on lignin fragments and carbohydrates. The final fourth
part discusses the Raney Ni role in lignin fragments stabilisation during the H-transfer RCF

process.

3.2. Results and discussion

The current study began with a serendipitous finding, when during an attempt to dissolve RCF
lignin oil in anhydrous acetone, a pale beige precipitate and yellow solution were obtained.
This was somewhat surprising as acetone and its mixtures with polar solvents like alcohols and
water are well known to have excellent lignin-extracting properties recently explored in several
Organosolv process variants.*®#¢? However, as precipitate was formed due to the fractional
dissolution of the RCF lignin oil, anhydrous acetone proved to dissolve monomeric and
oligomeric lignin products while precipitating mid- and high-MW lignin fragments along with

carbohydrates.

Table 3-1. Hildebrand solubility parameters (8) along with Hansen parameters (6p, S, &1) for lignins, lignin-derived
monophenols, and selected solvents. Reproduced from reference >*° licensed under CC BY 4.0.

Substance 8§(MPa%%)  &p(MPa%%) &p(MPa%’) &u(MPa®®)

Lignins (Chapter 2.2.1) 22.5-31.7 16.1-21.9 4.9-18.4 10.2-21.8

Lignin-derived monophenols®*4  22.1-26.7 17.0-19.3 43-82 12.5-17.3

MeOH 29.6 15.1 12.3 223
Acetone 19.9 15.5 104 7.0
EtOAc 18.2 15.8 53 7.2
Water 47.8 15.5 16.0 423

Motivated by the finding, Hansen solubility parameters discussed in detail in Chapter 2.2.1
were considered to select other potentially feasible solvents to obtain different cuts of low-or
high-MW lignin fragments in RCF lignin oil. While 6p and &4 for lignins and lignin-derived
monophenols are similar, the &p values for lignin-derived monophenols are considerably lower
than those for lignins (Table 3-1). Accordingly, it is reasoned that & could be a useful
parameter for selecting the solvents to separate lignin fractions in different MW ranges.

Therefore, anhydrous ethyl acetate and anhydrous methanol were selected along with
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anhydrous acetone for the lignin oil solvent fractionation (Table 3-1). Importantly, water
presents a high & value (16.0 MPa%°) and can contribute to levelling the & values of MeOH,
acetone, or EtOAc to match the &p values of lignins. In such case, the dissolution extent of
oligomeric/polymeric lignin fractions in RCF lignin oils would increase. Accordingly, anhydrous

solvents and dried RCF lignin oil are necessary for reproducible results.

3.2.1. Phenomenological analysis of solvent fractionation

Figure 3-1 summarises the RCF lignin oil fractionation results, displaying the visual appearance
of the isolated fractions using MeOH, acetone, and EtOAc. The RCF lignin oil presented the
highest solubility in MeOH ((88+1% in MeOH vs. 56+1% in acetone vs. 50+1% in EtOAc),
resulting in the darkest solution out of the three solvents. After drying, the MeOH-insoluble
fraction was recovered as a dark reddish-brown solid corresponding to 4+1% of the lignin oll
in weight. The solvent fractionation with acetone and EtOAc resulted in yellow solutions, with
the acetone solution darker in shade. The acetone-insoluble fraction constituted 35+3% of the
RCF lignin oil in weight, while the EtOAc-insoluble fraction did 51+1%. Both fractions were
recovered as pale beige-coloured hygroscopic solids. Once exposed to humidity, they can turn

back to a highly viscous oil.

RCF Lignin Oil
MeOH Acetone EtOAc
soluble insoluble soluble insoluble soluble insoluble
88+1% 4+1% 561 35%+3% 50x1% 51x1%

Figure 3-1. Initial observations of the solvent fractionation of RCF lignin oil in MeOH, acetone, or EtOAc. The pictures
present the visual appearance of the soluble and insoluble fractions. Pictures of the soluble fractions were taken from
the supernatant solution. The initial mass of RCF oil dispersed in each solvent was identical Losses of volatile
components (carried by solvent removal via rotoevaporation) are associated with an overall recovery below 100%. In
all experiments, the overall recovery was higher than 90%. Reproduced from reference 3° licensed under CC BY 4.0.
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To examine the selectivity of the solvent fractionation, the apparent MW distribution of the
fractions was obtained by gel permeation chromatography (GPC). Figure 3-2 displays the GPC
chromatogram traces of different fractions, while Table 3-2 summarises the values for GPC
trace onset and the apparent weight-average molecular weight M,. The fraction insoluble in
MeOH shows an apparent M,, value of 16900 Da, and chromatogram signal narrower than the
RCF lignin oil. The comparison between acetone- and EtOAc-insoluble fractions reveals that
mid-MW lignin fragments (from 1800-12800 Da) were less abundant in acetone-insoluble
fraction, implying that mid-MW lignin was more soluble in acetone than in EtOAc. As a result,
the acetone-insoluble fraction presented a higher M,, value than the EtOAc-insoluble fraction
(6500 Da vs. 4800 Da, Table 3-2). As determined by gas chromatography (GC), all three
insoluble fractions contained only trace amounts of monomer products (<0.1 wt% in total).

Apparent molecular weight / Da
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_ A B MeOH insoluble
Acetone soluble
h I Acetone insoluble

B EtOAc soluble
B EtOAc insoluble

12 14 16 18 20
Elution time / min

Figure 3-2. GPC traces for RCF lignin oil and its fractions insoluble or soluble in MeOH, acetone, or EtOAc. The traces
were recorded at a wavelength of 270 nm. Reproduced from reference 2*° licensed under CC BY 4.0.

Table 3-2. Apparent values of M,, and GPC trace onset for the RCF lignin oil and its insoluble and soluble fractions in
MeOH, acetone, and EtOAc. Reproduced from reference 2% licensed under CC BY 4.0.

Fraction GPC trace onset (Da) Apparent M,, (Da)
RCF Lignin oil 36600 3400
MeOH-insoluble 60700 16900
MeOH-soluble 20500 2300
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Acetone-insoluble 32000 6500

Acetone-soluble 8700 1200
EtOAc-insoluble 29700 4800
EtOAc soluble 3000 500

The selective removal of heavy species decreased the GPC trace onsets from 36600 Da for the
RCF lignin oil to 20500 Da for the MeOH-soluble fraction, 8700 Da for the acetone-soluble
fraction, and 3000 Da for the EtOAc-soluble fraction (Figure 3-2). Therefore, the apparent M,
values decreased from 3400 Da for the RCF lignin oil to 2300 Da for the MeOH-soluble fraction,
1200 Da for the acetone-soluble fraction, and 500 Da for the EtOAc-soluble fraction (Table 3-
2). Importantly, the ability of acetone, and particularly EtOAc, to selectively dissolve low-MW
lignin-derived species implies that the soluble fractions become proportionally enriched in
monophenol products. Accordingly, the monophenol content increased from 11% in RCF
lignin oil to 26% in the EtOAc-soluble fraction (Figure 3-3). The selectivity of EtOAc to dissolve
low-MW species in RCF lignin oil agrees well with the similarity in HSP values between lignin-
derived monomers and EtOAc. The & parameter for EtOAc (5.3 MPa®°) agrees more closely
with those of the monomer products (4.3-8.2 MPa®) than those reported for lignins (4.9-18.4
MPa%?) as indicated in Table 3-1. As EtOAc presents HSP much more distant from those

reported for lignins, it is less suitable for dissolving lignin oligomers and polymers.
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Figure 3-3. Content (wt%) of different lignin monomers in the RCF lignin oil and MeOH-, acetone-, and EtOAc-soluble
fractions as determined by GC-FID. Reproduced from reference 23 licensed under CC BY 4.0.

In addition to utilising a single wavelength to depict lignin molecular weight distribution near
phenolic species absorption maxima, the photodiode array (PDA) detector also allows to
obtain information in a broader spectral range. In native lignin linkages formed from canonical
lignin monomers, lignin monomeric units are not conjugated with each other, except for 5-5'
linkages in dibenzodioxocin moieties. However, the content dibenzodioxocin moieties in
hardwoods is very low (<1%)%. In addition, lignin p-hydroxybenzoate groups decorating lignin
backbone as pendant groups in hardwoods contain a-carbonyl group conjugated with the
aromatic ring. Nevertheless, parabens with a very similar structure to the pendant groups do
not absorb light above 300nm.** Therefore, it is suitable to state that hardwood lignin in its

native form does not have significant absorption in wavelengths above 320nm.*¢

During the lignin extraction from the biomass, reactive lignin intermediates are prone to
undergo condensation (and oxidation), thereby forming lignin domains with a greater extent
of conjugation. Further delocalisation of Tt-electrons narrows the energy band between 1 and
antibonding Tt- T* orbitals, thereby causing a redshift in more conjugated lignin spectra.*®®
Utilising the rationale, a new metric for lignin characterisation- Spectral Index (Sl), is hereby
introduced. Considering that the absorption maxima of lignin is in the proximity of 280nm as

for phenol in most solvents, Structural Index is defined as:
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A(xxx nm)

Shyy =1————=
xxx A(280 nm)

where A denotes the absorbance at 280 nm and at the selected wavelength. Additional work
in our research group not in the scope of the current thesis utilises different isolation methods
with the same eucalyptus biomass to lay a broader foundation for the Structural Index metric.
Accordingly, it is demonstrated that Kraft and Organosolv processes result in low structural
indexes (for Kraft lignin, the average Sl320=0.46+0.03 and Sl350=0.7310.04, and for Organosolv
lignin 0.42+0.11 and Sl350=0.65+0.02 respectively), while the lignin obtained by RCF process
displays considerably higher Sl values (Sl320=0.72+0.11 and Sl350=0.86+0.07). Therefore, the
relative abundance of condensed and/or oxidised species is higher in Kraft and Organosolv
lignins compared to the RCF lignin and is well in line with established knowledge on the
isolation methods. A full spectra of the isolated lignins along the molecular weight distribution,
as well as the Slsz, Sl3so, Slaoo, and Slas values at different apparent molecular weights for the

study, can be found in Appendix Figures A-2 and A-3.

The Structural Index approach based on the PDA detector response in GPC analysis was also
applied in the current study. Accordingly, Figure 3-4 displays the Slsso values for the
unfractionated RCF lignin oil and the fractions soluble and insoluble in the selected solvents.
Further considerations for the data processing and plotting for the Sl index can be found in

the Experimental section.
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Figure 3-4. Structural Index at 350nm (Sl3s0) for the RCF lignin oil and fractions soluble and insoluble in MeOH,
acetone, and EtOAc across the apparent molecular weight distribution from the column exclusion limit of 700 Da.
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The unfractionated RCF lignin oil displayed a very high average Slsso value of 0.94+0.01, with
a slight decline in Slsso towards the higher MW values. With decreasing My value of the soluble
fractions from MeOH to EtOAc, the average Slsso values increased from 0.95+0.01 for MeOH-
soluble fraction to 0.97+0.01 for EtOAc-soluble fraction. The same trend holds for the insoluble
fractions, where the fraction insoluble in MeOH displayed the lowest Slzs value (0.88+0.01)
and the EtOAc-insoluble fraction the highest (0.93+0.01). Therefore, the higher MW lignin
species present in RCF lignin oil tend to have a lower Sl value compared to the low MW
counterpart. Importantly, solvent fractionation does not result in a “hard cut” of different MW
fractions, and both soluble and insoluble fractions contain species that share the same
apparent molecular weight (Figure 3-2). A comparison of the Slsso values at shared apparent
MWs reveals that the oligomeric lignin species in insoluble fractions display considerably lower
Sl values than the soluble counterparts with the same apparent MW (Figure 3-4). Accordingly,
solvent fractionation not only allows obtaining lignin fractions at different molecular weight
ranges but also separates lignin fractions with different chemical natures sharing the same

apparent MW.

To assess the impact of solvent fractionation on the elemental composition of the lignin oil
fractions, elemental analysis results were arranged in a Van Krevelen diagram with the
corresponding H/C and O/C values (Figure 3-5). The H/C ratio of the insoluble fractions ranged
between 1.22-1.38 and the O/C ratio between 0.44-0.69. Notably, the H/C and O/C ratios of
MeOH-insoluble fraction matched well to those estimated for theoretical hardwood lignin
(actual vs. estimated value: H/C 1.22 vs. 1.25, O/C 0.44 vs. 0.44, for details, refer to Appendix
Figure A-4). In contrast, the H/C and O/C values for acetone- and EtOAc-insoluble fractions
became more distant from MeOH insoluble fraction and were shifted towards hemicellulose
(H/C~1.60 and O/C~0.80) and cellulose (H/C~1.67 and O/C~0.83). This result indicates that
both acetone- and EtOAc-insoluble fractions contain considerable amounts of
carbohydrates.®”> The RCF lignin oil and the MeOH-soluble fraction presented a similar
positioning on Van Krevelen diagram owing to the high solubility of lignin oil in MeOH.
Acetone- and EtOAc soluble fractions displayed O/C values lower than those expected for
lignin (0.38 vs. 0.44) and H/C values higher than expected for lignin (1.52 and 1.60 vs. 1.22).
The high H/C ratio can partly be attributed to the large share of HDO products in low MW

102



lignin as a result of the RCF process. The monophenolic products presented the alkyl
sidechains extensively hydrodeoxygenated (i.e., full removal of O-functionalities on Cq and Cg

and, to a much lesser degree, on the C, position). Furthermore, the hemicellulose-derived diols

27,389,467

and polyols, also contributed to increasing the H/C and O/C values.
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Figure 3-5. Van Krevelen diagram arranging the RCF lignin oil and its different fractions according to their H/C and
O/C values. The grey circle region is centred on the O/C and H/C hypothetical values for hardwood lignins (for details,
refer to Appendix Figure A-4). The blue circles present the regions for the H/C and O/C coordinates of cellulose and
hemicellulose. The dashed lines guide the eye to the soluble and insoluble fractions obtained by fractionation in each
solvent. Reproduced from reference 23 licensed under CC BY 4.0.

3.2.2. Sequential solvent fractionation

Solvent fractionation with MeOH, acetone, and EtOAc demonstrated that the three solvents
are suitable for dissolving lignin fractions in different MW ranges. Furthermore, acetone and
EtOAc also precipitated carbohydrates present in RCF lignin oil. Considering the different lignin
cut-off MW for dissolving in the three given solvents, a sequential solvent fractionation
strategy was developed (Figure 3-6). In the first step, RCF lignin oil was fractionated with MeOH
as before, resulting in the dissolution of 88 wt% of the lignin oil and precipitation of 4 wt%.
The MeOH-soluble fraction is fractionated with acetone in the second step, resulting in
acetone-soluble (SSF) fraction (59 wt% of RCF lignin oil, 67 wt% of MeOH-soluble fraction) and

pale beige precipitate as acetone-insoluble (SSF) fraction (29 wt% of RCF lignin oil, 34 wt% of
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MeOH-soluble fraction). The ‘SSF' in brackets stands for sequential solvent fractionation to
distinguish the fractions from the ones obtained by fractionation with a single solvent. In the
third step, the obtained acetone-soluble (SSF) fraction was further fractionated with EtOAc,
resulting in EtOAc-soluble (SSF) fraction (54 wt% of RCF lignin oil, 92 wt% of acetone-soluble
(SSF) fraction) and EtOAc-insoluble (SSF) fraction (5 wt% of RCF lignin oil, 9 wt% of acetone-
soluble (SSF) fraction). In a hypothetical case, where intermolecular interactions among lignin-
derived molecules and carbohydrates are negligible compared to the interactions with the
solvent, the acetone-soluble (SSF) fraction obtained from the MeOH-soluble fraction should
match in yield with the acetone-soluble fraction yield obtained from RCF lignin oil. By the same
reasoning, the EtOAc-soluble (SSF) fraction yield should match the yield of the EtOAc-soluble
fraction obtained by fractionating lignin oil with EtOAc alone. However, the yield of the
acetone-soluble (SSF) fraction obtained in sequential fractionation exceeds the soluble fraction
yield obtained by fractionation only with acetone (59 wt% vs 56 wt%), and the yield of EtOAc-
soluble (SSF) fraction exceeds the soluble fraction yield obtained by fractionation only with
EtOAc (54 wt% vs 50 wt%). The discrepancy between the soluble fraction yields can be a result
of interactions between high-MW and mid-MW lignin species, as the presence of high-MW
species in RCF lignin oil favours further precipitation of mid-MW lignin species during
fractionation only with acetone and EtOAc. However, it can also be a result of experimental
uncertainty. As the focus of this study is the demonstration of the concept of RCF lignin oil
solvent fractionation along with the structural characterisation of different lignin fractions, the

hypothesis is retained for future studies.
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Figure 3-6. Overview and mass balances for sequential solvent fractionation strategy. The numbers are given as wt%
of the initial RCF lignin oil. The 'SSF’ in brackets stands for sequential solvent fractionation to distinguish the fractions
from the ones obtained by fractionation with a single solvent.

To assess the lignin molecular weight distribution in the fractions obtained by sequential
solvent fractionation, GPC analysis was carried out as for the single solvent fractionation.
Accordingly, Figure 3-7 displays the chromatogram traces of different fractions obtained after
each step, and Table 3-3 summarises the GPC trace onset values and the apparent weight-

average molecular weight M,..
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Figure 3-7. GPC traces for RCF lignin oil and its fractions obtained by sequential solvent fractionation. The traces
were recorded at a wavelength of 270 nm.
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Table 3-3. Apparent values of Mw and GPC trace onset for the RCF lignin oil and its various fractions obtained by
sequential solvent fractionation with MeOH, acetone, and EtOAc.

Fraction GPC trace onset (Da) Apparent M,, (Da)
RCF Lignin oil 36600 3400
MeOH-insoluble 60700 16900
MeOH-soluble 20500 2300
Acetone-insoluble (SSF) 18600 4100
Acetone-soluble (SSF) 7200 1000
EtOAc-insoluble (SSF) 9200 2800

EtOAc soluble (SSF) 3900 700

Due to the removal of the highest-MW lignin fraction by fractionation with MeOH, the trace
onset for acetone-insoluble (SSF) decreased along with apparent M,, compared to insoluble
fraction obtained by RCF lignin oil fractionation just with acetone (Onset: 18600 Da vs. 32000
Da, M,: 4100 Da vs. 6500 Da). The acetone soluble fractions from SSF and direct RCF lignin oil
fractionation with acetone displayed somewhat similar GPC characteristics (Onset: 7200 Da vs.
8700 Da, M,: 1000 Da vs. 1200 Da). By fractionating the acetone-soluble (SSF) fraction with
EtOAc, the formed EtOAc-insoluble (SSF) fraction trace onset falls to 9200 Da due to the
preceding solvent fractionation with MeOH and acetone. Similarly to fractionations with
acetone, EtOAc-soluble (SSF) fraction and EtOAc-soluble fraction obtained directly from RCF
lignin oil share similar GPC characteristics (Onset: 3900 Da vs. 3000 Da, My: 700 Da vs. 500 Da).
Importantly, GPC analysis reveals that sequential solvent fractionation can produce a
distinctive mid-MW (800-9200 Da) lignin fraction (EtOAc-insoluble (SSF)) from Acetone-

soluble (SSF) fraction.

The previously introduced Structural Index metric was also applied to the fractions obtained
by sequential solvent fractionation. Accordingly, Figure 3-8 displays Slsso values for the
different fractions across the molecular weight distribution. The unfractionated RCF lignin oil
along with MeOH-soluble and insoluble fractions are already displayed in Figure 3-4, but are
given for reference as the MeOH-soluble fraction is used as a starting material for fractionation

with acetone.
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Figure 3-8. Structural Index at 350nm (Slzs0) for the RCF lignin oil and the lignin oil fractions obtained by sequential
solvent fractionation strategy. The apparent molecular weight is plotted from the column exclusion limit of 700 Da.

The fractionation of MeOH-soluble fraction with acetone resulted in identical average Slsso
values for the acetone-soluble (SSF) and acetone-insoluble (SSF) fractions compared to the
RCF lignin oil fractionation with acetone only (Sl350=0.96+0.01 and Sl35=0.92+0.01
respectively). Similarly, further fractionation of the acetone-soluble fraction (SSF) with EtOAc
resulted in EtOAc-soluble fraction (SSF) displaying the same Slsso value as obtained by single
solvent fractionation (0.97+0.01). However, due to the prior removal of MeOH-insoluble and
acetone-insoluble fractions, the EtOAc-insoluble fraction (SSF) displayed a very high Slsso value
(0.95+0.01). Accordingly, sequential solvent fractionation enables obtaining oligomeric lignin

fraction with a very low content of condensed and/or oxidised lignin species.

To examine the elemental composition and nature of the different fractions obtained by
sequential solvent fractionation, the elemental analysis results were plotted on the Van
Krevelen diagram (Figure 3-9). During the fractionation of MeOH-soluble fraction with
acetone, the obtained acetone-soluble (SSF) fraction displays almost identical H/C and O/C
ratios compared to the soluble fraction obtained by direct RCF lignin oil fractionation with
acetone (H/C 1.53 vs. 1.52, O/C 0.39 vs. 0.39). Similarly, soluble fractions from EtOAc
fractionations stand very closely on Van Krevelen diagram (EtOAc-soluble (SSF) vs. EtOAc-
soluble, H/C 1.55 vs. 1.60, O/C 0.40 vs. 0.38). As the MeOH-insoluble fraction isolated from RCF
lignin oil is relatively small, both the acetone-insoluble (SSF) fraction and the acetone-insoluble

fraction isolated directly from lignin oil display similar H/C and O/C ratios (H/C 1.36 vs. 1.38,
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0/C0.67 vs. 0.69). Accordingly, the acetone-insoluble (SSF) fraction contains the carbohydrates
present in RCF lignin oil. In contrast to the aforementioned fractions from sequential solvent
fractionation that closely reassemble the ones obtained from direct fractionation of RCF lignin
oil, the EtOAc-insoluble (SSF) fraction is a unique cut of mid-MW lignin compounds. The H/C
and O/C ratio of the fraction closely matches the one estimated for theoretical hardwood lignin
(H/C 1.25 vs. 1.25, O/C 0.46 vs. 0.44), indicating that the fraction contains polymeric lignin and

is carbohydrate free.
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Figure 3-9. Van Krevelen diagram arranging the RCF lignin oil and fractions obtained by sequential solvent
fractionation according to their H/C and O/C values. The grey circle region is centred on the O/C and H/C hypothetical
values for hardwood lignins (for details, refer to Appendix Figure A-4).

3.2.3. Structural features of carbohydrates in RCF lignin oil

To address the structural features of lignin in different RCF lignin oil fractions, 2D HSQC NMR
analysis in DMSO-de was carried out. An 800 MHz NMR spectrometer equipped with a triple-
resonance cryoprobe was utilised for the measurements. In the following sections of this
chapter, HSQC NMR spectra of the fractions obtained by single solvent fractionation from RCF
lignin oil are compared in selected regions. The HSQC NMR lignin linkages quantification for
the fractions obtained by sequential solvent fractionation (acetone-soluble/insoluble (SSF),
EtOAc-soluble/insoluble (SSF) can be found in Appendix (Table A-2) and are not included in
the following analysis as the key features of different lignin fractions in different MW cuts as

well as the carbohydrates can be described utilising the RCF lignin oil fractions obtained by
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single solvent fractionations. This helps to reduce the amount of results displayed without
compromising the key findings. Each soluble fraction is presented in blue and is overlaid with
the corresponding insoluble fraction in red. HSQC NMR spectra in Figures 3-10 and 3-12 are
presented at a threshold aiding HSQC spectra at low the identification of the main spectral
features, while the HSQC spectra at a low threshold can be found from Appendix (Figures A-
5- A-11).

To this date, little information on the chemical nature of carbohydrates in lignin oil is available
in the current RCF literature.?”**%4¢” Accordingly, the key structural features of the carbohydrate
fraction are detailed in this section to shed light on their chemical nature. Figure 3-10 displays
the HSQC spectra in the oxygenated aliphatic region (8C/6H 58-85/2.8-4.1 ppm) and anomeric
centre region (6C/8H 95-110/3.5-5.0 ppm). The carbohydrate signals on the spectra are
indicated by ‘X#wrur' and ‘Ara#, where ‘X' stands for xylopyranose unit, ‘Ara’ for
anhydroarabinose unit, ‘# for the carbon number labelling, and ‘NR/I/R’ for non-reducing-
end/internal/reducing-end position of the xylopyranose units. The HSQC spectra in these
regions confirm the observations made based on elemental analysis. Namely, the MeOH-
insoluble fraction contains no *C-"H correlation signals characteristic of carbohydrates and
the signals present can solely be associated with structural features of lignin (vide infra). At the
same time, the MeOH-soluble fraction carried over the carbohydrates along with lignin
fragments. Likewise, the acetone- and EtOAc-insoluble fractions HSQC spectra displayed "C-
'H correlation signals close to those expected for (arabino)xylans, as will be discussed in more
detail later. Despite the *C-"H correlation signals for the (arabino)xylans, the signal for the
xylans’ reducing-end terminal was missing from the spectra. This observation implies that the
reducing end of the oligoxylans was converted into their corresponding alcohols during the
RCF process catalysed by Raney Ni. Even though this information is unprecedented in the
current RCF literature, the formation of oligo(arabino)xylan alcohols is plausible under the

reductive conditions of RCF.
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Figure 3-10. HSQC NMR spectra of lignin oil fractions highlighting the sugar signals in the oxygenated aliphatic
region (top) and anomeric centre region (bottom). For each solvent, the soluble fraction spectrum (in blue) is overlaid
on the insoluble fraction spectrum (in red). The dotted circle region indicates the missing signals for the anomeric
centres at the oligosaccharide reducing end. 'X#NR/I’ and "Ara#’ identify the carbohydrate signals in the spectra; the
numeral ‘#' stands for the carbon atom number labelling. 'XNR' and ‘XI" indicate the 3C-"H correlation signals for
non-reducing xylopyranose and internal xylopyranose units, respectively. ‘Ara’ denotes the '>C-"H correlation signals
for the anhydroarabinose unit. The oligosaccharide structure solely outlines key structural features in the backbone of
the oligoxylan alcohols. Importantly, it does not intend to represent the actual structure of the oligo(arabino)xylan
alcohols. Reproduced from reference 23 licensed under CC BY 4.0.

HSQC NMR measurements, along with the GPC analysis (Figure 3-2), indicated that besides
the carbohydrates, acetone- and EtOAc-insoluble fractions also contained mid-to high-MW
lignin fragments. While postulating a hypothesis that the carbohydrates in RCF lignin oil were
not covalently bonded to mid-to high MW lignin fragments, the carbohydrates could be
extracted by hot water. To shed light on the connectivity of between lignin fragments and

carbohydrates, the acetone-insoluble fraction was washed with hot water (80°C), a condition
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much milder in comparison to RCF conditions (200°C, 3 h). Both soluble and insoluble fractions
were collected, dried and analysed by HSQC NMR. The spectra of the water-soluble products
in acetone-insoluble fraction showed to be composed of only carbohydrates with no trace of
lignin fragments (Figure 3-11, the full spectra can be found in Appendix Figure A-12). In turn,
the water-insoluble precipitate was a carbohydrate-free lignin fraction (Appendix, Figure A-
13). Importantly, the carbohydrates dissolved in water from the acetone-insoluble fraction
presented identical spectral features to the untreated acetone-insoluble fraction. Therefore, it

is concluded that the carbohydrates in RCF lignin oil were not covalently bonded to lignin

fragments.
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Figure 3-11. HSQC NMR spectrum of the carbohydrates in RCF lignin oil obtained by the hot water extraction of RCF
lignin oll fraction insoluble in acetone and highlighted in the oxygenated aliphatic region (left) and anomeric centre
region (right). The oligosaccharide structure solely outlines key structural features in the backbone of the oligoxylan
alcohols. Importantly, it does not intend to represent the actual structure of the oligo(arabino)xylan alcohols.

Isolation of the carbohydrate fraction allowed the HSQC NMR spectra much less convoluted
compared to those reported for the whole plant cell HSQC NMR spectra in pioneering work

by John Ralph’s group.*¢®4%° |n Figures 3-10 and 3-11, the anomeric region displays only two
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sets of ®C-'"H correlation signals along with an additional single correlation signal at
107.81/4.76 ppm. The latter signal was associated with the anomeric centre of arabinose (Ara1)
found in 4-O-methylglucuronoarabinoxylans.*’® The first set of *C-'H correlation signals at
101.47/4.26 ppm and 101.82/4.22 ppm were associated with *C-"H pair on the anomeric
carbon of non-reducing (X1nr) and internal xylopyranose (X1)) units in the B-(1-4)-D-

xylopyranose backbone, as determined in the HSQC spectra of xylan*®°

and xylobiose
(Appendix, Figure A-14). The second set of *C-"H correlation signals at 103.41/4.32 ppm and
103.58/4.25 ppm overlapped with the correlation signal of the anomeric centre from B-(1-4)-
D-Glcp in the cellulose’s non-reducing-end.*® However, when considering the HSQC NMR
spectra cellobiose and cellobiitol (Appendix, Figure A-15), no other signals corresponding to
the *C-"H pairs of glucopyranose were observed in the oxygenated aliphatic region of the

spectra. This observation indicated that carbohydrates in the RCF lignin oil did not contain

glucopyranose units.

Motivated by the current evidence, xylobiitol as a model was synthesised by xylobiose
reduction with NaBH4 under ambient conditions*’! to verify whether the second set of the
correlation signals is related to the oligoxylan alcohol backbone. Comparison of the spectra
from Figures 3-10 and 3-11 against the HSQC NMR spectra of xylobiose and xylobiitol
(Appendix Figure A-15) confirmed that the second set of peaks unequivocally corresponds to
the *C-"H pair on the C1/ of the penultimate xylopyranose unit of the oligoxylan alcohols.
This finding also allowed estimating the average degree of polymerisation of the 3-(1—4)-D-
xylopyranose backbone. From the volume integrals of *C-"H correlation signals of the
anomeric centre, the average B-(1—4)-D-xylopyranose backbone appeared to contain four
xylopyranose units with an average occurrence of arabinofuranose of 0.5 unit relative to the

total xylopyranose units (calculation method is given in Experimental section).

An important feature of poplar hemicellulose is the acetylation of 4-O-methylglucuronoxylan
on the C2 and C3 positions of xylopyranose units (Chapter 2.1.2). Previous HSQC NMR studies
for whole cell poplar samples utilising DMSO-de/pyridine-ds (4:1, v/v) demonstrated that the
correlation signals for the *C-"H pair at C2 (~73.5/4.64 ppm in 2-O-Ac-B-D-Xylp) and at C3
(~75.0/4.94 ppm in 3 O-Ac-B-D-Xylp) serve as a clear structural signature for the presence of

acetylated xylans.*’® However, the carbohydrate fraction in lignin oils (Figures 3-10 and 3-11)
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is missing the correlation signals for 2/3-O-Ac-B-D-Xylp, indicating that the carbohydrates in
the RCF lignin oil are not acetylated. In fact, deacetylation by the liquor solvents (2-PrOH/H,0O,
70:30, v/v) under the RCF conditions is expected to take place, thereby being the factor

responsible for the absence of acetyl groups in the isolated carbohydrate fractions.*®’

3.2.4. Structural features of lignin fragments

Similarly to the carbohydrates, overlaid HSQC NMR spectra from the soluble and insoluble
fractions were examined to investigate the main structural features of lignin species. In Figure
3-12, the overlaid spectra in: C—H aliphatic region (6H/8C 0.5-3.0/5-50 ppm); (ii) oxygenated
aliphatic region (6H/8C 2.5-5.5/50-90 ppm); and (iii) aromatic region (8H/8C 6.0-8.0 ppm) is
displayed. A comparison of the soluble fractions (blue) and insoluble fractions (red) in the
aliphatic C-H region reveals a stark difference between the two. The spectra of the soluble
fractions show a very complex set of "*C-'H correlation signals due to the presence of
monomer and oligomer products with deoxygenated alkyl sidechains. In contrast, the spectra
of the insoluble fractions contain only a few *C-"H correlation signals. Accordingly, the
observation demonstrates that much less extensive HDO of the alkyl sidechain occurred during
the RCF process on the mid- and high-MW lignin fragments compared to the low-MW lignin

products.

Both soluble and insoluble fractions presented the *C-'H cross signals characteristic of the
canonical linkages found in native lignins (A: B O-4 linkages, B: phenylcoumaran, and C: resinol
interunit bonding motifs). Conventionally, the *C-"H pair for syringyl (S) and guaiacy! (G) units
were the prevalent signals in the aromatic region for all fractions. As a secondary feature,
signals for PBys and PBsss from p-hydroxybenzoate (PB) were detected as they decorate the
main lignin backbone as pendant groups.'® PB groups were more prevalent in high-MW lignin
fractions as the abundance of the pendant groups relative to combined G- and S-units
decreased from 7.8+0.3% (16900 Da, MeOH-insoluble fraction) to 1.9+0.1% (500 Da, EtOAc-
soluble fraction)(Appendix, Figure A-16). Notably, the *C-'H correlation pairs characteristic of
Hzs6 and w35 from coumaryl (H) units were only detected in low-MW lignin fractions (~0.3%
relative to combined H-, G-, and S-units). Considering that Nickel is active for the

demethoxylation of guaiacols under the H-transfer conditions, it seems plausible that the
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demethoxylation of G-type products contributes at least partially to the small amount of H-

type products found in the low-MW fractions of the RCF lignin oil 46472473
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Figure 3-12. HSQC NMR spectra of lignin oil fractions zoomed on the aliphatic, oxygenated aliphatic, and aromatic
regions. The soluble and insoluble fractions are superimposed to outline the difference between the two spectra. For
clarity, carbohydrate '3C-"H correlation signals are greyed out to emphasize the signals for the canonical lignin
linkages. Reproduced from reference 2% licensed under CC BY 4.0.
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A closer look and careful analysis of the spectra at a low threshold revealed the presence of a
non-native lignin linkage in all separated RCF lignin oil fractions created by HDO process on
the B-O-4 interunit bonding motif during the RCF process. Accordingly, the Cy position
contains a methylene group in the non-native reduced B-O-4 linkage. Figure 3-13 displays the
highlighted *C-"H correlation signals attributed to the reduced B-O-4 linkage noted as Ax(ch),
where X" indicates the a, B, or y position. The assignment is in good agreement with previous
reports on B-O-4 lignin models and lignans presenting a methylene group at the Cq
position.*”**"" Notably, the feature could not be found in the reported HSQC NMR spectra of
the lignin oils obtained from the RCF process in the presence of Ni/Al,Os catalyst under H;
pressure.>® The absence of these signals can also be a result of a low signal-to-noise ratio in
the HSQC NMR measurements of the RCF lignin oil or due to the choice of a high threshold
for the presentation of the spectral data, thus not acknowledging less intense signals. However,
the formation of reduced p-O-4 linkages follows the chemoselectivity pattern found for HDO
in experiments with model compounds containing O-functionalities at the benzylic position

(e.g.. CH,OH, CHO, ether, or ketone group) when utilising Raney Ni and 2-PrOH as the H-

donor 346,472
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Figure 3-13. HSQC NMR spectrum of the EtOAc-insoluble fraction dissolved in DMSO-ds. The insets present zoomed
spectral regions at a threshold lower than that chosen in Figures 3-10, 3-11, and 3-12 (for clarity). The 3C-H
correlation signals attributed to the reduced B-O-4 linkages are highlighted in green. Reproduced from reference >*°
licensed under CC BY 4.0.
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In Figure 3-13, the signals at 37.06/2.90 ppm and 37.06/2.78 ppm were assigned to Axctz for
the linkage between two S-units (AqcHa-ss). Additionally, the less intense signals at 36.53/2.86
and 36.53/2.78 ppm were attributed to the reduced B O 4 linkage between an S-unit and an
etherified G-unit (Aqcha-sc). The *C-"H correlation signals at 83.32/4.10 ppm and 80.56/4.30
ppm were assigned respectively to Agchz-ss and Agcha-se. The signals for Ay were detected
in a region convoluted by multiple overlapping signals. However, the signals for the
corresponding ">C-"H correlation could be identified at 61.34/3.48 and 61.34/3.39 ppm. The
detected chemical shifts agree well with those reported for Aycrz-ss in lignin models.**4"7
Despite the semiquantitative nature of the HSQC NMR data, the measured Ay cz-to-(AgcHz-ss

+ Ag(cr)-sc) ratio of 2 suggests that the Aych-ss and Aycha-sc signals are likely to overlap in

Figure 3-13.

To assess the structural homogeneity in different fractions of RCF lignin oil, the linkage counts
of A, Acrz, phenylcoumaran (B), and resinol (C) per 100 aromatic units were estimated using
the HSQC NMR spectral data (see Experimental section for further information). In Figure 3-
14, the linkage count is correlated against the apparent M, of the fractions from the GPC
analysis. Both axes are presented on the logarithmic scale to facilitate the data visualisation.
The linkage count determined for the unfractionated RCF lignin oil was lower than expected
from the trend lines at the measured corresponding apparent M,. However, due to the high
polydispersity of unfractionated RCF lignin oil containing also monomer products, this shift is
fully expected. Amongst the lignin oil fractions, the MeOH-insoluble fraction contained the
highest total linkage count per 100 aromatic units (82+2), followed by acetone- and EtOAc-
insoluble fractions (64+2 and 51+2). All three soluble fractions presented lower linkage counts
compared to their insoluble counterparts, with the MeOH-soluble fraction containing 29+1,
acetone-soluble fraction 20+1, and EtOAc-soluble fraction 9+1 described lignin linkages per

100 aromatic units.

Out of the canonical lignin linkages, the B-O-4 linkages were the most prevalent ones, followed
by resinol and phenylcoumaran bonding motifs. The individual linkage counts for all canonical
lignin linkages decreased with the reduction in MW. Due to the chemical nature of p-O-4
linkages, the decrease in linkage count is directly related to lignin depolymerization. In the

case of phenylcoumaran and resinol, the decreasing linkage count is the result of
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hydrogenolysis of C-O bond(s) in the corresponding linkages. However, the hydrogenolysis of
the corresponding linkages does not result in depolymerization since the aromatic units
remain connected by an alkyl chain linker.**3* The reduced B-O-4 linkages present a trend
different from canonical lignin linkages. The linkage count increases between the apparent M,
values of 500 Da to 1200 Da from 1.18+0.08 to 1.73+0.04. At this point, the trend presents a
plateau at about 1.8 linkage count per 100 aromatic units until 4800 Da, from where the linkage

count drops to 0.48+0.02 per 100 aromatic units at 16900 Da.

Linkage type
100
] 0O OH |
E 4 | ; O\.,.-"J"\, o 0
E JOLIC
3 0O TOH Y T07*
3 -
£
E A
= WO
S s
— 104 p e
E ] o W\
g \§
% OMe
o}
0 Z 50
ot |
o
@©
=
£ HO
11
1 RCF
lignin oil v
1000 10000

Apparent molecular weight / Da

Figure 3-14. Distribution of estimated linkage counts per 100 aromatic units in the fractions relative to their apparent
M,, values. The axes present the values on a logarithmic scales for clarity. The inset in yellow indicates the linkage
count values for the RCF lignin ol relative to its apparent M. The numerals identify the fractions: 1. MeOH-insoluble,
2. Acetone-insoluble, 3. EtOAc-insoluble, 4. MeOH-soluble, 5. Acetone-soluble, and 6. EtOAc-soluble. Reproduced from
reference 239 licensed under CC BY 4.0.

The relative abundance of S- and G-type lignin in hardwood is one of the key factors
determining the portfolio of lignin-derived products from the RCF process. Recently, Beckham
and Roman-Leshkov research groups demonstrated that the inherent S/G ratio in wood does
not govern the monomer yields.*”® They proposed that the distribution of interunit bonding
motifs containing C—O or C—C bonds is defined by the lignin monomer transport during
lignin biosynthesis. Several studies have indicated that during the course of the RCF process,

the S/G ratio among the monomer products increases over time.3**® Accordingly, more
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extensive extraction of G-type lignin during the initial stages of the process is proposed to
take place, being attributed to uneven distribution of S- and G-type lignin in cell walls with the

G-type lignin domains being more accessible compared to S-type counterparts, 3947847

To assess the S-and G-unit distribution in the different fractions of RCF lignin, Figure 3-15
correlates the relative abundance of S- and G-units against their apparent M,, values to reveal
a key feature of the RCF process. The occurrence of S-type units in the products increases
gradually with the increase in the M, of lignin. From the GC characterisation, the S- and G-
type monomer products corresponded to 60+1% and 40+1%, respectively. At the same time,
the HSQC spectral data indicated an increase in S-units from 61.5£0.6% to 69.1+0.8%, while

the abundance of G-units decreased from 38.5+0.6% to 30.9+0.8% with the increasing MW.
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Figure 3-15. Correlation between the relative abundance of S- and G-type units in the lignin fractions and their
apparent value of My. The first point (~ 200 Da) corresponds to the S- and G-type volatile products determined by
GC-FID. Reproduced from reference ?3° licensed under CC BY 4.0.

Previous reports have provided strong evidence that lignin fragments rich in G-units were
released at the early phase of RCF (< 1h).3%*47® Taking this into consideration, the space time of
lignin fragments rich in G-type is longer in the liquor when the RCF process is performed in a
batch reactor. This also implies that lignin fragments rich in G-units have more time to undergo

depolymerisation and to be converted into low-MW products. The data also confirms this
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working hypothesis. Accordingly, the low-MW products (200-1000 Da) were enriched in G-
units compared to the mid- and high-MW lignin products (Figure 3-15). In turn, the shorter
space time of S-type rich lignin fragments in liquor resulted in less extensive depolymerisation
and conversion to low-MW. As a result, mid- to high-MW lignin fragments became enriched
in S-units. Considering Figure 3-13 and the discussion above, it becomes apparent that the
‘history’ of the lignin-releasing processes from the lignocellulosic matrix and the conversion in

the liquor was preserved in the RCF lignin oil composition.

3.2.5. New insights into the stabilisation of lignin

As discussed in Chapter 2, the stabilisation of released lignin fragments constitutes the
essential feature of the lignin-first biorefining concept. In the RCF process, the lignin fragments
are stabilised by selective HDO of Hibbert ketones against electrophilic aromatic substitution.

In other lignin-first approaches, the stabilisation is achieved by the use of protection agents

34,322 480,481

(e.g., formaldehyde or other aldehydes,***?? primary alcohols, and diols***""). Accordingly,
the stabilisation of lignin fragments inhibits lignin condensation, which would otherwise
degrade the native lignin structures due to the formation of non-native random C-C bonding
motifs among the lignin fragments. In this context, it is now widely accepted that lignin

condensation forms lignin-derived recalcitrant polymers with a low valorisation potential.*?®

Regardless of the current consensus on the importance of lignin fragments stabilisation for

2324 not much is known about whether the

the positive outcomes in RCF processes,
stabilisation encompasses all lignin species in liquor or is only limited to low-MW lignin
fragments. In this respect, the Dyson group recently reported a study on the catalyst role in
the RCF process.*®? Utilising a designed catalyst having Rh nanoparticles embedded in the
interior of hollow porous carbon nanospheres, they carried out RCF with birch under H:
pressure. As a result, it was found that the nanospheres could sieve reactive lignin monomer
intermediates from polymeric lignin fragments in the liquor. Additionally, supported by
additional evidence obtained from model reactions using polystyrene or toluene as the
substrate, it was proposed that the lignin stabilisation via reductive processes occurs primarily

on the monomer products.*®
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Figure 3-16. Correlation between the population of reduced B-O-4 linkages with the apparent value of M,, of the
fractions isolated by solvent fractionation of the RCF lignin oil. Reproduced from reference 2*° licensed under CC BY
4.0.

In the current study, lignin fragments containing reduced B O-4 linkages formed via selective
HDO of the Cq position of native B-O-4 linkages were found in the entire population of the
lignin fragments. Accordingly, Figure 3-16 displays the relative abundance of reduced p-O-4
linkages among all 3-O-4 linkages as a correlation against the apparent M,.. The population of
reduced B-O-4 linkages decreased exponentially from 21% to 0.7% with the increase of the
fractions apparent M, from 500 Da to 16900 Da. Although at a smaller extent, the presence of
reduced B-O-4 bonding motifs in mid- and high-MW RCF lignin oil fractions demonstrates
that this stabilisation mechanism is not only limited to low-MW lignin fragments but also low-
and high-MW lignin fragments interact with the catalyst and undergo reductive processes. The
occurrence of a CHz group at the Cy position eliminates the possibility of the formation of
benzylic carbocation, thus effectively impeding lignin condensation at the reduced -O-4

bonding motifs (Scheme 3-1).
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Scheme 3-1. Route proposed for stabilisation of lignin fragments via selective HDO of the Cq site. This reaction
converts the C4-OH group into a methylene group. This impedes electrophilic aromatic substitution, thus suppressing
lignin condensation. Reproduced from reference 2*° licensed under CC BY 4.0.

