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Hardwood Kraft Delignification
Fundamental Mechanisms at the Cell Wall Level

Linus Kron

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

Kraft pulping is a globally significant industrial process whose complexity,
stemming from the multi-scale heterogeneity of wood, means a complete under-
standing of its underlying physicochemical mechanisms remains elusive. This
thesis presents research aimed at advancing the fundamental understanding
of the kinetics of delignification—the primary step in kraft pulping—with a
particular focus on the relative impact of reaction and transport mechanisms
occurring at the cell wall level.

Delignification kinetics were investigated in laboratory-scale reactors by ex-
amining the effects of time, temperature, and cooking liquor composition on
pulp and dissolved component properties. The work focused primarily on
birch wood meal but also included comparisons with wood chip pulping and
other Nordic hardwood species, namely alder, aspen, and beech. Based on
the experimental findings, a novel delignification model incorporating both
reaction and diffusion phenomena was developed.

Collectively, the studies highlight the multi-mechanistic nature of kraft deligni-
fication, indicating that different phenomena dominate the kinetics at different
stages of the process. The results demonstrate that the sulphide dependency
of the delignification rate diminishes part-way through the