3.3. Conclusion

In the current chapter, RCF lignin oil fractionation was demonstrated using environmentally
friendly solvents (MeOH, acetone, EtOAc). Accordingly, lignin fractions in different molecular
weight ranges were rendered either by RCF lignin oil fractionation with a single solvent or
sequential solvent fractionation. Additionally, solvent fractionation techniques allowed the
separation of carbohydrates from the RCF lignin oil. The separation of different lignin fractions
allowed for determining the structural heterogeneity of lignin products across the entire
molecular weight distribution in the RCF lignin oil. By the detailed characterisation of the
fractions by HSQC NMR analysis, the formation of reduced B-O-4 linkages with methylene
group at the Cq position was demonstrated to take place during the RCF process. Although it
is generally accepted that the stabilisation process primarily occurs on monomeric and
oligomeric intermediates, and the claim holds, the finding of reduced [B-O-4 linkages
establishes a new additional route for lignin stabilisation taking place during the RCF process.

This process occurs to varying degrees in the entire population of lignin species in liquor.

Separation of carbohydrates by solvent fractionation allowed to deconvolute the HSQC NMR

spectrum and determine their chemical nature. Accordingly, it was determined that the
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carbohydrate fraction in RCF lignin oil is composed of oligo(arabino)xylan alcohols. The
carbohydrates present were not covalently bonded to lignin fragments. Therefore, they could
be removed from the fractions containing mid- and high-MW lignin by hot water extraction

with no apparent degradation.

In the broad context, the findings presented in this chapter have far-reaching implications for
lignin valorisation. In this respect, the stabilisation imparted by reductive processes during RCF
preserves the structure of high-MW in a more native-like state. For instance, the heaviest lignin
fraction (MeOH-insoluble, M,, of 16900 Da) presented an estimated total linkage count of 82+2
per 100 aromatic units. Consequently, heterogeneous catalysis can be crucial in producing
mid- and high-MW lignin products with controllable structural properties, which has thus far
only been possible through the rational bioengineering of lignin in plants.?® However, the
structural features inserted by bioengineering are often lost in the lignin extraction process.
Therefore, the evolution of the RCF concept toward the production of polymeric lignin
products with controllable structural properties presents itself as an attractive new option in

the lignin-first concept and, more broadly, in lignin valorisation in general.

In addition, the formation of reduced B-O-4 linkages and the population difference across
different lignin fractions raises the question of whether lignin fractions with all B-O-4 linkages
in reduced form could be produced. Accordingly, future experiments targeting specifically
maximising the content of reduced B-O-4 linkages would be essential to assess this type of
lignin’s properties and potential applications. Additionally, profiling the RCF fractions obtained
in this work by aliphatic and phenolic OH content by *'P NMR would allow further assessment
of the difference between the lignin oil fractions, especially in terms of different applications

utilising lignin functionalisation.

122



4. Soft Mechanocatalytic Pretreatments to Control and
Enhance the Outcomes of Reductive Catalytic

Fractionation

4.1. Introduction

In Chapter 2, it was summarised that two independent, consecutive steps govern biomass
conversion in RCF processes. At first, lignin and hemicellulose (and cellulose) species are
solvolysed from the lignocellulosic matrix by hydrolytic processes. This step is governed by the
solvent, the biomass morphology, and the reaction conditions within the reactor. Once
dissolved and diffused into the bulk liquor medium, the reductive catalytic processes on the
catalyst allow species stabilisation and eventual production of lignin-derived monoaromatic
products. While the catalytic reduction step has been extensively researched for different
catalyst and reaction conditions, lignin solubilisation along with diffusion has only been more
emphasised in recent years. Accordingly, Anderson et al. conducted experiments in flow-
through and batch reactors to isolate the limiting regimes for lignin solvolysis and catalytic

reduction in the RCF process.”®’

As a result, they found that under common RCF operating
conditions in batch mode, lignin solvolysis is the rate-limiting step in the overall process.?®’
Consequently, Thornburg et al. developed mesoscale reaction-diffusion models for the RCF
process.*”® They concluded that solvolysis is completely diffusion-limited in particles with
characteristic lengths greater than 2 mm. To mitigate the mass transfer limitations from
solvolysis, the particle size should not exceed 200 pm.>** Therefore, biomass comminution is
an essential step to mitigate mass transfer limitations during a lignin-first process, especially
when conducting experiments to assess the catalyst's performance.?2“% Considering the aim
of the RCF to produce lignin streams of low recalcitrance and high potential for valorisation,
the future industrial setting will need efficient mass transfer and, therefore, biomass

comminution to allow dissolved lignin species fast transport to a catalyst and consequent

catalytic stabilisation and conversion.
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In order to reduce the particle size of lignocellulosic biomass, mechanical energy input is
necessary. In this context, ball milling combined with an additive has given rise to

mechanocatalytic depolymerisation of lignocellulose.*¥4%

H.SOs impregnated wood
undergoing mechanocatalytic pretreatment has rendered a complete conversion of biomass
into water-soluble products, with carbohydrates being readily upgradable via enzymatic
hydrolysis.*#'4%49 On the other hand, the lignin structure has been shown to become more
recalcitrant as a result of the process.*®’ Calvaruso et al. carried out experiments where lignin
obtained by mechanocatalytic depolymerisation of H,SO4-impregnated wood was introduced
to the RCF process.*®’ As a result, monophenol yields decreased at least four times compared
to native biomass- a phenomenon attributed to lignin condensation during the
mechanocatalytic pretreatment. Recently, Cheng et al. explored hemicellulose hydrolysis prior
to the RCF utilising hydrothermal pretreatment with FeCls.*® As a result, 25% of the lignin, 86%
of hemicellulose, and 12% of cellulose was removed during the pretreatment. However, the

pretreatment negatively impacted the lignin structure and stability, resulting in lower pulp

delignification and monoaromatic yields.

Considering that the release of lignin from lignocellulosic materials depends on the hydrolytic
process on both lignin and hemicellulose, it is here reasoned that the energy used for the
comminution process could be better employed in a tandem process depolymerising the
lignocellulosic matrix to the extent that the substrate would remain insoluble under the RCF
conditions. However, the interactions between lignin and hemicellulose would be perturbed
by a ‘soft’ mechanocatalytic process. To the best of our knowledge, this approach is novel and

has not been reported before.

In this chapter, 'soft’ mechanocatalytic pretreatments are demonstrated to enhance the
outcomes of the RCF process via H-transfer reactions in the presence of Raney-Ni and
employing 2-propanol as a part of the lignin-extracting liquor composition. For the ‘soft’
mechanocatalytic treatment, two weak acids (acetic and oxalic acid) and two bases (NaOH and
Na.COs) were selected as additives for the solvent-free pretreatment of Poplar wood. In
addition, two control experiments were introduced. In the first one, ball milling with no additive
was performed prior to the RCF process. In the second one, untreated poplar chips were used

for the RCF process under the same conditions. Based on the results with different additives,
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acetic acid was outlined as an additive that enhances the RCF outcomes the most. Accordingly,
the effect of acetic acid concentration as well as the kinetic energy dose with acetic acid during

the mechanocatalytic pretreatment, were further screened.

The Results and Discussion section of this chapter is divided into five segments. The first
segment gives an overview of the 'soft' mechanocatalytic pretreatment process with mass
balances utilising different additives. The second and third segments concentrate on the
characteristics of lignin oils and pulps obtained with different additives prior to the RCF. The
fourth and fifth sections consider the effect of acetic acid concentration and kinetic energy

dose on the lignin oil and pulp properties, respectively.

4.2. Results and discussion

4.2.1. 'Soft’ mechanocatalytic pretreatments

Planetary ball milling of sulfuric acid-impregnated beechwood (1 mmol g™) has previously
been shown to produce 99 wt% of water-soluble products when implying a kinetic energy
dose of 81 kJ g™ in a linear regime, where no ‘cake layer' is formed on the jar wall.*’ Following
the rationale, the experiments with different additives in this study were carried out at the
additive concentration of 2 mmol g™ to compensate for the diprotic nature of sulphuric acid.
To limit the depolymerisation of cellulose during the pretreatment, a kinetic energy dose of
10 kJ g was utilised to avoid extensive depolymerisation of lignin and ensure the recovery of

a holocellulosic pulp after the RCF process.

As a first step of the process, poplar chips were milled in the planetary ball mill with the
corresponding additive. To prevent the additives and water extractives from interfering with
the following RCF process, the milled wood was washed by suspending the processed material
in water and separating the material by filtration with washing until it reached a neutral pH.
The resultant solid, hereafter referred to as 'processed wood', and the water-soluble fraction
termed as 'extractives' were dried and isolated. Notably, the extractives accounting for 2-7
wt% of the poplar wood chips introduced to ball milling may contain non-incorporated
additives from the pretreatment. The percentage of processed wood recovered from ball

milling and subsequent washing varied from 94% when no additive or acetic acid was used up
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to 98% with oxalic acid pretreatment. Accordingly, Figure 4-1 provides a schematic overview

of the process along with the corresponding mass balances.
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Figure 4-1. The scheme describing the process of soft mechanocatalytic pretreatment with different additives prior
Reductive Catalytic Fractionation (RCF). *Control 1- ball-milled poplar with no additive introduced during the
pretreatment. **Control 2- RCF starting with poplar chips.

To examine the particle size distribution of processed wood and poplar chips before RCF, we
performed digital microscope imaging. Out of the 6000 processed wood particles measured,
94% exhibited a maximum diameter of 20 um or less, while all the particles had a maximum
diameter of fewer than 200 um (Appendix Figure A-17). At the same time, the poplar chips
introduced to the ball milling had approximate dimensions of 2 x 5 x 6 mm. To circumvent
stock-specific mass transfer limitations between different lignocellulose sources during the
lignin-first fractionation, the particle size should not surpass 200 pm.*?* As all the processed
wood particles obtained from the mechanocatalytic pretreatments with different additives
measured below it, the variances observed during the RCF processes with processed wood can
be mainly attributed to modifications in the lignocellulosic matrix, and pore diffusion mass
transfer limitations have been effectively eradicated. The variance between control 1 (ball-
milled sawdust) and control 2 (poplar chips) can, on the other hand, be attributed to different

particle sizes and consequent mass transfer limitations in poplar chips.

The RCF process was performed in a batch mode utilising a mixture of 2-propanol/H,O (7:3
vv) as an H-transfer solvent in the presence of Raney Ni at 200°C for 3 h. Obtained pulps and
lignin oils were isolated and evaluated for the effect of the prior soft mechanocatalytic
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pretreatment. The pulp yields from RCF with oxalic acid (48%) and Na»COs (47%) pretreated
wood were comparable to the control experiment 1 with no additive (47%). However, acetic
acid pretreatment resulted in an elevated pulp yield of 50%, with the most significant increase
observed for NaOH-pretreated wood at 56%. The control experiment with poplar chips
(control 2) resulted in a pulp yield of 51%, which is higher than for ball-milled poplar. Notably,
both acidic pretreatments boosted the yield of lignin oil relative to the control (29%), with
yields of 33% for oxalic acid pretreatment and 36% for acetic acid. Conversely, both basic
pretreatments resulted in lower lignin oil yields. Na>COs pretreated wood yielded 26% lignin
oil, and NaOH pretreated wood resulted in 17% lignin oil yield. Significantly, the RCF process
with poplar chips (Control 2) resulted in a considerable drop in lignin oil yield (23%) compared

to its ball-milled counterpart (29%, Control 1).

4.2.2. RCF lignin oils characterisation

Following the scope of this study, a characterisation of the obtained lignin oils and pulps was
carried out to assess the effect of different additives in the soft mechanocatalytic pretreatment
on the outcomes of the RCF process. Accordingly, the obtained RCF lignin oils were analysed
by GPC equipped with a PDA detector to determine the molecular weight distribution.
Additionally, based on the Structural Index introduced in Chapter 3, the Sls2 and Slsso values
were calculated. Accordingly, Figure 4-2 displays the molecular weight distribution at 280nm

as well as Sl320 and Slsso values across the molecular weight distribution.

(COOH), CH,COCH Control 1* Control 2** — Na,CO, NaOH
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Figure 4-2. a) GPC traces of RCF lignin oils at 280 nm normalised by the absorbance of monomers. b) Structural Index
at 320 nm across the apparent molecular weight of the RCF lignin oils from the column exclusion limit of 100 Da. c)
Structural Index at 350nm for the RCF lignin oils. *Control 1 refers to ball-milled wood with no additive used to carry
out the RCF process. ** Control 2 refers to poplar chips used directly for the RCF process.
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All the RCF lignin oils exhibit a molecular weight distribution shape characteristic of lignin oils,
indicating that the fundamental chemical characteristics of lignin were preserved during the
soft mechanocatalytic pretreatments. Moreover, the GPC trace of lignin oils from wood
pretreated with sodium carbonate and oxalic acid closely mirrors that of the control sample,
each having a weight-average molecular weight (M) of 900 Da. In contrast, acetic acid and
sodium hydroxide treatments reduced the apparent weight-average molecular weight of the
resulting lignin oils, yielding 600 Da and 700 Da, respectively. Starting the RCF process with
poplar chips resulted in M, of 700 Da, which is 200 Da less compared to the ball-milled

counterpart.

In Appendix Figure A-3, Eucalyptus Kraft and Organosolv lignin displayed Slsx in the range of
0.4-0.5 and Slsso between 0.6-0.7, while the eucalyptus RCF lignin oil displayed the
corresponding average values of 0.72 and 0.86. The RCF lignin oils obtained in the current
study display Slszo values of 0.87-0.92 and Slzso values between 0.95-0.97, indicating a low
presence of oxidised and/or conjugated lignin species. The acetic acid pretreatment resulted
in the highest average Slsz (0.92+0.03) and Slzso (0.97+0.01), while the lowest average Slszo
was recorded for NaOH pretreatment (0.87+0.04) and lowest Slsso for Control 2 with poplar
chips (0.95+0.03). Average Sl values for every lignin oil are tabulated in Appendix Table A-6.
While the average Sl values for the different lignin oils remain within the boundaries of
statistical error, comparing the Sl lines reveals some differences in the polymeric lignin
characteristics. The acetic pretreatments display the highest Sl values for polymeric fraction
compared to no additive Control 1. At the same time, acetic acid displays a downward gradient
change in the SI values in the apparent MW proximity of 5000 Da. The pretreatment with
NaCOs resulted in similar Sl lines compared to no additive Control 1, while the NaOH lowered
the SPI values for polymeric lignin, especially once considering the Sl at 320 nm. Control 2 with
poplar chips exhibits a different behaviour from the ball-milled samples. While the monomeric
and oligomeric fraction Sl is identical to its ball-milled counterpart (Control 1), the polymeric
fraction Sl drops rapidly near the apparent MW of 3000 Da, falling to 0.75 for Slz20 and 0.88 for
Slzso at the apparent MW of 6800 Da.

As a result of GPC and the consequent Sl analysis, oxalic acid and Na>COs pretreatments

displayed very similar characteristics to no additive Control 1. Acetic acid pretreatment lowered
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the weight average molecular weight of lignin, while the oligomeric lignin Sl increased and
polymeric lignin SI dropped in comparison to Control 1. Therefore, the relative abundance of
low molecular weight species is higher, while the properties of oligomeric and polymeric lignin
vary more than for Control 1. NaOH pretreatment lowered the M, while displaying lower SI
values across the oligomeric and polymeric lignin fractions. Notably, the monomer peak is
shifted to lower apparent MW values compared to other lignin oils, while the trimers peak
already follows the rest of the RCF lignin curves. Therefore, the lower Mw value is attributed
to the shift in the monomers and dimers' peaks. The lower Sl values of NaOH pretreatment for
the oligomeric and polymeric fraction indicate the presence of oxygenated and/or conjugated
species and potentially the presence of condensed lignin species. The sudden drop in the SI
values for Control 2 with poplar chips compared to the ball-milled poplar counterpart in
Control 1 can indicate the mass transfer limitations for the chips. Due to the longer
characteristic length for diffusion from the cell wall to the reductive medium with the
hydrogenation catalyst, condensation of the dissolved lignin species can occur, resulting in SI

drop and more recalcitrant polymeric lignin fraction.

To quantify the lignin-derived monophenols, the obtained RCF lignin oils were analysed with
GC-FID. The monophenols yield from the RCF process is calculated based on the lignin content
in processed wood after mechanocatalytic pretreatments. Accordingly, Figure 4-3 displays the
total yield of S- and G-type monophenols along with individual yields of different
monophenols in corresponding categories. Additionally, Figure 4-3a shows the relative

abundance of S-type monophenols out of all S- and G-type lignin-derived monomers.
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Figure 4-3. Comparison of a) total yields of S- and G-type monophenolics along with relative molar ratio of S-units
among the S-and G-type monophenols; b) and c) individual yields of S- and G-type monophenolics obtained from
RCF. *Control 1 refers to ball-milled wood with no additive used to carry out the RCF process. ** Control 2 refers to
poplar chips used directly for the RCF process.

H-type monophenols contributed less than 0.6 wt% to each lignin oil and were therefore
omitted from the subsequent analysis. As a general trend, acidic pretreatments resulted in a
higher total yield of S- and G-type monophenols. Specifically, wood pretreated with oxalic acid
and acetic acid yielded 13.6% and 17.1% monophenols, respectively, compared to the 13.3%
yield from Control 1. Notably, these pretreatments considerably elevated the yield of guaiacols
from 2.3% in Control 1 to 3.3% and 4.0% for oxalic acid and acetic acid, respectively. Oxalic
acid pretreatment decreased the yield of syringyl-type monophenols to 10.3%, while acetic
acid boosted the yield to 13.1% (10.9% for Control 1). As the yield of G-type monophenols for
acidic pretreatments was boosted, the relative molar ratio of S-type monophenolics decreased
to 74% for oxalic acid and 75% for acetic acid, in contrast to 81% for Control 1. Unlike the
acidic additives, utilised base pretreatments led to a decline in monophenol yields from the
RCF process. Wood pretreated with Na.CO3 and NaOH showed monophenol yields of 10.8%
and 8.8%, respectively. The yield of syringols decreased to 9.2% for Na,COs and to 8% for
NaOH, while the production of G-type monophenols was further suppressed to 1.7% and 0.8%,
respectively. Consequently, the relative molar ratio of S-type monophenols increased to 83%
for Na,COs and 90% for NaOH. The control experiment with poplar chips (Control 2) displayed
a monophenols yield of 11.4%, a 1.9% decrease in the yield compared to the ball-milled

Control 1 counterpart. A drop in both S- and G-type monophenols occurred- the yield of
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syringols decreased from 10.9% for Control 1 to 9.6% for Control 2, while the guaiacols yield
reduced from 2.3% to 1.8%, respectively. The RCF with poplar chips (Control 2) resulted in 82%

relative molar ratio of S-type monophenols.

In addition to the monophenol yields, different additives during the pretreatment also affect
the monophenols product distribution. P(OH)G molar fraction in G-type monophenols
increases from 70% for NaOH up to 92% for acetic acid (80% for control). Similarly, there is a
surge in the molar fraction yield of P(OH)S among S-type monophenols, rising from 29% for
NaOH to 53% for acetic acid, compared to 43% under control conditions. The majority of the
S-type monophenols in RCF lignin oil obtained from NaOH pretreatment are present as ES
(56%), which is considerably higher than for control (34%) and for acetic acid pretreatment
(24%). Accordingly, the pretreatment with acidic acid promotes the retention of C,-OH, while
the pretreatment with NaOH favours the cleavage. RCF process with poplar chips (Control 2)
displayed a similar monophenols distribution to ball-milled poplar (Control 1), with P(OH)G
forming 78% of the G-type monophenols (80% in Control 1) and P(OH)S forming 48% of the
S-type monophenols (43% in Control 1).

As highlighted in Chapters 2 and 3, past studies have also shown that during the early stages
of the RCF process (<1h), G-type lignin is predominantly extracted, while the S/G ratio
gradually increases as the process proceeds.****’® This pattern can be attributed to the
differential distribution of S- and G-lignin in hardwood cells - S-type lignin is more abundant
near the middle lamella, while cell edges contain relatively more G-type lignin.>?¢47847 |n
Chapter 3 it was demonstrated that different molecular weight fractions preserve the “kinetic
history” of the RCF process, with G-type lignin being more prominent in low molecular weight
fractions and S-lignin in high molecular weight fractions, lining with the uneven S/G
distribution in hardwood cell walls.*? Considering the results obtained in this study, the known
uneven distribution of S- and G-type lignin in hardwood cell walls, and the factors governing
the monophenol yields, we can formulate that during the mechanocatalytic pretreatment, the

changes in lignocellulosic matrix ultrastructure and potential chemical modifications have a

substantial effect on the yield and distribution of monophenols from the RCF process.
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During the mechanocatalytic pretreatment, the cell wall's outer portion is more exposed to the
additive than the middle lamella. This holds especially true for solid additives (oxalic acid,
Na;COs, and NaOH) where diffusion is highly limited. A prior study by Kleine et al. has
demonstrated that B-O-4 linked dimeric model compounds and lignin moieties in hard-and
softwood lignin can undergo cleavage during ball milling in the presence of NaOH.** It is
suggested that the cleavage initiates with deprotonation of the aliphatic proton at C,, followed
by intramolecular cleavage of the [B-ether. Given that the intermediate species are not
stabilised during the ball milling process and the complexity of native lignin compared to
models, the lignin can be susceptible to condensation reactions that inhibit its cleavage during
the subsequent RCF process. This, along with other potential modifications, can partially
explain the high selectivity of S-type monophenols and low yield for base pretreatments, as
the lignin in the outer parts of G-lignin rich cell wall could be partially condensed during the
pretreatment. Although Kleine et al. did not determine any cleavage of the f-O-4 model

compounds when Na,COs was utilised as a reagent during the ball milling,**

utilising the more
complex lignocellulosic matrix displays similar trends to NaOH with a lesser extinct. Therefore,

the pretreatment with Na,COs could be considered a ‘light’ version of NaOH pretreatment.

The acidic pretreatments promoted the monophenols yield with the lower S-type
monophenols selectivity compared to Control 1. However, it must be considered that while
oxalic acid is solid at room temperature, glacial acidic acid is liquid and consequently able to
diffuse through the lignocellulosic matrix. Thus, the argumentation for acetic acid needs to
involve the whole matrix, while oxalic acid is likely to primarily interact with the outer parts of
the cell walls. Therefore, the potential reasoning behind higher monophenol yields for acidic

pretreatments and base pretreatments, will be revisited in the pulp characterisation section.

Acetic acid and NaOH demonstrated the most significant and opposite impacts on
monophenol yields, as well as on GPC attributes, pulp, and lignin oil yields. To further explore
the influence of these pretreatments on the RCF process, 2D HSQC NMR analysis of the
corresponding lignin oils and Control 1 was performed in DMSO-ds. Accordingly, Figure 4-4
displays the HSQC spectra zoomed in the oxygenated aliphatic region (6C/6H=52-90/25-5.6
ppm), anomeric centre region (6C/6H=95-110/3.5-5.0 ppm), and aromatic region

(6C/6H=100-135/6.0-8.0 ppm).
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Figure 4-4. HSQC NMR spectra of RCF lignin oils obtained from pretreated wood with acetic acid, no additive (Control
1), and NaOH zoomed on the aliphatic, oxygenated aliphatic, and aromatic regions. The circled peaks appear in the
spectrum but are below the presented threshold. *The signal for A, is convoluted, and the whole proximity is therefore
highlighted.
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In Chapter 3, a new set of signals was identified as reduced B-O-4 linkage containing
methylene group at C,, acting as an additional stabilisation mechanism for lignin (highlighted
in green).”* Additionally, it was demonstrated that carbohydrates present in the lignin oil are
in the form of oligoxylan alcohols (highlighted in red).?? Accordingly, besides the canonical
lignin linkages, these new features are considered in the RCF lignin spectra analysis. Table 4-1
lists the number of canonical lignin linkages along with reduced -O-4 linkages per 100

aromatic units, as well as the relative abundance of S-units among the S-and G-units.

Table 4-1. Number of lignin linkages per 100 aromatic units in RCF lignin oils obtained from pretreated wood with
the corresponding additive. *Control 1 refers to ball-milled wood with no additive used to carry out the RCF process.

Linkage CH3:COOH Control 1* NaOH
B-O-4 (A) 10.8+0.3 11.9+0.2 11.1+0.1
Reduced B-O-4 (Ach2) 4.1+0.2 3.8+0.2 3.1+0.1
B-O-4 total 14.9+0.4 15.7+0.3 14.2+0.1
Reduced B-0O-4 out of total f-O-4/ % 27.5+0.5 24.4+0.9 22.0+0.3
Phenylcoumaran (B) 0.6+0.1 0.6+0.1 0.3+0.1
Resinol (C) 0.7£0.1 0.6+0.1 0.7+0.1
S-unit content / % 749+0.5 77.9+0.1 83.7+0.4

Oxygenated aliphatic and anomeric regions display similar spectra for RCF lignin oils obtained
from pretreated wood with acetic acid and no additive (Control 1). Although the reduced
carbohydrates are present in both lignin oils, the anomeric carbon region highlights the larger
abundance of oligoxylan alcohols for acetic acid. In contrast, the corresponding carbohydrate
signals are much less pronounced in RCF lignin oil obtained from processed wood with NaOH,
indicating a less extensive release of carbohydrates. Importantly, the lack of carbohydrates in
NaOH RCF lignin may also explain the more extensive HDO of monophenol compounds
observed in the previous section. It has previously shown that hemicellulose-derived
carbohydrates reduce the activity of Raney Ni in the RCF process, resulting in much less

extensive hydrogenation of the aromatic ring.?'® As a result, the higher proportion of
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alkylphenol compounds in the RCF lignin oil obtained from NaOH-processed wood could be

a result of a more active catalyst in the reaction liquor.

The lignin linkages quantification per 100 aromatic units demonstrated a similar count
between different lignin oils, with the standard p-O-4 linkages fluctuating between 10.8-11.9
linkages per 100 aromatic units, phenylcoumaran between 0.3-0.6, and resinol between 0.6-
0.7 linkages per 100 aromatic units. However, the relative abundance in reduced -O-4 varies
between different pretreatments. In the RCF lignin oil extracted from NaOH-processed wood,
22% of the B-O-4 linkages were reduced, while the corresponding fraction for no additive
Control 1 was 24.4% and for acetic acid 27.5%. Furthermore, the reduced [-O-4 features
associated with G-type lignin (6C/6H=36.53/2.86 ppm; O6C/6H=36.53/2.78 ppm;
6C/6H=80.56/4.30 ppm) are fading out for NaOH processed wood. Quantitatively, out of the
reduced B-O-4 linkages, 86+1% are associated with two linked S-units for NaOH, compared
to 82+2% in no additive Control 1 and 76+2% in acetic acid. When assuming a more active
catalyst for the NaOH RCF lignin oil with lower carbohydrate content, the lower extent of
reduced -O-4 linkages present implies that the extent of HDO at Cy is not dominated by the
catalyst activity, but rather the lignin spatial configuration and structure determining its ability

to interact with the catalyst.

In the aromatic region, a clear distinction between the characterised lignin oils is the
abundance of p-hydroxybenzoate (PB) pendant groups, which decorate the lignin
backbone.'” While for the acetic acid and no additive control, there are 1.2 and 1.1 PB-units
present per 100 aromatics, the group is absent from the lignin oil obtained from NaOH-
processed wood. Furthermore, the NaOH spectra contain a group of extra *C-"H correlation
signals between 6C/6H=125-130/6.7-7.2 ppm, which may refer to lignin condensation
products. The distribution of S-type lignin among the dissolved lignin species mimicked the
pattern observed in lignin monomers. Nevertheless, there were discrepancies in the relative
abundance of S-units when comparing monomers to all aromatic molecules, particularly for
the control and NaOH samples. Acetic acid pretreatment manifested a consistent S-unit
content of 75%, matching the ratio observed in monophenols. However, in the control
experiment with no additives, the overall S-unit abundance was 3% lower (78%) in comparison

to monophenols (81%). Similarly, wood processed with NaOH yielded a relative S-units
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abundance of 84% for all lignin species, which was 6% lower than the ratio for lignin-derived

monomers (90%).

4.2.3. Processed wood and pulps characterisation

Analytic saccharification based on the NREL protocol was carried out to assess the composition
of processed wood after mechanocatalytic pretreatment and pulp after RCF.3¥ Accordingly,
Figure 4-5 displays glucans, xylans, and lignin retention in the pulp after the RCF process with
processed wood. The individual composition of each processed wood and pulp is tabulated in

Appendix (Table A-7).
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Figure 4-5. Retention of glucans (cellulose), xylans (hemicellulose), and lignin during the RCF process with processed
wood obtained by mechanocatalytic pretreatment with different additives. *Control 1 refers to ball-milled wood with
no additive used to carry out the RCF process. ** Control 2 refers to poplar chips used directly for the RCF process. The
retention is based on the components' initial mass in processed wood.

In terms of glucans retention, oxalic acid (84%), acetic acid (86%), and NaOH (85%)
pretreatments marginally outperformed the control (80%). Conversely, Na,COs pretreatment
decreased glucan retention to 75%. Importantly, the poplar chips (Control 2) displayed
considerably higher glucan retention than the ball-milled counterpart, with 91% of the glucans

retained. Xylan retention with oxalic acid was on par with the control (21% vs 22%), while acetic
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acid and sodium carbonate enhanced xylan retention to 27%. Notably, NaOH-pretreated wood
demonstrated the highest xylan retention at 48%. Similarly to glucans, poplar chips retained
considerably more hemicellulose compared to ball milling with no additive, with 40% of xylans
retained. The acid pretreatments did not influence lignin retention in pulp, with 11% of the
initial lignin retained in pulp after the RCF process. In turn, pretreatment with Na,COs resulted
in 14% of the lignin retained, while NaOH-processed wood retained 18% of the initial lignin.
Starting the RCF process with untreated poplar chips (Control 2) retained 14% of the initial

lignin, which is higher compared to no additive ball-milled counterpart (Control 1).

To characterise the effect of mechanocatalytic pretreatments on cellulose degree of
polymerisation (DP) in wood and pulp, the corresponding samples were derivatised to
cellulose tricarbanilate and analysed by GPC.**° Accordingly, Figure 4-6 displays DP distribution
based on anhydroglucose units (AGU) as well as the DP based on number average values (DP,)
and weight average values (DP.) for the processed woods before RCF and pulp after the RCF
process. It is important to emphasise that DP, is a sensitive metric towards low DP values.
Accordingly, the low DP part of the distribution carries a high weight. In turn, the DP,, evaluates
the distribution less sensitively toward the low DP values. Therefore, the DP,, values are used

in the following discussion, while the DP, values serve as a reference.
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Figure 4-6. Distribution curves of the apparent degree of polymerisation for processed wood and pulps given in
anhydroglucose units (AGU). On the right, the corresponding number average values (DP,) and weight average values
(DPy) are displayed.

As a result of ball-milling, all processed woods experienced a significant drop in cellulose DP
compared to native wood, indicating ball-milling induced cellulose depolymerisation. The ball-
milling without any additive (Control 1) resulted in DPy value of 1550 AGU, which is higher
compared to the process with base additives. Accordingly, the processed wood obtained with
Na»COs additive displayed DP,, of 1210 AGU and NaOH pretreated wood of 1330 AGU. The
mechanocatalytic pretreatment with oxalic acid was most severely depolymerising the
cellulose, resulting in DP,, of 420 AGU. In contrast to oxalic acid, the addition of the acetic acid
increased the DP of processed wood in comparison to no additive ball-milling (Control 1),

resulting in DP,, of 1700 AGU.

As a result of the RCF process, the no additive processed wood resulted in the lowest DPy

value (190 AGU), while Na,COs processed wood resulted in a pulp with DP,, of 330 AGU.
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Notably, the RCF process with oxalic acid pretreated wood resulted in pulp displaying the same
DP as the processed wood (420 AGU). The DP,, of the acetic acid treated processed wood
dropped to 540 AGU in pulp, while the NaOH pretreated wood experienced a smaller drop
with the pulp DP,, of 860 AGU. Importantly, and in contrast to the ball-milled processed woods,
starting the RCF process with untreated poplar chips (Control 2) resulted in an order of
magnitude higher DPy (4670 AGU). The result illustrates that while the pretreatment additive
has an effect on the DP of cellulose after the RCF process, the ball-milling itself is the main
factor in reducing the cellulose DP. This aligns with established knowledge that mechanical
energy from ball-to-ball and ball-to-wall collisions transferred to cellulose during the ball-
milling reduces cellulose crystallinity, breaks interchain hydrogen bonds in crystalline domains

and causes cellulose depolymerisation.*7>90-50>

It has been established that, as a general rule, the RCF process yields a pulp with substantial
cellulose retention and a high degree of delignification.?*%> Over the course of the process due
to the deacetylation of hemicellulose, the reaction liquor becomes acidic, thereby facilitating
further hemicellulose hydrolysis.?">2'® Notably, alkaline conditions tend to amplify acetic acid
release, while acidic conditions suppress it."**2>2'® The structural and biological functions of
acetate substitution in hemicellulose continue to remain ambiguous.”® One theory suggests
that the acetate groups in hemicellulose point towards the lignified region of the cell wall,
thereby strengthening the cohesion between the lamellae.”® Accordingly, Johnson et al.
demonstrated that a lower extent of hemicellulose acetylation can lead to more processable

poplar wood.>%

In the current investigation, hemicellulose retention varied significantly between different
pulps. It is important to emphasise that after ball milling with additive, processed wood was
washed with water until neutral pH, meaning no unbound acid or base was carried over to the
RCF process. Consequently, the changes in hemicellulose retention can be attributed to the
modifications in the lignocellulosic matrix during the pretreatment. With the alkaline
pretreatment, it is likely that partial deacetylation of pulp in the presence of moisture in wood
took place, and the resulting sodium acetate was washed away prior to the RCF process. Less

acetylated hemicellulose decreased the extent of acetate groups available for hydrolysis during
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the RCF process, consequently keeping the liquor pH higher and hindering the hydrolysis of
glycosidic bonds.

The pretreatment with oxalic acid did not influence the xylans retention or the extent of
delignification, while at the same time, it slightly increased the monophenol yields and
considerably lowered the relative S-unit abundance among the monophenols. Therefore, it is
likely that during the pretreatment with solid oxalic acid, a disruption in the lignin
ultrastructure takes place via partial reversible deacetylation of hemicellulose, especially at the
outer proportion of the G-lignin rich cell walls. Consequently, hydrolytic release of lignin
moieties becomes more favoured, leading to higher G-type monophenol yields compared to

the control experiment with no additive.

While oxalic acid, Na>COs, and NaOH are all solids at room temperature, glacial acetic acid is
a liquid and can diffuse well in the cell walls. Due to the nature of acetic acid, reversible
deacetylation of existing acetyl groups, as well as further acetylation of the hemicellulose, can
take place during the ball milling. Concurrently, the lignocellulosic matrix ultrastructure is
disrupted across the whole cell wall, thereby enhancing the hydrolytic release of lignin
moieties. At the same time, further acetylation of hemicellulose during the pretreatment could
obstruct glycosidic bond hydrolysis as the removal of more acetylated species from the

secondary cell wall has proven to be more challenging.>®

The mechanism of how different additives act on the lignocellulose during the
mechanocatalytic pretreatment remains largely ambiguous at this point, with a hypothesis
formulated for each additive. However, as a result of the screening with different additives, it
becomes clear that out of the two acidic and two base additives utilised, acetic acid provides
the most favourable treats to enhance the RCF process outcomes. Accordingly, the
pretreatment with acetic acid increases the monophenols and RCF lignin oil yield compared
to ball milling without additive (Control 1). In addition, it also results in higher pulp yield with
higher xylans and glucans retention and higher DP of cellulose in the pulp. Therefore, the next
two sections concentrate on the acetic acid pretreatment to evaluate the effect of

concentration and milling time on the process outcomes.

140



4.2.4. Acetic acid concentration and kinetic energy dose influence on lignin oils
To evaluate the effect of the amount of acetic acid added during the pretreatment, a set of
experiments was carried out varying the added acetic acid amount from 0- 4 mmol g™ of
wood. At the added acetic acid amount of 2 mmol g™ also used in the previous sections for
screening, three additional experiments were carried out with ball-milling time of 30-100 min,
resulting in kinetic energy doses from 4.3-14.3 kJ g™ of wood. Accordingly, Figure 4-7 displays
the RCF lignin oil yield dependant on the amount of acetic acid utilised during the

mechanocatalytic pretreatment as well as on the kinetic energy dose.
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Figure 4-7. a) RCF lignin oil yield from initial poplar wood with varying amounts of acetic acid added during the
pretreatment. All the mechanocatalytic pretreatments were carried out with the kinetic energy dose of 10 kJ g'. b)
RCF lignin oil yield from initial poplar wood with varying kinetic energy dose during the pretreatment. All the
mechanocatalytic pretreatments were carried out with the added acetic acid amount of 2 mmol g°'.

At fixed kinetic energy dose, the RCF lignin oil yield presented a maximum in the added acetic
acid range of 0-4 mmol g™'. Accordingly, the lignin oil yield increased between 0 to 0.5 mmol
g acetic acid added from 29.5% to 34.8%. From the highest lignin oil yield measured at 0.5
mmol g, the yield gradually decreased, reaching 30.0% at the added acetic acid amount of 4
mmol g™'. Similarly, at the fixed added acetic acid amount (2 mmol g-1), the obtained RCF
lignin oil yield presented a maximum. However, the deviation between different kinetic doses

was small compared to varying acetic acid amounts. Accordingly, at the kinetic energy dose of
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4.3 k) g, 29.8% of the initial wood resulted in lignin oil. At the kinetic energy dose of 10 kJ g
!, 33.1% yield was achieved, while 14.3 kJ g™" resulted in a lignin oil yield of 31.5%.

As for the screening with different additives, the RCF lignin oils obtained from pretreatment
with acetic acid were analysed by GPC and evaluated with the Structural Index introduced in
Chapter 3. Accordingly, Figure 4-8 displays the molecular weight distribution at 280 nm as well
as Sl3z0 and Slsso values across the molecular weight distribution. Regardless of the acetic acid
concentration or the kinetic energy dose, all the RCF lignin oils display a very similar molecular
weight distribution. Similarly, the Sls2 and Slsso distribution curves are very alike despite the
acetic acid concentration or kinetic energy dose. In this manner, all the lignin oils obtained
with acetic acid pretreatment (as well as the no additive 0 mmol g') have the average Slsx0
between 0.90-0.91+0.03, and the same average Slzso value of 0.97+0.01. As the oligomeric and
polymeric fractions of the lignin oils display very similar Structural Index characteristics, it can
be concluded that the acetic acid pretreatments do not have a strong influence on the

chemical nature of oligomeric and polymeric lignin moieties in the RCF lignin oils.
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a) Varying added CH;COOQH at kinetic energy dose of 10 kJ g’
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Figure 4-8. GPC traces of RCF lignin oils at 280 nm normalised by the absorbance of monomers, Structural Index at
320 nm and 350 nm across the apparent molecular weight of the RCF lignin oils from the column exclusion limit of
100 Da. a) Varying acetic acid amount during the pretreatment at the constant kinetic energy dose of 10 kJ g°'. b)
Varying kinetic energy dose during the pretreatment at the added acetic acid amount of 2 mmol g~'.

To assess the acetic acid amount and kinetic energy dose effect on the lignin-derived
monophenols yield, the lignin oils were characterised by GC-FID. Figure 4-9 summarises the
S- and G-type lignin-derived monophenols yield from the initial lignin in processed wood.
Similarly to the lignin oil yield, the monophenol yields present a maximum in the studied range
of added acetic acid. The total monophenols yield increased between 0 and 1 mmol g' from
13.4% to 15.9%, following a gradual decrease to 13.2% at 4 mmol g' of acetic acid added. The
trend of S-and G-type monophenols also followed the total monophenol yields individually,
with the syringols yield growing from 11.5% to 12.8% (0-1 mmol g™') and gradually decreasing
to 11% after that (4 mmol g™'). The guaiacols yield increased 2.0% to 3.1% (0-1 mmol g™') and

gradually decreased to 2.2% afterwards (4 mmol g'). The monophenols yield with changing
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kinetic energy dose varied less compared to the changing amount of acetic acid added but
still presented a maximum in the studied range. Accordingly, a kinetic energy dose of 10 kJ g
! resulted in the highest total yield (14.8%), with syringols yield of 12.3% and guaiacols yield
of 2.5%. A kinetic energy dose of 4.3 kJ g resulted in a total yield of 14.3% (syringols 11.9%
and guaiacols 2.4%), and 14.3 kJ g™ resulted in a total yield of 13.7% (syringols 11.3% and

guaiacols 2.4%).
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Figure 4-9. a) S-and G-Type monophenols yields from lignin in processed wood with varying amount of acetic acid
added during the mechanocatalytic pretreatment. Fixed kinetic energy dose of 10 kJ g'" was utilised. b) S-and G-Type

monophenol yields with varying kinetic energy dose during the mechanocatalytic pretreatment. Fixed amount of acetic
acid was added (2 mmol g').

Besides the monophenol yields, the product distribution among the monophenols also varied
with the changing amount of acetic acid added. While the P(OH)S formed 40%mo of the S-type
monophenols when no acetic acid was utilised, adding 0.25-1 mmol g™' acetic acid increased
the relative abundance of P(OH)S to 50-52%mol. With further increasing the amount of added
acetic acid, the relative abundance P(OH)S started to decrease again with 48%mo at 2 mmol g°
" and 43%mo at 4 mmol g™'. At the same time, the relative abundance of P(OH)G among the
guaiacols varied only between 81-86%mol with changing amounts of acetic acid. The changing
kinetic energy dose presented very little effect on the monophenols distribution, with the
relative abundance of P(OH)S varying 45-48%mo among syringols and P(OH)G varying

between 81-84%mo. among guaiacols.
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Based on the lignin oils analysis, it can be concluded that changing acetic acid concentration
helped to increase the monophenols yield and relative abundance of P(OH)S compared to no
additive ball milling, while the properties of oligomeric and polymeric lignin remained largely
unaltered based on the Structural Index analysis. When performing the mechanocatalytic
pretreatment with 2 mmol g™ added acetic acid, but changing the kinetic energy dose, the

lignin oil and monomers yield as well as the monomers distribution changed very little.

4.2.5. Acetic acid concentration and kinetic energy dose influence on pulps

To examine the effect of varying amount of acetic acid added and kinetic energy dose during
the mechanocatalytic pretreatment on the processed wood and pulps, corresponding samples
were characterised by analytical saccharification. Similarly to the experiments with different
additives, the processed wood and pulp samples were derivatised to cellulose tricarbanilate
and analysed by GPC to determine the corresponding degree of polymerisation. Firstly,

however, Figure 4-10 displays the pulp yield from processed poplar wood after the RCF

process.
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Figure 4-10. a) pulp yield from processed poplar wood with varying amounts of acetic acid added during the
pretreatment. All the mechanocatalytic pretreatments were carried out with the kinetic energy dose of 10 kJ g°'. b)
Pulp yield from processed poplar wood with varying kinetic energy dose during the pretreatment. All the
mechanocatalytic pretreatments were carried out with the added acetic acid amount of 2 mmol g~'.

Increasing the amount of acetic acid added during the pretreatment presents an upward trend

in pulp yield. Accordingly, the pulp yield increased from 43.6% for no added acetic acid to
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51.4% when 4 mmol g acetic acid was added during the ball milling. At the same time, a
lower kinetic energy dose at an added acetic amount of 2 mmol g™ resulted in higher pulp
retention, with the pulp yield decreasing from 52.9% at the kinetic energy dose of 4.3 kJ g™' to
479% at 14.3 kJ g'. The pulp yields were combined with the results from analytical
saccharification to obtain each main component retention in the pulp after the RCF process.
Accordingly, Figure 4-11 displays glucans (cellulose), xylans (hemicellulose), and lignin
retention in the pulp from the processed poplar wood. The top part presents the retentions
with varying amounts of acetic acid at a fixed kinetic energy dose (10 kJ g'), while the bottom
part displays the retentions with varying kinetic energy dose at a fixed amount of acetic acid
added (2 mmol g"). Individual processed wood and pulp compositions can be found in

Appendix Tables A-8 and A-9.
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Figure 4-11. Retention of glucans (cellulose), xylans (hemicellulose), and lignin during the RCF process with processed
wood obtained by mechanocatalytic pretreatment with different additives. a) Varying added acetic acid amount at a
fixed kinetic energy dose of 10 kJ g°'. b) Varying kinetic energy dose at a fixed amount of added acetic acid (2 mmol
g7
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Increasing the amount of acetic acid added during the mechanocatalytic pretreatment strongly
enhanced the amount of glucans retained in the pulp. Accordingly, the glucans retention
increased from 79+1% with no acetic acid added to 92.6+0.2% at the added acetic acid
amount of 4 mmol g™'. Similarly, adding more acetic acid increased the xylans retention from
27+1% to 36.31£0.6%, respectively. Varying the acetic acid amount during the pretreatment
did not strongly affect lignin retention in pulp (varying between 9-12% in the studied range).
Changing the kinetic energy dose lowered the glucans retention from 95+1% at 4.3 kJ g' to
85.2+0.8% at 14.3 kJ g''. As for the varying acetic acid amount, xylans presented a matching
trend with glucans when the kinetic energy dose was varied. Accordingly, the xylans retention
decreased from 37+1% at 4.3 kJ g”" to 31+2% at the highest kinetic energy dose of 14.3 kJ g’
'. The lignin retention varied a little with changing kinetic energy dose, ranging between 9-

12%.

From the glucans and xylans retention, it becomes clear that adding acetic acid during the
mechanocatalytic pretreatment hinders the cellulose and hemicellulose hydrolysis in the RCF
process. During the screening of different additives pretreatment in the previous section, it
was evaluated that ball milling itself causes extensive depolymerisation of cellulose in wood,
which aligns with the established knowledge.*"°%>% Accordingly, a question arises as to
whether added acetic helps to preserve the cellulose structure during the pretreatment,
resulting in higher retention during the RCF process. To assess the DP of processed wood after
mechanocatalytic pretreatment and pulp after the RCF process, Figure 4-12 displays DP
distribution based on anhydroglucose units (AGU) as well as the DP based on number average
values (DP,) and weight average values (DPy). As before, DP,, values are used for discussion as
being less sensitive towards the low DP values, while DP, values on the graph serve as a

reference.
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Figure 4-12. Distribution curves of the apparent degree of polymerisation for processed wood (a) and pulps (b) given
in anhydroglucose units (AGU) and obtained by varying added acetic acid amount during the mechanocatalytic
pretreatment at fixed kinetic energy dose (10 kJ g-'). On the right, the corresponding number average values (DP;)
and weight average values (DP,,) are displayed.

Comparison of the DP distribution at different added acetic acid amounts reveals one of the
key effects of the acetic acid during mechanocatalytic pretreatment. While varying the added
acetic acid amount between 0-1 mmol g™ has little effect on the DP distribution, 2 mmol g™
acetic acid shifts the distribution toward higher DP values and 4 mmol g even further.
Consequently, the DP,, value ranges between 1230-1340 AGU for the pretreatments with 0-1
mmol g™ acetic acid, while 2 mmol g™" increases the DP,, to 1560 AGU and 4 mmol g' to 2620
AGU. Importantly, the same trend carries over to the DP in pulps. Accordingly, the DP
distribution for 2 and 4 mmol g™ acetic acid is shifted towards the higher DP values. In the
added acetic acid range 0-1 mmol g-1, the DP,, only ranges between 190-230 AGU, while 2
mmol g™ presents DP,, of 390 AGU and 4 mmol g™ has a DP,, of 1010 AGU in pulp.
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Based on the DP of processed wood and resulting pulp, it can be stated that the increasing
glucans and xylans retention observed with an increasing amount of acetic acid added follows
the trend of cellulose DP in processed wood. Accordingly, adding acetic acid during the
pretreatment facilitates the preservation of cellulose (and hemicellulose) structure and
consequently hinders their hydrolysis during the following RCF process. This, in turn, resulted

in higher glucan and xylan retention during the RCF process.

In terms of kinetic energy dose at the fixed added acetic acid amount (2 mmol g™), lower
mechanical energy input resulted in higher glucans and xylans retention. Similarly to the
varying acetic acid amount during the mechanocatalytic pretreatment, the processed woods
obtained with changing kinetic energy dose as well as the corresponding pulps, were
derivatised to cellulose tricarbanilate. Accordingly, Figure 4-13 displays DP distribution based

on anhydroglucose units (AGU) and corresponding DP, and DP,, values.
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Figure 4-13. Distribution curves of the apparent degree of polymerisation for processed wood (a) and pulps (b) given
in anhydroglucose units (AGU) and obtained by kinetic energy dose during the mechanocatalytic pretreatment at fixed
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amount of acetic acid added (2 mmol g''). On the right, the corresponding number average values (DP,) and weight
average values (DP,) are displayed.

The DP distribution of the processed woods reveals that increasing kinetic energy dose during
ball-milling shifts the distribution curve towards lower DP values. This result aligns well with
the fact that a higher kinetic energy dose results in more extensive cellulose degradation
during the ball-milling.*” Accordingly, the kinetic energy dose of 4.3 kJ g™' resulted in DP,, of
3010 AGU in processed wood, while 10 kJ g™ reduced the DP,, to 1560 AGU and 14.3 kJ g”" to
1240 AGU. As for the varying amounts of acetic acid, the pulp obtained during RCF followed
the same DP trend as the processed wood. The pulp from processed wood obtained at the
kinetic energy dose of 4.3 kJ g' displayed considerably higher DP compared to 10 and 14.3 kJ
g'1, with the DP,, values of 1300 AGU, 390 AGU, and 300 AGU, respectively.

4.3. Conclusion

Due to the need for the comminution of biomass prior to the RCF to avoid mass transfer
limitations inside the lignocellulosic matrix, the current work explored an option to exploit the
available mechanical energy to perform ‘soft’ mechanocatalytic pretreatment prior to the RCF
with different additives. The control experiments, where the first one utilised no additive during
the ball-milling, and the second one used poplar chips directly with no pretreatment for the
RCF process, indicated that the RCF process with poplar chips is indeed mass transfer limited
and the ball-milled wood resulted in higher lignin oil and lignin-derived monomers yields. Out
of the two acids used for the pretreatment, acetic acid increased the total monophenols yield,
while oxalic acid displayed little effect on monophenols yield. At the same time, acetic acid
increased the DP of cellulose compared to the control experiment during the ball milling,
resulting in higher glucans retention after RCF, while oxalic acid had the opposite effect. Two
base pretreatments (Na.COs and NaOH) both lowered the monophenols yield. However,
NaOH pretreatment resulted in very high S-unit selectivity among the lignin-derived
monomers. Additionally, pretreatment with NaOH resulted in a significant increase in glucans

and xylans retention.

Out of the screened additives, acetic acid presented the most desirable properties to enhance
the outcomes of the RCF process. Accordingly, different acetic acid amounts in the range of

0-4 mmol g™' of wood and different kinetic energy doses at fixed acetic acid amounts (2 mmol

150



g-1) were screened. The highest monophenols yield was achieved at 1 mmol g™ acetic acid
added, while kinetic energy dose did not strongly affect monophenols yield in the studied
range (4.3-14.3 kJ g'). The pulp analysis revealed that increasing the amount of acetic acid
during the pretreatment helped preserve the cellulose DP, consequently increasing glucans
and xylans retention and pulp yield. At the same time, utilising a lower kinetic energy dose

resulted in significantly higher cellulose DP in both processed wood and pulp.

In a wider context, the current chapter demonstrates a new approach for biomass
pretreatment prior to the RCF process. As a result, the method showed that by utilising
different additives during the mechanocatalytic pretreatment, the outcomes of the RCF
process can be tuned in the required direction. In this manner, acetic acid pretreatment
increased both the lignin oil and lignin-derived monomers yield along with a boost in pulp

yield- features that are desirable in the potential RCF industrial setting.
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5. Semi-batch Temperature-stepping RCF Strategy for

Controlling the Process Outcomes

5.1. Introduction

In Chapter 2, it was discussed that cellulose, hemicellulose, and lignin present very different
apparent activation energies for depolymerisation under the RCF conditions. Accordingly, the
degradation of [B-O-4 linkages in lignin is expected to start at lower temperatures,
hemicellulose hydrolysis requires higher temperatures, and cellulose hydrolysis even harsher
conditions 214223224223-234 Accounting for the difference in biopolymers' inherent nature to
depolymerise under the RCF conditions, it is reasonable to argue that by running the RCF
process with increasing temperature steps, the fractions with considerably different

depolymerisation products and nature could be obtained.

In a traditional setting where the RCF process is carried out in batch mode, the process results
in a single lignin oil and pulp. Accordingly, the fluctuations and changes in process conditions
over the course of the process are also retained in the properties of single lignin oil and pulp.
Therefore, the release of moieties from the lignocellulosic matrix cannot be separately
controlled based on the lignin and carbohydrates' inherent characteristics, and cumulative

process conditions determine the process outcome.

In addition to the classical batch mode, flow-through (FT) systems have been implied for RCF
processes in recent years since its first demonstrations for RCF process in 2017.4*4" |n an FT
RCF setup, the pressurised solvent is first passed through a packed biomass column to extract
lignin, and the obtained solution is passed through a catalyst containing second column along
with the H: to achieve lignin stabilisation and further breakdown. As the temperature of both
columns can be controlled separately, the FT setup allows the collection of different dissolved

material fractions, which could also be obtained at different temperatures.

Besides the traditional batch setting and recently introduced FT setting for Reductive Catalytic
Fractionation, we herein propose a third, semi-batch mode to carry out an RCF process. In

semi-batch mode, dissolved species are removed from the batch reactor after each process
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step, and the fresh solvent is added for the consequent step. Accordingly, multiple lignin oils
can be obtained along with the pulp from the final step. In addition to the opportunity to
obtain discrete lignin oils from the different stages of the traditional batch process, a semi-
batch strategy also allows the application of different process conditions for each step to
further amplify the differences between the obtained lignin oil. Accordingly, increasing
temperature during each process step would allow exploiting the difference in the

biopolymers' susceptibility to undergo depolymerisation.

In the current chapter, a semi-batch temperature-stepping RCF concept is explored for the
first time. Five process steps are utilised with the temperature steps of 140°C, 160°C, 180°C,
200°C, and 220°C, resulting in five lignin oils and one final pulp. The first part of the chapter
provides an overview of the semi-batch T-stepping process along with the mass balances. In
the second part, the monomer yields in each step are quantified, and the obtained lignin oils
are characterised by GPC and 2D HSQC NMR. In the final third part, the pulp properties change
after each step is monitored, and the residual lignin in the pulp after each step is imaged by

state-of-the-art fluorescence microscopy method.

5.2. Results and discussion

5.2.1. Isolation strategy and mass balances

The semi-batch process was performed in 5 consecutive 1 h steps, with the poplar chips and
the Raney Ni catalyst carried over to the next step. The liquid phase with extracted lignin (and
carbohydrates) fragments was separated from the solids after each step, and the fresh solvent
was added prior to the next step. During each step, the temperature was increased stepwise
from 140°C to 220°C with 20°C increments. Accordingly, Scheme 5-1 summarises the process,
resulting in 5 different lignin oils obtained from the same poplar wood and in holocellulose
pulp after the final step at 220°C. In addition to the semi-batch temperature stepping strategy,
a regular RCF process at 220°C for 5 h with the same wood, solvent mixture, and catalyst was

carried out for reference.
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Scheme 5-1. Overview of the semi-batch temperature-stepping RCF process. While the solids (pulp and catalyst) are
carried over after each step, the liquid phase is separated after each step with the fresh solvent mixture added.

As discussed in Chapter 3, EtOAc is a suitable solvent to solubilise lignin-derived monomers
and oligomers, while the mid-and high MW lignin along with the carbohydrates in lignin oil,
precipitate. Accordingly, the obtained lignin oils were fractionated with EtOAc to allow further
insights into their chemical nature. Figure 5-1 displays the obtained lignin oil and pulp yield
from initial oven dry wood (ODW) (after every single step and cumulative lignin oil yield) along

with mass balances of lignin oils solvent fractionation with EtOAc.
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Figure 5-1. a) Pulp and lignin oil yields from poplar wood during each step of the T-stepping semi-batch process. The
white void bar represents the missing mass attributed to the formation of gaseous products. b) The proportion of EtOAc
soluble and insoluble fractions of the lignin oils obtained after each step.

During the first 1 h process at 140°C, 3.7% of the initial lignocellulose was converted into Lignin
oil 1, while the rest resulted in pulp and was carried over to the second step at 160°C, which

resulted in a lignin oil yield of 3.6%. At 180°C, the lignin oil yield from the step increased to
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7.9%. Further increase in temperature during the fourth step to 200°C resulted in most lignin
oil obtained by one step with the lignin oil yield of 10.5%. The final 1 h step at 220°C yielded
5.6% lignin oil, resulting in a total lignin oil yield of 31.1 % across the five steps. As a result of
the five-step process, 49% final pulp yield was obtained. With the increasing temperature, the
EtOAc-insoluble fraction gradually decreased from 61% in the lignin oil obtained at 140°C to
24% in the lignin oil obtained at 220°C. In turn, the EtOAc-soluble fraction increased from 35%
in the lignin oil obtained at 140°C to 61% at 220°C.

5.2.2. Extracted lignin characteristics after each step

To assess the lignin-derived monomers yield during each step of the semi-batch T-gradient
RCF process, the obtained RCF lignin oils were analysed by gas chromatography. Figure 5-2
displays the different monomer yields during every step and the total cumulative yield of all
steps. Additionally, the lignin-derived monomers yield from single step RCF batch process at
220°C for 5 h with the same amount of wood and catalyst is displayed alongside. Alkylsyringol
and alkylguaiacol species are combined to simplify the graph, and the individual yields of these

species can be found in Appendix Table A-10.
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Figure 5-2. S- and G-type lignin-derived monomers yield from initial lignin weight in poplar wood during each step
of the semi-batch T-stepping RCF process. Additionally, a single-step batch RCF process at 220°C for 5 h with the same
amount of wood and catalyst is displayed for comparison.
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At 140°C, the majority of the lignin-derived monomers in RCF lignin oil were G-type (63%) and
consisted only 4-(3-hydroxypropyl)guaicol (P(OH)G) species (0.73% yield) with no
alkylguaiacols detected. Similarly, the majority of the S-type monoaromatics were 4-(3-
hydroxypropyl)syringol (P(OH)S) species (0.42% yield) with a minor amount of alkylsyringols
(0.07% vyield). The yield of P(OH)G achieved maxima at 180°C (1.86% yield), followed by a
decline to 0.44% at 220°C. At the same time, the yield of alkylguaiacols did not exceed 0.04%
during any of the steps. The amount of P(OH)S extracted increased until the step at 200°C
(3.59% yield), followed by the decline to 1.06% at 220°C. The yield of alkylsyringols followed a
similar trend, reaching a maximum at 200°C (1.62% yield) and dropping to 1.24% yield at
220°C.

The combined lignin-derived monophenols yield from the five steps was 16.8%, with P(OH)G
yield of 6.1% and P(OH)S yield of 9.3%. In addition, the combined yield of alkylsyringols was
1.4%, with the total yield of 4-propylsyringol (PS) of 0.77% and 4-ethylsyringol (ES) of 0.61%.
While the semi-batch T-stepping process preserved the hydroxyl group at C, (91% of the S-
and G-type monophenols were P(OH)G and P(OH)S), the single step RCF at 220°C for 5 h
displayed a steep contrast in monophenols distribution. With a total yield of 13.3%, the
majority of the monophenols were alkylsyringols (9.8% yield). At the same time, the yield of
P(OH)S was 1.5%. Similarly, for G-type monophenols, the yield of P(OH)G was 0.6%, while the
alkylguaiacols displayed a yield of 1.4%.

The results described above illustrate well the importance of process conditions not only on
the total yield of monophenols during an RCF process but also on the product distribution
among the monophenols. While the selection of a catalyst remains a crucial factor in
determining the lignin-derived monomers yield and distribution, the stark contrast between
the monophenols distribution between the semi-batch T-stepping process and single-step
RCF further underlines the importance of process conditions on the outcomes of RCF.
Additionally, the semi-batch T-stepping RCF strategy allows for an increase in the overall
monomer yield and the acquisition of P(OH)G and P(OH)S species with high selectivity. Due to
the higher amount of G-type monophenols during the first steps at lower temperatures and
the higher amount of S-type monophenols at higher temperatures, the strategy also allows

for selectivity between the two types, thus potentially lowering the downstream separation
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costs. The S- and G-type lignin distribution will be revisited later in the section to include

oligomeric and polymeric lignin species in the discussion.

To study the molecular weight distribution of the five RCF lignin oils obtained after each step,
the lignin oils and their EtOAc-soluble and insoluble fractions were analysed by GPC.
Accordingly, Figure 5-3 depicts the corresponding apparent molecular weight distributions
alongside the Slsz0 and Slsso values across the different molecular weights. Unfractionated RCF
lignin oils are displayed as grey, while the EtOAc-soluble fraction corresponds to light purple
and the EtOAc-insoluble fraction to dark purple. The average Slsx and Slsso values across the

MW distribution are summarised in Appendix Table A-11.
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Figure 5-3. a) Apparent molecular weight distribution of RCF lignin oils and their EtOAc-soluble and insoluble
fractions after each step. The signal is measured at 280nm. b) Sl32o of the corresponding unfractionated lignin oils and
EtOAc-soluble and insoluble fractions. c) Slzso of the corresponding unfractionated lignin oils and EtOAc-soluble and
insoluble fractions.

RCF lignin oil extracted during step 1 (140°C) contains a significant amount of the oligomeric
and polymeric lignin fractions. Importantly, both the lignin monomers/oligomers containing
EtOAc-soluble fraction and oligomers/polymers containing EtOAc-insoluble fraction present
very high average Slzo (0.93+0.02 and 0.92+0.02) and Slsso (0.99+£0.01 and 0.98+0.01) values,
indicating very low presence of oxidised and conjugated lignin species. Lignin oil extracted
during the second step (160°C) displays similar apparent MW distribution characteristics to

the lignin oil obtained during the first step with also high Sls20 (0.94+0.02 and 0.90+0.02) and
158



Sl3s0 (0.98+£0.01 and 0.96+0.01) values for EtOAc-soluble and insoluble fractions respectively.
During the third step (180°C), the apparent MW distribution changes significantly compared
to the first two steps as a decrease in the proportion of mid- and high MW species occurs.
While the lignin in the EtOAc-soluble fraction displays the same Slsxo (0.94+0.02) and Slsso
(0.98+0.01) values as the two previous EtOAc-soluble fractions, the average Sl values for the
EtOAc-insoluble fractions decreased (Slz20=0.87+0.01 and Sl350=0.94+0.01). The MW
distribution of the RCF lignin oil obtained after the fourth step (200°C) showed a similar profile
with the lignin oil from the third step with the same SI values for the low-MW EtOAc-soluble
fraction. The SI values for mid-and high MW lignin species in the EtOAc-insoluble fraction
displayed the same values as the EtOAc-insoluble fraction from step 2 (160°C). During the last
fifth step at 220°C, the obtained lignin oil contains low-and mid-MW lignin species. Notably,
the Sl values show a drastic drop from the dimeric species for both the EtOAc-soluble and
insoluble fractions. The resulting average values for EtOAc-soluble fraction (Sl320=0.90+0.05
and Sl350=0.97+0.03) are lower than for the rest of the obtained lignin oils with higher
dispersity due to the steeper decline in SI towards the higher MW values. Similarly, the EtOAc-
insoluble fraction (Sl320=0.86+0.03 and Sl350=0.93+0.02) displays a decrease in Sl values with

increasing MW.

In a broader view, all RCF lignin oils displayed very high average Sl values (Sl320=0.93-0.89 and
Sl350=0.96-0.98), indicating that the high efficiency of reductive catalytic processes in liquor
prevented the presence of oxidated and conjugated species in RCF lignin oil. At the same time,
the decrease in Sl with increasing molecular weight at the final step at 220°C indicates some
occurrence of condensed and/or oxidised lignin oligomers and polymers in the corresponding
lignin oil. The observation can be a result of multiple factors. Firstly, due to the mass transport
limitation in poplar chips, the released lignin fragments are prone to redeposit in the
lignocellulosic matrix. With increasing temperature, the species containing condensed
fragments resolubilise and become part of the lignin oil. Secondly, while the increasing
temperature also promotes lignin depolymerisation and reductive processes on the catalyst, it
also accelerates the lignin condensation within the lignocellulosic matrix and in liquor. The
nature of residual lignin in pulp after each step will be revisited in the next subsection, where
the pulp characteristics are discussed.
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To characterise the chemical nature and bonding in lignin oils obtained after each step, the
EtOAc-soluble and insoluble fractions were analysed by 2D HSQC NMR. The canonical lignin
bonding motifs were quantified as a number of linkages per 100 aromatic units. Importantly,
only S-and G-type unit signals in the aromatic region were accounted for linkages
quantification due to the low abundance of H-units in poplar wood. Additionally, the reduced
B-O-4 lignin linkages described in Chapter 3 were quantified. Accordingly, Figure 5-4 displays
the abundance of the lignin linkages in RCF lignin oils EtOAc-soluble and insoluble fractions
obtained after the semi-batch T-stepping process step. The spectra of each lignin oil fraction
in aliphatic, oxygenated aliphatic, anomeric carbon, and aromatic regions can be found in the

Appendix (Figures A17- A20).
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Figure 5-4. a) Relative abundance of reduced B-O-4 linkages among all 3-O-4 linked lignin motifs in EtOAc-soluble
fractions (top). The number of corresponding lignin linkages in EtOAc-soluble fractions in each corresponding RCF
lignin oil obtained during the step (bottom). b) Relative abundance of reduced B-O-4 linkages among all -O-4 linked
lignin motifs in EtOAc-insoluble fractions (top). The number of corresponding lignin linkages in EtOAc-insoluble
fractions in each corresponding RCF lignin oil during the step (bottom).

With increasing temperature during the steps, the number of B-O-4 linkages in the EtOAc-
soluble fraction of lignin oils decreased from 8.7+0.5 at 140°C to 3.5+0.3 at 220°C. Similarly,
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in the EtOAc-insoluble fractions containing mid-and high MW lignin fractions, the -O-4
linkage count per 100 aromatic units fell from 37+1 at 140°C to 1541 at 220°C. At the same
time, the absolute number of reduced B-O-4 linkages fluctuated between 2.2 and 3.6 linkages
per 100 aromatic units in the EtOAc-soluble fractions and between 2.9 and 5.2 in the EtOAc-
insoluble fractions. When observing the relative abundance of the reduced B-O-4 linkages, the
same trend for EtOAc-soluble and insoluble fractions emerges. While the relative abundance
slightly increases from 140°C to 160°C (EtOAc-soluble from 29.1+0.4% to 31.3+£0.9%; EtOAc-
insoluble 12.4+0.2% and 12.3+0.9%), it drops at 180°C in both lignin oil fractions (25.4+0.5%
and 8.2+0.7% respectively). From 180°C onwards, the relative abundance of reduced -O-4
linkages increases, reaching 39.0£0.9% for EtOAc-soluble fraction and 19+1% for EtOAc-

insoluble fraction in the RCF lignin oil obtained at 220°C.

While the drop in linkage count of regular B-O-4 moieties with increasing temperature is
expected due to the more extensive depolymerisation at higher temperatures, the observation
on the relative abundance reduced 3-O-4 moieties dropping in the RCF lignin oil obtained at
180°C is not intuitive. However, when looking at this in light of the retention of xylans and
glucans presented in the next subchapter, a working hypothesis can be postulated for the
decline. While the first two steps at 140°C and 160°C fully retain the xylans and glucans pulp,
the third step at 180°C sees a decline in carbohydrate retention. Accordingly, the
depolymerisation products of hemicellulose (and cellulose) start to become a part of the liquor
and compete for the catalyst's active sites. Previously, it has been shown that small diols inhibit
the catalytic activity while further increasing the number of OH substituents diminished the
catalytic active of Raney Ni more severely at 130°C.**® Accordingly, the carbohydrates and
polyols formed by the catalytic reduction of carbohydrate species from 180°C make the
catalytic sites less accessible for lignin species. As the reduced B-O-4 moieties can only be
formed by the catalytic HDO process, the drop in relative abundance at 180°C is potentially a
result of carbohydrates entering the liquor at that temperature. Further increase in the relative
abundance of reduced B-O-4 bonds at 200°C and 220°C indicates that with increasing
temperature, the catalytic HDO of Ca in B-O-4 linkages becomes more prominent while the
depolymerisation of regular B-O-4 linkages accelerates. This result is plausible when
considering that formed reduced 3-O-4 linkages are unable to undergo depolymerisation via
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conventional acid-catalysed route. The relatively high total count of reduced B-O-4 linkages in
RCF lignin oils obtained during the first two steps at 140°C and 160°C postulates an intriguing
research question for future studies. Namely, by further lowering the process temperature and
prolonging the processing time, is it possible to produce lignin fractions with very high
reduced B-0-4 linkages content by suppressing the conventional -O-4 cleavage route due to

the low temperature.

Besides the regular 3-O-4 linkages in RCF lignin oils, both phenylcoumaran and resinol
moieties linkage count decreased in every step of the semi-batch T-stepping RCF process. The
number of phenylcoumaran linkages per 100 aromatic units decreased from 1.35+0.02 at
140°C to 0.33+0.02 at 220°C in EtOAc-soluble fractions and from 2.79+0.07 to 0.75+0.01
between the corresponding temperatures in EtOAc-insoluble fractions. Similarly, the
abundance of resinol linkages in EtOAc-soluble fractions decreased from 1.19+0.04 linkage
per 100 aromatic units at 140°C to 0.45+0.01 at 220°C, and in EtOAc-insoluble fraction from
1.82+0.05 to 0.49+0.04 respectively. As the lignin moieties in phenylcoumaran and resinol are
partially bonded by C-C- linkages, these linkages' degradation does not result in
depolymerisation in the given temperature ranges. However, the decline in the number of
linkages with increasing temperature indicates that the ether-linked parts of the two canonical

lignin linkages can undergo degradation.

In addition to the number of lignin linkages in the obtained lignin oils, the relative abundance
of S-and G-type lignin was evaluated based on the aromatic region of HSQC NMR analysis.
Furthermore, the number of H-units and PB-units per 100 S-and G-units was quantified in each

lignin oil's EtOAc-soluble and insoluble fractions (Figure 5-5).
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Figure 5-5. a) Relative abundance of S-and G-units in EtOAc-soluble fractions of RCF lignin oil obtained after each
step of the semi-batch T-stepping process (top). Number of H- units and PB-units per 100 S-and G-units in EtOAc-
soluble fractions (bottom). b) Relative abundance of S-and G-units in EtOAc-insoluble fractions of RCF lignin oil

obtained after each step of the semi-batch T-stepping process (top). Number of H- units and PB-units per 100 S-and
G-units in EtOAc-insoluble fractions (bottom).

Both EtOAc-soluble and insoluble fractions display a similar trend in S-and G-unit distribution.
While the RCF lignin oil fractions obtained during the first steps contain relatively more G-
units, the lignin oils obtained during the later steps are more rich in S-type lignin. Accordingly,
the abundance of S-units in the EtOAc-soluble fractions increases from 51.1+£0.9% in the first
step at 140°C to 75.5+0.6% in the final step at 220°C. Similarly, the relative amount of the S-
units in the EtOAc-insoluble fractions increases from 58.0+0.6% to 76+1%, respectively. This
result is in line with the uneven distribution of S- and G-units in hardwood cell walls, with the
G-type lignin domains being more accessible than their S-type counterparts.3947847°
Accordingly, previous reports have presented strong evidence during the early phase of an
RCF process with hardwood, lignin fragments rich in G-units are released.****’® Similarly, the
higher relative amount of G-units extracted during the first two steps indicate that the G-type
lignin is more accessible in hardwood cell wood and is preferentially extracted during the first

stages of the RCF process.

The PB-units present as a pendant group in poplar lignin present a steady downward trend

with every proceeding step and increasing temperature. The PB-units count declined from
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2.28+0.06 during the first step at 140°C to 0.61+0.03 during the fourth step at 200°C in EtOAc-
soluble fractions and from 6.9+0.2 to 1.731£0.04 in EtOAc-insoluble fractions respectively. In
the RCF lignin oil obtained during the fifth step at 220°C, no PB-units were detected in EtOAc-
soluble or insoluble fractions. The result indicates that the PB-units present as ester groups in
lignin are more retained in higher MW lignin species. The observation is likely a result of two
contributing factors. Firstly, lignin oligomers result from the depolymerisation of polymeric
lignin moieties, therefore spending more time in solution since the dissolution of lignin species
from the lignocellulosic matrix. Secondly, the larger lignin molecules experience more
extensive intramolecular interactions, which can partially hinder the esters'
hydrolysis/transesterification. The decline in PB content from steps 1 to 4 and the complete
absence in RCF lignin oil obtained from step 5 also indicates that the cleavage of ester bonds

in PB readily takes place already under RCF conditions considered very mild (140°C-160°C).

The abundance of H-units in the RCF lignin oils presented a peculiar trend. In the EtOAc-
insoluble fractions, the H-units were only detected in the lignin oil obtained during the first
step at 140°C (0.43+0.03 units per 100 S-and G-units). On the other hand, the H-units content
in the EtOAc-soluble fraction decreased from 0.75+0.06 units per 100 S-and G-units in the first
step to 0.16+0.01 units in the third step at 180°C. From the third step, the abundance of H-
units started to increase, reaching 1.57+0.02 units during the fifth step at 220°C. The decrease
in H-units during the first three steps indicates that the small amount of the H-type lignin units
present in hardwood is very accessible and can, similarly to G-units, be extracted during the
early stages of an RCF process. This is further supported by the lack of H-units in the EtOAc-
insoluble fractions, indicating that the increase of H-units content in lignin oils obtained at
higher temperatures is not a result of inherent H-unit content in lignin but rather a result of
catalytic demethoxylation of G-units. Accordingly, the results indicate that in low MW lignin
fractions, the demethoxylation of phenolic moieties becomes more and more prevalent with

increasing temperature (since 200°C).

To depict different RCF lignin oil fractions S-and G-distribution after every semi-batch T-
stepping RCF step, Figure 5-6 displays the relative abundance of S-units in lignin-derived
monomers (measured by GC), in lignin-derived monomers and oligomers (EtOAc-soluble

fraction), and in oligomers and polymers (EtOAc-insoluble fraction). A comparison of the three
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trends further confirms the preferential extraction of G-type lignin during the early phase of
RCF process. Additionally, as the space time of monomeric lignin moieties in liquor is on
average longer than oligomeric and polymeric species, the higher G-unit abundance (and
lower S-unit abundance in turn) of low MW species compared to mid-and high MW confirms
the "kinetic history’ of lignin depolymerisation retained in different MW lignin fractions and

reported in Chapter 3 (Figure 3-13).2%
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Figure 5-6. Relative content of lignin S-units in different fractions of RCF lignin oils obtained by semi-batch T-stepping
RCF process. * EtOAc-insoluble fraction of lignin oils (determined by 2D HSQC NMR). ** EtOAc-soluble fraction of
lignin oils (determined by 2D HSQC NMR). *** Lignin-derived monomers in lignin oils (determined by GC-FID)

Besides the lignin-derived species, RCF lignin oils also contain carbohydrate-derived moieties
and carbohydrates. In Chapter 3, it was demonstrated that carbohydrates present in lignin oil
are insoluble in EtOAc. Accordingly, Figure 5-7 displays NMR spectra of the EtOAc-insoluble
fractions in the anomeric carbon centre region (6C/6H 95-110/3.5-5.0 ppm). Importantly, the
EtOAc-soluble fractions did not display *C-"H correlation signals in the anomeric carbon
centre region, confirming that the carbohydrates present were indeed not soluble in EtOAc

(Appendix Figure A-20).
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Figure 5-7. HSQC NMR spectra in the anomeric centre region for the EtOAc-insoluble fractions in the RCF lignin oils
obtained by semi-batch T-stepping RCF and presented at the same threshold. The oligosaccharide structure solely
outlines key structural features in the backbone of the oligoxylan alcohols. Importantly, it does not intend to represent
the actual structure of the oligoxylan alcohols.

The lignin oil obtained during the first step at 140°C did not present *C-"H correlation signals
characteristic to xylan moieties, while during the second step at 160°C, a fade signal for xylan
moieties appeared (lower threshold figure can be found in Appendix Figure A-20). Since the
third step at 180°C, the lignin oils contained distinctive correlation pairs for oligoxylan alcohols,
which was first reported in Chapter 3.2° By comparing the volume integrals from the signals
for X1nry and the X1/ next to the reduced end, a similar degree of polymerisation was
determined for all three lignin oils containing xylan species (for calculation method, see
Experimental section). Accordingly, the average oligoxylan backbone DP ranged between 3.1
and 3.5 during steps 3-5, indicating that hemicellulose-derived carbohydrates presence in RCF
lignin oil is largely hindered by their solubility in process liquor as the lignin oils contain only

oligomeric carbohydrates.

166



In addition to the oligoxylan alcohols peaks, a group of peaks starts appearing in the range of
6C/6H 96-101/4.5-49 ppm from the third step at 180°C. Along with the increasing
temperature, the signal intensities for the given peaks increase. However, the chemical nature
of the *C-"H correlation signals remains unknown at this point. While considering the 8C and
SH shifts of the signals, they can potentially be associated with hexoses present in poplar

hemicelluloses.

5.2.3. Pulp Characteristics after each step

As pulp fraction was carried over to the next step in the semi-batch T-stepping RCF process,
the process results in a single pulp after the fifth step at 220°C. To obtain pulp samples after
each process step for characterisation, five separate semi-batch T-stepping processes were
carried out, each stopping at the corresponding step. This allowed the obtaining of a pulp
sample after each process step. The pulps composition was first determined by analytical
saccharification following the NREL protocol*®* To compare the three main lignocellulose
components extraction during each process step, Figure 5-8 displays the glucans, xylans, and

lignin retention after each step from the initial poplar wood.
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Figure 5-8. Retention of glucans (cellulose), xylans (hemicellulose), and lignin after each step of semi-batch T-stepping
RCF. The retention is based on the components' initial mass in poplar wood.
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Importantly, both glucans and xylans display complete retention during the first two steps of
the semi-batch T-stepping process at 140°C and 160°C. Since the third step at 180°C, the
glucans retention gradually decreased from 94+2% to 82+ 1% after the fifth final step at 220°C.
In a similar trend, xylans retention decreased from 84+3% at 180°C to 33+3% after the step at
220°C. In turn, the lignin extraction started from the first step, as is evident by obtaining a
lignin oil during it. After the first step, 86+2% of the initial lignin was retained in the pulp and
after the second step 76+2%, respectively. During the third and fourth steps of the process,
the majority of the lignin initially present was extracted, with 50+1% of the lignin retained in
pulp after the third step and 24+2% after the fourth step. After the final step at 220°C, 13+1%
of the initial lignin remained in pulp, with a final delignification extent of 74+3%. Individual

pulp compositions after each step can be found in Appendix Table A-12.

The trends presented in Figure 6-8 align well with the apparent activation energies for different
component cleavage highlighted in Chapter 2. Accordingly, the apparent activation energy for
the cleavage of B-O-4 linkages for lignin depolymerisation is in the range of 13-46 kJ mol™ ???
resulting in lignin extraction already at 140°C. In turn, the apparent activation energy for the
hydrolysis of glycosidic bonds in hemicellulose is in the range of 103-154 kJ mol™.2' Therefore,
the hemicellulose is less prone to depolymerisation under the RCF conditions and is only
partially extracted since the third step at 180°C. Similarly to hemicellulose, the apparent
activation energy for hydrolysis of glycosidic bonds in cellulose is between 102-189 kJ mol™.
224229234 However, it remains important to emphasise that only amorphous regions of cellulose
can undergo hydrolysis under RCF conditions, as the hydrolysis of the crystalline domains
requires the presence of strong acid (pKa.<-3) to proceed at appreciable rates.??® Accordingly,
cellulose moieties extraction also starts since the third step at 180°C, but is much less extensive

in comparison with xylans in hemicellulose.

To investigate the nature of residual lignin in pulp after each process step, the corresponding
pulp samples were imaged by fluorescence microscopy. Accordingly, cryostat microtome was
utilised to facilitate the cutting of the softening pulp chips after each semi-batch T-stepping
RCF step. The resulting 10um cuts were mounted on slides and first analysed by live cell
widefield epifluorescence. In this process, the samples were sequentially excited with 405nm,

488nm, 515nm, and 638nm lasers. The corresponding fluorescence images can be found in
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the Appendix (Figure A-22). To quantify the fluorescence intensity with different excitation
lasers, 20x objective multicolour Z-stacks was maximum intensity projected and whole image
intensity summed. For the intensity quantification, at least three separate areas of each cut
were utilised. To compare different pulp samples, the ratio of fluorescence intensities between
488/405nm, 515/405nm, and 638/405nm was taken as a unity for poplar wood in each case,
and the corresponding ratios were compared to untreated poplar wood in each case.
Accordingly, Figure 5-9 displays the three intensity ratios normalised to the intensity ratio in

poplar wood.
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Figure 5-9. Relative fluorescence intensities between 488/405nm excitation lasers, 515/405nm excitation lasers, and
638/405nm excitation lasers each normalised to the corresponding ratio in untreated poplar wood. Representative
images can be found in Appendix Figure A-22.

From Figure 5-9, it becomes clear that the nature of lignin retained in pulp changes with each
process step. The fluorescence intensity ratio between 488nm and 405 nm excitation lasers
increases two-fold during the first step at 140°C, and remains at that level throughout the rest
of the steps. At the same time, the fluorescence intensity ratio between 515nm and 405 nm
excitation lasers only grows 1.3 times during the first step compared to poplar wood, while
being already 3 times higher at 160°C and 6 times higher at 200°C. The fluorescence intensity
ratio between 638 nm and 405 nm excitation lasers displayed the starkest change in
fluorescence intensity ratios compared to poplar wood. Accordingly, while the ratio changed
a little compared to native wood during the first process step, the pulp obtained at 200°C

displayed a 10-fold increase in the corresponding ratio.

As the lignin autofluorescence shifts towards higher wavelengths with each process step, the
relative abundance of conjugated species in the retained lignin increases. Accordingly, the
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lignin retained in the pulp matrix undergoes potential condensation and/or oxidation, thereby
resulting in a higher proportion of conjugated moieties. This aligns with the established
knowledge that unstabilised lignin fragments are prone to undergo condensation reactions.
As the heterogeneous catalyst is spatially located outside the lignocellulosic matrix, the lignin

species retained in the pulp do not undergo catalytic stabilisation.

To assess the different fluorophores (lignin moieties) distribution in the cell wall after each
step, total internal reflection fluorescence (TIRF) microscopy was carried out on the pulp cuts.
Additionally, a super-resolution radial fluctuations (SRRF) analytical approach was applied,
allowing resolutions beyond the light diffraction limit. The analytical procedure is described in
detail in the Experimental section.’®>% While a wide range of fluorescence microscopy
methods have been utilised for lignin analysis,*® the SRRF approach itself was only established
in 2016.5'%°"" Best to our knowledge, lignin in cell walls have only been imaged one time by
SRRF in 2022, when Douglas fir cell walls were imaged.>'* Additionally, Paas et al. utilized the
super-resolution stimulated emission depletion (STED) technique for lignin imaging in poplar
cell walls, going beyond the limits of confocal microscopy.”™ Therefore, to the best of our
knowledge, the current study presents a second imaging of lignin in plant cell walls by the
SRRF technique and the first time that changes in pulp are followed in the RCF process by this
technique. Accordingly, Figure 5-10 displays the combined SRRF images obtained by
excitation with the four lasers described above. 60x magnification of each pulp is presented

on the top image, along with a highlighted area of the cell wall on the bottom.
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Poplar wood ‘ After 140°C After 160°C

Figure 5-10. Fluorescence microscopy images obtained by super-resolution radial fluctuations (SRRF) of untreated
poplar wood and pulp chips after each semi-batch T-stepping RCF step at corresponding temperatures. The top image
represents a wider region containing a whole plant cell, while the bottom image is a highlighted area of the top picture
displaying individual cell walls. The total lignin content in wood and pulps and determined by analytical
saccharification were corresponding: poplar wood 28.2+0.5%, after the first step (140°C) 25.4+0.2%, after the second
step (160°C) 24.0+0.4%, dfter the third step (180°C) 19.2+0.1%, after the fourth step (200°C) 11.3+0.3%, and after the
final fifth step (220°C) 7.3£0.2%.
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The SRRF images reveal that the nature of residual lignin in plant cell walls changes very
ununiformly. The untreated poplar wood displays a relatively uniform blue emission with high
concentration of lignin in the middle lamella, while the secondary wall lining cell lumen (S3)
shows green emission. As a result of the first step at 140°C, the blue emission becomes dimmer
while the S3 region strongly emits green. While the first two images display somewhat similar
features, the pulp obtained after the second step at 160°C displays already a stark contrast.
Accordingly, while the blue emission remains, the cell wall includes a relatively large proportion
of moieties emitting red light from 638 nm excitation laser. The distinctive S3 layer fades away,
while the lignin in the middle lamella starts emitting yellow light. The pulp obtained after the
third step at 180°C starts to present a distinctive feature not present in poplar wood nor in the
pulp after RCF at 140°C and 160°C. Accordingly, the firm structure of the cell wall starts to
disintegrate, and the middle lamella, along with the cell walls, starts to become distorted. This
result is in line with the retention of cell wall components, as during this step, cellulose and
hemicellulose retention starts to decrease, and more extensive delignification takes place
(Figure 5-8). In addition, the emission becomes more uniformly green with red-emitting
regions. After the fourth step at 200°C, the cell wall becomes increasingly distorted, and the
residual lignin emits yellow and red in large proportions. The lignin content in pulp has
significantly decreased, and some regions of the cell wall already present very low lignin
content. After the final step at 220°C, the cell walls are highly distorted, with a little lignin
retained in the pulp. The emission contains green, yellow, and red regions, with the majority

of the lignin being retained in the middle lamella region.

When comparing the SRRF images displayed in Figure 5-10 with the Structural Index analysis
from lignin oils GPC data (Figure 5-3), a consistent trend emerges. The pulps obtained after
160°C and 200°C contain a significant amount of red-emitting moieties with a high level of
conjugation. At the same time, the RCF lignin oil obtained at the third step (180°C) and fifth
step (220°C) utilising the pulps from the second step (160°C) and the fourth step (200°C)
display a drop in both Sls20 and Slsse values for the high MW fractions of lignin oils. Accordingly,
the species displaying fluorescence at higher wavelengths and have undergone modification
by condensation and/or oxidation are extracted during the corresponding steps, resulting in
a drop of Slsx and Slsso as also absorbing light at higher wavelengths.

172



5.3. Conclusion

In the current chapter, the semi-batch T-stepping RCF concept was introduced for the first
time. Accordingly, poplar chips were utilised to obtain 5 different lignin oils at different
temperatures along with pulp. GC analysis of the lignin oil revealed that a higher total yield of
monophenols and a substantially higher proportion of P(OH)G and P(OH)S among the
monophenols were obtained in comparison to the batch process with the same total reaction
time at 220°C. The p-O-4 linkages content in lignin oils decreased with every consequent step
in both oligomeric lignin fractions and higher MW lignin fractions. At the same time, all lignin
oils presented a very high relative abundance of reduced 3-O-4 linkages, with the reduced [3-
0O-4 linkages forming 40% of all B-O-4 linkages in oligomeric fraction of the lignin oil obtained
during the final step at 220°C. The HSQC NMR analysis also revealed that the semi-batch T-
gradient strategy allows extraction of high proportions of G-type lignin during the first steps,
while the final steps become rich in S-type lignin. Additionally, it was demonstrated that PB
pendant groups, along with the native H-units present in lignin, can be extracted at low

severity under the RCF conditions.

Pulp analysis revealed that xylans and glucans are fully retained in the pulp after the first two
steps of the process at 140°C and 160°C. Following the rationale of apparent activation energy
for lignin, hemicellulose, and cellulose depolymerisation, the pulp analysis demonstrated that
lignin can be extracted prior to the extensive depolymerisation of hemicelluloses and cellulose.
In addition to the analytical saccharification, the residual lignin in pulp after each step was
imaged by state-of-the-art fluorescence microscopy utilising SRRF algorithms. The imaging
revealed the residual lignin fluorescence shift towards the red with increasing temperature,
therefore indicating lignin condensation in the pulp. Additionally, cell wall distortion was

notified to start during the third step at 180°C.

In a broader context, the semi-batch T-stepping RCF strategy demonstrates the importance of
reaction importance on the process outcomes, providing a new strategy to control the
monophenols' yield and distribution. Preferential extraction of S-or G-type lignin, narrower
monophenols distribution, and the deflection of hemicelluloses release at lower temperatures

help to tackle the downstream separation cost in potential industrial RCF settings. At the same

173



time, an option to obtain multiple lignin oils with different properties while utilising single

biomass facilitates the different future applications of RCF lignins.
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6. Summary and Outlook

The current thesis provided new chemical insights into the polymeric lignin fractions and
introduced new approaches to steer the RCF lignin oil composition. Following the scope of the
thesis, the literature review demonstrated a complex set of processes taking place during the
RCF process. After introducing the current knowledge on lignocellulosic biomass's chemical
composition and architecture, the lignin journey from the release from the lignocellulosic
matrix until the catalytic conversion was followed. In addition, the process's influence on
holocellulosic pulp was discussed, and the tecno-economic aspects of the RCF process were

covered.

To facilitate the characterisation of oligomeric and polymeric fractions in RCF lignin oil, a
solvent fractionation strategy was developed to obtain different molecular weight cuts of the
lignin fraction. This feature allowed determining the structural heterogeneity of lignin products
across the entire molecular weight distribution. Detailed characterisation of the 2D HSQC NMR
spectra revealed the formation of non-native reduced B-O-4 linkages containing methylene
group at the Cq position. While it is generally accepted that the stabilisation process in RCF
occurs primarily on lignin monomer intermediates, the finding shows an additional
stabilisation mechanism preventing lignin condensation. Importantly, the reduced [B-O-4

linkages occur to varying degrees across the entire molecular weight distribution.

Utilising lignin's aromatic nature and the principle that further conjugation leads to UV-VIS
spectra shifting towards higher wavelengths, a new Structural Index metric based on the
absorbance ratio at different wavelengths was introduced. Coupling it with a GPC analysis
utilising a PDA detector revealed that lignin moieties sharing the same apparent molecular
weight in soluble and insoluble fractions display different chemical natures. Accordingly,
solvent fractionation does not only separate lignin fractions based on their molecular weight
but also on their chemical nature. The solvent fractionation strategy also allowed the
separation of the carbohydrate fraction of the RCF lignin oil. Accordingly, it was determined
that the carbohydrate fraction is composed of oligo(arabino)xylan alcohols, which were not

chemically connected to lignin moieties in lignin oil.
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In a broader context, the mid- and high MW lignin findings have far-reaching implications for
lignin valorisation. Accordingly, the stabilisation imparted by reductive processes preserves
the structure of high-MW lignin fraction in a more native-like architectural state. For example,
the heaviest MeOH-insoluble fraction with M,, of 16900 Da showed an estimated total linkage
count of 82+2 per 100 aromatic units. Therefore, heterogeneous catalysis can be vital in
producing mid- and high-MW lignin products with controllable structural properties, which
thus far has only been possible through bioengineering of lignin in planta. However, such
features inserted by bioengineering are often lost during the lignin extraction from the
biomass. Consequently, the evolution of the RCF concept toward the production of lignin
polymer products with controllable structural properties presents itself as an attractive 'new’

option in the lignin-first paradigm.

To steer the process outcomes, it was argued that due to the need for biomass comminution
prior to the RCF to avoid mass transfer limitations, the available mechanical energy could be
used in tandem with different additives to perform ‘soft’ mechanocatalytic pretreatments. By
screening two acids and two bases along with control experiments, acetic acid was found to
increase the monophenol yields and carbohydrate retention in the pulp. At the same time,
mechanocatalytic pretreatment with NaOH lowered the monophenol yields but provided very
high selectivity towards S-type monophenols (>90%). Further screening with varying amounts
of acetic acid during the pretreatment showed that a higher concentration of acetic acid
further increases the carbohydrate retention and DP in pulp, while the monophenol yields

showed optimum in the screened range at 1 mmol of acetic acid added per gram of wood.

In addition to the 'soft’ mechanocatalytic pretreatment prior to the RCF, a semi-batch T-
stepping RCF process was introduced to control the process outcomes. As a result, 5 distinctive
lignin oil streams were obtained from the single starting material. The semi-batch T-stepping
strategy demonstrated that very different monophenol fraction compositions can be achieved
when using the same catalyst, biomass, and solvent, indicating that the process conditions
have a huge role in monophenols distribution. In addition, the obtained lignin fractions
presented a very high relative abundance of reduced -O-4 linkages (up to 40% of all B-O-4
linkages) and considerably different S- and G-distributions. The pulp analysis revealed that

carbohydrates were fully retained during the first two steps of the process at 140°C and 160°C.
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In addition, the pulp was imaged by state-of-art fluorescence microscopy after each process
step, allowing to follow the lignin characteristics change in space over the course of the semi-

batch process with an indication of lignin condensation in the pulp matrix.

In a wider context, the two introduced approaches provide new ways to steer the process
outcomes, thereby creating further options in the process design considerations when
transitioning towards the process industrial implementation. Accordingly, the
mechanocatalytic pretreatment strategy with acetic acid provides a way to enhance the lignin
extraction and carbohydrate retention in pulp, while the semi-batch strategy emphasises the
importance of process conditions and allows RCF lignin oils with narrower monophenols

distribution.

The current thesis opens several avenues for further research to facilitate lignin valorisation.
The discovery of reduced 3-O-4 linkages and its high abundance in RCF lignin oils obtained
by semi-batch T-stepping strategy raises a question of whether lignin streams where all 3-O-
4 are reduced could be obtained by lowering the process severity. This could be explored by
either using raw biomass or already separated high-MW fractions of RCF lignin oil. As the
absence of the Cq hydroxyl group makes the B-O-4 linkages potentially very resistant, this
could open completely new directions for lignin-based materials design. Additionally, as the
preliminary demonstration of mechanocatalytic pretreatments proved to enhance the process
outcomes, a mechanistic study of the process would facilitate the rational design of the
biomass pretreatments more generally. In this way, well-targeted disruptions in the
lignocellulosic matrix can have a large effect on the valorisation strategies economics. The
SRRF imaging of the pulp during the semi-batch RCF process demonstrated the method's
feasibility in following changes in lignin’s chemical nature. Accordingly, the approach could be
expanded to various other lignin-extraction methods and utilised to monitor spatial

condensation in various lignin industrial applications (e.g., adhesives).
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7. Experimental

7.1. Materials

Raney Ni (Raney ®2800 slurry in H,O) was purchased from Sigma-Aldrich. Poplar chips were
obtained from premium animal bedding (Rettenmaier & Soehne). All solvents (HPLC grade,
VWR) were utilized as purchased. DMSO-dg, D-cellobiose, D-xylobiose, and the reagents in
Chapter 4 (oxalic acid, acetic acid, Na,COs;, NaOH) were purchased from Sigma-Aldrich and

used as received.

7.2. Mechanocatalytic pretreatment (Chapter 4)

Poplar wood chips (6.4g) were placed in a planetary ball mill along with the given additive
(12.8 mmol, 2 mmol g of wood) and 34 stainless-steel grinding balls (10 mm diameter). In
addition, a control setup was also introduced, where the ball mill was loaded without the
presence of any additive. The components were milled together at 500 rpm for 70 minutes,
after which the milled wood was washed on a 0.45 um nylon filter with water until neutral pH
for complete removal of the unbound additive and dried in a vacuum oven (40°C, 24 h). The
moisture content of the processed woods was recorded, and the water phase was
rotaevaporated under reduced pressure (50°C, 50 mbar) to obtain the mass of extractives. For
varying kinetic energy dose experiments, 30 and 100-minute milling times at 500 rpm were
utilised to achieve the 4.3 and 14.3 kJ g kinetic energy dose with acetic acid mechanocatalytic

pretreatment.

7.3. Reductive Catalytic Fractionation (Chapters 3, 4, and 5)

7.3.1. 9 L scale (Chapter 3)

Poplar wood chips (704 g) and Raney Ni (331 g, wet) were suspended in a 2-PrOH/H,O mixture
(4140 mL, 70:30 viv) in a 9 L stainless steel batch reactor (Parr Instruments & Co, model number:
4552). The suspension was stirred at 75 rpm for 30 min at room temperature. Then, the reactor
was heated to 200°C for 1 h (3°C min™") under stirring (700 rpm). The H-transfer RCF process
proceeded under autogenic pressure for 3 h. In sequence, the mixture was allowed to cool
down to room temperature. The liquor was separated from the solids (Raney Ni in conjunction

with the holocellulosic pulp) by filtration through a glass fibre filter (GF6, Whatman). The lignin
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oil stream was isolated from the liquor by removing the solvent mixture using a rotoevaporator

at 45°C under reduced pressure and further dried in a vacuum oven at 40°C.

7.3.2. 250 mL scale (Chapter 5)

7.3.2.1. Semi-batch T-stepping RCF process

Untreated poplar wood chips (16.5 g, moisture=8.0+0.3%) were placed in a 250ml autoclave
(stainless steel, cylindrical, ID=60mm, H=90mm, unbaffled) along with Raney Ni (10g, wet) and
solvent mixture (140 mL, 2-PrOH/H.0O 7:3 v:v). The reaction mixture was heated from RT to
140°C in 20 minutes and held at 140°C for 1 h (500rpm stirring, double axial impeller, D=28mm,
35mm distance between the impellers). After the 1 h, the reactor was quenched in cold water.
The reaction mixture was filtered (0.45um), and the pulp and catalyst were washed three times
with 30 mL of the solvent mixture. The solids were placed back in the autoclave, 140 mL of
fresh solvent mixture was added, and the process was repeated with the same parameters at
160°C, 180°C, 200°C and 220°C. The five extracted lignin streams were rotaevaporated at 45°C
under reduced pressure and further dried in a vacuum oven at 40°C to obtain the five different
lignin oils. After the final step at 220°C, the catalyst was magnetically separated from the pulp
by dispersing the pulp and catalyst mixture in the solvent in a beaker on the top of the magnet.
In addition, a series of RCF experiments were carried out using the same procedure to obtain

pulps after each step for characterisation.

7.3.2.2. Batch RCF process

A reference batch reaction with the same amount of wood, catalyst and solvent mixture was
carried out at 220°C. The reaction mixture was heated from RT to reaction temperature in 20
minutes, held there for 5 h, and consequently quenched in cold water. The same separation

sequence as for the semi-batch T-stepping RCF was utilised, rendering an RCF lignin oil and a

pulp.

7.3.3. 45 mL scale (Chapter 4)

For the RCF processes, the processed wood or poplar chips (3.3 g) and Raney Nickel catalyst
(2 g) were placed in a 45 mL autoclave batch reactor with 2-PrOH/H,O mixture (28 mL, 7:3 v/v).
The RCF process was carried out under autogenous pressure at 200°C for 3 h (following a ramp
from room temperature to the reaction temperature over 30 min) with 500 rpm stirring. The
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resulting mixture was filtered through 0.45 um nylon filter, washed 3 times with 10 mL of the
solvent mixture, rotaevaporated at 45°C under reduced pressure, and further dried in a vacuum
oven at 40°C to produce the lignin oil. The catalyst and pulp were magnetically separated, and
the pulp fraction dried in a 40°C vacuum oven overnight. The moisture content in the starting

materials and resulting pulps were recorded.

7.4. Solvent fractionation (Chapters 3 and 5)

7.4.1. Fractionation of RCF lignin oil (Chapters 3 and 5)

Anhydrous solvent (acetone, EtOAc, or methanol, 10 mL) was added to 0.4000 g lignin oil and
sonicated for 30 min. The mixture was centrifuged at 5000 RCF for 10 min, and the supernatant
was separated. The solid was redispersed in the solvent (10 mL), sonicated for 30 min, and
centrifuged at 5000 RCF for 10 min. This procedure was repeated one more time. Next, the
supernatants were combined and rotaevaporated at 40°C. The isolated fractions were dried
under reduced pressure (50 mbar) in a vacuum oven at 40°C for 24 h. The mass of both
fractions was recorded. The fractionation was repeated up to 5 times for each solvent, and the

deviation is reported as the standard deviation for the repeats.

7.4.2. Extraction of carbohydrates with hot water (Chapter 3)

To extract carbohydrates from the acetone-insoluble fraction, the acetone-insoluble fraction
was suspended in hot distilled water (80°C, 10 mL) and sonicated for 10 min. The mixture was
centrifuged at 5000 RCF for 10 min, and the supernatant was separated. The solid was
redispersed in the hot water (10 mL), sonicated for an additional 30 min and centrifuged at
5000 RCF for 10 min. This procedure was repeated one more time. The supernatants were
combined and rotaevaporated at 50°C. The isolated fractions were dried under reduced

pressure (50 mbar) in a vacuum oven at 40°C for 24 h.

7.5. Gel Permeation Chromatography (Chapters 3, 4, and 5)

7.5.1. Lignin analysis (Chapters 3, 4, and 5)
All lignin samples (10 mg) were dissolved in the mobile phase (1 mL, 0.1 wt% LiBr/DMF). The
samples were analysed on a Shimadzu Prominence HPLC equipped with an autosampler

(model: SIL-20A HT), oven (model: CTO-20A), PDA (model: SPD-M20A), and Rl detector
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(model: RID-20A). The separation was performed on a set of M and L PolarGel columns (300
mm x 7.8 mm, Agilent) operating at 60°C with a mobile phase flow of 1 mL/min. Apparent
molecular weight calibration was performed against polystyrene standards (Agilent S-L-10, S-
M-10) dissolved in the mobile phase. The chromatograms were analysed using the Shimadzu
GPC software suite (version 5.98). The molecular weight distribution was analysed at the
wavelengths of 270 nm and 280 nm. Note: When applied to product mixtures obtained from
lignin, quantitative information regarding the content of species cannot be retrieved from a
PDA or Rl detector, as the detector response is not universal. Despite this limitation, the GPC
technique coupled with UV-Vis spectroscopy provides valuable information on the apparent

molecular weight distribution.

Structural Index was defined as:

A(xxx nm)

Sl =1 — ———=
X A(280 nm)

7-1

where A refers to PDA response at the given wavelength with a reference correction at 720+50
nm (average signal between 670-770 nm is subtracted from the signal at 280 nm and given
wavelengths). The lower cut-off molecular weight for SPI analysis was 100 Da, corresponding
to the lower exclusion limit of the PolarGel L column, and the upper molecular weight cut-off
molecular weight corresponded to 2% of the maximum detector response at 280 nm. The
average Sl for each analysed lignin was calculated based on the detected SI values in the
determined ranges along with the standard deviation. The reference correction with 720+50
nm was performed at Shimadzu GPC software suite (version 5.98), and the corrected
chromatogram data at desired wavelengths (bandwidth +4 nm) was exported for SPI analysis

and plotting to OriginLab software.

7.5.2. Cellulose degree of polymerisation (Chapter 4)

For the GPC analysis of derivatised pulps, CTC (4 mg) was dissolved in THF (2 mL). The same
Shimadzu Prominence HPLC instrument setup as for the lignin GPC analysis was utilised, now
equipped with 3 mixed-bed columns in series (2 TSKgel “SuperHZM-M", 4.6 mm ID x 15.0 cm
and 1 TSKgel “SuperHZ1000”, 6 mm ID x 15.0cm in series). The analysis was performed at the

columns temperature of 35°C and THF flow rate of 0.8 mL min™". The PDA detector response
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at 236 nm was used for CTC detection, and the system was calibrated utilising polystyrene
standards in the range of 400- 2x10° Da. The degree of polymerisation was calculated by
dividing the apparent molecular weight values by the mass of the anhydroglucose

tricarbanilate unit (519 g mol™).

7.6. Gas chromatography (Chapters 3, 4, and 5)

An aliquot of each sample (50.0 mg) was dissolved in MeOH containing internal standard
n-decane at 1 mg/mL and filtered (membrane filter 0.45 pym). The sample solutions were
analysed by a gas chromatograph (GC2010 Plus, Shimadzu) coupled to a flame ionization
detector (FID) and a mass spectrometer detector (MSD) equipped with a capillary column DB-
TMS (30 m, 0.25 mm ID, df 0.25 pm). The following oven temperature program was used: an
isothermal step for 5 min at 40°C, then the temperature was ramped up at 5.2°C min™' to 320°C
and kept for 5 min. Quantification of selected components was performed by using the FID

response and authentic product standards with their effective carbon numbers.>™

7.7. Elemental Analysis (Chapter 3)

Elemental analysis was performed on an Elementar VarioMICRO Cube CHNS/O elemental
analyser. The combustion and reduction tubes were operated at 1150°C and 850°C,
respectively, and the oxygen flow was kept for 80 s. 1.5-2.5 mg of sample was weighted for
each analysis, and the analysis of each sample was repeated at least three times. The oxygen
content in the sample was determined by subtraction. The deviation was calculated as

standard deviation relative to H/C and O/C mole fractions.

7.8. HSQC NMR measurements (Chapters 3, 4, and 5)

All samples described in the thesis were prepared by dissolving a sample (50 mg) in DMSO-ds
(1 mL). The samples were analysed with an 800 MHz Bruker spectrometer equipped with
inverse triple resonance cryoprobe with ATM module (5mm 'H/"C/"°N/D Z-GRD). All
measurements were performed at 25°C. A matrix with 1024 x 2048 points was collected over
four scans with Bruker hsqcetgpsi pulse program utilised. All data were processed using

MestreNova software (version 14.3.0).
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The lignin linkages count per 100 aromatic units, the relative abundance of reduced B-O-4

linkages and the content of different aromatic units were estimated by the following equations:

tions S1-S7:

V(C(x)linkage

x100 72
0.5V(S2/6)+V(Gy)

Linkage count per 100 aromatic units (%) =

V(Cpenn(s)) +V(Caennisa)
V(Cg(s))+V(Cgc)) +V(Cachy)(ss)) +V(Cpicry)(sc))

Reduced 3-0-4 linkage count per 100 aromatic units =
V(Co)p-0-4 [Reduced B-0-4 linkages (%)]

x100 7-3

Reduced B-0-4 linkages (%) =

X X100 7 —4
O-SV(SZ/6)+V(G2) 100-[Reduced B-0-4 linkages (%)]
0.5V(S
S-unit (%) = (S2/0) %100 7-5
0.5V(S2/6)+V(Gz)
. V(Gy)
G-unit (%) = x100 7—-6
0.5V(Sz/6)+V(Gy)
0.5V(H
H-unit (%) = (z/6) %100 77
0.5V(S/6)+V(G2)+0.5V(Hy6)
0.5V(PB
PB-unit (%) = (PBzo) %100 7-8

0.5V(Sz/6)+V(G2)

where V denotes the corresponding volume integrals. The degree of polymerisation of the
oligoxylan backbone in oligo(arabino)xylan alcohols, and the count of arabinose units
decorating the backbone were estimated by the following equations:

2V(X1'D+V(X1yg /1)

X100 7-9
V(X1')

DP(oligoxylan alcohol backbone) =

: L : V(Aral)
Arabinose unit in oligo(arabino)xylan alcohol = - x100 7—10
2V(X1'D+V(X1yg )

where V(X1')) denotes the volume integral for the *C-'H pair of the anomeric center of the
penultimate xylopyranose unit, and V(X1yg), the combined volume integral for the "*C-'H
pair of the anomeric centres of the xylopyranose unit at the non-reducing end and the internal
xylopyranose units occurring in the oligoxylan alcohol backbone. V(Ara1l) stands for the
volume integral of the anomeric centre of the arabinose unit decorating the main backbone.
To account for the xylitol end unit, V(X1',) was multiplied by 2.
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In all calculations, the volume integral for the indicated *C-"H pairs was measured five times

on different occasions to determine the standard deviation associated with the HSQC NMR

spectra measurements.

Following are given some additional notes on the HSQC NMR analysis:

1.

The 'Jew dependence of polarization transfer in HSQC experiments is not entirely
suppressed in regular HSQC pulse sequences (e.g., Bruker hsqcetgpsi).® As a result, the
response for *C-"H pairs is not entirely uniform in the entire spectral range. Despite
this, regular HSQC NMR measurements allow for the estimation of semiquantitative
information for the characterization and comparison of lignins when 'H-">C pairs in a
similar chemical environment are chosen (e.g., Ca—Hq signals for the side-chain of lignin
units or the C2-H2 and C6-H6 pairs in the G- and S-lignin units). In this case, the "Jcy
values for the "TH-"3C pairs are similar. Nonetheless, a systematic deviation owing to the
non-universal response for *C-'H pairs will invariably be present in each set of
estimates (i.e., for each type of linkage). Despite this, the estimated values are
consistent, thus, allowing to use the data for comparison in a series.

In Equation 7-3, it was decided to use the volume integral of Cg in the determination
of the percentual of reduced B-O-4 linkages in order to mitigate any effect of "Jcy on
the signal response uniformity. Since native and reduced B-O-4 linkages present
identical neighbouring atoms connected on the Cp atom, ey values should be
identical. As a result, the signal response is reasonably similar for the *C-"H pairs in
the HSQC NMR spectrum.

For the same reason as in ‘Note 2, in Equations 7-9 and 7-10, it was decided decided
to multiply V(X1')) by a factor of 2 to account for the xylitol end unit.

In Equations 7-2, 7-5, 7-6, and 7-8, the contribution of Hys was excluded from the
denominator since the H-units signal seems to come from products of guaiacol

demethoxylation and is hardly present in the utilised poplar wood.

7.9. Analytical saccharification (Chapters 4 and 5)

The biomass and pulp composition was determined by analytical saccharification according to

NREL Laboratory Analytical Procedure (LAP).** In short, 300 mg of pulp was dispersed in 3 mL
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72% H>SO4at 30 °C for 1 h. 84 ml of DI water was added, and the mixture was autoclaved for
1 h at 121°C. The resulting suspension was filtered through 0.45 pm nylon filters, and the
Klason lignin residue was dried in a 105 °C convection oven overnight and weighed. The
resulting solution was analysed by HPLC using a Perkin Elmer Series 200 HPLC at 80°C with a
Bio-Rad Aminex HPX-87H Column (300 x 7.8 mm) column. A 5 mM H,SO, solution with a flow
rate of 0.6 mL min™' was used as the mobile phase. The amount of acid-soluble was detected

based on the UV-absorbance at 205nm according to the protocol.

7.10. Fluorescence microscopy (Chapter 5)

Imaging was carried out with the microscopy setup as described in reference *%. Briefly, live
cell widefield epifluorescence and HILO were conducted using an inverted microscope built
around a Till iMIC body (Till Photonics/FEl; Munich, Germany), equipped with UPLSAPO 20 x oil
(NA 0.85) and TIRF APON 60 x oil (NA 1.49) objective lenses (Olympus Corp., Tokyo, Japan).
The samples were sequentially excited with 405nm (150 mW), 488nm (100 mW), 515 nm (80
mW) and 638 nm (150 mW) PhoxX laser diodes (Omicron-Laserage; Rodgau, Germany)
combined in the SOLE-6 light engine (Omicron-Laserage). Excitation light was launched into
Yanus scan head, which along with a Polytrope galvanometric mirror (Till Photonics/FEl;
Munich, Germany) was used to position the laser for widefield epifluorescence or HILO
illumination. Excitation and emission light were spectrally separated with the imaging filter
cubes containing a 390/40 BrightLine exciter filter (Semrock, NY, USA), a zt 405 rdc 2.0mm
thick beamsplitter (Chroma Technology Corp, Vermont, USA), and a ET 460/50 emitter filter
(Chroma) for 405 nm laser, or containing a zt 488 rdc 2.0mm thick beamsplitter (Chroma) and
a 525/45 BrightLine single bandpass emission filter (Semrock; West Henrietta, NY, USA) for 488
nm laser, or containing zt 514/640 rpc 2.0 mm thick polychromatic beamsplitter and a 577/690
Brightline dual-bandpass emission filter for 515 nm and 638 nm lasers. The electron-
multiplying charge-coupled device Ultra 897 camera (Andor Technology; Belfast, UK) was
mounted to a microscope through a TuCam adapter with 2 x magnification (Andor
Technology). The camera was cooled down to - 100°C with the assistance of a liquid
recirculating chiller Oasis 160 (Solid State Cooling Systems; Wappingers Falls, NY, USA). All
imaging experiments were performed on 10 um thick sample cuts with a microtome (Cryostat

Microtome CM 1950) and mounted on slides with Ibidi mounting media (Ibidi, Munich,
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Germany). At least 3 selected areas per sample were captured as 16-bit OME-TIFF multicolour
Z-stacks (100 frames, with 200nm piezo-focusing increment), with 100ms exposure time and
EM gain 300 in the case of widefield epifluorescence imaging or multicolour time-stacks (200
frames at 30Hz) in the case of SRRF experiments. The SRRF images were reconstructed with
GPU of NVIDIA Quadro P4000 video card, using Fiji Image) 1.53i with NanoJ-SRRF plugin
1.14°%7 (200 frames per time point; temporal analysis settings: Temporal Radiality Auto-
Correlations; radiality magnification: 5; symmetry axes: 8, ring radius 0.5). For intensity
quantification, 20x objective multicolour Z-stacks were maximum intensity projected and

whole image intensity summed.

7.11. Microscopy for particle size distribution (Chapter 4)

The milled wood was analysed using a Keyence VHX 5000 microscope at 300x magnification.
Sample slides were prepared by dispersing the powdered wood on a glass slide. The particles
were identified by the Keynence software, and their size was reported using the maximum
diameter of the particle. Different areas of the samples (around 10 pictures per sample) were
analysed to guarantee the reproducibility of the findings. The particle size distribution was

determined with pictures including at least 2000 particles in total.

7.12. Synthesis (Chapter 3)

7.12.1. Synthesis of xylobiitol (Chapter 3)

Xylobiose (0.7 mmol) was dissolved in deionized H,O (2.5 mL) in a 10 mL round-bottomed
flask. NaBH4 (1.5 mmol) was dispersed in deionized H,O (0.8 mL) for 1 min and added to the
xylobiose solution right after. The reaction mixture was stirred (600 rpm) at room temperature
for 1 h. Pre-washed Amberlite IR120(H) resin was added to the reaction mixture until the gas
separation stopped (2 mL in total), and the mixture was stirred for an additional 10 min. A 3-
c¢m column was packed on the P3 glass filter with fresh resin dispersed in water (10 mL), and
the reaction mixture with the added resin was poured into the column. After gravitational flow
had removed most of the water, the resin was washed three times with deionized H,O (20 mL).
The filtrate was rota-evaporated to dryness (at 40°C under 30 mbar). MeOH (5 mL) was added
to the residue, shaken for 10 min, and rota-evaporated to dryness (at 40°C under 200 mbar).

This process was repeated two more times. The remaining residue was placed in a vacuum
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oven for 24h (at 40°C under 50 mbar). The crude product was further purified by
recrystallization. MeOH (8 mL) was added to the solid, boiled to half volume, slowly cooled to
room temperature, and further cooled down in an ice bath. The remaining solvent was
removed by decantation. The final product was dried in a vacuum oven under 50 mbar at 40°C
for 24 h, resulting in a white solid (63% yield). The product was characterized by 2D HSQC
NMR in DMSO-ds, indicating no impurities (Figure A-15). The "C-'H correlation signals

assignment of the product is given in Table A-5.

7.12.2. Synthesis of cellobiitol (Chapter 3)

Cellobiose (2.9 mmol) was dissolved in deionized H,O (11.5 mL) in a 25 mL round-bottomed
flask. NaBH4 (6.1 mmol) was dispersed in deionized H,O (1.5 mL) for 1 min and then added to
the cellobiose solution. The reaction mixture was stirred (600 rpm) at room temperature for 1
h. Cellobiitol was isolated using the same work-up procedure as for xylobiitol. The final product
was dried in a vacuum oven under 50 mbar at 40°C for 24 h, resulting in a white solid (71%
yield). The product was characterized by 2D HSQC NMR in DMSO-d, indicating no impurities

(Figure A-15). The *C-"H correlation signals assignment of the product is given in Table A-5.

187



8. References

M

(6)

()

8

9

(15)

Ragauskas, A. J.; Williams, C. K.; Davison, B. H.; Britovsek, G.; Cairney, J.; Eckert, C. A.; Frederick, W. J.; Hallett,
J. P, Leak, D. J, Liotta, C. L; Mielenz, J. R; Murphy, R.; Templer, R,; Tschaplinski, T. The Path Forward for
Biofuels and Biomaterials. Science. January 27, 2006, pp 484-489. https://doi.org/10.1126/science.1114736.

Stephanopoulos, G. Challenges in Engineering Microbes for Biofuels Production. Science. February 9, 2007,
pp 801-804. https://doi.org/10.1126/science.1139612.

Boerjan, W.; Ralph, J,; Baucher, M. Lignin Biosynthesis. Annual Review of Plant Biology. 2003, pp 519-546.
https://doi.org/10.1146/annurev.arplant.54.031902.134938.

Somerville, C.; Bauer, S.; Brininstool, G.; Facette, M.; Hamann, T.; Milne, J.; Osborne, E.; Paredez, A.; Persson,
S.; Raab, T,; Vorwerk, S.; Youngs, H. Toward a Systems Approach to Understanding Plant Cell Walls. Science
(71979) 2004, 306 (5705), 2206-2211.

Field, C. B,; Behrenfeld, M. J.; Randerson, J. T.; Falkowski, P. Primary Production of the Biosphere: Integrating
Terrestrial and Oceanic Components. Science (1979) 1998, 281 (5374), 237-240.

Kamm, B, Gruber, P. R; Kamm, M. Biorefineries-Industrial Processes and Products. In Ullmann’s
Encyclopedia of Industrial Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2016; pp
1-38. https://doi.org/10.1002/14356007.104_101.pub2.

Slade, R.; Bauen, A,; Gross, R. Global Bioenergy Resources. Nature Climate Change. February 2014, pp 99—
105. https://doi.org/10.1038/nclimate2097.

Searle, S.; Malins, C. A Reassessment of Global Bioenergy Potential in 2050. GCB Bioenergy 2015, 7 (2), 328—
336. https://doi.org/10.1111/gcbb.12141.

IEA. Oil Market Report - February 2025; Paris, 2025.
IEA. Global Energy Review 2025; Paris, 2025.
IEA. The Future of Petrochemicals; Paris, 2018.

Hepburn, C.; Adlen, E.; Beddington, J.; Carter, E. A.; Fuss, S.; Mac Dowell, N.; Minx, J. C.; Smith, P.; Williams,
C. K. The Technological and Economic Prospects for CO2 Utilization and Removal. Nature. Nature Publishing
Group November 7, 2019, pp 87-97. https://doi.org/10.1038/s41586-019-1681-6.

Geyer, R.; Jambeck, J. R; Law, K. L. Production, Use, and Fate of All Plastics Ever Made. Sci Adv 2017, 3 (7),
e1700782.

Brennan, L.; Owende, P. Biofuels from Microalgae-A Review of Technologies for Production, Processing, and
Extractions of Biofuels and Co-Products. Renewable and Sustainable Energy Reviews. February 2010, pp 557-
577. https://doi.org/10.1016/j.rser.2009.10.009.

Zakzeski, J.; Bruijnincx, P. C. A,; Jongerius, A. L,; Weckhuysen, B. M. The Catalytic Valorization of Lignin for
the Production of Renewable Chemicals. Chem Rev 2010, 170 (6), 3552-3599.
https://doi.org/10.1021/cr900354u.

Sixta, H. Chemical Pulping. In Handbook of Pulp; Sixta, H. Ed; Wiley, 2006; Vol. 1.
https://doi.org/10.1002/9783527619887.

FAO. Pulp and Paper Capacities, Survey 2023-2025; Rome, 2024. https://doi.org/10.4060/cd2190t.

Aro, T, Fatehi, P. Production and Application of Lignosulfonates and Sulfonated Lignin. ChemSusChem.
Wiley-VCH Verlag May 9, 2017, pp 1861-1877. https://doi.org/10.1002/cssc.201700082.

Argyropoulos, D. D. S,; Crestini, C.; Dahlstrand, C; Furusjo, E.; Gioia, C,; Jedvert, K; Henriksson, G.; Hulteberg,
C,; Lawoko, M,; Pierrou, C.; Samec, J. S. M.; Subbotina, E.; Wallmo, H.; Wimby, M. Kraft Lignin: A Valuable,

188



(26)

(27)

(28)

(29)

(30)

31

32)

33)

(34)

Sustainable Resource, Opportunities and Challenges. ChemSusChem. John Wiley and Sons Inc December
7, 2023. https://doi.org/10.1002/cssc.202300492.

Rinaldi, R.; Jastrzebski, R.; Clough, M. T.; Ralph, J.; Kennema, M.; Bruijnincx, P. C. A.; Weckhuysen, B. M. Paving
the Way for Lignin Valorisation: Recent Advances in Bioengineering , Biorefining and Catalysis Angewandte.
2016, 8164-8215. https://doi.org/10.1002/anie.201510351.

Tofani, G.; Jasiukaityté-Grojzdek, E.; Grilc, M.; Likozar, B. Organosolv Biorefinery: Resource-Based Process
Optimisation, Pilot Technology Scale-up and Economics. Green Chemistry. Royal Society of Chemistry
November 21, 2023, pp 186-201. https://doi.org/10.1039/d3gc03274d.

Jahan, M. S.; Rahman, M. M.; Ni, Y. Alternative Initiatives for Non-Wood Chemical Pulping and Integration
with the Biorefinery Concept: A Review. Biofuels, Bioproducts and Biorefining. John Wiley and Sons Ltd
January 1, 2021, pp 100-118. https://doi.org/10.1002/bbb.2143.

UPM Biochemicals. UPM Leuna Biorefinery — Building the Future of Renewable Chemistry. UPM.
https://www.upmbiochemicals.com/about-upm-biochemicals/biorefinery-leuna/ (accessed 2025-03-28).

Production and Deploying of High Purity Lignin and Affordable Platform Chemicals through Wood-Based
Sugars. Sweetwoods. European Comission June 1, 2018. https://doi.org/10.3030/792061.

Abu-Omar, M. M,; Barta, K.; Beckham, G. T.; Luterbacher, J. S.; Ralph, J; Rinaldi, R.; Roman-Leshkov, Y.; Samec,
J.S. M,; Sels, B. F,; Wang, F. Guidelines for Performing Lignin-First Biorefining. Energy Environ Sci 2021, 14
(1), 262-292. https://doi.org/10.1039/d0ee02870c.

Godard, B. P,; Mccarthy, J. L; Hibbert, H. Hydrogenation of Wood. J. Am. Chem. Soc 1940, 62, 988.

Ferrini, P.; Rinaldi, R. Catalytic Biorefining of Plant Biomass to Non-Pyrolytic Lignin Bio-Oil and
Carbohydrates through Hydrogen Transfer Reactions. Angewandte Chemie - International Edition 2014, 53,
8634-8639. https://doi.org/10.1002/anie.201403747.

Van Den Bosch, S.; Schutyser, W.; Vanholme, R.; Driessen, T.; Koelewijn, S. F.; Renders, T.; De Meester, B.;
Huijgen, W. J. J,; Dehaen, W.; Courtin, C. M.; Lagrain, B.; Boerjan, W.; Sels, B. F. Reductive Lignocellulose
Fractionation into Soluble Lignin-Derived Phenolic Monomers and Dimers and Processable Carbohydrate
Pulps. Energy Environ Sci 2015, 8 (6), 1748-1763. https://doi.org/10.1039/c5ee00204d.

Parsell, T.; Yohe, S.; Degenstein, J.; Jarrell, T.; Klein, I; Gencer, E.; Hewetson, B.; Hurt, M.; Kim, J. I.; Choudhari,
H.; Saha, B.; Meilan, R;; Mosier, N.; Ribeiro, F.; Delgass, W. N.; Chapple, C.; Kenttdmaa, H. |.; Agrawal, R,; Abu-
Omar, M. M. A Synergistic Biorefinery Based on Catalytic Conversion of Lignin Prior to Cellulose Starting
from Lignocellulosic Biomass. Green Chemistry 2015, 17 (3), 1492-1499.
https://doi.org/10.1039/c4gc01911c.

Anderson, E. M,; Katahira, R; Reed, M.; Resch, M. G, Karp, E. M.; Beckham, G. T.; Roman-Leshkov, Y.
Reductive Catalytic Fractionation of Corn Stover Lignin. ACS Sustain Chem Eng 2016, 4 (12), 6940-6950.
https://doi.org/10.1021/acssuschemeng.6b01858.

Galkin, M. V.; Samec, J. S. M. Selective Route to 2-Propenyl Aryls Directly from Wood by a Tandem
Organosolv and Palladium-Catalysed Transfer Hydrogenolysis. ChemSusChem 2014, 7 (8), 2154-2158.
https://doi.org/10.1002/cssc.201402017.

Deuss, P. J,; Scott, M.; Tran, F,; Westwood, N. J,; De Vries, J. G.; Barta, K. Aromatic Monomers by in Situ
Conversion of Reactive Intermediates in the Acid-Catalyzed Depolymerization of Lignin. J Am Chem Soc
2015, 737 (23), 7456-7467. https://doi.org/10.1021/jacs.5b03693.

Sun, Z; Fridrich, B,; De Santi, A.; Elangovan, S.; Barta, K. Bright Side of Lignin Depolymerization: Toward New
Platform Chemicals. Chem Rev 2018, 7118 (2), 614-678. https://doi.org/10.1021/acs.chemrev.7b00588.

Shuai, L; Amiri, M. T,; Questell-Santiago, Y. M.; Heroguel, F.; Li, Y.; Kim, H.; Meilan, R.; Chapple, C,; Ralph, J,;
Luterbacher, J. S. Formaldehyde Stabilization Facilitates Monomer Production during biomass
Depolymerization. Science (1979) 2016, 354 (6310), 329-333.

189



(35)

(38)

(46)

(47)

(48)

(49)

(50)

Jakes, J. E; Zelinka, S. L; Hunt, C. G,; Ciesielski, P.; Frihart, C. R;; Yelle, D.; Passarini, L.; Gleber, S. C; Vine, D
Vogt, S. Measurement of Moisture-Dependent lon Diffusion Constants in Wood Cell Wall Layers Using
Time-Lapse Micro X-Ray Fluorescence Microscopy. Sci Rep 2020, 10 (1). https://doi.org/10.1038/s41598-
020-66916-8.

Ek, M.; Gellerstedt, G.; Henriksson, G. Wood Chemistry and Wood Biotechnology; Ek, M., Gellerstedt, G.,
Henriksson, G., Eds.; Walter de Gruyter: Berlin, 2009; Vol. 1. https://doi.org/10.1515/9783110213409.

Vanholme, R,; De Meester, B.; Ralph, J.; Boerjan, W. Lignin Biosynthesis and Its Integration into Metabolism.
Current  Opinion  in  Biotechnology.  Elsevier  Ltd  April 1, 2019, pp  230-239.
https://doi.org/10.1016/j.copbio.2019.02.018.

Ralph, J.; Lundquist, K,; Brunow, G, Lu, F,; Kim, H.; Schatz, P. F; Marita, J. M.; Hatfield, R. D.; Ralph, S. A,;
Christensen, J. H.; Boerjan, W. Lignins: Natural Polymers from Oxidative Coupling of 4-Hydroxyphenyl-
Propanoids; 2004; Vol. 3.

Vermaas, J. V.; Dixon, R. A.; Chen, F,; Mansfield, S. D.; Boerjan, W.; Ralph, J.; Crowley, M. F,; Beckham, G. T.
Passive Membrane Transport of Lignin-Related Compounds. Proc Natl Acad Sci U S A 2019, 116 (46), 23117-
23123. https://doi.org/10.1073/pnas.1904643116.

Freudenberg, K,; Neish, A. C. Constitution and Biosynthesis of Lignin, 1st ed.; Springer Berlin: Heidelberg,
1968; Vol. 2.

Rio, J. C. Del; Rencoret, J,; Gutiérrez, A; Kim, H.; Ralph, J. Unconventional Lignin Monomers-Extension of the
Lignin Paradigm. In Advances in Botanical Research; 2022; Vol. 104, pp 1-39.

Boerjan, W.; Ralph, J,; Baucher, M. Lignin Biosynthesis. Annual Review of Plant Biology. 2003, pp 519-546.
https://doi.org/10.1146/annurev.arplant.54.031902.134938.

Chen, F,; Tobimatsu, Y.; Havkin-Frenkel, D.; Dixon, R. A.; Ralph, J. A Polymer of Caffeyl Alcohol in Plant Seeds.
Proc Natl Acad Sci U S A 2012, 109 (5), 1772-1777. https://doi.org/10.1073/pnas.1120992109.

Ho-Yue-Kuang, S.; Alvarado, C.; Antelme, S.; Bouchet, B.; Cézard, L Le Bris, P.; Legée, F.; Maia-Grondard, A,
Yoshinaga, A, Saulnier, L; Guillon, F.; Sibout, R; Lapierre, C; Chateigner-Boutin, A. L. Mutation in
Brachypodium Caffeic Acid O-Methyltransferase 6 Alters Stem and Grain Lignins and Improves Straw
Saccharification without Deteriorating Grain Quality. J Exp Bot 2016, 67 (1), 227-237.
https://doi.org/10.1093/jxb/erv446.

Van Acker, R; Vanholme, R, Storme, V., Mortimer, J. C; Dupree, P, Boerjan, W. Lignin Biosynthesis
Perturbations Affect Secondary Cell Wall Composition and Saccharification Yield in Arabidopsis Thaliana.
Biotechnol Biofuels 2013, 6 (1). https://doi.org/10.1186/1754-6834-6-46.

Lu, F.; Ralph, J. Preliminary Evidence for Sinapyl Acetate as a Lignin Monomer in Kenaf. Chemical
Communications 2002, 2 (1), 90-91. https://doi.org/10.1039/b109876d.

Lu, F,; Ralph, J. Novel Tetrahydrofuran Structures Derived from B-p-Coupling Reactions Involving Sinapyl
Acetate in Kenaf Lignins. Org Biomol Chem 2008, 6 (20), 3681-3694. https://doi.org/10.1039/b809464k.

Morreel, K; Ralph, J.; Kim, H.; Lu, F.; Goeminne, G.; Ralph, S.; Messens, E.; Boerjan, W. Profiling of Oligolignols
Reveals Monolignol Coupling Conditions in Lignifying Poplar Xylem. Plant Physiol 2004, 136 (3), 3537-
3549. https://doi.org/10.1104/pp.104.049304.

Hatfield, R. D.; Marita, J. M.; Frost, K,; Grabber, J.; Ralph, J.; Lu, F.; Kim, H. Grass Lignin Acylation: P-Coumaroyl
Transferase Activity and Cell Wall Characteristics of C3 and C4 Grasses. Planta 2009, 229 (6), 1253-1267.
https://doi.org/10.1007/s00425-009-0900-z.

Withers, S.; Lu, F.; Kim, H,; Zhu, Y,; Ralph, J,; Wilkerson, C. G. Identification of Grass-Specific Enzyme That
Acylates Monolignols with p-Coumarate. Journal of Biological Chemistry 2012, 287 (11), 8347-8355.
https://doi.org/10.1074/jbc.M111.284497.

190



51

(55)

(62)

(63)

(64)

(65)

(66)

Wilkerson, C. G.; Mansfield, S. D,; Lu, F.; Withers, S.; Park, J.-Y.; Karlen, S. D.; Gonzales-Vigil, E.; Padmakshan,
D.; Unda, F.; Rencoret, J.; Ralph, # J. Monolignol Ferulate Transferase Introduces Chemically Labile Linkages
into the Lignin Backbone. Science (1979) 2014, 344, 90-93.

Del Rio, J. C; Marques, G.; Rencoret, J.; Martinez, A. T; Gutiérrez, A. Occurrence of Naturally Acetylated
Lignin Units. J Agric Food Chem 2007, 55 (14), 5461-5468. https://doi.org/10.1021/jf0705264.

Del Rio, J. C; Marques, G.; Rencoret, J.; Martinez, A. T; Gutiérrez, A. Occurrence of Naturally Acetylated
Lignin Units. J Agric Food Chem 2007, 55 (14), 5461-5468. https://doi.org/10.1021/jf0705264.

Takeda, Y.; Tobimatsu, Y.; Karlen, S. D.; Koshiba, T.; Suzuki, S.; Yamamura, M.; Murakami, S.; Mukai, M.;
Hattori, T.; Osakabe, K.; Ralph, J.; Sakamoto, M.; Umezawa, T. Downregulation of P-COUMAROYL ESTER 3-
HYDROXYLASE in Rice Leads to Altered Cell Wall Structures and Improves Biomass Saccharification. Plant
Journal 2018, 95 (5), 796-811. https://doi.org/10.1111/tpj.13988.

Del Rio, J. C; Rencoret, J.; Marques, G.; Gutiérrez, A, Ibarra, D.; Santos, J. |; Jiménez-Barbero, J.; Zhang, L,
Martinez, A. T. Highly Acylated (Acetylated and/or p-Coumaroylated) Native Lignins from Diverse
Herbaceous Plants. J Agric Food Chem 2008, 56 (20), 9525-9534. https://doi.org/10.1021/jf800806h.

Stewart, J. J,; Akiyama, T, Chapple, C; Ralph, J; Mansfield, S. D. The Effects on Lignin Structure of
Overexpression of Ferulate 5-Hydroxylase in Hybrid Poplar. Plant Physiol 2009, 150 (2), 621-635.
https://doi.org/10.1104/pp.109.137059.

Mottiar, Y.,; Karlen, S. D, Goacher, R. E; Ralph, J; Mansfield, S. D. Metabolic Engineering of P-
Hydroxybenzoate in  Poplar  Lignin. Plant  Biotechnol J 2023, 21 (1), 176-188.
https://doi.org/10.1111/pbi.13935.

Lu, F; Ralph, J.; Morreel, K.; Messens, E.; Boerjan, W. Preparation and Relevance of a Cross-Coupling Product
between Sinapyl Alcohol and Sinapyl p-Hydroxybenzoate. Org Biomol Chem 2004, 2 (20), 2888-2890.
https://doi.org/10.1039/b411428k.

Lu, F.; Karlen, S. D.; Regner, M,; Kim, H.; Ralph, S. A;; Sun, R. C,; Kuroda, K. ichi; Augustin, M. A;; Mawson, R;
Sabarez, H,; Singh, T.; Jimenez-Monteon, G.; Zakaria, S.; Hill, S.; Harris, P. J,; Boerjan, W.; Wilkerson, C. G,
Mansfield, S. D.; Ralph, J. Naturally P-Hydroxybenzoylated Lignins in Palms. Bioenergy Res 2015, 8 (3), 934-
952. https://doi.org/10.1007/s12155-015-9583-4.

Kaal, J,; Serrano, O.; del Rio, J. C; Rencoret, J. Radically Different Lignin Composition in Posidonia Species
May Link to Differences in Organic Carbon Sequestration Capacity. Org Geochem 2018, 124, 247-256.
https://doi.org/10.1016/j.orggeochem.2018.07.017.

Ralph, J,; Hatfield, R. D.; Quideau, S.; Helm, R. F.; Grabber, J. H,; Jung1, H.-J. G. Pathway of P-Coumaric Acid
Incorporation into Maize Lignin As Revealed by NMR; 1994; Vol. 116. https://pubs.acs.org/sharingguidelines.

Lu, F.; Ralph, J. Detection and Determination of P-Coumaroylated Units in Lignins. J Agric Food Chem 1999,
47 (5), 1988-1992. https://doi.org/10.1021/jf981140j.

Del Rio, J. C; Prinsen, P.; Rencoret, J.; Nieto, L.; Jiménez-Barbero, J.; Ralph, J.; Martinez, A. T. Gutiérrez, A.
Structural Characterization of the Lignin in the Cortex and Pith of Elephant Grass (Pennisetum Purpureum)
Stems. J Agric Food Chem 2012, 60 (14), 3619-3634. https://doi.org/10.1021/jf300099g.

Rosado, M. J; Bausch, F.; Rencoret, J.; Marques, G.; Gutiérrez, A.; Rosenau, T.; Potthast, A.; del Rio, J. C.
Differences in the Content, Composition and Structure of the Lignins from Rind and Pith of Papyrus
(Cyperus Papyrus L.) Culms. Ind Crops Prod 2021, 174. https://doi.org/10.1016/j.indcrop.2021.114226.

Del Rio, J. C.: Rencoret, J.; Prinsen, P.; Martinez, A. T.; Ralph, J.; Gutiérrez, A. Structural Characterization of
Wheat Straw Lignin as Revealed by Analytical Pyrolysis, 2D-NMR, and Reductive Cleavage Methods. J Agric
Food Chem 2012, 60 (23), 5922-5935. https://doi.org/10.1021/jf301002n.

Karlen, S. D.; Zhang, C,; Peck, M. L; Smith, R. A;; Padmakshan, D.; Helmich, K. E;; Free, H. C. A;; Lee, S.; Smith,
B. G, Lu, F,; Sedbrook, J. C; Sibout, R,; Grabber, J. H; Runge, T. M.,; Mysore, K. S.; Harris, P. J.; Bartley, L. E;

191



(73)

(74)

(75)

(76)

(77)

(78)

(79)

(80)

@1

Ralph, J. Monolignol Ferulate Conjugates Are Naturally Incorporated into Plant Lignins. Sci Adv 2016, 2 (10),
€160039.

Karlen, S. D.; Smith, R. A,; Kim, H.; Padmakshan, D.; Bartuce, A; Mobley, J. K;; Free, H. C. A;; Smith, B. G;
Harris, P. J.; Ralph, J. Highly Decorated Lignins in Leaf Tissues of the Canary Island Date Palm Phoenix
Canariensis. Plant Physiol 2017, 175 (3), 1058-1067. https://doi.org/10.1104/pp.17.01172.

Rencoret, J,; Kim, H.; Evaristo, A. B.; Gutiérrez, A.; Ralph, J.; Del Rio, J. C. Variability in Lignin Composition and
Structure in Cell Walls of Different Parts of Macauba (Acrocomia Aculeata) Palm Fruit. J Agric Food Chem
2018, 66 (1), 138-153. https://doi.org/10.1021/acs.jafc.7b04638.

Kim, H,; Li, Q,; Karlen, S. D.; Smith, R. A,; Shi, R;; Liu, J.; Yang, C.; Tunlaya-Anukit, S.; Wang, J. P,; Chang, H. M,;
Sederoff, R. R,; Ralph, J,; Chiang, V. L. Monolignol Benzoates Incorporate into the Lignin of Transgenic
Populus Trichocarpa Depleted in C3H and C4H. ACS Sustain Chem Eng 2020, 8 (9), 3644-3654.
https://doi.org/10.1021/acssuschemeng.9b06389.

Chen, C.-L  Determination of Carbonyl Groups; Springer: Berlin, 1992; pp 446-457.
https://doi.org/10.1007/978-3-642-74065-7_30.

Van Acker, R; Déjardin, A; Desmet, S,; Hoengenaert, L; Vanholme, R; Morreel, K,; Laurans, F.; Kim, H.;
Santoro, N.; Foster, C; Goeminne, G,; Légée, F,; Lapierre, C,; Pilate, G.; Ralph, J.; Boerjan, W. Different Routes
for Conifer- and Sinapaldehyde and Higher Saccharification upon Deficiency in the Dehydrogenase CAD1.
Plant Physiol 2017, 175 (3), 1018-1039. https://doi.org/10.1104/pp.17.00834.

Martin, A. F,; Tobimatsu, Y.; Kusumi, R,; Matsumoto, N.; Miyamoto, T,; Lam, P. Y, Yamamura, M.; Koshiba, T.;
Sakamoto, M., Umezawa, T. Altered Lignocellulose Chemical Structure and Molecular Assembly in
CINNAMYL ALCOHOL DEHYDROGENASE-Deficient Rice. Sci Rep 2019, 9 1.
https://doi.org/10.1038/s41598-019-53156-8.

Kim, H; Ralph, J.; Lu, F; Ralph, S. A,; Boudet, A. M,; MacKay, J. J.; Sederoff, R. R;; Ito, T; Kawai, S.; Ohashi, H.;
Higuchi, T. NMR Analysis of Lignins in CAD-Deficient Plants. Part 1. Incorporation of
Hydroxycinnamaldehydes and Hydroxybenzaldehydes into Lignins. Org Biomol Chem 2003, 7 (2), 268-281.
https://doi.org/10.1039/b209686b.

Ralph, J.; Lapierre, C; Marita, J. M,; Kim, H,; Ly, F; Hatfield, R. D.; Ralph, S.; Chapple, C.; Franke, R,; Hemm, M.
R.; Van Doorsselaere, J.; Sederoff, R. R; O'malley, D. M,; Scott, J. T.; Mackay, J. J,; Yahiaoui, N.; Boudet, A.-M,;
Pean, M.; Pilate, G,; Jouanin, L.; Boerjan, W. Elucidation of New Structures in Lignins of CAD-and COMT-
Deficient Plants by NMR. Phytochemistry 2001, 57, 993-1003.

Ralph, J; Mackay, J. J.; Hatfield, R. D.; O'Malley, D. M.; Whetten, R. W.; Sederoff, R. R. Abnormal Lignin in a
Loblolly Pine Mutant. Science (1979) 1997, 277 (5323), 235-239.

Ralph, J.; Kim, H,; Peng, J.; Lu, F. Arylpropane-1,3-Diols in Lignins from Normal and CAD-Deficient Pines.
Org Lett 1999, T (2), 323-326. https://doi.org/10.1021/0l19906559.

Sakakibara, A. A Structural Model of Softwood Lignin; 1980; Vol. 14.

Fukagawa, N.; Meshitsuka, G.; Ishizu, A. A Two-Dimensional NMR Study of Birch Milled Wood Lignin. Journal
of Wood Chemistry and Technology 1991, 11 (3), 373-396. https://doi.org/10.1080/02773819108050280.

Morreel, K;; Dima, O.; Kim, H.; Lu, F.; Niculaes, C.; Vanholme, R.; Dauwe, R.; Goeminne, G.; Inzé, D.; Messens,
E.; Ralph, J,; Boerjan, W. Mass Spectrometry-Based Sequencing of Lignin Oligomers. Plant Physiol 2010, 153
(4), 1464-1478. https://doi.org/10.1104/pp.110.156489.

Ralph, J,; Akiyama, T.; Kim, H,; Lu, F.; Schatz, P. F,; Marita, J. M,; Ralph, S. A;; Reddy, M. S. S,; Chen, F.; Dixon,
R. A. Effects of Coumarate 3-Hydroxylase down-Regulation on Lignin Structure. Journal of Biological
Chemistry 2006, 281 (13), 8843-8853. https://doi.org/10.1074/jbc.M511598200.

Ralph, J,; Kim, H,; Lu, F,; Grabber, J. H.; Leplé, J. C.; Berrio-Sierra, J.; Mir-Derikvand, M.; Jouanin, L,; Boerjan,
W.; Lapierre, C. Identification of the Structure and Origin of a Thioacidolysis Marker Compound for Ferulic

192



(84)

(85)

(86)

(89)

92)

(93)

(94)

(95)

Acid Incorporation into Angiosperm Lignins (and an Indicator for Cinnamoyl CoA Reductase Deficiency).
Plant Journal 2008, 53 (2), 368-379. https://doi.org/10.1111/j.1365-313X.2007.03345x.

Eugene, A; Lapierre, C,; Ralph, J. Improved Analysis of Arabinoxylan-Bound Hydroxycinnamate Conjugates
in Grass Cell Walls. Biotechnol Biofuels 2020, 13 (1). https://doi.org/10.1186/s13068-020-01841-6.

Hatfield, R. D.; Ralph, J.; Grabber, J. H. Cell Wall Cross-Linking by Ferulates and Diferulates in Grasses. Journal
of the Science of Food and Agriculture. John Wiley and Sons Ltd 1999, pp 403-407.
https://doi.org/10.1002/(SICI)1097-0010(19990301)79:3 <403::AID-JSFA263>3.0.CO;2-0.

Ralph, J.; Grabber, J. H.; Hatfield, R. D. Lignin-Ferulate Cross-Links in Grasses: Active Incorporation of Ferulate
Polysaccharide Esters into Ryegrass Lignins; 1995; Vol. 275.

Hoengenaert, L; Wouters, M.; Kim, H.; De Meester, B.; Morreel, K,; Vandersyppe, S.; Pollier, J.; Desmet, S.;
Goeminne, G.; Ralph, J,; Boerjan, W.; Vanholme, R. Overexpression of the Scopoletin Biosynthetic Pathway
Enhances Lignocellulosic Biomass Processing; 2022; Vol. 8.

Vanholme, R,; Sundin, L.; Seetso, K. C.; Kim, H,; Liu, X, Li, J, De Meester, B,; Hoengenaert, L; Goeminne, G.;
Morreel, K,; Haustraete, J,; Tsai, H. H.; Schmidt, W.; Vanholme, B.; Ralph, J.; Boerjan, W. COSY Catalyses Trans—
Cis Isomerization and Lactonization in the Biosynthesis of Coumarins. Nat Plants 2019, 5 (10), 1066—-1075.
https://doi.org/10.1038/s41477-019-0510-0.

Eudes, A.; George, A.; Mukerjee, P; Kim, J. S; Pollet, B.; Benke, P. |; Yang, F.; Mitra, P.; Sun, L.; Cetinkol, O.p;
Chabout, S.; Mouille, G,; Soubigou-Taconnat, L.; Balzergue, S.; Singh, S.; Holmes, B. M.,; Mukhopadhyay, A.;
Keasling, J. D,; Simmons, B. A; Lapierre, C; Ralph, J,; Loqué, D. Biosynthesis and Incorporation of Side-Chain-
Truncated Lignin Monomers to Reduce Lignin Polymerization and Enhance Saccharification. Plant
Biotechnol J 2012, 70 (5), 609-620. https://doi.org/10.1111/j.1467-7652.2012.00692.x.

Rencoret, J.; Ralph, J.; Marques, G.; Gutiérrez, A.; Martinez, A. T.; Del Rio, J. C. Structural Characterization of
Lignin Isolated from Coconut (Cocos Nucifera) Coir Fibers. J Agric Food Chem 2013, 67 (10), 2434-2445.
https://doi.org/10.1021/jf304686x.

del Rio, J. C; Lino, A. G.; Colodette, J. L; Lima, C. F.; Gutiérrez, A; Martinez, A. T.; Lu, F.; Ralph, J.; Rencoret, J.
Differences in the Chemical Structure of the Lignins from Sugarcane Bagasse and Straw. Biomass Bioenergy
2015, 817, 322-338. https://doi.org/10.1016/j.biombioe.2015.07.006.

Lan, W.; Rencoret, J; Lu, F; Karlen, S. D.; Smith, B. G.; Harris, P. J,; del Rio, J. C; Ralph, J. Tricin-Lignins:
Occurrence and Quantitation of Tricin in Relation to Phylogeny. Plant Journal 2016, 88 (6), 1046-1057.
https://doi.org/10.1111/tpj.13315.

Rosado, M. J,; Rencoret, J.; Marques, G.; Gutiérrez, A,; del Rio, J. C. Structural Characteristics of the Guaiacyl-
Rich Lignins From Rice (Oryza Sativa L) Husks and Straw. Front Plant Sci 2021, 12.
https://doi.org/10.3389/fpls.2021.640475.

Rencoret, J,; Marques, G.; Serrano, O.; Kaal, J; Martinez, A. T.; Del Rio, J. C; Gutiérrez, A. Deciphering the
Unique Structure and Acylation Pattern of Posidonia Oceanica Lignin. ACS Sustain Chem Eng 2020, 8 (33),
12521-12533. https://doi.org/10.1021/acssuschemeng.0c03502.

del Rio, J. C; Rencoret, J,; Gutiérrez, A,; Kim, H.; John, R. Hydroxystilbenes Are Monomers in Palm Fruit
Endocarp Lignins. Plant Physiol 2017, 174 (4), 2072-2082. https://doi.org/10.1104/pp.17.00362.

Neiva, D. M.; Rencoret, J.; Marques, G.; Gutiérrez, A.; Gominho, J.; Pereira, H.; del Rio, J. C. Lignin from Tree
Barks: Chemical Structure and Valorization. ChemSusChem 2020, 13 (17), 4537-4547.
https://doi.org/10.1002/cssc.202000431.

Rencoret, J,; Neiva, D.; Marques, G.; Gutiérrez, A.; Kim, H,; Gominho, J; Pereira, H.; Ralph, J.; Del Rio, J. C.
Hydroxystilbene Glucosides Are Incorporated into Norway Spruce Bark Lignin. Plant Physiol 2019, 180 (3),
1310-1321. https://doi.org/10.1104/pp.19.00344.

193



(100)

(101)

(102)

(103)
(104)

(105)

(106)

(107)

(108)

(109)

(110)

(111)

Negrel, J.; Jeandet, P. Metabolism of Tyramine and Feruloyltyramine in TMV Inoculated Leaves of Nicotiana
Tabacum. Phytochemistry 1987, 26 (8), 2185-2190.

Ralph, J.; Hatfield, R. D.; Joe'l Piquemal, J.; Yahiaoui, N.; Pean 1, M,; Lapierre, C,; Boudet, A. M. NMR
Characterization of Altered Lignins Extracted from Tobacco Plants Down-Regulated for Lignification
Enzymes Cinnamyl-Alcohol Dehydrogenase and Cinnamoyl-CoA Reductase (Monolignolgenetic
Modificationantisense RNAconiferyl Alcoholferuloyl-CoA). Proc. Natl. Acad. Sci. USA 1998, 95, 12803-
12808.

Kaur, H,; Shaker, K,; Heinzel, N.; Ralph, J.; Gélis, |.; Baldwin, I. T. Environmental Stresses of Field Growth Allow
Cinnamyl Alcohol Dehydrogenase-Deficient Nicotiana Attenuata Plants to Compensate for Their Structural
Deficiencies. Plant Physiol 2012, 159 (4), 1545-1570. https://doi.org/10.1104/pp.112.196717.

Joo, Y.; Kim, H.; Kang, M.; Lee, G.; Choung, S.; Kaur, H.; Oh, S.; Choi, J. W.; Ralph, J.; Baldwin, I. T.; Kim, S. G.
Pith-Specific Lignification in Nicotiana Attenuata as a Defense against a Stem-Boring Herbivore. New
Phytologist 2021, 232 (1), 332-344. https://doi.org/10.1111/nph.17583.

Del Rio, J. C; Rencoret, J.; Gutiérrez, A; Kim, H.; Ralph, J. Structural Characterization of Lignin from Maize
(Zea Mays L. Fibers: Evidence for Diferuloylputrescine Incorporated into the Lignin Polymer in Maize
Kernels. J Agric Food Chem 2018, 66 (17), 4402-4413. https://doi.org/10.1021/acs.jafc.8b00880.

Meyer, K. Shirley, A. M.; Cusumano, J. C.; Bell-Lelong, D. A.; Chapple, C. Lignin Monomer Composition Is
Determined by the Expression of a Cytochrome P450-Dependent Monooxygenase in Arabidopsis. In Proc
Natl Acad Sci U S A; 1998; Vol. 95, pp 6619-6623.

Ralph, J.; Lapierre, C.; Boerjan, W. Lignin Structure and Its Engineering. Curr Opin Biotechnol 2019, 56, 240-
249. https://doi.org/10.1016/j.copbio.2019.02.019.

Ralph, J.; Schatz, P. F.; Lu, F.; Kim, H.; Akiyama, T.; Nelsen, S. F. Quinone Methides in Lignification; 2009.

Chen, M, Li, Y, Lu, F.; Luterbacher, J. S.; Ralph, J. Lignin Hydrogenolysis: Phenolic Monomers from Lignin
and Associated Phenolates across Plant Clades. ACS Sustain Chem Eng 2023, 11 (27), 10001-10017.
https://doi.org/10.1021/acssuschemeng.3c01320.

Bourmaud, C. L, Bertella, S.; Bosch Rico, A; Karlen, S. D.; Ralph, J.; Luterbacher, J. S. Quantification of Native
Lignin Structural Features with Gel-Phase 2D-HSQCO Reveals Lignin Structural Changes During Extraction.
Angewandte Chemie - International Edition 2024, 63 (31). https://doi.org/10.1002/anie.202404442.

Karkas, M. D.; Matsuura, B. S.; Monos, T. M,; Magallanes, G.; Stephenson, C. R. J. Transition-Metal Catalyzed
Valorization of Lignin: The Key to a Sustainable Carbon-Neutral Future. Organic and Biomolecular
Chemistry. Royal Society of Chemistry 2016, pp 1853-1914. https://doi.org/10.1039/c50b02212f.

Brunow, G.; Karlsson, O.; Lundquist, K.; Sipilii, J. On the Distribution of the Diastereomers of the Structural
Elements in Lignins: The Steric Course of Reactions Mimicking Lignin Biosynthesis; 1993; Vol. 27.

Bardet, M.; Robert, D.; Lundquist, K.; von Unge, S. Distribution Oferythro Andthreo Forms of Different Types
of B-O-4 Structures in Aspen Lignin By13C NMR Using the 2D INADEQUATE Experiment. Magnetic
Resonance in Chemistry 1998, 36 (8), 597-600. https://doi.org/10.1002/(sici)1097-
458x(199808)36:8<597::aid-omr345>3.0.co;2-g.

Akiyama, T, Sugimoto, T.; Matsumoto Gyosuke Meshitsuka, Y.; Sugimoto Matsumoto G Meshitsuka, T. Y.
Erythro/Threo Ratio of FI-O-4 Structures as an Important Structural Characteristic of Lignin, h Improvement
of Ozonation Method for the Quantitative Analysis of Lignin Side-Chain Structure. Journal of Wood Science
2002, 48, 210-215.

Lundquist, K,; Stomberg, R. On the Occurrence of Structural Elements of the Lignan Type (B-B Structures)
in Lignins The Crystal Structures of (+)-Pinoresinol and (t)-lran5-3,4-Divanillyltetrahydrofuran.
Holzforschung 1988, 42 (6), 375-384.

Ralph, J,; Landucci, L. L. NMR of Lignins. In Lignin and Lignans; Advances in Chemistry; 2010; pp 137-234.

194



(112)

(113)

(114)

(115)

(116)

(117)

(118)

(119)

(120)

(121)

(122)

(123)

(124)

(125)

(126)

(127)

(128)

Karhunen, P.; Rummakko, P.; Sipilfi, J.; Brunow, G. Dibenzodioxocins;, A Novel Type Of Linkage In Softwood
Lignins; 1995; Vol. 36.

Yue, F.; Lu, F.; Ralph, S.; Ralph, J. Identification of 4-O-5-Units in Softwood Lignins via Definitive Lignin
Models and NMR. Biomacromolecules 2016, 17 (6), 1909-1920.
https://doi.org/10.1021/acs.biomac.6b00256.

Li, Y, Akiyama, T, Yokoyama, T., Matsumoto, Y. NMR Assignment for Diaryl Ether Structures (4-O-5
Structures) in Pine  Wood Lignin.  Biomacromolecules 2016, 17 (6), 1921-1929.
https://doi.org/10.1021/acs.biomac.6b00257.

Zhang, L, Gellerstedt, G. NMR Observation of a New Lignin Structure, a Spiro-Dienone. Chemical
Communications 2001, 1 (24), 2744-2745. https://doi.org/10.1039/b108285;.

Zhang, L.; Gellerstedt, G; Ralph, J,; Lu, F. NMR Studies on the Occurrence of Spirodienone Structures in
Lignins.  Journal of Wood  Chemistry and  Technology = 2006, 26 (1), 65-79.
https://doi.org/10.1080/02773810600580271.

Ralph, J. Hydroxycinnamates in Lignification. Phytochemistry Reviews. March 2010, pp 65-83.
https://doi.org/10.1007/s11101-009-9141-9.

Ralph, J.; Bunzel, M,; Marita, J. M.; Hatfield, R. D.; Lu, F,; Kim, H.; Schatz, P. F.; Grabber, J. H,; Steinhart, H.
Peroxidase-Dependent Cross-Linking Reactions of p-Hydroxycinnamates in Plant Cell Walls; 2004; Vol. 3.

Lu, F.; Ralph, J. Novel B-B-Structures in Lignins Incorporating Acylated Monolignols. In Appita; 2005; pp
233-237.

Tobimatsu, Y.; Chen, F.; Nakashima, J.; Escamilla-Trevifio, L. L.; Jackson, L.; Dixon, R. A,; Ralph, J. Coexistence
but Independent Biosynthesis of Catechyl and Guaiacyl/Syringyl Lignin Polymers in Seed Coats. Plant Cell
2013, 25 (7), 2587-2600. https://doi.org/10.1105/tpc.113.113142.

Chen, F.; Tobimatsu, Y.; Jackson, L; Nakashima, J.; Ralph, J.; Dixon, R. A. Novel Seed Coat Lignins in the
Cactaceae: Structure, Distribution and Implications for the Evolution of Lignin Diversity. Plant Journal 2013,
73 (2), 201-211. https://doi.org/10.1111/tpj.12012.

Lan, W.; Lu, F.; Regner, M.; Zhu, Y.; Rencoret, J,; Ralph, S. A;; Zakai, U. |.; Morreel, K.; Boerjan, W.; Ralph, J.
Tricin, a Flavonoid Monomer in Monocot Lignification. Plant Physiol 2015, 167 (4), 1284-1295.
https://doi.org/10.1104/pp.114.253757.

Crestini, C.; Melone, F.; Sette, M,; Saladino, R. Milled Wood Lignin: A Linear Oligomer. Biomacromolecules
2011, 72 (11), 3928-3935. https://doi.org/10.1021/bm200948r.

Barriére, Y.; Ralph, J.; Méchin, V.; Guillaumie, S.; Grabber, J. H.; Argillier, O.; Chabbert, B.; Lapierre, C. Genetic
and Molecular Basis of Grass Cell Wall Biosynthesis and Degradability. Il. Lessons from Brown-Midrib
Mutants. C R Biol 2004, 327 (9-10), 847-860. https://doi.org/10.1016/j.crvi.2004.05.010.

Balakshin, M.; Capanema, E. A.; Zhu, X,; Sulaeva, |.; Potthast, A.; Rosenau, T.; Rojas, O. J. Spruce Milled Wood
Lignin: Linear, Branched or Cross-Linked? Green Chemistry. Royal Society of Chemistry July 7, 2020, pp
3985-4001. https://doi.org/10.1039/d0gc00926a.

Chang, H. M,; Jiang, X. Biphenyl Structure and Its Impact on the Macromolecular Structure of Lignin: A
Critical Review. Journal of Wood Chemistry and Technology. Taylor and Francis Inc. March 3, 2020, pp 81-
90. https://doi.org/10.1080/02773813.2019.1697297.

Kilpelainen, I, Sipila, J,; Brunow, G, Lundquist, K; Ede, R. M. Application of Two-Dimensional NMR
Spectroscopy to Wood Lignin Structure Determination and Identification of Some Minor Structural Units of
Hard-and Softwood Lignins; 1994; Vol. 42. https://pubs.acs.org/sharingguidelines.

Karlsson, M.; Romson, J; Elder, T.; Emmer, A,; Lawoko, M. Lignin Structure and Reactivity in the Organosolv
Process Studied by NMR Spectroscopy, Mass Spectrometry, and Density Functional Theory.
Biomacromolecules 2023. https://doi.org/10.1021/acs.biomac.3c00186.

195



(129)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

(137)

(138)

(139)

(140)

(141)

(142)

(143)

(144)

(145)

(146)

Asikkala, J.; Tamminen, T.; Argyropoulos, D. S. Accurate and Reproducible Determination of Lignin Molar
Mass by Acetobromination. In Journal of Agricultural and Food Chemistry; 2012; Vol. 60, pp 8968-8973.
https://doi.org/10.1021/jf303003d.

Zinovyev, G.; Sulaeva, |; Podzimek, S.; Rossner, D.; Kilpeldinen, I; Sumerskii, |.; Rosenau, T.; Potthast, A.
Getting Closer to Absolute Molar Masses of Technical Lignins. ChemSusChem 2018, 77 (18), 3259-3268.
https://doi.org/10.1002/cssc.201801177.

Voiniciuc, C. Modern Mannan: A Hemicellulose's Journey. New Phytologist 2022, 234 (4), 1175-1184.
https://doi.org/10.1111/nph.18091.

Sinclair, R.; Rosquete, M. R,; Drakakaki, G. Post-Golgi Trafficking and Transport of Cell Wall Components.
Frontiers in Plant Science. Frontiers Media S.A. 2018. https://doi.org/10.3389/fpls.2018.01784.

Girio, F. M,; Fonseca, C.; Carvalheiro, F.; Duarte, L. C; Marques, S.; Bogel-tukasik, R. Hemicelluloses for Fuel
Ethanol: A Review. Bioresource Technology. July 2010, pp 4775-4800.
https://doi.org/10.1016/j.biortech.2010.01.088.

Gosselink, R. J. A; van Dam, J. E. G.; Zomers, F. H. A. Combined HPLC Analysis of Organic Acids and Furans
Formed during Organosolv Pulping of Fiber Hemp. Journal of Wood Chemistry and Technology 1995, 15
(1), 1-25. https://doi.org/10.1080/02773819508009497.

Scheller, H. V. Ulvskov, P. Hemicelluloses. Annu Rev Plant Biol 2010, 671, 263-289.
https://doi.org/10.1146/annurev-arplant-042809-112315.

Alen, R. Structure and Chemical Composition of Wood. In Forest Products Chemistry; TAPPI: Helsinki, 2000;
Vol. 1, pp 12-57.

Willfor, S.; Sundberg, A.; Pranovich, A,; Holmbom, B. Polysaccharides in Some Industrially Important
Hardwood Species. Wood Science and Technology. November 2005 pp 601-617.
https://doi.org/10.1007/s00226-005-0039-4.

Pereira, H.; Graca, J.; Rodrigues, J. Wood Chemistry in Relation to Quality. In Wood Quality and Its Biological
Basis; Blackwell Publishing: Oxford, 2003; pp 53-86.

Rao, J; Lv, Z; Chen, G,; Peng, F. Hemicellulose: Structure, Chemical Modification, and Application. Progress
in Polymer Science. Elsevier Ltd May 1, 2023. https://doi.org/10.1016/j.progpolymsci.2023.101675.

Smith, P. J; Wang, H. T.; York, W. S; Pefia, M. J.; Urbanowicz, B. R. Designer Biomass for Next-Generation
Biorefineries: Leveraging Recent Insights into Xylan Structure and Biosynthesis. Biotechnology for Biofuels.
BioMed Central Ltd. November 30, 2017. https://doi.org/10.1186/s13068-017-0973-z.

Nandini, C. D.; Salimath, P. V. Structural Features of Arabinoxylans from Bajra (Pearl Millet). J Agric Food
Chem 2002, 50, 6485-6489. https://doi.org/10.1021/jf020358.

Ebringerova, A.; Heinze, T. Xylan and Xylan Derivatives-Biopolymers with Valuable Properties, 1 Naturally
Occurring Xylans Structures, Isolation Procedures and Properties List of Abbreviations. Macromol. Rapid
Commun. 2000, 217, 542-556.

Grabber, J. H,; Ralph, J; Hatfield, R. D. Model Studies of Ferulate - Coniferyl Alcohol Cross-Product
Formation in Primary Maize Walls: Implications for Lignification in Grasses. J Agric Food Chem 2002, 50 (21),
6008-6016. https://doi.org/10.1021/jf0205312.

Vermerris, W. Genetic Improvement of Bioenergy Crops; Vermerris, W., Ed.; Springer New York: New York,
NY, 2008. https://doi.org/10.1007/978-0-387-70805-8.

Schultink, A; Liu, L; Zhu, L,; Pauly, M. Structural Diversity and Function of Xyloglucan Sidechain Substituents.
Plants. MDPI AG December 1, 2014, pp 526-542. https://doi.org/10.3390/plants3040526.

Maruyama, K, Goto, C; Numata, M.; Suzuki, T.; Nakagawa, Y. O-Acetylated Xyloglucan in Extracellular
Polysaccharides from Cell-Suspension Cultures of Mentha. Phytochemistry 1996, 41 (5), 1309-1314.

196



(147)

(148)
(149)

(150)

(151)

(152)

(153)

(154)

(155)

(156)

(157)

(158)

(159)

(160)

(161)

Sims, I. M,; Munro, S. L. A;; Currie, G; Craik, D.; Bacic ~', A. Structural Characterisation of Xyloglucan Secreted
by Suspension-Cultured Cells of Nicotiana Plumbaginifolia; ELSEVIER, 1996; Vol. 293.

Timell, T. E. Recent Progress in the Chemistry of Wood Hemicelluloses. Wood Sci Technol 1967, 1, 45-70.

Lundqyist, J; Teleman, A; Junel, L; Zacchi, G; Dahlman, O, Tjerneld, F.; Elbrand, H. S. Isolation and
Characterization of Galactoglucomannan from Spruce (Picea Abies). Carbohydr Polym 2002, 48, 29-39.

Garcia-Gimenez, G; Russell, J.; Aubert, M. K;; Fincher, G. B.; Burton, R. A; Waugh, R.; Tucker, M. R.; Houston,
K. Barley Grain (1,3;1,4)-B-Glucan Content: Effects of Transcript and Sequence Variation in Genes Encoding
the Corresponding Synthase and Endohydrolase  Enzymes. Sci Rep 2019, 9 (7).
https://doi.org/10.1038/s41598-019-53798-8.

Tarasov, D.; Leitch, M,; Fatehi, P. Lignin-Carbohydrate Complexes: Properties, Applications, Analyses, and
Methods of Extraction: A Review. Biotechnology for Biofuels. BioMed Central Ltd. September 29, 2018.
https://doi.org/10.1186/s13068-018-1262-1.

Dammstrom, S.; Salmén, L,; Gatenholm, P. On the Interactions between Cellulose and Xylan, a Biomimetic
Simulation of the Hardwood Cell Wall. Bioresources 2009, 4 (1), 3-14.

Henriksson, G.; Lawoko, M.; Martin, M. E. E.; Gellerstedt, G. Lignin-Carbohydrate Network in Wood and
Pulps: A Determinant  for Reactivity. Holzforschung 2007, 67 (6), 668-674.
https://doi.org/10.1515/HF.2007.097.

Lawoko, M., Henriksson, G.; Gellerstedt, G. Structural Differences between the Lignin-Carbohydrate
Complexes Present in Wood and in Chemical Pulps. Biomacromolecules 2005, 6 (6), 3467-3473.
https://doi.org/10.1021/bm058014q.

Brunow, G.; Lundquist, K. Functional Groups and Bonding Patterns in Lignin (Including the Lignin-
Carbohydrate Complexes). In Lignin and Lignans: Advances in Chemistry; CRC Press, 2010; Vol. 1, pp 267-
299.

Giummarella, N.; Balakshin, M.; Koutaniemi, S.; Karkénen, A.; Lawoko, M. Nativity of Lignin Carbohydrate
Bonds Substantiated by Biomimetic Synthesis. J Exp Bot 2019, 70 (20), 5591-5601.
https://doi.org/10.1093/jxb/erz324.

Zhao, B. C.; Chen, B. Y.; Yang, S.; Yuan, T. Q; Charlton, A;; Sun, R. C. Structural Variation of Lignin and Lignin-
Carbohydrate Complex in Eucalyptus Grandis x E. Urophylla during Its Growth Process. ACS Sustain Chem
Eng 2017, 5 (1), 1113-1122. https://doi.org/10.1021/acssuschemeng.6b02396.

Balakshin, M.; Capanema, E.; Gracz, H.; Chang, H. min; Jameel, H. Quantification of Lignin-Carbohydrate
Linkages with High-Resolution NMR Spectroscopy. Planta 2011, 233 (6), 1097-1110.
https://doi.org/10.1007/s00425-011-1359-2.

Du, X.; Pérez-Boada, M.; Fernandez, C.; Rencoret, J.; del Rio, J. C.; Jiménez-Barbero, J.; Li, J.; Gutiérrez, A,
Martinez, A. T. Analysis of Lignin—Carbohydrate and Lignin-Lignin Linkages after Hydrolase Treatment of
Xylan-Lignin, Glucomannan-Lignin and Glucan-Lignin Complexes from Spruce Wood. Planta 2014, 239 (5),
1079-1090. https://doi.org/10.1007/s00425-014-2037-y.

Yuan, T. Q; Sun, S. N; Xu, F.; Sun, R. C. Characterization of Lignin Structures and Lignin-Carbohydrate
Complex (LCC) Linkages by Quantitative 13C and 2D HSQC NMR Spectroscopy. J Agric Food Chem 2011,
59 (19), 10604-10614. https://doi.org/10.1021/jf2031549.

Evtuguin, D. V; Goodfellow, B.; Evtuguin, D. V; Goodfellow, B. J.; Neto, C. P.; Terashima, N. Characterization
of Lignin-Carbohydrate Linkages in Eucalyptus Globulus by 2D/3D NMR Spectroscopy Using Specific
Carbon-13 Labelling Technique. In Proceedings of 59th Appita Annual Conference and Exhibition:
Incorporating the 13th ISWFPC; 2005; pp 439-444.

197



(162)

(163)

(164)

(165)

(166)

(167)

(168)

(169)

(170)

(171)

(172)

(173)

(174)

(175)

(176)

(177)

(178)

Balakshin, M. Y., Capanema, E. A; Chang, H. M. MWL Fraction with a High Concentration of Lignin-
Carbohydrate Linkages: Isolation and 2D NMR Spectroscopic Analysis. Holzforschung 2007, 67 (1), 1-7.
https://doi.org/10.1515/HF.2007.001.

Balakshin, M. Y.; Evtuguin, D. V.; Pascoal, N. C; Silva, A. M. S.; Domingues, P. M.; Amando, F. M. L. Studies
on Lignin and Lignin—Carbohydrate Complex by Application of Advanced Spectroscopic Techniques. In
Proceedings of the 11th ISWP conference; Nice, 2001; pp 11-14.

Felle, H. H. PH: Signal and Messenger in Plant Cells. Plant Biol 2001, 3, 577-591.

Balakshin, M.; Capanema, E. Berlin, A. Isolation and Analysis of Lignin—Carbohydrate Complexes
Preparations with Traditional and Advanced Methods: A Review. In Studies in Natural Products Chemistry;
2014; Vol. 42, pp 83-115. https://doi.org/10.1016/b978-0-444-63281-4.00004-5.

Miyagawa, Y.; Tobimatsu, Y.; Lam, P. Y.; Mizukami, T.; Sakurai, S.; Kamitakahara, H.; Takano, T. Possible
Mechanisms for the Generation of Phenyl Glycoside-Type Lignin—Carbohydrate Linkages in Lignification
with Monolignol Glucosides. Plant Journal 2020, 104 (1), 156-170. https://doi.org/10.1111/tpj.14913.

de Oliveira, D. M, Finger-Teixeira, A.; Rodrigues Mota, T.; Salvador, V. H.; Moreira-Vilar, F. C.; Correa Molinari,
H. B.; Craig Mitchell, R. A.; Marchiosi, R.; Ferrarese-Filho, O.; Dantas dos Santos, W. Ferulic Acid: A Key
Component in Grass Lignocellulose Recalcitrance to Hydrolysis. Plant Biotechnology Journal. Blackwell
Publishing Ltd December 1, 2015, pp 1224-1232. https://doi.org/10.1111/pbi.12292.

You, T. T,; Zhang, L. M,; Zhou, S. K;; Xu, F. Structural Elucidation of Lignin-Carbohydrate Complex (LCC)
Preparations and Lignin from Arundo Donax Linn. Ind Crops Prod 2015, 71, 65-74.
https://doi.org/10.1016/j.indcrop.2015.03.070.

Zhao, X, Qi, F.; Liu, D. Hierarchy Nano- and Ultrastructure of Lignocellulose and Its Impact on the
Bioconversion of Cellulose. In Nanotechnology for Bioenergy and Biofuel Production; Springer, 2017; pp 117-
151. https://doi.org/10.1007/978-3-319-45459-7_6.

Cui, S,; Wei, X; Chen, X, Xie, Y. Investigation of Chemical Linkages between Lignin and Carbohydrates in
Cultured Poplar Cambium Tissues via Double Isotope Labeling. Int J Biol Macromol 2023, 231.
https://doi.org/10.1016/j.ijbiomac.2023.123250.

Xie, Y.; Yasuda, S,; Wu, H.; Liu, H; Xie, Y,; Wu Liu, H. H,; Yasuda, S. Analysis of the Structure of Lignin-
Carbohydrate Complexes by the Specific 13C Tracer Method. Journal of Wood Science 2000, 46, 130-136.

Bolker, H. I. A Lignin Carbohydrate Bond as Revealed by Infra-Red Spectroscopy. Nature 1963, 197, 489-
490.

Heinze, T. Cellulose: Structure and Properties. Advances in Polymer Science 2015, 271, 1-52.
https://doi.org/10.1007/12_2015_319.

Krassig, Hans. A. Cellulose: Structure, Accessibility and Reactivity; Gordon and Breach Science: Yverdon
Switzerland, 1993. https://doi.org/10.1002/pola.1994.080321221.

Kondo, T. The Relationship between Intramolecular Hydrogen Bonds and Certain Physical Properties of
Regioselectively Substituted Cellulose Derivatives. J Polym Sci B: Polym Phys 1997, 35, 717-723.

Nishiyama, Y.; Langan, P.; Chanzy, H. Crystal Structure and Hydrogen-Bonding System in Cellulose IR from
Synchrotron X-Ray and Neutron Fiber Diffraction. / Am Chem Soc 2002, 724 (31), 9074-9082.
https://doi.org/10.1021/ja0257319.

Gardivert, K. H,; Blackwell, J. The Structure of Native Cellulose. Biopolymers 1974, 13, 1975-2001.

Klemm, D.; Heublein, B.; Fink, H. P.; Bohn, A. Cellulose: Fascinating Biopolymer and Sustainable Raw Material.
Angewandte Chemie - International  Edition. May 30, 2005, pp 3358-3393.
https://doi.org/10.1002/anie.200460587.

198



(179)

(180)
(181)

(182)

(183)

(184)

(185)

(186)

(187)

(188)

(189)

(190)

(191)

(192)

(193)

(194)

(195)

Doblin, M. S.; Kurek, I; Jacob-Wilk, D.; Delmer, D. P. Cellulose Biosynthesis in Plants: From Genes to Rosettes;
2002; Vol. 43. https://academic.oup.com/pcp/article/43/12/1407/1914864.

Jarvis, M. Cellulose Stacks Up. Nature 2003, 426, 611-612.

Purushotham, P.; Ho, R.; Zimmer, J. Architecture of a Catalytically Active Homotrimericplant Cellulose
Synthase Complex. Science (71979) 2020, 369, 1089-1094.

Fernandes, A. N.; Thomas, L. H.; Altaner, C. M.; Callow, P.; Forsyth, V. T.; Apperley, D. C; Kennedy, C. J,; Jarvis,
M. C. Nanostructure of Cellulose Microfibrils in Spruce Wood. PNAS 2011, 708 (47), E1195-E1203.
https://doi.org/10.1073/pnas.1108942108/-/DCSupplemental.

Caffall, K. H.; Mohnen, D. The Structure, Function, and Biosynthesis of Plant Cell Wall Pectic Polysaccharides.
Carbohydr Res 2009, 344 (14), 1879-1900. https://doi.org/10.1016/j.carres.2009.05.021.

Shrestha, S.; Kognou, A. L. M.; Zhang, J.; Qin, W. Different Facets of Lignocellulosic Biomass Including Pectin
and Its Perspectives. Waste and Biomass Valorization. Springer Science and Business Media B.V. September
1, 2021, pp 4805-4823. https://doi.org/10.1007/s12649-020-01305-w.

Tamaki, Y.; Mazza, G. Measurement of Structural Carbohydrates, Lignins, and Micro-Components of Straw
and Shives: Effects of Extractives, Particle Size and Crop Species. Ind Crops Prod 2010, 37 (3), 534-541.
https://doi.org/10.1016/j.indcrop.2010.02.004.

Chen, S. F.; Mowery, R. A, Scarlata, C. J.; Chambliss, C. K. Compositional Analysis of Water-Soluble Materials
in Corn Stover. J Agric Food Chem 2007, 55 (15), 5912-5918. https://doi.org/10.1021/jf0700327.

Sluiter, A,; Ruiz, R; Scarlata, C.; Sluiter, J,; Templeton, D. Determination of Extractives in Biomass; 2005.
http://www.nrel.gov/biomass/analytical_procedures.html.

Vassilev, S. V.; Baxter, D.; Andersen, L. K,; Vassileva, C. G.; Morgan, T. J. An Overview of the Organic and
Inorganic Phase Composition of Biomass. Fuel. April 2012, pp 1-33.
https://doi.org/10.1016/j.fuel.2011.09.030.

Kang, Q.; Appels, L,; Tan, T.; Dewil, R. Bioethanol from Lignocellulosic Biomass: Current Findings Determine
Research  Priorities.  Scientific  World  Journal. Hindawi Limited December 31, 2014.
https://doi.org/10.1155/2014/298153.

Shen, J; Zhy, S, Liu, X;; Zhang, H.; Tan, J. The Prediction of Elemental Composition of Biomass Based on
Proximate Analysis. Energy Convers Manag 2010, 51 (5), 983-987.
https://doi.org/10.1016/j.enconman.2009.11.039.

Sarkar, D.; By, L.; Jakes, J. E,; Zieba, J. K.; Kaufman, I. D.; Crowley, M. F,; Ciesielski, P. N.; Vermaas, J. V. Diffusion
in Intact Secondary Cell Wall Models of Plants at Different Equilibrium Moisture Content. The Cell Surface
2023, 9. https://doi.org/10.1016/j.tcsw.2023.100105.

Kang, X, Kirui, A, Dickwella Widanage, M. C,; Mentink-Vigier, F,; Cosgrove, D. J; Wang, T. Lignin-
Polysaccharide Interactions in Plant Secondary Cell Walls Revealed by Solid-State NMR. Nat Commun 2019,
10 (1). https://doi.org/10.1038/s41467-018-08252-0.

Kirui, A,; Zhao, W.; Deligey, F.; Yang, H.; Kang, X, Mentink-Vigier, F.; Wang, T. Carbohydrate-Aromatic
Interface and Molecular Architecture of Lignocellulose. Nat Commun 2022, 13 (1).
https://doi.org/10.1038/s41467-022-28165-3.

Simmons, T. J.; Mortimer, J. C; Bernardinelli, O. D.; Péppler, A. C,; Brown, S. P.; DeAzevedo, E. R;; Dupree, R;
Dupree, P. Folding of Xylan onto Cellulose Fibrils in Plant Cell Walls Revealed by Solid-State NMR. Nat
Commun 2016, 7. https://doi.org/10.1038/ncomms13902.

Busse-Wicher, M.; Gomes, T. C. F,; Tryfona, T.; Nikolovski, N.; Stott, K,; Grantham, N. J,; Bolam, D. N.; Skaf, M.
S.; Dupree, P. The Pattern of Xylan Acetylation Suggests Xylan May Interact with Cellulose Microfibrils as a
Twofold Helical Screw in the Secondary Plant Cell Wall of Arabidopsis Thaliana. Plant Journal 2014, 79 (3),
492-506. https://doi.org/10.1111/tpj.12575.

199



(196)

(197)

(198)

(199)

(200)

(201)

(202)

(203)

(204)

(205)

(206)
(207)

(208)

(209)

(210)

(211)

(212)

Vermaas, J. V.; Crowley, M. F,; Beckham, G. T. A Quantitative Molecular Atlas for Interactions between Lignin
and Cellulose. ACS Sustain Chem Eng 2019, 7 (24), 19570-19583.
https://doi.org/10.1021/acssuschemeng.9b04648.

Gao, Y, Lipton, A. S.; Wittmer, Y.; Murray, D. T.; Mortimer, J. C. A Grass-Specific Cellulose—Xylan Interaction
Dominates in Sorghum Secondary Cell Walls. Nat Commun 2020, 17 (1). https://doi.org/10.1038/s41467-
020-19837-z.

Terrett, O. M.; Lyczakowski, J. J,; Yu, L.; luga, D.; Franks, W. T,; Brown, S. P.; Dupree, R; Dupree, P. Molecular
Architecture of Softwood Revealed by Solid-State NMR. Nat Commun 2019, 70 (1).
https://doi.org/10.1038/s41467-019-12979-9.

loelovich, M. Y. Models of Supramolecular Structure and Properties of Cellulose. Polymer Science - Series A
2016, 58 (6), 925-943. https://doi.org/10.1134/S0965545X16060109.

Verlhac, C,; Dedier, J.; Chanzy, H. Availability of Surface Hydroxyl Groups in Valonia and Bacterial Cellulose.
J Polym Sci A Polym Chem 1990, 28 (5), 1171-1177. https://doi.org/10.1002/pola.1990.080280517.

Hearle, J. W. S. The Fine Structure of Fibers and Crystalline Polymers. lIl. Interpretation of the Mechanical
Properties of Fibers. J Appl Polym Sci 1963, 7 (4), 1207-1223. https://doi.org/10.1002/app.1963.070070403.

Nishiyama, Y.; Kim, U. J,; Kim, D. Y.; Katsumata, K. S.; May, R. P,; Langan, P. Periodic Disorder along Ramie
Cellulose Microfibrils. Biomacromolecules 2003, 4 (4), 1013-1017. https://doi.org/10.1021/bm025772x.

Habibi, Y.; Lucia, L. A; Rojas, O. J. Cellulose Nanocrystals: Chemistry, Self-Assembly, and Applications. Chem
Rev 2010, 770 (6), 3479-3500. https://doi.org/10.1021/cr900339w.

loelovich, M.; Leykin, A,; Figovsky, O. Paracrystallinity of Cellulose; 2010; Vol. 5.

Azizi Samir, M. A. S,; Alloin, F.; Dufresne, A. Review of Recent Research into Cellulosic Whiskers, Their
Properties and Their Application in Nanocomposite Field. Biomacromolecules. March 2005, pp 612-626.
https://doi.org/10.1021/bm0493685.

Nieduszynski, H.; Marchessault, I. R. Structure of B-D-(1-4")Xylan Hydrate. Nature 1971, 232, 46-47.

Busse-Wicher, M,; Li, A; Silveira, R. L; Pereira, C. S.; Tryfona, T.; Gomes, T. C. F,; Skaf, M. S.; Dupree, P.
Evolution of Xylan Substitution Patterns in Gymnosperms and Angiosperms: Implications for Xylan
Interaction with Cellulose. Plant Physiol 2016, 1717 (4), 2418-2431. https://doi.org/10.1104/pp.16.00539.

Bromley, J. R.; Busse-Wicher, M.; Tryfona, T.; Mortimer, J. C.; Zhang, Z.; Brown, D. M.; Dupree, P. GUX1 and
GUX2 Glucuronyltransferases Decorate Distinct Domains of Glucuronoxylan with Different Substitution
Patterns. Plant Journal 2013, 74 (3), 423-434. https://doi.org/10.1111/tpj.12135.

Busse-Wicher, M.; Grantham, N. J.; Lyczakowski, J. J.; Nikolovski, N.; Dupree, P. Xylan Decoration Patterns
and the Plant Secondary Cell Wall Molecular Architecture. Biochem Soc Trans 2016, 44, 74-78.
https://doi.org/10.1042/BST20150183.

Langan, P, Petridis, L; O'Neill, H. M.; Pingali, S. V.; Foston, M.; Nishiyama, Y.; Schulz, R; Lindner, B.; Leif
Hanson, B.; Harton, S.; Heller, W. T,; Urban, V,; Evans, B. R.; Gnanakaran, S.; Ragauskas, A. J,; Smith, J. C;
Davison, B. H. Common Processes Drive the Thermochemical Pretreatment of Lignocellulosic Biomass.
Green Chemistry 2014, 16 (1), 63-68. https://doi.org/10.1039/c3gc41962b.

Zauer, M,; Pfriem, A.; Wagenfuhr, A. Toward Improved Understanding of the Cell-Wall Density and Porosity
of Wood Determined by Gas Pycnometry. Wood Sci Technol 2013, 47 (6), 1197-1211.
https://doi.org/10.1007/s00226-013-0568-1.

Samuel, R; Foston, M,; Jiang, N.; Allison, L.; Ragauskas, A. J. Structural Changes in Switchgrass Lignin and
Hemicelluloses during Pretreatments by NMR Analysis. Polym Degrad Stab 2011, 96 (11), 2002-2009.
https://doi.org/10.1016/j.polymdegradstab.2011.08.015.

200



(213)

(214)

(215)

(216)

(217)

(218)

(219)

(220)

(221)

(222)

(223)

(224)

(225)

(226)

(227)

(228)

(229)

Garrote, G.; Dom& Anguez, H.; Parajo, J. C. Study on the Deacetylation of Hemicelluloses during the
Hydrothermal Processing of Eucalyptus Wood. Holz als Roh- und Werkstoff 2001, 59, 53-59.

Garrote, G.; Dominguez, H.; Parajo, J. C. Interpretation of Deacetylation and Hemicellulose Hydrolysis during
Hydrothermal Treatments on the Basis of the Severity Factor. Process Biochemistry 2002, 37, 1067-1073.

Woodward, R. T.; Kennema, M.; Rinaldi, R. Formation and Fate of Carboxylic Acids in the Lignin-First Biore
Fi Ning of |Lignocellulose via H - Transfer Catalyzed by Raney Ni©. 2018.
https://doi.org/10.1021/acssuschemeng.8b03190.

Chesi, C; Castro, I. B. D. De; Clough, M. T.; Ferrini, P.; Rinaldi, R. The Influence of Hemicellulose Sugars on
Product Distribution of Early-Stage Conversion of Lignin Oligomers Catalysed by Raney Nickel.
ChemCatChem 2016, 8, 2079-2088. https://doi.org/10.1002/cctc.201600235.

Abu-Omar, M. M,; Barta, K.; Beckham, G. T.; Luterbacher, J. S.; Ralph, J; Rinaldi, R.; Roman-Leshkov, Y.; Samec,
J.S. M,; Sels, B. F,; Wang, F. Guidelines for Performing Lignin-First Biorefining. Energy Environ Sci 2021, 14
(1), 262-292. https://doi.org/10.1039/d0ee02870c.

Kim, S,; Chmely, S. C; Nimlos, M. R.; Bomble, Y. J.; Foust, T. D,; Paton, R. S.; Beckham, G. T. Computational
Study of Bond Dissociation Enthalpies for a Large Range of Native and Modified Lignins. Journal of Physical
Chemistry Letters 2011, 2 (22), 2846-2852. https://doi.org/10.1021/jz201182w.

Huang, J.-B.; Shu-Bin, W. U.; Hao, C; Lei, M,; Liang, J.-J,; Tong, H. Theoretical Study of Bond Dissociation
Energies for Lignin Compounds. JOURNAL OF FUEL CHEMISTRY AND TECHNOLOGY 2015, 43 (4), 429-436.

Elder, T. Bond Dissociation Enthalpies of a Pinoresinol Lignin Model Compound. Energy and Fuels 2014, 28
(2), 1175-1182. https://doi.org/10.1021/ef402310h.

Younker, J. M.; Beste, A; Buchanan, A. C. Computational Study of Bond Dissociation Enthalpies for Lignin
Model  Compounds:  B-5  Arylcoumaran. Chem  Phys Lett 2012, 545 100-106.
https://doi.org/10.1016/j.cplett.2012.07.017.

Elder, T. Bond Dissociation Enthalpies of a Dibenzodioxocin Lignin Model Compound. In Energy and Fuels;
2013; Vol. 27, pp 4785-4790. https://doi.org/10.1021/ef401026g.

Sturgeon, M. R;; Kim, S,; Lawrence, K,; Paton, R. S.; Chmely, S. C,; Nimlos, M.; Foust, T. D.; Beckham, G. T. A
Mechanistic Investigation of Acid-Catalyzed Cleavage of Aryl-Ether Linkages: Implications for Lignin
Depolymerization in Acidic Environments. ACS Sustain Chem £Eng 2014, 2 (3), 472-48°5.
https://doi.org/10.1021/sc400384w.

Questell-Santiago, Y. M,; Galkin, M. V,; Barta, K, Luterbacher, J. S. Stabilization Strategies in Biomass
Depolymerization Using Chemical Functionalization. Nat Rev Chem 2020, 4 (6), 311-330.
https://doi.org/10.1038/s41570-020-0187-y.

Chum, H. L; Johnson, D. K;; Black, S. K,; Overend, R. P. Pretreatment-Catalyst Effects and the Combined
Severity Parameter. Appl Biochem Biotechnol 1990, 24/25 (1), 1-14.

Fan, D,; Yang, J.; Xie, X; Cao, M.; Xu, L, Qiu, X, Liu, Q,; Ouyang, X. Microwave-Assisted Fractionation of
Poplar Sawdust into High-Yield Noncondensed Lignin and Carbohydrates in Methanol/p-Toluenesulfonic
Acid. Chemical Engineering Journal 2023, 454. https://doi.org/10.1016/j.cej.2022.140237.

Tirtowidjojo, S.; Sarkanen, K. V; Pla, F.; Mccarthy, J. L. Kinetics of Organosolv Delignification in Batch-and
Flow-Through Reactors. Holzforschung 1988, 42 (3), 177-183.

Rinaldi, R. Early-Stage Conversion of Lignin over Hydrogenation Catalysts. RSC Energy and Environment
Series 2018, No. 19, 108-127. https://doi.org/10.1039/9781788010351-00108.

Rinaldi, R, Schiith, F. Acid Hydrolysis of Cellulose as the Entry Point into Biorefinery Schemes.
ChemSusChem 2009, 2, 1096-1107. https://doi.org/10.1002/cssc.200900188.

201



(230)

(231)

(232)

(233)

(234)

(235)
(236)
(237)
(238)

(239)

(240)

(241)

(242)

(243)

(244)

(245)

(246)

(247)

Nelson, M. L. Apparent Activation Energy of Hydrolysis of Some Cellulosic Materials. Journal of Polymer
Science 1960, 43 (142), 351-371. https://doi.org/10.1002/pol.1960.1204314207.

Yavorov, N.; Valcheyv, |; Radeva, G.; Todorova, D. Kinetic Investigation of Dilute Acid Hydrolysis of Hardwood
Pulp for Microcrystalline Cellulose Production. Carbohydr Res 2020, 488.
https://doi.org/10.1016/j.carres.2020.107910.

Girisuta, B.; Janssen, L. P. B. M,; Heeres, H. J. Kinetic Study on the Acid-Catalyzed Hydrolysis of Cellulose to
Levulinic Acid. Ind Eng Chem Res 2007, 46 (6), 1696—1708. https://doi.org/10.1021/ie061186z.

Saeman, J. F. Kinetics of Wood Saccharification- Hydrolysis of Cellulose and Decomposition of Sugars in
Dilute Acid at High Temperature. Industrial and Chemical Engineering 1945, 37 (1), 43-52.

Kréssig, H.; Schurz, J.; Steadman, R. G.; Schliefer, K,; Albrecht, W.,; Mohring, M.; Schlosser, H. Cellulose. In
Ullmann’s Encyclopedia of Industrial Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, 2012; pp
279-332.

Hansen, C. M. Hansen Solubility Parameters; CRC Press, 2007. https://doi.org/10.1201/9781420006834.
Hildebrand, J.; Scott, R. L. The Solubility of Nonelectrolytes, 3rd ed.; Reinhold: New York, 1950.
Hansen, C. M. The Universality of the Solubility Parameter. Ind. Eng. Chem. Prod. Res. Dev. 1969, 8 (1), 2-12.

Hansen, C. M, Bjorkman, A. The Ultrastructure of Wood from a Solubility Parameter Point of View.
Holzforschung 1998, 52, 335-344.

Rinken, R.; Posthuma, D.; Rinaldi, R. Lignin Stabilization and Carbohydrate Nature in H-Transfer Reductive
Catalytic Fractionation: The Role of Solvent Fractionation of Lignin Qil in Structural Profiling**.
ChemSusChem 2023. https://doi.org/10.26434/chemrxiv-2022-1zI87-v3.

Vebber, G. C.; Pranke, P.; Pereira, C. N. Calculating Hansen Solubility Parameters of Polymers with Genetic
Algorithms. J Appl Polym Sci 2014, 1317 (1). https://doi.org/10.1002/app.39696.

Tan, X; Zhang, Q; Wang, W.; Zhuang, X,; Deng, Y.; Yuan, Z. Comparison Study of Organosolv Pretreatment
on Hybrid Pennisetum for Enzymatic Saccharification and Lignin Isolation. Fuel 2019, 249, 334-340.
https://doi.org/10.1016/j.fuel.2019.03.117.

Raikwar, D.; Majumdar, S.; Shee, D. Thermocatalytic Depolymerization of Kraft Lignin to Guaiacols Using
HZSM-5 in Alkaline Water-THF Co-Solvent: A Realistic Approach. Green Chemistry 2019, 21 (14), 3864-
3881. https://doi.org/10.1039/c9gc00593e.

Dong, C; Meng, X.; Yeung, C. S,; Tse, H. Y.; Ragauskas, A. J,; Leu, S. Y. Diol Pretreatment to Fractionate a
Reactive Lignin in Lignocellulosic Biomass Biorefineries. Green Chemistry 2019, 21 (10), 2788-2800.
https://doi.org/10.1039/c9gc00596.

Cheng, F; Ouyang, T, Sun, J; Jiang, T.; Luo, J. Using Solubility Parameter Analysis to Understand
Delignification of Poplar and Rice Straw with Catalyzed Organosolv Fractionation Processes. Bioresources
2019, 74 (1), 486-499.

Chen, J.; Tan, X;; Miao, C,; Zhang, Y.; Yuan, Z,; Zhuang, X. A One-Step Deconstruction-Separation Organosolv
Fractionation of Lignocellulosic Biomass Using Acetone/Phenoxyethanol/Water Ternary Solvent System.
Bioresour Technol 2021, 342. https://doi.org/10.1016/j.biortech.2021.125963.

Meng, X.; Wang, Y.; Conte, A. J,; Zhang, S.; Ryu, J.; Wie, J. J,; Pu, Y.; Davison, B. H,; Yoo, C. G,; Ragauskas, A. J.
Applications of Biomass-Derived Solvents in Biomass Pretreatment — Strategies, Challenges, and Prospects.
Bioresource Technology. Elsevier Ltd January 1, 2023. https://doi.org/10.1016/j.biortech.2022.128280.

Raikwar, D.; Van Aelst, K,; Vangeel, T.; Corderi, S.; Van Aelst, J.; Van den Bosch, S,; Servaes, K.; Vanbroekhoven,
K. Elst, K, Sels, B. F. Elucidating the Effect of the Physicochemical Properties of Organosolv Lignins on Its
Solubility and Reductive Catalytic Depolymerization. Chemical Engineering Journal 2023, 461.
https://doi.org/10.1016/j.cej.2023.141999.

202



(248)

(249)

(250)

(251)

(252)

(253)

(254)

(255)

(256)

(257)

(258)

(259)

(260)

(261)

(262)

(263)

Zhang, Q; Tan, X; Wang, W,; Yu, Q; Wang, Q.; Miao, C.; Guo, Y.; Zhuang, X.; Yuan, Z. Screening Solvents
Based on Hansen Solubility Parameter Theory to Depolymerize Lignocellulosic Biomass Efficiently under
Low Temperature. ACS Sustain Chem Eng 2019, 7 (9), 8678-8686.
https://doi.org/10.1021/acssuschemeng.9b00494.

Weng, M. Determination of the Hansen Solubility Parameters with a Novel Optimization Method. J App!
Polym Sci 2016, 133 (16). https://doi.org/10.1002/app.43328.

Barana, D.; Orlandi, M.; Zoia, L.; Castellani, L,; Hanel, T.; Bolck, C,; Gosselink, R. Lignin Based Functional
Additives for Natural Rubber. ACS Sustain Chem Eng 2018, 6 (9), 11843-11852.
https://doi.org/10.1021/acssuschemeng.8b02145.

Thielemans, W.; Wool, R. P. Lignin Esters for Use in Unsaturated Thermosets: Lignin Modification and
Solubility Modeling. Biomacromolecules 2005, 6 (4), 1895-1905. https://doi.org/10.1021/bm0500345.

Isnard, F.; Monga Mulunda, M.; Rubens, M.; Marién, H.; Harumashi, T.; Wakabayashi, K.; Vanbroekhoven, K.;
Eevers, W.; Peeters, L.; Vendamme, R. Stabilization of Hybrid Adhesives and Sealants by Thermodynamic
Tuning of Molecularly Optimized Lignin Bio-Additives: Small Changes, Big Effects. Biomacromolecules 2022,
23 (8), 3174-3185. https://doi.org/10.1021/acs.biomac.2c00289.

Ribeiro, W. C. O,; Lobosco, V.; Martinez, P. F. M. Solubility Parameters Analysis of Eucalyptus Urograndis
Kraft Lignin. Bioresources 2020, 15 (4), 8577-8600.

Huang, K.; Mohan, M.; George, A.; Simmons, B. A; Xu, Y.; Gladden, J. M. Integration of Acetic Acid Catalysis
with One-Pot Protic lonic Liquid Configuration to Achieve High-Efficient Biorefinery of Poplar Biomass.
Green Chemistry 2021, 23 (16), 6036-6049. https://doi.org/10.1039/d1gc01727f.

Adjaoud, A,; Dieden, R; Verge, P. Sustainable Esterification of a Soda Lignin with Phloretic Acid. Polymers
(Basel) 2021, 13 (4), 1-19. https://doi.org/10.3390/polym13040637.

Badorrek, J.; Walter, M.; Laborie, M. P. Tuning Intermolecular Interaction between Lignin and Carbon
Nanotubes in Fiber Composites - A Combined Experimental and Ab-Initio Modeling Study. In Journal of
Renewable Materials; Scrivener Publishing LLC, 2018; Vol. 6, pp 325-335.
https://doi.org/10.7569/JRM.2017.634183.

Novo, L. P,; Curvelo, A. A. S. Hansen Solubility Parameters: A Tool for Solvent Selection for Organosolv
Delignification. Ind Eng Chem Res 2019, 58 (31), 14520-14527. https://doi.org/10.1021/acs.iecr.9b00875.

Venkatram, S.; Kim, C,; Chandrasekaran, A.; Ramprasad, R. Critical Assessment of the Hildebrand and Hansen
Solubility Parameters for Polymers. J Chem Inf Model 2019. https://doi.org/10.1021/acs.jcim.9b00656.

Van Den Bosch, S.; Renders, T.; Kennis, S.; Koelewijn, S. F,; Van Den Bossche, G.; Vangeel, T,; Deneyer, A,;
Depuydt, D.; Courtin, C. M,; Thevelein, J. M,; Schutyser, W.; Sels, B. F. Integrating Lignin Valorization and Bio-
Ethanol Production: On the Role of Ni-Al203 Catalyst Pellets during Lignin-First Fractionation. Green
Chemistry 2017, 19 (14), 3313-3326. https://doi.org/10.1039/c7gc01324h.

Renders, T.; Van Den Bosch, S.; Koelewijn, S. F.; Schutyser, W.; Sels, B. F. Lignin-First Biomass Fractionation:
The Advent of Active Stabilisation Strategies. Energy and Environmental Science. Royal Society of Chemistry
July 1, 2017, pp 1551-1557. https://doi.org/10.1039/c7ee01298e.

Anderson, E. M.; Stone, M. L,; Hulsey, M. J,; Beckham, G. T.; Roméan-Leshkov, Y. Kinetic Studies of Lignin
Solvolysis and Reduction by Reductive Catalytic Fractionation Decoupled in Flow-Through Reactors. ACS
Sustain Chem Eng 2018, 6 (6), 7951-7959. https://doi.org/10.1021/acssuschemeng.8b01256.

Galkin, M. V.; Samec, J. S. M. Lignin Valorization through Catalytic Lignocellulose Fractionation: A
Fundamental Platform for the Future Biorefinery. ChemSusChem 2016, 9 (13), 1544-1558.
https://doi.org/10.1002/cssc.201600237.

Karlsson, O.; Lundquist, K., Meuller, S.; Westlid, K. On the Acidolytic Cleavage of Arylglycerol 3-Aryl Ethers.
Acta Chem Scand 1988, 42, 48-51.

203



(264)

(265)

(266)

(267)

(268)

(269)

(270)

(271)

(272)

(273)

(274)

(275)

(276)

(277)

(278)

(279)

Yokoyama, T.; Matsumoto, Y. Revisiting the Mechanism of -O-4 Bond Cleavage during Acidolysis of Lignin.
Part 1: Kinetics of the Formation of Enol Ether from Non-Phenolic C 6-C2 Type Model Compounds.
Holzforschung 2008, 62 (2), 164-168. https://doi.org/10.1515/HF.2008.037.

Imai, T.; Yokoyama, T.; Matsumoto, Y. Revisiting the Mechanism of B-O-4 Bond Cleavage during Acidolysis
of Lignin IV: Dependence of Acidolysis Reaction on the Type of Acid. Journal of Wood Science 2011, 57 (3),
219-225. https://doi.org/10.1007/s10086-010-1166-6.

Yokoyama, T.; Matsumoto, Y. Revisiting the Mechanism of SS-O-4 Bond Cleavage during Acidolysis of
Lignin. Part 2: Detailed Reaction Mechanism of a Non-Phenolic C 6-C2 Type Model Compound. Journal of
Wood Chemistry and Technology 2010, 30 (3), 269-282. https://doi.org/10.1080/02773811003675288.

Yokoyama, T. Revisiting the Mechanism of f-O-4 Bond Cleavage during Acidolysis of Lignin. Part 6: A
Review. Journal of Wood Chemistry and Technology. Bellwether Publishing, Ltd. September 15, 2014, pp 27—
42. https://doi.org/10.1080/02773813.2014.881375.

De Santi, A; Monti, S,; Barcaro, G.; Zhang, Z.; Barta, K; Deuss, P. J. New Mechanistic Insights into the Lignin
B-O-4 Linkage Acidolysis with Ethylene Glycol Stabilization Aided by Multilevel Computational Chemistry.
ACS Sustain Chem Eng 2021, 9 (5), 2388-2399. https://doi.org/10.1021/acssuschemeng.0c08901.

Zhang, Z.; Lahive, C. W,; Winkelman, J. G. M.; Barta, K.; Deuss, P. J. Chemicals from Lignin by Diol-Stabilized
Acidolysis: Reaction Pathways and Kinetics. Green Chemistry 2022, 895-905.
https://doi.org/10.1039/d2gc0006%e.

Deuss, P. J.; Lahive, C. W.; Lancefield, C. S.; Westwood, N. J.; Kamer, P. C. J.; Barta, K.; de Vries, J. G. Metal
Triflates for the Production of Aromatics from Lignin. ChemSusChem 2016, 9 (20), 2974-2981.
https://doi.org/10.1002/cssc.201600831.

Hallac, B. B; Pu, Y.; Ragauskas, A. J. Chemical Transformations of Buddleja Davidii Lignin during Ethanol
Organosolv  Pretreatment. In  Energy and  Fuels; 2010; Vol. 24, pp  2723-2732.
https://doi.org/10.1021/ef901556u.

Guo, X. P.; Lai, Y. Z. On the Variation of Acid-Labile Aryl Ether Unit Content in Wood Lignin. Holzforschung
2008, 62 (5), 527-529. https://doi.org/10.1515/HF.2008.092.

Kishimoto, T.; Ueki, A,; Takamori, H.; Uraki, Y.; Ubukata, M. Delignification Mechanism during High-Boiling
Solvent Pulping. Part 6: Changes in Lignin Structure Analyzed by H-13 C Correlation 2-D NMR Spectroscopy;
2004; Vol. 58.

Li, Y.; Karlen, S. D.; Demir, B.; Kim, H.; Luterbacher, J.; Dumesic, J. A.; Stahl, S. S.; Ralph, J. Mechanistic Study
of Diaryl Ether Bond Cleavage during Palladium-Catalyzed Lignin Hydrogenolysis. ChemSusChem 2020, 13
(17), 4487-4494. https://doi.org/10.1002/cssc.202000753.

Timokhin, V. I; Regner, M.; Motagamwala, A. H,; Sener, C,; Karlen, S. D.; Dumesic, J. A.; Ralph, J. Production
of P-Coumaric Acid from Corn GVL-Lignin. ACS Sustain Chem Eng 2020, 8 (47), 17427-17438.
https://doi.org/10.1021/acssuschemeng.0c05651.

Yang See, J,; Song, S.; Xiao, Y,; Trang Pham, T.; Zhao, Y.; Lapkin, A.; Yan, N. Transformation of Corn Lignin
into Sun Cream Ingredients. ChemSusChem 2021, 14 (6), 1586-1594.
https://doi.org/10.1002/cssc.202002739.

Ou, S. Y, Luo, Y. L; Huang, C. H; Jackson, M. Production of Coumaric Acid from Sugarcane Bagasse.
Innovative  Food  Science and  Emerging Technologies 2009, 0  (2), 253-259.
https://doi.org/10.1016/j.ifset.2008.10.008.

Mussatto, S. |.; Dragone, G.; Roberto, I. C. Ferulic and P-Coumaric Acids Extraction by Alkaline Hydrolysis of
Brewer's Spent Grain. Ind Crops Prod 2007, 25 (2), 231-237. https://doi.org/10.1016/j.indcrop.2006.11.001.

Clayden, J.; Greeves, N.; Warren, S. Organic Chemistry, 2nd ed.; Oxford Unicersity Press: Oxford, 2012.

204



(280)

(281)

(282)

(283)

(284)

(285)

(286)

(287)

(288)

(289)

(290)

(291)

(292)

(293)

(294)

(295)
(296)

W Timm, B. E.; Hinshelwood, C. N. The Activation Energy of Organic Reactions. Part LIl. The Kinetics of Acid
Hydrolysis of Esters. J.Chem.Soc 1938, 862-869.

Sunderland, V. B, Watts, D. W. Kinethcs of the Degradation of Methyl, Ethyl and n-Propyl 4-
Hydroxybenzoate Esters in Aqueous Solution. Int J Pharm 1984, 19, 1-15.

Castada, H. Z; Sun, Z; Barringer, S. A; Huang, X. Thermal Degradation of P-Hydroxybenzoic Acid in
Macadamia Nut Qil, Olive Oil, and Corn Oil. JAOCS, Journal of the American Oil Chemists’ Society 2020, 97
(3), 289-300. https://doi.org/10.1002/aocs.12331.

Saulnier, B. K,; Phongpreecha, T.; Singh, S. K;; Hodge, D. B. Impact of Dilute Acid Pretreatment Conditions
on P-Coumarate Removal in Diverse Maize Lines. Bioresour Technol 2020, 374.
https://doi.org/10.1016/j.biortech.2020.123750.

Liu, D.; Sun, J.; Simmons, B. A; Singh, S. N-Heterocyclic Carbene Promoted Decarboxylation of Lignin-
Derived Aromatic Acids. ACS Sustain Chem Eng 2018, 6 (6), 7232-7238.
https://doi.org/10.1021/acssuschemeng.7b03612.

Cadot, S.; Rameau, N.; Mangematin, S.; Pinel, C.; Djakovitch, L. Preparation of Functional Styrenes from
Biosourced Carboxylic Acids by Copper Catalyzed Decarboxylation in PEG. Green Chemistry 2014, 16 (6),
3089-3097. https://doi.org/10.1039/c4gc00256c.

Nomura, E.; Hosoda, A.; Mori, H.; Taniguchi, H. Rapid Base-Catalyzed Decarboxylation and Amide-Forming
Reaction of Substituted Cinnamic Acids via Microwave Heating. Green Chemistry 2005, 7 (12), 863-866.
https://doi.org/10.1039/b510626€.

Kulik, T. V.; Barvinchenko, V. N.; Palyanytsya, B. B.; Lipkovska, N. A;; Dudik, O. O. Thermal Transformations of
Biologically Active Derivatives of Cinnamic Acid by TPD MS Investigation. J Anal Appl Pyrolysis 2011, 90 (2),
219-223. https://doi.org/10.1016/j jaap.2010.12.012.

Wu, Y, Huang, Z; Lv, K; Rao, Y.; Chen, Z; Zhang, J.; Long, J. Producing Methyl P-Coumarate from
Herbaceous Lignin via a “Clip-Off” Strategy. J  Agric  Food  Chem 2021.
https://doi.org/10.1021/acs.jafc.1c08353.

Arts, W.; Van Aelst, K.; Cooreman, E.; Van Aelst, J.; Van den Bosch, S.; Sels, B. F. Stepping Away from Purified
Solvents in Reductive Catalytic Fractionation: A Step Forward towards a Disruptive Wood Biorefinery
Process. Energy Environ Sci 2023. https://doi.org/10.1039/d3ee00965c.

Lawrence Heidt, B. J,; Purves, C. B. Thermal Rates and Activation Energies for the Aqueous Acid Hydrolysis
of A-and B-Methyl, Phenyl and Benzyl-D-Glucopyranosides, a-and 0-Methyl and 0-Benzyl-D-
Fructopyranosides, and a-Methyl-D-Fructofuranoside. J. Am. Chem. Soc 1944, 66 (8), 1385-1389.

Lawoko, M.; Deshpande, S.; van Heningen, A. Pre-Hydrolysis of the Phenyl Glycosidic Bond in a Model
Compound. Lenzinger Berichte. 2009, 87, 77-87.

De, C. K,; Wouters-Leysen, J. The Influence of Acids on the Hydrolysis of Glycopyranosides. Carbohyd. Res
1971, 17, 45-56.

Hettrich, K.; Drechsler, U,; Loth, F.; Volkert, B. Preparation and Characterization of Water-Soluble Xylan
Ethers. Polymers (Basel) 2017, 9 (4). https://doi.org/10.3390/polym9040129.

Minami, E.; Kawamoto, - H; Saka, - S; Minami, E.; Kawamoto, H.; Saka, S. Reaction Behavior of Lignin in
Supercritical Methanol as Studied with Lignin Model Compounds; 2003; Vol. 49.

Li, S.; Lundquist, K. Acid Reactions of Lignin Models of B-5 Type. Holzforschung 1999, 53, 39-42.

Li, S.; Lundquist, K; Westermark, U. Cleavage of Arylglycerol B-Aryl Ethers under Neutral and Acid
Conditions. Nord Pulp Paper Res J 2000, 15, 292-299.

205



(297)

(298)

(299)

(300)

(301)

(302)

(303)

(304)

(305)

(306)

(307)

(308)

(309)

(310)
(311)

(312)

(313)

Guo, Y.; Zhou, J.; Wen, J.; Sun, G;; Sun, Y. Structural Transformations of Triploid of Populus Tomentosa Carr.
Lignin during Auto-Catalyzed Ethanol Organosolv Pretreatment. Ind Crops Prod 2015, 76, 522-529.
https://doi.org/10.1016/j.indcrop.2015.06.020.

Yao, L; Chen, C; Yoo, C. G; Meng, X, Li, M,; Pu, Y.; Ragauskas, A. J.; Dong, C,; Yang, H. Insights of Ethanol
Organosolv Pretreatment on Lignin Properties of Broussonetia Papyrifera. ACS Sustain Chem Eng 2018, 6
(11), 14767-14773. https://doi.org/10.1021/acssuschemeng.8b03290.

Aida, T. M,; Shiraishi, N.; Kubo, M.; Watanabe, M.; Smith, R. L. Reaction Kinetics of D-Xylose in Sub- and
Supercritical Water. Journal of Supercritical Fluids 2010, 55 (1), 208-216.
https://doi.org/10.1016/j.supflu.2010.08.013.

Chen, Z; Zhang, W.; Xu, J,; Li, P. Kinetics of Xylose Dehydration into Furfural in Acetic Acid. Chin J Chem Eng
2015, 23 (4), 659-666. https://doi.org/10.1016/j.cjche.2013.08.003.

Oefner, P. J.; Lanziner, A. H.; Bonn, G, Bobleter, O. Quantitative Studies on Furfural and Organic Acid
Formation during Hydrothermal, Acidic and Alkaline Degradation of D-Xylose. Monatshefte ffir Chemie
1992, 723, 547-556.

Jing, Q. Xiuyang, L. U. Kinetics of Non-Catalyzed Decomposition of D-Xylose in High Temperature Liquid
Water. Chin. J. Chem. Eng 2007, 15 (5), 666—669.

Kéchermann, J,; Schreiber, J; Klemm, M. Conversion of d -Xylose and Hemicellulose in Water/Ethanol
Mixtures. ACS Sustain Chem Eng 2019, 7 (14), 12323-12330.
https://doi.org/10.1021/acssuschemeng.9b01697.

Pilath, H. M.; Nimlos, M. R;; Mittal, A.; Himmel, M. E.; Johnson, D. K. Glucose Reversion Reaction Kinetics. J
Agric Food Chem 2010, 58 (10), 6131-6140. https://doi.org/10.1021/jf903598w.

Chang, C; Ma, X, Cen, P. Kinetics of Levulinic Acid Formation from Glucose Decomposition at High
Temperature*. Chinese J. Chem. Eng 2006, 74 (5), 708-712.

Tan-Soetedjo, J. N. M.; Van De Bovenkamp, H. H.; Abdilla, R. M.; Rasrendra, C. B.; Van Ginkel, J.; Heeres, H.
J. Experimental and Kinetic Modeling Studies on the Conversion of Sucrose to Levulinic Acid and 5-
Hydroxymethylfurfural Using Sulfuric Acid in Water. Ind Eng Chem Res 2017, 56 (45), 13228-132309.
https://doi.org/10.1021/acs.iecr.7b01611.

Girisuta, B.; Janssen, L. P. B. M,; Heeres, H. J. Green Chemicals: A Kinetic Study on the Conversion of Glucose
to Levulinic Acid. Chemical Engineering Research and Design 2006, 84 (5 A), 339-349.
https://doi.org/10.1205/cherd05038.

Asghari, F. S,; Yoshida, H. Kinetics of the Decomposition of Fructose Catalyzed by Hydrochloric Acid in
Subcritical Water: Formation of 5-Hydroxymethylfurfural, Levulinic, and Formic Acids. Ind Eng Chem Res
2007, 46 (23), 7703-7710. https://doi.org/10.1021/ie061673e.

Fachri, B. A.; Abdilla, R. M.; Bovenkamp, H. H. V. De; Rasrendra, C. B.; Heeres, H. J. Experimental and Kinetic
Modeling Studies on the Sulfuric Acid Catalyzed Conversion of d -Fructose to 5-Hydroxymethylfurfural and
Levulinic  Acid in  Water. ACS Sustain Chem Eng 2015, 3 (12), 3024-3034.
https://doi.org/10.1021/acssuschemeng.5b00023.

Gong, Z.; Shuai, L. Lignin Condensation, an Unsolved Mystery. Trends Chem 2023, 5 (3), 163-166.

Luo, X, Li, Y,; Gupta, N. K;; Sels, B.; Ralph, J,; Shuai, L. Protection Strategies Enable Selective Conversion of
Biomass. Angewandte Chemie - International Edition. Wiley-VCH Verlag July 13, 2020, pp 11704-11716.
https://doi.org/10.1002/anie.201914703.

Hidalgo-Carrillo, J.; Marinas, A.; Urbano, F. J. Chemistry of Furfural and Furanic Derivatives; 2018; pp 1-30.
https://doi.org/10.1142/9781786344878_0001.

Laurichesse, S.; Avérous, L. Chemical Modification of Lignins: Towards Biobased Polymers. Progress in
Polymer Science. Elsevier Ltd 2014, pp 1266-1290. https://doi.org/10.1016/j.progpolymsci.2013.11.004.

206



(314)

(315)

(316)

(317)

(318)

(319)

(320)

(321)

(322)

(323)

(324)

(325)

(326)

(327)

(328)

Lu, K. T.; Luo, K. M,; Lin, S. H.; Su, S. H.; Hu, K. H. The Acid-Catalyzed Phenol-Formaldehyde Reaction: Critical
Runaway Conditions and Stability Criterion. Process Safety and Environmental Protection 2004, 82 (1), 37—
47. https://doi.org/10.1205/095758204322777651.

Patil, S. K. R.; Heltzel, J.; Lund, C. R. F. Comparison of Structural Features of Humins Formed Catalytically
from Glucose, Fructose, and 5-Hydroxymethylfurfuraldehyde. In Energy and Fuels; 2012; Vol. 26, pp 5281-
5293. https://doi.org/10.1021/ef3007454.

Van Zandvoort, |.; Wang, Y.; Rasrendra, C. B.; Van Eck, E. R. H,; Bruijnincx, P. C. A; Heeres, H. J.; Weckhuysen,
B. M. Formation, Molecular Structure, and Morphology of Humins in Biomass Conversion: Influence of
Feedstock and Processing Conditions. ChemSusChem 2013, 6 9), 1745-1758.
https://doi.org/10.1002/cssc.201300332.

Lahive, C. W,; Deuss, P. J,; Lancefield, C. S.; Sun, Z,; Cordes, D. B.; Young, C. M.; Tran, F.; Slawin, A. M. Z.; De
Vries, J. G.; Kamer, P. C. J.; Westwood, N. J,; Barta, K. Advanced Model Compounds for Understanding Acid-
Catalyzed Lignin Depolymerization: Identification of Renewable Aromatics and a Lignin-Derived Solvent. J
Am Chem Soc 2016, 138 (28), 8900-8911. https://doi.org/10.1021/jacs.6b04144.

Deuss, P. J,; Lahive, C. W, Lancefield, C. S.; Westwood, N. J.; Kamer, P. C. J,; Barta, K; de Vries, J. G. Metal
Triflates for the Production of Aromatics from Lignin. ChemSusChem 2016, 9 (20), 2974-2981.
https://doi.org/10.1002/cssc.201600831.

De Santi, A; Galkin, M. V.; Lahive, C. W.; Deuss, P. J,; Barta, K. Lignin-First Fractionation of Softwood
Lignocellulose Using a Mild Dimethyl Carbonate and Ethylene Glycol Organosolv Process. ChemSusChem
2020, 73 (17), 4468-4477. https://doi.org/10.1002/cssc.201903526.

Lan, W,; Luterbacher, J. S. Preventing Lignin Condensation to Facilitate Aromatic Monomer Production.
Chimia (Aarau) 2019, 73 (7-8), 591-598. https://doi.org/10.2533/chimia.2019.591.

Talebi Amiri, M,; Dick, G. R; Questell-Santiago, Y. M.; Luterbacher, J. S. Fractionation of Lignocellulosic
Biomass to Produce Uncondensed Aldehyde-Stabilized Lignin. Nat Protoc 2019, 74 (3), 921-954.
https://doi.org/10.1038/s41596-018-0121-7.

Lan, W,; Amiri, M. T.; Hunston, C. M,; Luterbacher, J. S. Protection Group Effects During a,y-Diol Lignin
Stabilization Promote High-Selectivity Monomer Production. Angewandte Chemie 2018, 730 (5), 1370-
1374. https://doi.org/10.1002/ange.201710838.

Thornburg, N. E; Pecha, M. B,; Brandner, D. G,; Reed, M. L; Vermaas, J. V.,; Michener, W. E.; Katahira, R;
Vinzant, T. B,; Foust, T. D.; Donohoe, B. S.; Roman-Leshkov, Y.; Ciesielski, P. N.; Beckham, G. T. Mesoscale
Reaction-Diffusion Phenomena Governing Lignin-First Biomass Fractionation. ChemSusChem 2020, 73 (17),
4495-4509. https://doi.org/10.1002/cssc.202000558.

Watanabe, U.; Norimoto, M.; Morooka, T. Cell Wall Thickness and Tangential Young's Modulus in Coniferous
Early Wood. J. Wood. Sci 2000, 46, 109-114.

Kazi, K. M. F,; Gauvin, H.; Jollez, P.; Chornet, E. A Diffusion Model for the impregnation of Lignocellulosic.
TappiJ 1997, 80, 209-219.

Kawamata, Y.; Yoshikawa, T.; Aoki, H.; Koyama, Y.; Nakasaka, Y.; Yoshida, M.; Masuda, T. Kinetic Analysis of
Delignification of Cedar Wood during Organosolv Treatment with a Two-Phase Solvent Using the
Unreacted-Core Model. Chemical Engineering Journal 2019, 368, 71-78.
https://doi.org/10.1016/j.cej.2019.02.103.

Green, D. W,; Perry, R. H. Perry’s Chemical Engineers’ Handbook, 8th ed.; The McGraw-Hill Companies, 2007.

Thornburg, N. E; Ness, R. M.; Crowley, M. F.; By, L.; Pecha, M. B; Usseglio-Viretta, F. L. E;; Bharadwaj, V. S.;
Li, Y.; Chen, X, Sievers, D. A,; Wolfrum, E. J,; Resch, M. G,; Ciesielski, P. N. Mass Transport Limitations and
Kinetic Consequences of Corn Stover Deacetylation. Front Energy Res 2022, 10.
https://doi.org/10.3389/fenrg.2022.841169.

207



(329)

(330)

(331)

(332)

(333)

(334)

(335)

(336)

(337)

(338)

(339)

(340)

(341)

(342)

(343)

(344)

(345)

Schutyser, W.; Van Den Bosch, S.; Renders, T.; De Boe, T, Koelewijn, S. F,; Dewaele, A, Ennaert, T,
Verkinderen, O.; Goderis, B.,; Courtin, C. M,; Sels, B. F. Influence of Bio-Based Solvents on the Catalytic
Reductive Fractionation of Birch Wood. Green Chemistry 2015, 17 (11), 5035-5045.
https://doi.org/10.1039/c5gc01442e.

Harvey, A. H. Applications of Near-Critical Dilute-Solution Thermodynamics. Ind.Eng.Chem.Res. 1998, 37,
3080-3088.

Harvey, A. H. Semiempirical Correlation for Henry's Constants over Large Temperature Ranges. AIChE
Journal 1996, 42 (5), 1491-1494. https://doi.org/10.1002/aic.690420531.

Trinh, T. K. H; De Hemptinne, J. C; Lugo, R; Ferrando, N.; Passarello, J. P. Hydrogen Solubility in
Hydrocarbon and Oxygenated Organic Compounds. J Chem Eng Data 2016, 61 (1), 19-34.
https://doi.org/10.1021/acs.jced.5b00119.

Rinaldi, R. Solvents and Solvent Effects in Biomass Conversion. In Catalytic Hydrogenation for Biomass
Valorization; 2015; pp 74-98.

Engel, D. C;; Versteeg, G. F.; Van Swaaij, W. P. M. Solubility of Hydrogen in Aqueous Solutions of Sodium
and Potassium Bicarbonate from 293 to 333 K. J. Chem. Eng. Data 1996, 41, 546-550.

Crozier, T. E,; Yamamoto, S. Solubility of Hydrogen in Water, Seawater, and NaCl Solutions. J Chem Eng Data
1974, 19 (3), 2023.

Matthews, C. N.; Moser, R. E,; Oro, J,; Kimball, A. P; Pettet, A. E. G.; Ware, G. C; Reynolds, G. A; Humphett,
W. J; Swamer, F. W, Hauser, C. R; Sanchez, R. A; Ferris, J. P; Orgel, L. E; Tatsuo, S.; Hisahara, T.
Hydrogenation of Xylose to Xylitol. Ind.Eng.Chem.Prod.Res.Dev. 1974, 13 (1), 75-79.

Li, D.; Chen, W. Effects of Impeller Types on Gas-Liquid Mixing and Oxygen Mass Transfer in Aerated Stirred
Reactors. Process Safety and Environmental Protection 2022, 158, 360-373.
https://doi.org/10.1016/j.psep.2021.12.019.

Vermaas, J. V.; Crowley, M. F.; Beckham, G. T. Molecular Lignin Solubility and Structure in Organic Solvents.
ACS Sustain Chem Eng 2020, 8 (48), 17839-17850. https://doi.org/10.1021/acssuschemeng.0c07156.

Al-Mawlali AN D J A LA, I A; Saleh, L. M. Interaction of Alcohols with Evaporated Metal Films Part 2.-
Adsorption and Decomposition of Ethanol on Metal Films of Nickel, Palladium and Aluminium. J. Chem.
SOC, Faraday Trans. 11981, 77, 2977-2988.

Borck, @.; Svenum, 1. H.; Borg, A. Adsorption of Methanol and Methoxy on NiAl(1 1 0) and Ni3AI(1 1 1): A
DFT Study. Surf Sci 2009, 603 (16), 2378-2386. https://doi.org/10.1016/j.susc.2009.05.034.

Al-Mawlawi AN D J ALA, I A; Saleh, L. M. Interaction of Alcohols with Evaporated Metal Films Part 1.-
Adsorption and Decomposition of Methanol on Metal Films of Nickel, Palladium and Aluminium. J. Chem.
SOC, Faraday Trans. 1 1981, 77, 2965-2976.

Pang, X. Y.; Wang, C,; Zhou, Y. H,; Zhao, J. M.; Wang, G. C. DFT Study of the Structure Sensitivity for the
Adsorption of Methyl, Methoxy, and Formate on Ni(1 1 1), Ni(1 0 0), and Ni(1 1 0) Surfaces. Journal of
Molecular Structure: THEOCHEM 2010, 948 (1-3), 1-10. https://doi.org/10.1016/j.theochem.2010.01.034.

Shorthouse, L. J,; Roberts, A. J.; Raval, R. Propan-2-Ol on Ni(1 1 1): Identification of Surface Intermediates
and Reaction Products. Surf Sci 2001, 480, 37-46.

Wang, X, Rinaldi, R. A Route for Lignin and Bio-Oil Conversion: Dehydroxylation of Phenols into Arenes by
Catalytic  Tandem Reactions.  Angew, Chem. Int. Ed. 2013, 52, 11499-11503.
https://doi.org/10.1002/anie.201304776.

Geboers, J.; Wang, X,; Carvalho, A. B. De; Rinaldi, R. Densification of Biorefinery Schemes by H-Transfer with
Raney Ni and 2-Propanol: A Case Study of a Potential Avenue for Valorization of Alkyl Levulinates to Alkyl
Gamma-Hydroxypentanoates and Gamma -Valerolactone. Journal of Molecular Catalysis 2014, 388-389,
106-115. https://doi.org/10.1016/j.molcata.2013.11.031.

208



(346)

(347)

(348)

(349)

(350)

(351)

(352)

(353)

(354)

(355)

(356)

(357)

(358)

(359)

(360)

(361)

(362)

Wang, X,; Rinaldi, R. Exploiting H-Transfer Reactions with RANEY® Ni for Upgrade of Phenolic and Aromatic
Biorefinery Feeds under Unusual, Low-Severity Conditions. Energy Environ Sci 2012, 5 (8), 8244-8260.
https://doi.org/10.1039/c2ee21855k.

Wang, X,; Rinaldi, R. Solvent Effects on the Hydrogenolysis of Diphenyl Ether with Raney Nickel and Their
Implications for the Conversion of Lignin. ChemSusChem 2012, 5 (8), 1455-1466.
https://doi.org/10.1002/cssc.201200040.

Boudart, M.; Sajkowskit, D. J. Catalytic Hydrogenation of Cyclohexene: Liquid-Phase Reaction on Rhodium;
1991; Vol. 92.

Klein, I.; Marcum, C.; Kenttdmaa, H.; Abu-Omar, M. M. Mechanistic Investigation of the Zn/Pd/C Catalyzed
Cleavage and Hydrodeoxygenation of Lignin. Green Chemistry 2016, 18 (8), 2399-2405.
https://doi.org/10.1039/c5gc01325a.

Song, Q; Wang, F.; Cai, J; Wang, Y.; Zhang, J,; Yu, W,; Xu, J. Lignin Depolymerization (LDP) in Alcohol over
Nickel-Based Catalysts via a Fragmentation-Hydrogenolysis Process. Energy Environ Sci 2013, 6 (3), 994-
1007. https://doi.org/10.1039/c2ee23741e.

Li, H.; Song, G. Paving the Way for the Lignin Hydrogenolysis Mechanism by Deuterium-Incorporated B-O-
4 Mimics. ACS Catal 2020, 70 (20), 12229-12238. https://doi.org/10.1021/acscatal.0c02339.

Khan, A. M.; McQuillin, F. J;; Jardine, I. The Stereospecific Hydrogenolysis of Benzyl Derivates. Tetrahedron
Lett 1966, 24, 1649-2655.

Harvey, F. M.; Bochet, C. G. Stereospecific Hydrogenolysis of Benzylic Alcohols over Pd/C. Journal of Organic
Chemistry 2020, 85 (11), 7611-7619. https://doi.org/10.1021/acs.joc.0c00827.

Mitsui, S.; Imaizumi, S.; Esashi, Y. Stereochemistry and Mechanism of Catalytic Hydrogenation and
Hydrogenolysis. LIl. Catalytic Hydrogenolysis of Benzyl-Type Alcohols and Their Derivatives. Bull Chem Soc
Jpn 1970, 43, 2143-2152.

Li, Y.; Karlen, S. D.; Demir, B.; Kim, H.; Luterbacher, J.; Dumesic, J. A,; Stahl, S. S.; Ralph, J. Mechanistic Study
of Diaryl Ether Bond Cleavage during Palladium-Catalyzed Lignin Hydrogenolysis. ChemSusChem 2020, 13
(17), 4487-4494. https://doi.org/10.1002/cssc.202000753.

Wang, M.; Shi, H.; Camaioni, D. M.; Lercher, J. A. Palladium-Catalyzed Hydrolytic Cleavage of Aromatic C-O
Bonds. Angewandte Chemie - International Edition 2017, 56 (8), 2110-2114.
https://doi.org/10.1002/anie.201611076.

Du, X; Wu, S.; Li, P. Catalytic Hydrogenolysis Lignin to Obtain Phenols: A Review of Selective Cleavage of
Ether Bonds. Bioresources 2023, 18 (2), 4231-4261.

Gomez-Monedero, B.; Ruiz, M. P.; Bimbela, F.; Faria, J. Selective Hydrogenolysis of A-O—4, B-O—4, 4-0-5 C-
O Bonds of Lignin-Model Compounds and Lignin-Containing Stillage Derived from Cellulosic Bioethanol
Processing. Appl Catal A Gen 2017, 541, 60-76. https://doi.org/10.1016/j.apcata.2017.04.022.

Kar, A. K,; Kaur, S. P.; Dhilip Kumar, T. J.; Srivastava, R. Improving the Hydrodeoxygenation Activity of Vanillin
and Its Homologous Compounds by Employing MoO3-Incorporated Co-BTC MOF-Derived MoCoOx@C.
Dalton Transactions 2023, 52 (10), 3111-3126. https://doi.org/10.1039/d2dt03744k.

Yangcheng, R,; Ran, J.; Liu, Z,; Cui, Y.; Wang, J. Phosphoric Acid-Modified Commercial Kieselguhr Supported
Palladium Nanoparticles as Efficient Catalysts for Low-Temperature Hydrodeoxygenation of Lignin
Derivatives in Water. Green Chemistry 2022, 24 (4), 1570-1577. https://doi.org/10.1039/d1gc04243b.

Zaccheria, F,; Ravasio, N.; Psaro, R; Fusi, A. Heterogeneous Selective Catalytic Hydrogenation of Aryl
Ketones to Alcohols without Additives. Tetrahedron Lett 2005, 46 (21), 3695-3697.
https://doi.org/10.1016/].tetlet.2005.03.159.

Baode, M,; Jiangtao, H.; Yue, P.; Kai, X. Method for Synthesizing 4-Propyl Cyclohexanone by Continuous
Flow Microreactor. CN115197055A, 2022.

209



(363)

(364)

(365)

(366)

(367)

(368)

(369)
(370)

(371)

(372)

(373)

(374)

(375)

(376)

(377)

(378)

(379)

Xu, Y.; Qiy, S, Long, J; Wang, C,; Chang, J,; Tan, J,; Liu, Q; Ma, L; Wang, T.; Zhang, Q. In Situ Hydrogenation
of Furfural with Additives over a RANEY® Ni Catalyst. RSC Adv 2015, 5 (111), 91190-91195.
https://doi.org/10.1039/c5ra12844g.

Mironenko, R. M,; Belskaya, O. B,; Talsi, V. P.; Likholobov, V. A. Mechanism of Pd/C-Catalyzed Hydrogenation
of Furfural under Hydrothermal Conditions. J Catal 2020, 389, 721-734.
https://doi.org/10.1016/j jcat.2020.07.013.

Mironenko, R. M.; Belskaya, O. B.; Likholobov, V. A. Solvent Eff Ect on the Rate and Direction of Furfural
Transformations during Hydrogenation over the Pd/C Catalyst*; 2022; Vol. 71.

Deepa, A. K,; Dhepe, P. L. Function of Metals and Supports on the Hydrodeoxygenation of Phenolic
Compounds. Chempluschem 2014, 79 (11), 1573-1583. https://doi.org/10.1002/cplu.201402145.

Alda-Onggar, M.; Méki-Arvela, P.; Erdnen, K; Aho, A; Hemming, J.; Paturi, P,; Peurla, M,; Lindblad, M,;
Simakova, I. L; Murzin, D. Y. Hydrodeoxygenation of Isoeugenol over Alumina-Supported Ir, Pt, and Re
Catalysts. ACS Sustain Chem Eng 2018, 6 (12), 16205-16218.
https://doi.org/10.1021/acssuschemeng.8b03035.

Kennema, M.; Barros, |; Castro, D. De; Meemken, F.; Rinaldi, R. Liquid-Phase H - Transfer from 2 - Propanol
to Phenol on Raney Ni: Surface Processes and Inhibition. ACS Catal 2017, 7 (4), 2437-2445.
https://doi.org/10.1021/acscatal.6b03201.

Nickel Price. https://tradingeconomics.com/commodity/nickel.
Sabatier, P. Action Du Nickel Sur I'Ethyléne. Compt. Rendus 1897, 124, 616-"618.

Ananikov, V. P. Nickel: The “Spirited Horse” of Transition Metal Catalysis. ACS Catalysis. American Chemical
Society March 6, 2015, pp 1964-1971. https://doi.org/10.1021/acscatal.5b00072.

Rinaldi, R.; Woodward, R. T.; Ferrini, P.; Rivera, H. J. E. Lignin-First Biorefining of Lignocellulose: The Impact
of Process Severity on the Uniformity of Lignin Oil Composition. 2019, 30 (3), 479-491.

Alves de Souza, L.; Magalhées de Souza, P.; Tozzi Wurzler, G.; Teixeira da Silva, V.; Azevedo, D. A;; Wojcieszak,
R.; Bellot Noronha, F. Reductive Catalytic Fractionation of Lignocellulosic Biomass: Unveiling of the Reaction
Mechanism. ACS Sustain Chem Eng 2023, 17 (1), 67-77. https://doi.org/10.1021/acssuschemeng.2c03788.

Chen, J; Lu, F.; Si, X;; Nie, X.; Chen, J,; Ly, R;; Xu, J. High Yield Production of Natural Phenolic Alcohols from
Woody Biomass Using a Nickel-Based Catalyst. ChemSusChem 2016, 9 (23), 3353-3360.
https://doi.org/10.1002/cssc.201601273.

Luo, H,; Klein, I. M,; Jiang, Y.; Zhu, H,; Liu, B.; Kenttdmaa, H. I.; Abu-Omar, M. M. Total Utilization of Miscanthus
Biomass, Lignin and Carbohydrates, Using Earth Abundant Nickel Catalyst. ACS Sustain Chem Eng 2016, 4
(4), 2316-2322. https://doi.org/10.1021/acssuschemeng.5b01776.

Klein, I; Saha, B.; Abu-Omar, M. M. Lignin Depolymerization over Ni/C Catalyst in Methanol, a Continuation:
Effect of Substrate and Catalyst Loading. Catal Sci Technol 2015, 5 (6), 3242-3245.
https://doi.org/10.1039/c5cy00490);.

Brandner, D. G; Kruger, J. S,; Thornburg, N. E;; Facas, G. G.; Kenny, J. K;; Dreiling, R. J.; Morais, A. R. C;; Renders,
T, Cleveland, N. S.; Happs, R. M,; Katahira, R.; Vinzant, T. B,; Wilcox, D. G,; Roman-Leshkov, Y.; Beckham, G.
T. Flow-through Solvolysis Enables Production of Native-like Lignin from Biomass. Green Chemistry 2021,
23 (15), 5437-5441. https://doi.org/10.1039/d1gc01591e.

Kenny, J. K; Brandner, D. G.; Neefe, S. R,; Michener, W. E.; Roman-Leshkov, Y.; Beckham, G. T.; Medlin, J. W.
Catalyst Choice Impacts Aromatic Monomer Yields and Selectivity in Hydrogen-Free Reductive Catalytic
Fractionation. React Chem Eng 2022, 7 (12), 2527-2533. https://doi.org/10.1039/d2re00275b.

Prabhudesai, V. S.; Saravanakumar, K; Gurrala, L.; Vinu, R. Ultrasound-Assisted Low-Temperature Catalytic
Lignin-First Depolymerization of Pine Wood Biomass to Selectively Produce Propyl Guaiacol. Sustain Energy
Fuels 2023, 7 (9), 2117-2129. https://doi.org/10.1039/d2se01796b.

210



(380)

(381)

(382)

(383)

(384)

(385)

(386)
(387)

(388)

(389)

(390)

(391)

(392)

(393)

(394)

(395)

Ren, T, You, S.; Zhang, Z,; Wang, Y.; Qi, W.; Su, R;; He, Z. Highly Selective Reductive Catalytic Fractionation
at Atmospheric Pressure without Hydrogen. Green Chemistry 2021, 23 (4), 1648-1657.
https://doi.org/10.1039/d0gc03314f.

Liu, X; Li, H.; Xiao, L. P,; Sun, R. C; Song, G. Chemodivergent Hydrogenolysis of Eucalyptus Lignin with
Ni@ZIF-8 Catalyst. Green Chemistry 2019, 21 (6), 1498-1504. https://doi.org/10.1039/c8gc03511c.

Hou, M,; Chen, H,; Li, Y.; Wang, H.; Zhang, L, Bi, Y. Reductive Catalytic Fractionation of Lignocellulose over
Ni/Al203 Catalyst Prepared by an EDTA-Assisted Impregnation Method. Energy and Fuels 2022, 36 (4),
1929-1938. https://doi.org/10.1021/acs.energyfuels.1c03923.

Li, C; Zheng, M.,; Wang, A.; Zhang, T. One-Pot Catalytic Hydrocracking of Raw Woody Biomass into
Chemicals over Supported Carbide Catalysts: Simultaneous Conversion of Cellulose, Hemicellulose and
Lignin. Energy Environ Sci 2012, 5 (4), 6383-6390. https://doi.org/10.1039/c1ee02684d.

Sluiter, a,; Hames, B.; Ruiz, R; Scarlata, C,; Sluiter, J; Templeton, D.; Crocker, D. NREL/TP-510-42618
Analytical Procedure - Determination of Structural Carbohydrates and Lignin in Biomass. Laboratory
Analytical Procedure (LAP) 2012, No. April 2008, 17. https://doi.org/NREL/TP-510-42618.

Goering, H. K; Soest, P. J. V. Forage Fiber Analysis. In Agriculture Handbook; Government Printing Office:
Washington, DC, 1970; pp 12-20.

Umicore. https.//pmm.umicore.com/en/prices/.

Van Den Bosch, S.; Schutyser, W.; Koelewijn, S. F.; Renders, T.; Courtin, C. M.; Sels, B. F. Tuning the Lignin Oil
OH-Content with Ru and Pd Catalysts during Lignin Hydrogenolysis on Birch Wood. Chemical
Communications 2015, 57 (67), 13158-13161. https://doi.org/10.1039/c5cc04025f.

Galkin, M. V.; Smit, A. T.; Subbotina, E,; Artemenko, K. A,; Bergquist, J.; Huijgen, W. J. J.; Samec, J. S. M.
Hydrogen-Free Catalytic Fractionation of Woody Biomass. ChemSusChem 2016, 9 (23), 3280-3287.
https://doi.org/10.1002/cssc.201600648.

Renders, T.; Cooreman, E.; Van Den Bosch, S.; Schutyser, W.; Koelewijn, S. F.; Vangeel, T.; Deneyer, A,; Van
Den Bossche, G.; Courtin, C. M,; Sels, B. F. Catalytic Lignocellulose Biorefining in n -Butanol/Water: A One-
Pot Approach toward Phenolics, Polyols, and Cellulose. Green Chemistry 2018, 20 (20), 4607-4619.
https://doi.org/10.1039/c8gc0103Te.

Ouyang, X,; Huang, X.; Zhu, J.; Boot, M. D.; Hensen, E. J. M. Catalytic Conversion of Lignin in Woody Biomass
into Phenolic Monomers in Methanol/Water Mixtures without External Hydrogen. ACS Sustain Chem Eng
2019, 7 (16), 13764-13773. https://doi.org/10.1021/acssuschemeng.9b01497.

Chen, X,; Zhang, K;; Xiao, L. P.; Sun, R. C,; Song, G. Total Utilization of Lignin and Carbohydrates in Eucalyptus
Grandis: An Integrated Biorefinery Strategy towards Phenolics, Levulinic Acid, and Furfural. Biotechnol
Biofuels 2020, 13 (1). https://doi.org/10.1186/s13068-019-1644-z.

Liu, X; Feng, S.; Fang, Q. Jiang, Z.; Hu, C. Reductive Catalytic Fractionation of Lignin in Birch Sawdust to
Monophenolic ~ Compounds ~ with ~ High  Selectivity. = Molecular  Catalysis 2020,  495.
https://doi.org/10.1016/j.mcat.2020.111164.

Qiy, S.; Wang, M,; Fang, Y,; Tan, T. Reductive Catalytic Fractionation of Lignocellulose: When Should the
Catalyst Meet Depolymerized Lignin Fragments? Sustain Energy Fuels 2020, 4 (11), 5588-5594.
https://doi.org/10.1039/d0se01118e.

Ouyang, X,; Huang, X, Boot, M. D.; Hensen, E. J. M. Efficient Conversion of Pine Wood Lignin to Phenol.
ChemSusChem 2020, 13 (7), 1705-1709. https://doi.org/10.1002/cssc.202000485.

Hou, M,; Chen, H,; Li, Y., Wang, H.; Zhang, L, Bi, Y. Reductive Catalytic Fractionation of Lignocellulose over
Ni/Al203 Catalyst Prepared by an EDTA-Assisted Impregnation Method. Energy and Fuels 2022, 36 (4),
1929-1938. https://doi.org/10.1021/acs.energyfuels.1c03923.

211



(396)

(397)

(398)

(399)

(400)

(401)

(402)

(403)

(404)

(405)

(406)

(407)

(408)

(409)

(410)

Liu, Z,; Li, H,; Gao, X,; Guo, X,; Wang, S.; Fang, Y.; Song, G. Rational Highly Dispersed Ruthenium for Reductive
Catalytic Fractionation of Lignocellulose. Nat Commun 2022, 13 (1), 4716. https://doi.org/10.1038/s41467-
022-32451-5.

Wang, S.; Gao, W,; Li, H.; Xiao, L. P.,; Sun, R. C; Song, G. Selective Fragmentation of Biorefinery Corncob
Lignin into P-Hydroxycinnamic Esters with a Supported Zinc Molybdate Catalyst. ChemSusChem 2018, 11
(13), 2114-2123. https://doi.org/10.1002/cssc.201800455.

Wang, Q, Xiao, L. P,; Lv, Y. H,; Yin, W. Z; Hou, C. J,; Sun, R. C. Metal-Organic-Framework-Derived Copper
Catalysts for the Hydrogenolysis of Lignin into Monomeric Phenols. ACS Catal 2022, 72 (19), 11899-11909.
https://doi.org/10.1021/acscatal.2c02955.

Freese, T.; Fridrich, B.; Crespi, S.; Lubbe, A. S.; Barta, K,; Feringa, B. L. A Molecular Motor from Lignocellulose.
Green Chemistry 2022. https://doi.org/10.1039/d2gc00291d.

Sun, Z,; Bottari, G,; Afanasenko, A,; Stuart, M. C. A;; Deuss, P. J,; Fridrich, B.; Barta, K. Complete Lignocellulose
Conversion with Integrated Catalyst Recycling Yielding Valuable Aromatics and Fuels. Nat Catal 2018, 7 (1),
82-92. https://doi.org/10.1038/s41929-017-0007-z.

Nandiwale, K. Y.; Danby, A. M,; Ramanathan, A,; Chaudhari, R. V.; Motagamwala, A. H.; Dumesic, J. A;
Subramaniam, B. Enhanced Acid-Catalyzed Lignin Depolymerization in a Continuous Reactor with Stable
Activity. ACS Sustain Chem Eng 2020, 8 (10), 4096-4106. https://doi.org/10.1021/acssuschemeng.9b06556.

Kramarenko, A Etit, D.; Laudadio, G.; Neira D'angelo, F. B-Zeolite-Assisted Lignin-First Fractionation in a
Flow-Through Reactor. ChemSusChem 2021, 14, 3838-3849.
https://doi.org/10.26434/chemrxiv.14161355.v2.

Subbotina, E,; Velty, A; Samec, J. S. M, Corma, A. Zeolite-Assisted Lignin-First Fractionation of
Lignocellulose: Overcoming Lignin Recondensation through Shape-Selective Catalysis. ChemSusChem
2020, 73 (17), 4528-4536. https://doi.org/10.1002/cssc.202000330.

Huang, X; Morales Gonzalez, O. M,; Zhu, J.; Koranyi, T. |.; Boot, M. D.; Hensen, E. J. M. Reductive Fractionation
of Woody Biomass into Lignin Monomers and Cellulose by Tandem Metal Triflate and Pd/C Catalysis. Green
Chemistry 2017, 19 (1), 175-187. https://doi.org/10.1039/c6gc02962k.

Huang, X, Zhu, J,; Koranyi, T. |; Boot, M. D.; Hensen, E. J. M. Effective Release of Lignin Fragments from
Lignocellulose by Lewis Acid Metal Triflates in the Lignin-First Approach. ChemSusChem 2016, 9 (23), 3262—
3267. https://doi.org/10.1002/cssc.201601252.

Jastrzebski, R.; Constant, S.; Lancefield, C. S.; Westwood, N. J,; Weckhuysen, B. M.; Bruijnincx, P. C. A. Tandem
Catalytic Depolymerization of Lignin by Water-Tolerant Lewis Acids and Rhodium Complexes.
ChemSusChem 2016, 9 (16), 2074-2079. https://doi.org/10.1002/cssc.201600683.

Huang, X.; Ouyang, X,; Hendriks, B. M. S.; Gonzalez, O. M. M,; Zhu, J.; Koranyi, T. |; Boot, M. D.; Hensen, E. J.
M. Selective Production of Mono-Aromatics from Lignocellulose over Pd/C Catalyst: The Influence of Acid
Co-Catalysts. Faraday Discuss 2017, 202, 141-156. https://doi.org/10.1039/c7fd00039a.

Ouyang, X.; Huang, X.; Hendriks, B. M. S;; Boot, M. D.; Hensen, E. J. M. Coupling Organosolv Fractionation
and Reductive Depolymerization of Woody Biomass in a Two-Step Catalytic Process. Green Chemistry 2018,
20 (10), 2308-2319. https://doi.org/10.1039/c8gc00639c.

Liu, X.; Bouxin, F. P.; Fan, J., Gammons, R.; Budarin, V. L.; Hu, C.; Clark, J. H. Effect of Metal Triflates on the
Microwave-Assisted Catalytic Hydrogenolysis of Birch Wood Lignin to Monophenolic Compounds. Ind
Crops Prod 2021, 167. https://doi.org/10.1016/j.indcrop.2021.113515.

Guo, T, Li, X Liu, X;; Guo, Y.; Wang, Y. Catalytic Transformation of Lignocellulosic Biomass into Arenes, 5-
Hydroxymethylfurfural, and Furfural. ChemSusChem 2018, 11 (16), 2758-2765.
https://doi.org/10.1002/cssc.201800967.

212



411)

412)

(413)

(414)

(415)

(416)

417)

(418)

(419)

(420)

(421)

(422)

(423)

(424)

(425)

(426)

Renders, T.; Schutyser, W.; Van Den Bosch, S.; Koelewijn, S. F.; Vangeel, T,; Courtin, C. M,; Sels, B. F. Influence
of Acidic (H3P0O4) and Alkaline (NaOH) Additives on the Catalytic Reductive Fractionation of Lignocellulose.
ACS Catal 2016, 6 (3), 2055-2066. https://doi.org/10.1021/acscatal.5b02906.

Yan, N.; Zhao, C,; Dyson, P. J,; Wang, C,; Liu, L. T.; Kou, Y. Selective Degradation of Wood Lignin over Noble-
Metal  Catalysts in a Two-Step  Process. ChemSusChem 2008, 1 (7), 626-629.
https://doi.org/10.1002/cssc.200800080.

Kumaniaev, |; Subbotina, E.; Sdvmarker, J.; Larhed, M,; Galkin, M. V.; Samec, J. S. M. Lignin Depolymerization
to Monophenolic Compounds in a Flow-through System. Green Chemistry 2017, 19 (24), 5767-5771.
https://doi.org/10.1039/c7gc02731a.

Wei, N; Qi, S.; Wang, G,; Ge, J.; Sui, W.; Sun, H,; Parvez, A. M,; Jia, H.; Si, C. Acid-Promoted Lignin Reductive
Depolymerization under Mild Conditions via a Condensation Minimizing Approach: From Organosolv
Lignin to Woody Biomass. Fuel 2023, 338. https://doi.org/10.1016/j.fuel.2022.127311.

Liu, Y, Li, C; Miao, W,; Tang, W.; Xue, D.; Xiao, J.; Zhang, T.; Wang, C. Rhodium-Terpyridine Catalyzed Redox-
Neutral Depolymerization of Lignin in Water. Green Chemistry 2020, 22 (1), 33-38.
https://doi.org/10.1039/c9gc03057c.

Liu, Y, Li, C; Miao, W.; Tang, W.; Xue, D.; Li, C; Zhang, B.; Xiao, J., Wang, A,; Zhang, T.; Wang, C. Mild Redox-
Neutral Depolymerization of Lignin with a Binuclear Rh Complex in Water. ACS Catal 2019, 9 (5), 4441-
4447. https://doi.org/10.1021/acscatal.9b00669.

Anderson, E. M.; Stone, M. L, Katahira, R; Reed, M,; Beckham, G. T, Roman-Leshkov, Y. Flowthrough
Reductive Catalytic Fractionation of Biomass. Joule 2017, 1 (3), 613-622.
https://doi.org/10.1016/j.joule.2017.10.004.

Lan, W,; Du, Y. P.; Sun, S,; Behaghel De Bueren, J,; Héroguel, F.; Luterbacher, J. S. Continuous Hydrogenolysis
of  Acetal-Stabilized Lignin in Flow. Green Chemistry 2021, 23 (1), 320-327.
https://doi.org/10.1039/d0gc02928a.

Ferrini, P.; Rezende, C. A;; Rinaldi, R. Catalytic Upstream Biorefining through Hydrogen Transfer Reactions:
Understanding the Process from the Pulp Perspective. ChemSusChem 2016, 9 (22), 3171-3180.
https://doi.org/10.1002/cssc.201601121.

Alonso, F.; Riente, P.; Yus, M. Nickel Nanoparticles in Hydrogen Transfer Reactions. Acc Chem Res 2011, 44
(5), 379-391. https://doi.org/10.1021/ar1001582.

Rodella, C. B.; Kellermann, G.; Francisco, M. S. P.; Jorddo, M. H.; Zanchet, D. Textural and Structural Analyses
of Industrial Raney Nickel Catalyst. Ind Eng Chem Res 2008, 47 (22), 8612-8618.
https://doi.org/10.1021/ie800543t.

Smith, M. B, March, J. March’s Advanced Organic Chemistry, 6th edition; Wiley, 2006.
https://doi.org/10.1002/0470084960.

Dou, Z; Zhang, Z,; Wang, M. Self-Hydrogen Transfer Hydrogenolysis of Native Lignin over Pd-PdO/TiO2.
Appl Catal B 2022, 3017. https://doi.org/10.1016/j.apcatb.2021.120767.

Park, J.; Riaz, A; Verma, D.; Lee, H. J; Woo, H. M,; Kim, J. Fractionation of Lignocellulosic Biomass over Core—
Shell Ni@AI203 Catalysts with Formic Acid as a Cocatalyst and Hydrogen Source. ChemSusChem 2019, 12
(8), 1743-1762. https://doi.org/10.1002/cssc.201802847.

Park, J; Cahyadi, H. S,; Mushtaq, U,; Verma, D.; Han, D.; Nam, K. W.; Kwak, S. K.; Kim, J. Highly Efficient
Reductive Catalytic Fractionation of Lignocellulosic Biomass over Extremely Low-Loaded Pd Catalysts. ACS
Catal 2020, 70 (21), 12487-12506. https://doi.org/10.1021/acscatal.0c03393.

Su, S.; Xiao, L. P; Chen, X; Wang, S.; Chen, X. H,; Guo, Y.; Zhai, S. R. Lignin-First Depolymerization of
Lignocellulose into Monophenols over Carbon Nanotube-Supported Ruthenium: Impact of Lignin Sources.
ChemSusChem 2022, 15 (12). https://doi.org/10.1002/cssc.202200365.

213



(427)

(428)

(429)

(430)

(431)

(432)

(433)

(434)

(435)

(436)

(437)

(438)

(439)

(440)

Liao, Y.; Koelewijn, S. F.; van den Bossche, G.; van Aelst, J.; van den Bosch, S.; Renders, T.; Navare, K.; Nicolai,
T.; van Aelst, K.; Maesen, M.; Matsushima, H.; Thevelein, J. M.; van Acker, K.; Lagrain, B.; Verboekend, D.; Sels,
B. F. A Sustainable Wood Biorefinery for Low-Carbon Footprint Chemicals Production. Science (7979) 2020,
367 (6484), 1385-1390. https://doi.org/10.1126/science.aau1567.

Fan, Y, Li, H.; Su, S.; Chen, J,; Liu, C; Wang, S.; Xu, X.; Song, G. Integration of Ru/C and Base for Reductive
Catalytic Fractionation of Triploid Poplar. Chinese Journal of Catalysis 2022, 43 (3), 802-810.
https://doi.org/10.1016/5S1872-2067(21)63881-0.

Li, X,; Ma, R; Gao, X, Li, H,; Wang, S.; Song, G. Harnessing Atomically Dispersed Cobalt for the Reductive
Catalytic Fractionation of Lignocellulose. Advanced Science 2024. https://doi.org/10.1002/advs.202310202.

Cooreman, E.; Nicolai, T.; Arts, W,; Van Aelst, K,; Vangeel, T.; Van den Bosch, S. V.; Van Aelst, J; Lagrain, B.;
Thiele, K.; Thevelein, J,; Sels, B. F. The Future Biorefinery: The Impact of Upscaling the Reductive Catalytic
Fractionation of Lignocellulose Biomass on the Quality of the Lignin Oil, Carbohydrate Products, and Pulp.
ACS Sustain Chem Eng 2023, 11 (14), 5440-5450. https://doi.org/10.1021/acssuschemeng.2c06913.

Vila, C,; Santos, V.; Parajo, J. C. Manufacture of Microcrystalline Cellulose from Eucalyptus Globuluswood
Using an Environmentally Friendly Biorefinery Method. Journal of Wood Chemistry and Technology 2014,
34 (1), 8-19. https://doi.org/10.1080/02773813.2013.804090.

Bessa, W.; Trache, D.; Tarchoun, A. F.; Abdelaziz, A.; Hussin, M. H.; Brosse, N. Insight into the Physicochemical
Properties and Thermal Behavior of Cellulose Microcrystals Isolated from Aleppo Pine Using Different
Delignification Approaches. Biomass Convers Biorefin 2023. https://doi.org/10.1007/s13399-023-04678-9.

Bessa, W.; Trache, D.; Tarchoun, A. F.; Abdelaziz, A,; Hussin, M. H.; Brosse, N. Unraveling the Effect of Kraft
and Organosolv Processes on the Physicochemical Properties and Thermal Stability of Cellulose and Its
Microcrystals Produced from Eucalyptus Globulus. Sustainability (Switzerland) 2023, 15 (4).
https://doi.org/10.3390/su15043384.

Tschulkow, M.; Compernolle, T.; Van den Bosch, S.; Van Aelst, J.; Storms, |.; Van Dael, M.; Van den Bossche,
G.; Sels, B.; Van Passel, S. Integrated Techno-Economic Assessment of a Biorefinery Process: The High-End
Valorization of the Lignocellulosic Fraction in Wood Streams. J Clean Prod 2020, 266.
https://doi.org/10.1016/j.jclepro.2020.122022.

Bartling, A. W,; Stone, M. L; Hanes, R. J.; Bhatt, A; Zhang, Y.; Biddy, M. J.; Davis, R.; Kruger, J. S.; Thornburg,
N. E,; Luterbacher, J. S; Rinaldi, R;; Samec, J. S. M;; Sels, B. F.; Roman-Leshkov, Y.; Beckham, G. T. Techno-
Economic Analysis and Life Cycle Assessment of a Biorefinery Utilizing Reductive Catalytic Fractionation.
Energy Environ Sci 2021, 14 (8), 4147-4168. https://doi.org/10.1039/d1ee01642c.

Biddy, M. J,; Scarlata, C,; Kinchin, C. Chemicals from Biomass: A Market Assessment of Bioproducts with Near-
Term Potential; Golden, 2016.

Afanasenko, A. M.; Wu, X,; De Santi, A,; Elgaher, W. A. M,; Kany, A. M,; Shafiei, R,; Schulze, M.-S.; Schulz, T.
F.; Haupenthal, J,; Hirsch, A. K. H.; Barta, K. Clean Synthetic Strategies to Biologically Active Molecules from
Lignin: A Green Path to Drug Discovery**. 2023. https://doi.org/10.26434/chemrxiv-2022-b6rn4.

Wu, X.; De Bruyn, M.; Barta, K. Primary Amines from Lignocellulose by Direct Amination of Alcohol
Intermediates, Catalyzed by RANEY® Ni. Catal Sci Technol 2022, 12 (19), 5908-5916.
https://doi.org/10.1039/d2cy00864e.

Afanasenko, A, Barta, K. Pharmaceutically Relevant (Hetero)Cyclic Compounds and Natural Products from
Lignin-Derived Monomers: Present and Perspectives. iScience 2021, 24, 102211.
https://doi.org/10.1016/j.isci.

Zhang, Z., Zheng, Z; Duan, X, Xu, X. Synthesis and Redox Ring Cleavage of Cis-1,34,5-
Tetrahydrobenzo[c]Oxepines. Heterocycles 2007, 71 (11). https://doi.org/10.3987/COM-07-11153.

214



(441)

(442)

(443)

(444)

(445)

(446)

(447)

(448)

(449)

(450)

(451)

(452)

(453)

(454)

(455)

(456)

Elangovan, S.; Afanasenko, A, Haupenthal, J,; Sun, Z; Liu, Y.; Hirsch, A. K. H.; Barta, K. From Wood to
Tetrahydro-2-Benzazepines in Three Waste-Free Steps: Modular Synthesis of Biologically Active Lignin-
Derived Scaffolds. ACS Cent Sci 2019, 5 (10), 1707-1716. https://doi.org/10.1021/acscentsci.9b00781.

Liégault, B.; Lee, D.; Huestis, M. P,; Stuart, D. R,; Fagnou, K. Intramolecular Pd(Il)-Catalyzed Oxidative Biaryl
Synthesis under Air: Reaction Development and Scope. Journal of Organic Chemistry 2008, 73 (13), 5022—
5028. https://doi.org/10.1021/jo800596m.

Sun, Z,; Cheng, J.; Wang, D.; Yuan, T. Q,; Song, G.; Barta, K. Downstream Processing Strategies for Lignin-
First  Biorefinery. ChemSusChem. Wiley-VCH Verlag October 7, 2020, pp 5199-5212.
https://doi.org/10.1002/cssc.202001085.

Yu, J; Wang, Y.; Zhang, P.; Wu, J. Direct Amination of Phenols under Metal-Free Conditions. Synlett 2013,
24 (11), 1448-1454. https://doi.org/10.1055/s-0033-1338703.

Van De Pas, D. J; Torr, K. M. Biobased Epoxy Resins from Deconstructed Native Softwood Lignin.
Biomacromolecules 2017, 18 (8), 2640-2648. https://doi.org/10.1021/acs.biomac.7b00767.

Schutyser, W.; Van Den Bosch, S.; Dijkmans, J.; Turner, S.; Meledina, M.; Van Tendeloo, G.; Debecker, D. P
Sels, B. F. Selective Nickel-Catalyzed Conversion of Model and Lignin-Derived Phenolic Compounds to
Cyclohexanone-Based Polymer Building Blocks. ChemSusChem 2015, 8 (10), 1805-1818.
https://doi.org/10.1002/cssc.201403375.

Adler, A; Kumaniaev, |; Karacic, A; Baddigam, K. R,; Hanes, R. J.; Subbotina, E.; Bartling, A. W.; Huertas-
Alonso, A. J,; Moreno, A; Hakansson, H.; Mathew, A. P.; Beckham, G. T,; Samec, J. S. M. Lignin-First Biorefining
of Nordic Poplar to Produce Cellulose Fibers Could Displace Cotton Production on Agricultural Lands. Joule
2022, 6 (8), 1845-1858. https://doi.org/10.1016/j.joule.2022.06.021.

Cao, Z,; Dierks, M,; Clough, M. T,; Castro, |. B. D. De; Rinaldi, R. A Convergent Approach for a Deep Converting
Lignin-First Biorefinery Rendering High-Energy-Density Drop-in Fuels. Joule 2018, 2 (6), 1118-1133.
https://doi.org/10.1016/j.,joule.2018.03.012.

Gigli, M,; Crestini, C. Fractionation of Industrial Lignins: Opportunities and Challenges. Green Chemistry
2020, 22 (15), 4722-4746. https://doi.org/10.1039/d0gc01606c.

Croes, T.; Dutta, A.; De Bie, R; Van Aelst, K;; Sels, B,; Van der Bruggen, B. Extraction of Monophenols and
Fractionation of Depolymerized Lignin Oil with Nanofiltration Membranes. Chemical Engineering Journal
2022. https://doi.org/10.2139/ssrn.4157095.

Brodin, I; Sjoholm, E.; Gellerstedt, G. Kraft Lignin as Feedstock for Chemical Products: The Effects of
Membrane Filtration. Holzforschung 2009, 63 (3), 290-297. https://doi.org/10.1515/HF.2009.049.

Wallberg, O.; J6nsson, A. S,; Wimmerstedt, R. Ultrafiltration of Kraft Black Liquor with a Ceramic Membrane.
Desalination 2003, 756 (1-3), 145-153. https://doi.org/10.1016/S0011-9164(03)00337-0.

Toledano, A, Serrano, L,; Garcia, A.; Mondragon, |; Labidi, J. Comparative Study of Lignin Fractionation by
Ultrafiltration and Selective Precipitation. Chemical Engineering Journal 2010, 157 (1), 93-99.
https://doi.org/10.1016/j.cej.2009.10.056.

Toledano, A,; Garcia, A,; Mondragon, |.; Labidi, J. Lignin Separation and Fractionation by Ultrafiltration. Sep
Purif Technol 2010, 77 (1), 38-43. https://doi.org/10.1016/j.seppur.2009.10.024.

Sultan, Z,; Graca, |,; Li, Y.; Lima, S.; Peeva, L. G,; Kim, D.; Ebrahim, M. A;; Rinaldi, R;; Livingston, A. G. Membrane
Fractionation of Liquors from Lignin-First Biorefining. ChemSusChem 2019, 12 (6), 1203-1212.
https://doi.org/10.1002/cssc.201802747.

Gosselink, Richard J.A., van der Putten, J.C,, van Es, D. S. Fractionation of Technical Lignin. WO2015/178771,
2015.

215



(457)

(458)

(459)

(460)

(461)

(462)

(463)

(464)

(465)

(466)

(467)

(468)

(469)

(470)

(471)

(472)

Weidener, D.; Klose, H.; Graf von Westarp, W.; Jupke, A,; Leitner, W.; Dominguez de Maria, P.; Grande, P. M.
Selective Lignin Fractionation Using CO 2 -Expanded 2-Methyltetrahydrofuran (2-MTHF). Green Chemistry
2021, 23, 6330-6336. https://doi.org/10.1039/d1gc01651b.

Dao Thi, H.; Van Aelst, K; Van den Bosch, S.; Katahira, R,; Beckham, G. T,; Sels, B. F.; Van Geem, K. M.
Identification and Quantification of Lignin Monomers and Oligomers from Reductive Catalytic Fractionation
of Pine Wood with GC x GC - FID/MS. Green Chemistry 2022, 24 (1), 191-206.
https://doi.org/10.1039/d1gc03822b.

Van Aelst, K.; Van Sinay, E.; Vangeel, T.; Cooreman, E.; Van den Bossche, G.; Renders, T,; Van Aelst, J,; Van
den Bosch, S.; Sels, B. F. Reductive Catalytic Fractionation of Pine Wood: Elucidating and Quantifying the
Molecular ~ Structures in the Lignin Oil. Chem Sci 2020, 11 (42), 11498-11508.
https://doi.org/10.1039/D0SC04182C.

Constant, S.; Wienk, H. L. J.; Frissen, A. E.; Peinder, P. De; Boelens, R.; Van Es, D. S.; Grisel, R. J. H.; Weckhuysen,
B. M.; Huijgen, W. J. J.; Gosselink, R. J. A; Bruijnincx, P. C. A. New Insights into the Structure and Composition
of Technical Lignins: A Comparative Characterisation Study. Green Chemistry 2016, 18 (9), 2651-2665.
https://doi.org/10.1039/c5gc03043a.

Smit, A; Huijgen, W. Effective Fractionation of Lignocellulose in Herbaceous Biomass and Hardwood Using
a Mild Acetone Organosolv Process. Green Chemistry 2017, 19 (22), 5505-5514.
https://doi.org/10.1039/c7gc02379k.

Rodriguez, A; Espinosa, E.; Dominguez-Robles, J.; Sanchez, R; Bascon, |.; Rosal, A. Different Solvents for
Organosolv Pulping. In Pulp and Paper Processing; 2018; pp 33-54.

Kim, H.; Vinueza, N. R; Kelley, S. S.; Park, S. Correlation between Solubility Parameters and Recovery of
Phenolic Compounds from Fast Pyrolysis Bio-Oil by Diesel Extraction. Carbon Resources Conversion 2018,
1 (3), 238-244. https://doi.org/10.1016/j.crcon.2018.08.004.

Feng, X.; Chen, Y.; Fang, Y, Wang, X,; Wang, Z; Tao, T.; Zuo, Y. Photodegradation of Parabens by Fe(lll)-
Citrate Complexes at Circumneutral PH: Matrix Effect and Reaction Mechanism. Science of the Total
Environment 2014, 472, 130-136. https://doi.org/10.1016/j.scitotenv.2013.11.005.

Takada, M., Okazaki, Y., Kawamoto, H. Sagawa, T. Tunable Light Emission from Lignin: Various
Photoluminescence Properties Controlled by the Lignocellulosic Species, Extraction Method, Solvent, and
Polymer. ACS Omega 2022, 7 (6), 5096-5103. https://doi.org/10.1021/acsomega.1c06104.

Lin, S.Y.; Dence, C. W. Methods in Lignin Chemistry, 1st ed.; Springer Berlin: Heidelberg, 1992.

Graca, |, Woodward, R. T.; Kennema, M.; Rinaldi, R. Formation and Fate of Carboxylic Acids in the Lignin-
First Biore Fi Ning of Lignocellulose via H - Transfer Catalyzed by Raney Ni. ACS Sustain Chem Eng 2018, 6
(10), 13408-13419. https://doi.org/10.1021/acssuschemeng.8b03190.

Mansfield, S. D.; Kim, H.; Lu, F,; Ralph, J. Whole Plant Cell Wall Characterization Using Solution-State 2D
NMR. Nat Protoc 2012, 7 (9), 1579-1589. https://doi.org/10.1038/nprot.2012.064.

Kim, H.; Ralph, J. A Gel-State 2D-NMR Method for Plant Cell Wall Profiling and Analysis: A Model Study
with the Amorphous Cellulose and Xylan from Ball-Milled Cotton Linters. RSC Adv 2014, 4 (15), 7549-7560.
https://doi.org/10.1039/c3ra46338a.

Kim, H.; Ralph, J. Solution-State 2D NMR of Ball-Milled Plant Cell Wall Gels in DMSO-d 6/Pyridine-D5. Org
Biomol Chem 2010, 8 (3), 576-591. https://doi.org/10.1039/b916070a.

Lowary, T. L, Richards, G. N. Mechanisms of Pyrolysis of Polysaccharides: Cellobiitol as a Model for Cellulose.
Carbohydr Res 1990, 7198 (1), 79-89. https://doi.org/10.1016/0008-6215(90)84278-3.

Calvaruso, G,; Burak, J. A; Clough, M. T,; Kennema, M.; Meemken, F.; Rinaldi, R. On the Reactivity of Dihydro-
p-Coumaryl Alcohol towards Reductive Processes Catalyzed by Raney Nickel. ChemCatChem 2017, 9 (14),
2627-2632. https://doi.org/10.1002/cctc.201601590.

216



(473)

(474)

(475)

(476)

477)

(478)

(479)

(480)

(481)

(482)

(483)

(484)

(485)

(486)

(487)

De Castro, I. B. D.; Graga, |.; Rodriguez-Garcia, L; Kennema, M,; Rinaldi, R; Meemken, F. Elucidating the
Reactivity of Methoxyphenol Positional Isomers towards Hydrogen-Transfer Reactions by ATR-IR
Spectroscopy of the Liquid-Solid Interface of RANEY® Ni. Catal Sci Technol 2018, 8 (12), 3107-3114.
https://doi.org/10.1039/c8cy00491a.

Wu, B.; Wang, J. Phenolic Compounds from Selaginella Moellendorfii. Chem Biodivers 2011, 8 (9), 1735—
1747. https://doi.org/10.1002/cbdv.201000340.

Kim, C. S.; Kwon, O. W,; Kim, S.Y.; Lee, K. R. Bioactive Lignans from the Trunk of Abies Holophylla. J Nat Prod
2013, 76 (11), 2131-2135. https://doi.org/10.1021/np4005322.

Wang, Y. H,; Sun, Q. Y, Yang, F. M,; Long, C. L; Zhao, F. W.; Tang, G. H.; Niu, H. M.; Wang, H.; Huang, Q. Q;
Xu, J.J; Ma, L. J. Neolignans and Caffeoyl Derivatives from Selaginella Moellendorffii. Helv Chim Acta 2010,
93 (12), 2467-2477. https://doi.org/10.1002/hlca.201000116.

Ralph, S.; Ralph, J. NMR Database of Lignin and Cell Wall Model Compounds. Great Lakes Bioenergy Research
Centre.  https://www.glbrc.org/data-and-tools/glbrc-research-tools/nmr-database-lignin-and-cell-wall-
model-compounds.

Anderson, E. M.; Stone, M. L.; Katahira, R.; Reed, M.; Muchero, W.; Ramirez, K. J.; Beckham, G. T.; Roman-
Leshkov, Y. Differences in S/G Ratio in Natural Poplar Variants Do Not Predict Catalytic Depolymerization
Monomer Yields. Nat Commun 2019, 70 (1), 1-10. https://doi.org/10.1038/s41467-019-09986-1.

Donaldson, L. Softwood and Hardwood Lignin Fluorescence Spectra of Wood Cell Walls in Different
Mounting Media. IAWA J 2013, 34 (1), 3-19. https://doi.org/10.1163/22941932-00000002.

Huang, X; Koranyi, T. |; Boot, M. D.; Hensen, E. J. M. Ethanol as Capping Agent and Formaldehyde Scavenger
for Efficient Depolymerization of Lignin to Aromatics. Green Chemistry 2015, 17 (11), 4941-4950.
https://doi.org/10.1039/c5gc01120e.

Huang, X, Koranyi, T. |; Boot, M. D.; Hensen, E. J. M. Catalytic Depolymerization of Lignin in Supercritical
Ethanol. ChemSusChem 2014, 7 (8), 2276-2288. https://doi.org/10.1002/cssc.201402094.

Chen, L.; van Muyden, A. P.; Cui, X.; Fei, Z; Yan, N.; Laurenczy, G.; Dyson, P. J. Lignin First: Confirming the
Role of the Metal Catalyst in Reductive Fractionation. JACS Au 2021, 1 (6), 729-733.
https://doi.org/10.1021/jacsau.1c00018.

Cooreman, E.; Vangeel, T.; Van Aelst, K.; Van Aelst, J.; Lauwaert, J,; Thybaut, J. W.; Van Den Bosch, S.; Sels, B.
F. Perspective on Overcoming Scale-Up Hurdles for the Reductive Catalytic Fractionation of Lignocellulose
Biomass. Industrial and Engineering Chemistry Research. American Chemical Society September 30, 2020,
pp 17035-17045. https://doi.org/10.1021/acs.iecr.0c02294.

Lempiadinen, H.; Lappalainen, K. Haverinen, J,; Tuuttila, T.; Hu, T.; Jaakkola, M, Lassi, U. The Effect of
Mechanocatalytic Pretreatment on the Structure and Depolymerization of Willow. Catalysts 2020, 70 (2).
https://doi.org/10.3390/catal10020255.

Kaldstrom, M.; Meine, N.; Fares, C.; Rinaldi, R.; Schith, F. Fractionation of "water-Soluble Lignocellulose”
into C5/C 6 Sugars and Sulfur-Free Lignins. Green Chemistry 2014, 16 (5), 2454-2462.
https://doi.org/10.1039/c4gc00168k.

Loustau-Cazalet, C; Sambusiti, C.; Buche, P; Solhy, A, Bilal, E; Larzek, M., Barakat, A. Innovative
Deconstruction of Biomass Induced by Dry Chemo-Mechanical Activation: Impact on Enzymatic Hydrolysis
and Energy Efficiency.  ACS  Sustain Chem Eng 2016, 4 (5), 2689-2697.
https://doi.org/10.1021/acssuschemeng.6b00194.

Calvaruso, G, Clough, M. T, Rechulski, M. D. K. Rinaldi, R. On the Meaning and Origins of Lignin
Recalcitrance: A Critical Analysis of the Catalytic Upgrading of Lignins Obtained from Mechanocatalytic
Biorefining and Organosolv Pulping. ChemCatChem 2017, 9 (14), 2691-2700.
https://doi.org/10.1002/cctc.201700473.

217



(488)

(489)

(490)

(491)

(492)

(493)

(494)

(495)

(496)

(497)

(498)

(499)

(500)

(501)

(502)

(503)

Kaldstrom, M.; Meine, N.; Fares, C,; Schith, F,; Rinaldi, R. Deciphering “water-Soluble Lignocellulose”
Obtained by Mechanocatalysis: New Insights into the Chemical Processes Leading to Deep
Depolymerization. Green Chemistry 2014, 16 (7), 3528-3538. https://doi.org/10.1039/c4gc00004h.

Meyer, G,; Wolf, M,; Hanstein, S.; Rose, M. Mechanocatalytic Partial Depolymerization of Lignocellulosic
Feedstock towards Oligomeric Glycans. Sustain Energy Fuels 2023. https://doi.org/10.1039/d3se00111c.

Carrasquillo-Flores, R, Kaldstrom, M., Schiuth, F; Dumesic, J. A, Rinaldi, R. Mechanocatalytic
Depolymerization of Dry (Ligno)Cellulose as an Entry Process for High-Yield Production of Furfurals. ACS
Catal 2013, 3 (5), 993-997. https://doi.org/10.1021/cs4001333.

Meine, N.; Rinaldi, R; Schuth, F. Solvent-Free Catalytic Depolymerization of Cellulose to Water-Soluble
Oligosaccharides. ChemSusChem 2012, 5 (8), 1449-1454. https://doi.org/10.1002/cssc.201100770.

Schith, F.; Rinaldi, R; Meine, N, Kaldstrém, M.; Hilgert, J.; Rechulski, M. D. K. Mechanocatalytic
Depolymerization of Cellulose and Raw Biomass and Downstream Processing of the Products. Catal Today
2014, 234, 24-30. https://doi.org/10.1016/j.cattod.2014.02.019.

Schneider, L,; Haverinen, J.; Jaakkola, M.; Lassi, U. Effective Saccharification of Lignocellulosic Barley Straw
by Mechanocatalytical Pretreatment Using Potassium Pyrosulfate as a Catalyst. Bioresour Technol 2017,
234, 1-7. https://doi.org/10.1016/j.biortech.2017.03.020.

Dong, Y.; Haverinen, J.; Tuuttila, T.; Jaakkola, M.; Holm, J.; Leveque, J. M; Lassi, U. Rapid One-Step Solvent-
Free Acid-Catalyzed Mechanical Depolymerization of Pine Sawdust to High-Yield Water-Soluble Sugars.
Biomass Bioenergy 2017, 102, 23-30. https://doi.org/10.1016/j.biombioe.2017.03.026.

Kleine, T.; Buendia, J.; Bolm, C. Mechanochemical Degradation of Lignin and Wood by Solvent-Free Grinding
in a Reactive Medium. Green Chemistry 2013, 15 (1), 160-166. https://doi.org/10.1039/c2gc36456e.

Hick, S. M,; Griebel, C,; Restrepo, D. T.; Truitt, J. H.; Buker, E. J.; Bylda, C,; Blair, R. G. Mechanocatalysis for
Biomass-Derived Chemicals and Fuels. Green Chemistry 2010, 12 (3), 468-47.
https://doi.org/10.1039/b923079c.

Kessler, M.; Rinaldi, R. Kinetic Energy Dose as a Unified Metric for Comparing Ball Mills in the
Mechanocatalytic Depolymerization of Lignocellulose. Front Chem 2022, 9 (January), 1-10.
https://doi.org/10.3389/fchem.2021.816553.

Cheng, Y, Qu, Y, Yang, S.; Zhuang, K; Wang, J. Staged Biorefinery of Moso Bamboo by Integrating
Polysaccharide Hydrolysis and Lignin Reductive Catalytic Fractionation (RCF) for the Sequential Production
of Sugars and Aromatics. Ind Crops Prod 2021, 164. https://doi.org/10.1016/j.indcrop.2021.113358.

Evans, R.; Wearne, R. H.; Wallis, A. F. A. Molecular Weight Distribution of Cellulose as Its Tricarbanilate by
High Performance Size Exclusion Chromatography. J Appl Polym Sci 1989, 37 (12), 3291-3303.
https://doi.org/10.1002/app.1989.070371202.

Thielemans, K,; De Bondt, Y.; Van den Bosch, S.; Bautil, A,; Roye, C.; Deneyer, A,; Courtin, C. M,; Sels, B. F.
Decreasing the Degree of Polymerization of Microcrystalline Cellulose by Mechanical Impact and Acid
Hydrolysis. Carbohydr Polym 2022, 294. https://doi.org/10.1016/j.carbpol.2022.119764.

Paes, S. S.; Sun, S,; MacNaughtan, W.; Ibbett, R; Ganster, J; Foster, T. J.; Mitchell, J. R. The Glass Transition
and Crystallization of Ball Milled Cellulose. Cellulose 2010, 77 (4), 693-709. https://doi.org/10.1007/s10570-
010-9425-7.

Avolio, R.; Bonadies, |.; Capitani, D.; Errico, M. E.; Gentile, G.; Avella, M. A Multitechnique Approach to Assess
the Effect of Ball Miling on Cellulose. Carbohydr Polym 2012, 87 (1), 265-273.
https://doi.org/10.1016/j.carbpol.2011.07.047.

Wang, Z.; McDonald, A. G.; Westerhof, R. J. M,; Kersten, S. R. A; Cuba-Torres, C. M.; Ha, S,; Pecha, B.; Garcia-
Perez, M. Effect of Cellulose Crystallinity on the Formation of a Liquid Intermediate and on Product

218



(504)

(505)

(506)

(507)

(508)

(509)

(510)

(511)

(512)

(513)

(514)

Distribution during Pyrolysis. J Anal Appl Pyrolysis 2013, 100, 56-66.
https://doi.org/10.1016/j.jaap.2012.11.017.

Ling, Z; Wang, T.; Makarem, M.; Santiago Cintréon, M.; Cheng, H. N,; Kang, X.; Bacher, M.; Potthast, A,;
Rosenau, T,; King, H.,; Delhom, C. D.; Nam, S.; Vincent Edwards, J.; Kim, S. H.; Xu, F,; French, A. D. Effects of
Ball Miling on the Structure of Cotton Cellulose. Cellulose 2019, 26 (1), 305-328.
https://doi.org/10.1007/s10570-018-02230-x.

Kessler, M, Woodward, R. T; Wong, N. Rinaldi, R. Kinematic Modeling of Mechanocatalytic
Depolymerization of a -Cellulose and Beechwood. ChemSusChem 2018, 11, 552-561.
https://doi.org/10.1002/cssc.201702060.

Johnson, A. M.; Kim, H.; Ralph, J,; Mansfield, S. D. Natural Acetylation Impacts Carbohydrate Recovery during
Deconstruction  of  Populus  Trichocarpa  Wood.  Biotechnol  Biofuels 2017, 0 ().
https://doi.org/10.1186/s13068-017-0734-z.

Laine, R. F.; Tosheva, K. L,; Gustafsson, N.; Gray, R. D. M.; Almada, P.; Albrecht, D; Risa, G. T.; Hurtig, F.; Lindas,
A. C; Baum, B.; Mercer, J.; Leterrier, C.; Pereira, P. M,; Culley, S.; Henriques, R. NanoJ: A High-Performance
Open-Source Super-Resolution Microscopy Toolbox. J Phys D Appl Phys 2019, 52 (16).
https://doi.org/10.1088/1361-6463/ab0261.

Kopanchuk, S.; Vavers, E.; Veiksina, S.; Ligi, K,; Zvejniece, L.; Dambrova, M.; Rinken, A. Intracellular Dynamics
of the Sigma-1 Receptor Observed with Super-Resolution Imaging Microscopy. PLoS One 2022, 77 (5 May).
https://doi.org/10.1371/journal.pone.0268563.

Maceda, A; Terrazas, T. Fluorescence Microscopy Methods for the Analysis and Characterization of Lignin.
Polymers. MDPI March 1, 2022. https://doi.org/10.3390/polym14050961.

Culley, S.; Tosheva, K. L; Matos Pereira, P; Henriques, R. SRRF: Universal Live-Cell Super-Resolution
Microscopy. International Journal of Biochemistry and Cell Biology. Elsevier Ltd August 1, 2018, pp 74-79.
https://doi.org/10.1016/j.biocel.2018.05.014.

Gustafsson, N.; Culley, S.; Ashdown, G.; Owen, D. M,; Pereira, P. M.; Henriques, R. Fast Live-Cell Conventional
Fluorophore Nanoscopy with ImageJ through Super-Resolution Radial Fluctuations. Nat Commun 2016, 7.
https://doi.org/10.1038/ncomms12471.

Donaldson, L. A. Super-Resolution Imaging of Douglas Fir Xylem Cell Wall Nanostructure Using SRRF
Microscopy. Plant Methods 2022, 18 (1). https://doi.org/10.1186/s13007-022-00865-3.

Paés, G,; Habrant, A; Terryn, C. Fluorescent Nano-Probes to Image Plant Cell Walls by Super-Resolution
STED Microscopy. Plants 2018, 7 (1). https://doi.org/10.3390/plants7010011.

Scanlon, J. T,; Willis, D. E. Calculation of Flame lonization Detector Relative Response Factors Using the
Effective  Carbon Number  Concept. J  Chromatogr Sci 1985, 23 (8), 333-340.
https://doi.org/10.1093/chromsci/23.8.333.

219



9. Appendixes

9.1. Chapter 2

R=H, resveratrol (10.1)
R=0H, piceatannol (10.2)

CHS

naringenin chalcone
CHI

naringenin
‘, FNS

apigenin

* FaH
luteolin

; coMmT

chrysoeriol
* Fs'H
selgin
‘, coMT
oM

O
tricin (11)

H O,
NH;
PAL
—
phenylalanine cinnamic am
Q. H
NHz2
TA
H
tyrosine
OH
HO E W @ R
OH

R=0OMe, isorhapontigenin (10.3) p-CDumamy\

Key

conifers and angiosperms
|:(:onifels
angiosperms

t monocots
dicots

H

p-coumaroyl caﬂeoyl

O S
: shikimate shikimate

caﬁeoyl-

Oy H OH
j OH

p-hydroxy-

Osshikimate OP~shikimate 4CL
(,ZDA QOA
< A
H HCT A i
CCoAOMT i : i

o

tyramine ferulate (7.1) T }T'dlleru\oy\putresane (7.2)
C4H 0. H o
C3H COMT
ke \X-. ferulated
v g
H OH DS b arabinoxylan (6)
It:H:ournam:: CSEr caffeic ferulic
aC|d acid acid (5) g O -OH
‘ A S i
4CL H
MeO'

vanilic acwd (9.1)  syringic acwd 9.2)

: O
e

! 2l Og H Ox H
Teruluy\ S -
CoA ™ “a OgH CoA CoA OMe  Me0' Me
lccn 7 OH

CCH iCCF!

Oy H
'

HCALDH
5
2
=
®
L
W
5
=
Q
=k
=3
@
g
a
@
®
)

OH 0

R=H, /r /r
guaiacylglycerol (2.3)

R=CMe
syringylglycerol (2.4) Rj R R OMe

OH OH
R,=R=H, p-coumaryl R=H, coniferyl

acetate (3.1) p-hydroxybenzoate (3.4)
R,=0OMe,R,=H, conifery! R=0Meg.coniferyl

acetate (3.2) p-hydroxybenzoate (3.5)
R1=OM9,R2=OM9‘ sinapyl

acetate (3.3)

COMT F5H COMT
benz(aBId;a)hyde
’ OH OMe  HO OMe MeO' OMe
OH OH OH OH
p-coumar- g caﬁe- conifer- 5-hydroxyconifer- sinap-
aldehyde (4.1) d'hlvdfclﬂgff;ww _aldehyde .~ aldehyde (4.2) aldehyde aldehyde (4.3)
alcohol
CAD , CAD ‘CAD ¢CAD iCAD
/rOH OH OH /rDH ),DH
COMT F5H COMT
— — —-
OH OMe HO OMe MeO OMe
OH OH OH OH
p-coumnaryl arylpropane- caﬂeyl conifery! 5-hydr0xycnmferyl sinapyl
alcohol (1.1) 1,3-diols (2.2) alcohol (1.2) alcohol (1.3) alcohol (1.4) alcohol (1.5)
o mnem =
i 1+ acetyl-CoA i + p-hydroxy- + p-coumaroyl-CoA + feruloyl-CoA
Yy ¥ ¥ benzoyl-Con YYYPMT FMT
HO.
HO. O\u\?g
O,
R OMe Y \QYD

J J
R Ry R
OH OH
R,=R,=H, p-coumaryl R=H, coniferyl
p-coumarate (3.6) ferulate (3.9)
R1=OMe‘R?=H‘ coniferyl R=0OMe, sinapyl

p-coumarate (3.7)
R1=0Me,H2=OMe, sinapyl
p-coumarate (3.8)

ferulate (3.10)

Current Opinion in Biotechnology

Figure A-1. Metabolic pathways leading to the lignin monomers. Lignin monomers are shown in bold and are followed
by a number indicating the respective metabolic class and the arbitrary ranking within this class. Some monomers
occur in the lignin of both conifers and angiosperms, but others have, to date, primarily been found in the lignin of
one of the classes — conifers, angiosperms, dicots and/or monocots (indicated by a different color; see key). The
phenylpropanoid pathway serves the biosynthesis of many metabolic classes; only the routes to lignin monomers are
shown. The actual metabolic route in a given cell depends on how the pathway is regulated. Solid arrows represent
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enzymatic steps evidenced by at least in vitro activities, dashed arrows represent suggested pathways. PAL,
PHENYLALANINE AMMONIA-LYASE; TAL, TYROSINE AMMONIA-LYASE; C4H, CINNAMATE 4-HYDROXYLASE; 4CL, 4-
COUMARATE:CoA LIGASE, HCT, p-HYDROXYCINNAMOYL-CoA:QUINATE/SHIKIMATE p-
HYDROXYCINNAMOYLTRANSFERASE; C3H, p-COUMARATE 3-HYDROXYLASE; CSE, CAFFEOYL SHIKIMATE ESTERASE;
CCoAOMT, CAFFEQYL-CoA O-METHYLTRANSFERASE;, CCR, CINNAMOQYL-CoA REDUCTASE; F5H, FERULATE 5-
HYDROXYLASE; COMT, CAFFEIC ACID O-METHYLTRANSFERASE;, CAD, CINNAMYL ALCOHOL DEHYDROGENASE;
HCALDH, HYDROXYCINNAMALDEHYDE DEHYDROGENASE, PER, PEROXIDASE,; FMT, FERULOYL-CoA MONOLIGNOL
TRANSFERASE; PMT, p-COUMAROYL-CoA MONOLIGNOL TRANSFERASE, CHS, CHALCONE SYNTHASE; CHI,
CHALCONE ISOMERASE; FNS, FLAVONE SYNTHASE; F3'H, FLAYONOID 3'-HYDROXYLASE; F5'H, FLAVONOID 5'-
HYDROXYLASE; THT, HYDROXYCINNAMOYL-CoA:TYRAMINE N-HYDROXYCINNAMOYLTRANSFERASE, PHT,
HYDROXYCINNAMOYL-CoA:PUTRESCINE HYDROXYCINNAMOYL TRANSFERASE; STS, STILBENE SYNTHASE.
Reproduced from reference3” with permission (Elsevier).

Table A-1. Individual Hildebrant and Hansen solubility parameters of a variety of polar protic, polar aprotic, and non-
polar solvents were obtained from reference 23°. The first two lines represent the Hansen solubility parameters and
sphere radius of lignin determined by Hansen and Bjérkman®3® and Novo and Curvelo.?> RED values represent the
corresponding vector length radiuses described in Chapter 2.2 of the different solvents with respect to Lignin 1 (Hansen
and Bjérkman®3®) and Lignin 2 (Novo and Curvelo®>).

Solute () 8p &p Sn Ro Reference
Lignin 1 21.9 14.1 16.9 13.7 Bjorkman®#
Lignin 2 214 8.6 21.8 13.6 Curvelo®’
RED 1 RED 2
Solvent 5 8o S Su (Lignin 1) | (Lignin 2)
water 47.8 15.5 16.0 42.3 2.08 1.83
methanol 29.6 15.1 12.3 22.3 1.08 0.97
o | ethanol 26.5 15.8 8.8 19.4 0.99 0.85
E 2-propanol 23.6 15.8 6.1 16.4 1.07 0.94
2 | 1-butanol 23.2 16.0 5.7 15.8 1.06 0.94
::OU 2-butanol 22.2 15.8 5.7 14.5 1.10 1.01
ethylene glycol 33.0 17.0 11.0 26.0 1.00 0.74
glycerol 36.2 17.4 12.1 29.3 1.13 0.85
HFIP 23.1 17.2 4.5 14.7 0.99 0.87
Acetone 19.9 15.5 104 7.0 1.21 1.40
v | EtOAc 18.2 15.8 5.3 7.2 1.31 1.38
g_ Acetonitrile 244 15.3 18.0 6.1 1.28 1.62
© | DMSO 26.7 18.4 16.4 10.2 0.73 1.12
< | DMF 24.9 17.4 13.7 11.3 0.77 1.05
A | THF 19.5 16.8 5.7 8.0 1.16 1.24
1,4-dioxane 20.5 19.0 1.8 7.4 1.21 1.23
5 | Hexane 14.9 14.9 0 0 1.90 1.98
S | Cyclohexane 168 | 1638 0 0.2 1.76 1.84
S | Benzene 185 | 184 0 2 1.58 1.65
Z | toluene 18.2 18 1.4 2 1.54 1.63
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9.2. Chapter 3
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Figure A-2. a) Normalised PDA response at 280 nm along with weight average molecular masses of lignin samples
obtained from Eucalyptus wood with the corresponding treatment in the apparent MW range of 20-200 000 Da. b)
Normalised PDA response from 270-650 nm in the apparent MW range of 20-200 000 Da
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Figure A-3. a) Structural Index (SI)! values of the different lignin fractions along with standard deviation to the
distribution average value. b) Sl distribution of different lignin fractions across the apparent MW range of 100-200
000 nm.
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Calculation of theoretical H/C and O/C values for hypothetical hardwood lignin

Hypothetical hardwood lignin made of $-O-4 linkages was considered to determine the effect
of S/G/H ratio on the theoretical values for H/C and O/C ratios. An aromatic unit linked on
both ends has 11 carbon, 5 oxygen, and 14 hydrogen atoms for S-unit; 10 carbon, 4 oxygen,
and 12 hydrogen atoms for G-unit; 9 carbon, 3 oxygen, and 10 hydrogen atoms for H unit. A
degree of polymerization above 10 is assumed, allowing to neglect the impact of the end
groups on the theoretical values for H/C and O/C molar ratios. The molar ratios were estimated
as

14'X(Sunit) + 12X(Gunit) + 10x(Hunit)
11X(Sunit) + 10X(Gunit) + 9><(Hunit)

H/C =

- 5><(Sunit) + 4'x(Gunit) + 3X(Hunit)
11X(Sunit) + 10X(Gunit) + 9X(Hunit)

0/C

where Synit, Gunit and Hynit represent the fraction of each unit present in hardwood. For poplar
containing 62% of S-type lignin (Sy,i1=0.62) and 38% of G-type (G,,i:=0.38), the theoretical
values for H/C ratio and O/C ratio are 1.25 and 0.44, respectively. Figure A-3 displays
corresponding H/C and O/C molar ratios for different S/G/H ratios under the same
assumptions, with the highlighted spot for poplar used in this study. For hypothetical S-G
lignin structures with G-unit fraction between 0.25 and 0.50, the values for H/C and O/C were

1.25+0.02 and 0.44+0.02, respectively.?**
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Figure A-4. Ternary diagram showing the distribution of theoretical values of H/C and O/C in the whole range of
S/G/H ratios. Values were calculated for hypothetical linear lignin structures connected by (3-O-4. The dot indicates
the hypothetical H/C and O/C molar ratio values considered as the theoretical values for the Poplar lignin in this
study. Reproduced from reference %*° licensed under CC BY 4.0.
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Table A-2. Common lignin linkages quantification per 100 aromatic units in the RCF lignin oil fractions obtained by
sequential solvent fractionation (SSF). In addition, the count of reduced 3-O-4 linkages and relative abundance of S-

units is displayed.

Acetone Acetone EtOACc EtOAc

Linkage insoluble soluble insoluble soluble
(SSF) (SSF) (SSF) (SSF)

(A) B-O-4 53.4+0.7 12.8+0.3 56+1 8.2+0.1
(AcH2) Reduced B-O-4 2.2+0.2 1.8+0.1 1.8+0.3 1.5+0.1
(B) Phenylcoumaran 3.7+0.2 1.6+0.1 4.0+£0.3 1.3+0.1
(C) Resinol 5.4+0.1 3.2+0.1 5.1+0.1 2.8+0.1
S-unit content (S/(S+G) (%) 68.7+0.7 62.5+0.1 66.2+0.4 62.2+0.2
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Figure A-5. . HSQC NMR spectrum of RCF lignin oil zoomed in (A) aliphatic region, (B) oxygenated aliphatic region,
(C) anomeric region, and (D) aromatic region (solvent: DMSO-dg). Reproduced from reference 23 licensed under CC

BY 4.0.
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Figure A-6. HSQC NMR spectrum of RCF lignin oil methanol-insoluble fraction zoomed in (A) aliphatic region, (B)
oxygenated aliphatic region, (C) anomeric region, and (D) aromatic region (solvent: DMSO-dg). Note: The TH-73C
correlation signals for the AcH,) linkages are present below the threshold chosen to present the HSQC NMR spectral
data. Captions for signals not detected were greyed out. Reproduced from reference >3° licensed under CC BY 4.0.
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Figure A-7. HSQC NMR spectrum of RCF lignin oil methanol-soluble fraction zoomed in (A) aliphatic region, (B)
oxygenated aliphatic region, (C) anomeric region, and (D) aromatic region (solvent: DMSO-ds). Reproduced from
reference 23° licensed under CC BY 4.0.
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Figure A-8. HSQC NMR spectrum of RCF lignin oil acetone-insoluble fraction zoomed in (A) aliphatic region, (B)
oxygenated aliphatic region, (C) anomeric region, and (D) aromatic region (solvent: DMSO-dg). The H-73C correlation
signals for the Axch,) are present below the threshold chosen to present the HSQC NMR spectral data. Captions for

signals not detected were greyed out. Reproduced from reference 23° licensed under CC BY 4.0.
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Figure A-9. HSQC NMR spectrum of RCF lignin oil acetone-soluble fraction zoomed in (A) aliphatic region, (B)
oxygenated aliphatic region, (C) anomeric region, and (D) aromatic region (solvent: DMSO-dg). Captions for signals
not detected were greyed out. Reproduced from reference 23 licensed under CC BY 4.0.
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Figure A-10. HSQC NMR spectrum of RCF lignin oil EtOAc-insoluble fraction zoomed in (A) aliphatic region, (B)
oxygenated aliphatic region, (C) anomeric region, and (D) aromatic region (solvent: DMSO-dg). Captions for signals
not detected were greyed out. Reproduced from reference 23 licensed under CC BY 4.0.

230


https://creativecommons.org/licenses/by/4.0/

A e - B ._ - 155
B | > S iy
o bl fa R
. . . 120 wle 65
- ’ o5 € e =
" - ol ¢ 70 &
' o o & AG ’75
- 3 35 g
11 5 ! =
: : 85
] s5 ‘
25 20 1.5 1.0 50 45 40 35 3.0
OH/ ppm OH/ ppm
c 96 D 42
s -105
1110
1100 5
PBys| 115 €
1025 N g
_?_- H3!5 ,S_'
1020 11203
1106 +125
.
L1108 ) 130
48 46 44 42 40 3.8 3.6 7.5 7.0 6.5
OH/ ppm oH/ ppm

Figure A-11. HSQC NMR spectrum of EtOAc-soluble fraction of RCF lignin oil zoomed in (A) aliphatic region, (B)
oxygenated aliphatic region, (C) anomeric region, and (D) aromatic region. (solvent: DMSO-de). Captions for signals
not detected were greyed out. Reproduced from reference 23 licensed under CC BY 4.0.
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Figure A-12. Results from the hot water extraction carried out on the acetone-insoluble fraction of the RCF lignin oil.
HSQC NMR spectrum of hot water extractives presented in (A) aliphatic region, (B) oxygenated aliphatic region, (C)
anomeric region, (D) oxygenated aliphatic region focused on carbohydrates, and (E) aromatic region (solvent: DMSO-
de). Captions for signals not detected were greyed out. Reproduced from reference 23° licensed under CC BY 4.0.
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Figure A-13. Results from the hot water extraction carried out on the acetone-insoluble fraction of the RCF lignin oil.
HSQC NMR spectrum of hot water-insoluble fraction presented in (A) aliphatic region, (B) oxygenated aliphatic region,
(C) anomeric region, and (E) aromatic region (solvent: DMSO-dg). The "H-73C correlation signals for the A, linkages
are present below the threshold chosen to present the HSQC NMR spectral data. Captions for signals not detected
were greyed out. Reproduced from reference 23° licensed under CC BY 4.0.
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Table A-3. List of *C-"H pairs with their respective §C/SH values (in ppm) obtained from the spectra in Chapter 3
(solvent: DMSO-de). Reproduced from reference ?*° licensed under CC BY 4.0.

Label 8C/8H (ppm) Description

A 71.90/4.86 Co-Hq in B-O-4 lignin linkages

A(cHy)a (s6) 36.53/2.86 Co-Hq in reduced B-O-4 lignin linkages containing S and G units
36.53/2.78 (with etherified G unit)

A(cHy)a(ss) 37.06/2.90 Co-Hq reduced B-0-4 bonding motif formed between two S
37.06/2.78 units

A 83.34/4.27 Cg-Hg in B-O-4 bonding motif (with etherified G unit)

As)p 85.81/4.10 Cg-Hg in B-O-4 bonding motif (with etherified S unit)

A(cH.)B (s6) 80.56/4.30 Cg-Hp in reduced B-O-4 bonding motif formed between S and G

units (with etherified G unit)

A(cH,)B (ss) 83.32/4.10 Cg-Hg in reduced B-0O-4 bonding motif formed between S units

AcHay 61.34/3.39 Cy-Hy in reduced B-O-4 bonding motif
61.34/3.48

A, 59.23/3.38 Cy-H, in -O-4 bonding motif
59.23/3.71

B« 86.69/5.45 Co-Hq in phenylcoumaran bonding motif

Bg 53.07/3.45 Cg-Hg in phenylcoumaran bonding motif

By 62.75/3.68 Cy-H, in phenylcoumaran bonding motif

Ca 85.28/4.62 Ca-Hq in resinol bonding motif

Cs 53.60/3.05 Cg-Hg in resinol bonding motif

Cy 70.85/3.87 C,-Hy in resinol bonding motif
70.85/4.16
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Figure A-14. HSQC NMR spectra (A)
licensed under CC BY 4.0.

xylobiose and (B) cellobiose. (solvent: DMSO-dg). Reproduced from reference 3°

Table A-4. List of '>C-"H pairs with their respective SC/SH values (in ppm) obtained from the spectra of xylobiose and
cellobiose in this study (solvent: DMSO-dg). Reproduced from reference 23° licensed under CC BY 4.0.

Carbon Xylobiose
oM 5c/8H (ppm)
1 101.56/4.22
2 72.21/3.00
3 76.21/3.09
4 69.54/3.28
5 65.54/(3.06/3.71)
6 N/A
1 97.56/4.23
2' 74.21/2.92
3 74.21/3.21
4 75.54/3.47
5' 62.87
3.09/3.80
6’ N/A

Cellobiose
S6C/8H (ppm)
103.56/4.25
73.54/2.99
76.88/3.16
70.21/3.06
76.88/3.16
61.30/(3.41/3.70)
96.89/4.32
74.88/2.95
75.54/3.27
80.88/3.28

75.54
3.27

60.87/(3.60/3.71)

3 ,,OH

HO 2 1
HO 0
HO—" 1 4 70 OH
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Figure A-15. HSQC NMR spectra (A) xylobiitol and (B) cellobiitol (solvent: DMSO-ds). Reproduced from reference 23°
licensed under CC BY 4.0.

Table A-5. List of *C-"H pairs with their respective SC/SH values (in ppm) obtained from the spectra of xylobiitol and

cellobiitol in this study (solvent: DMSO-dg). ). Reproduced from reference 23 licensed under CC BY 4.0.

Carbon
atom

1

u A W N

2:

S v M~ W

Xylobiitol

S8C/8H (ppm)

103.56/4.29
72.88/3.02
76.21/3.13
68.87/3.29

65.54/
3.09/3.71

62.20/3.43

70.87/3.50
69.54/3.54
82.22/3.65
60.20/3.62

Cellobiitol
S6C/8H (ppm)
103.56/4.30
73.54/2.98
75.80/3.14
69.54/3.02
76.21/3.13

60.87/
3.41/3.68

62.87/
3.33/3.48

70.87/3.68
68.87/3.59
81.55/3.63
70.87/3.68
61.54/3.55
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Figure A-16. Correlation between the %PB units relative to combined G- and S-unit content and the apparent weight-
average molecular weight of the fractions isolated by solvent fractionation of the RCF lignin oil.

9.3. Chapter 4
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Figure A-17. Particle size distribution of poplar wood after the mechanocatalytic pretreatment in the ball mill. The
distribution is measured with digital microscope imaging.
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Table A-6. Structural Index values at 320 nm and 350 nm for RCF lignin oils obtained from processed wood with

different additives.
Pretreatment additive Sls20 Slsso
(COOH): 0.90+0.03 0.97+0.01
CHsCOOH 0.92+0.02 0.97+0.01
Control 1
(no additive) 0.89+0.03 0.97+0.01
Control 2 0.88+0.05 0.95+0.03
(Poplar chips)
Na,COs3 0.89+0.03 0.97+0.01
NaOH 0.87+0.04 0.96+0.01

Table A-7. Processed wood and pulp composition along with the glucans, xylans, and lignin retention for the
mechanocatalytic pretreatments with different additives.

Additive Sample Glucans Gluca‘ns Xylans Xylar.ls Tot‘al ngm'n D'ellqnl-
retention retention lignin retention fication
Processed
46+2 15.8+0.8 27.8+0.8
(COOH); wood 84+3 21+3 11+3 77+4
Pulp 81+2 7.1+0.3 6.4+0.3
Processed
47+1 16.2+0.4 28.0+0.2
CH3COOH wood 86+2 27+2 12+2 77+3
Pulp 80+1 8.6+0.2 6.5+0.2
Control 1 Processed
(no wood 46+ 80+1 15.5£07 2242 27.0+0.5 11+2 77+4
additive) Pulp 78+1 7.21+0.2 6.4+0.3
Control 2 Poplar 46+1 14.6+0.4 28.1+0.5
+ + + +
(Poplar Pulp 81+1 N1 1403 02 7gs03 M2 723
chips)
Processed 0.1 16.140.6 28.1£0.6
Na,COs3 wood B 75+1 T 27+2 T 14+2 70+3
Pulp 76+2 9.2+0.2 8.6+0.3
Processed
+ + +
NaOH wood 201 85+2 14203 48+2 25408 18+3 68+3
Pulp 77+2 11.9+0.3 8.2+0.3
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Table A-8. Processed wood and pulp composition along with the glucans, xylans, and lignin retention for the
mechanocatalytic pretreatments with varying amounts of added acetic acid.

Added -
CH3COOH / Sample Glucans Gluca-n s Xylans Xylar)s TOt?I ngnm.
P retention retention lignin retention
mmol g
Processed 46+1 12.940.4 27.0+0.5
0 wood B 79+1 T 27+1 T 10.1+0.5
Pulp 82+1 8.1+0.1 6.2+0.3
Processed
0.25 wood 449+0.6 83.8407 13.0+0.3 3042 27.0+0.2 1341
Pulp 81.9+0.5 8.6+0.2 74+0.7
Processed
05 wood 45.0+0.1 85.340.2 12.9+0.1 3041 26.1£0.8 1242
Pulp 83.6+0.3 8.4+0.2 6.8+0.8
Processed
1 wood 45901 811 133201 o090 27003 08406
Pulp 83+2 7.8£0.2 6.6£0.3
Processed
5 wood 455+0.6 86.8£0.7 13.4+0.2 301407 274404 941
Pulp 84.6+0.2 8.7+0.1 54+0.6
Processed
4 wood 46.020.1 92.6+0.5 136201 36.3+0.6 27102 11.0+0.7
Pulp 82.9+0.7 9.6+0.1 5.8+0.3

Table A-9. Processed wood and pulp composition along with the glucans, xylans, and lignin retention for the
mechanocatalytic pretreatments with varying kinetic energy dose at a fixed amount of acetic acid added (2 mmol g

)

Kinetic -
energy dose/ Sample Glucans Gluca-ns Xylans Xylar.Is TOt?I ngnl.n
I g retention retention lignin retention
Processed
43 wood 46.1£0.6 9541 13.5£0.2 3741 27.5£0.6 1242
Pulp 83+1 9.5+0.2 6.0+0.8
Processed
10 wood 2206 gegi07 P02 304407 A0 oy
Pulp 84.6+0.2 8.7+0.1 54+0.6
Processed
+ + +
14.3 wood 45.6:0.6 85.8+0.8 134£0.3 3142 21.71x04 12.5+0.6
Pulp 81.7+0.8 8.8+0.2 7.2+0.3
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9.4. Chapter 5

Table A-10. Monophenol yields from independent steps of semi-batch T-gradient RCF. For reference, a regular batch
process utilising the same biomass, catalyst and solvent for 5 h at 220°C is given for reference. P(OH)S-4-(3-
hydroxypropyl)-syringol, PS- 4-propylsyringol, ES- 4-ethylsyringol, P(OH)G- 4-(3-hydroxypropyl)-guaiacol, PG- 4-
propylguaiacol, EG- 4-ethylguaiacol.

tem:::':ture P(OH)S PS ES P(OH)G PG EG
140°C 042001 006+001 001240002 073001 ND ND
160°C 13+02 0114002 0032+0002 1504  0.007+0.001 0.004+0.001
180°C 29+03  025:002 011001  19+01  0003+0.001 0.006+0.001
200°C 36+02  028+004  03+0.1 16401 00180005 0.022+0.003
220°C 11202 0074002 021+004 044007 0007£0.001 0.015+0.001
Total 93+09  077+006  06+0.1 61406  004:001  0.05:0.01

1X5h @220°C 1.5 16 7.8 06 0.2 12

Table A-11. Average Sls320 and Slzso values for the RCF lignin oils and EtOAc soluble and insoluble fractions obtained
dfter each step at a given temperature.

Step temperature Fraction Slz20 Slzso
RCF lignin oil 0.93+0.02 0.98+0.01
140°C EtOAc soluble 0.95+0.02 0.99+0.01
EtOAc insoluble 0.92+0.02 0.98+0.01
RCF lignin oil 0.92+0.02 0.97+0.01
160°C EtOAc soluble 0.94+0.02 0.98+0.01
EtOAc insoluble 0.90+0.02 0.96+0.01
RCF lignin oil 0.91+0.03 0.97+0.01
180°C EtOAc soluble 0.94+0.02 0.98+0.01
EtOAc insoluble 0.87+0.01 0.94+0.01
RCF lignin oil 0.91+0.03 0.97+0.01
200°C EtOAc soluble 0.94+0.03 0.98+0.01
EtOAc insoluble 0.90+0.01 0.96+0.01
RCF lignin oil 0.89+0.05 0.96+0.02
220°C EtOAc soluble 0.90+0.05 0.97+0.02
EtOAc insoluble 0.86+0.03 0.93+0.02
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Figure A-18. HSQC NMR spectrum of EtOAc-insoluble and EtOAc-soluble fractions in RCF lignin oils obtained after
each step of semi-batch T-stepping process in the aliphatic region (solvent: DMSO-dp).
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Figure A-19. HSQC NMR spectrum of EtOAc-insoluble and EtOAc-soluble fractions in RCF lignin oils obtained after
each step of semi-batch T-stepping process in the oxygenated aliphatic region (solvent: DMSO-d).
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Figure A-20. HSQC NMR spectrum of EtOAc-insoluble and EtOAc-soluble fractions in RCF lignin oils obtained after
each step of semi-batch T-stepping process in the anomeric carbon centre region (solvent: DMSO-dp).
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Figure A-21. HSQC NMR spectrum of EtOAc-insoluble and EtOAc-soluble fractions in RCF lignin oils obtained after
each step of semi-batch T-stepping process in the aromatic region (solvent: DMSO-dG).
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Table A-12. Pulpp composition along with the glucans, xylans, and lignin retention after each step of the semi-batch

T-stepping RCF process.
% % Glucans % % Xylans % Klason %Total % lignin %
Step . . C %ASL . . delignif
glucans  retention xylans retention Lignin lignin retention P
ication
Poplar ~ 45.6+0.9 NA 14.6+0.4 NA 26.3+04  1.84+0.06 28.2+0.5 NA NA
140°C 48.4+0.5 102+2 15.5+0.3 10143 23.7+0.2  1.68+0.07 25.4%0.2 86+2 10+2
160°C 52+1 102+3 16.6+0.3 10243 22304  1.72+0.04 24.0+04 77+2 15+2
180°C 58+1 9412 16.7+0.5 8413 17.9+0.1 1.30+£0.01  19.2+0.1 50+1 3242
200°C 68.9+0.3 89+1 13.9+0.1 56+2 10.5£03  0.83+0.02 11.3+#0.3 2442 60+3
220°C 77+1 8211 9.9+04 3343 6.7+0.2 0.58+0.01 7.3+0.2 13+1 74+3
1x5h
87+2 87+2 53%2 41+2 3.7£0.2 0.60+£0.02  4.3+0.2 7£2 8514
@220°C
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Figure A-22. Live cell widefield epifluorescence images obtained by corresponding excitation lasers.
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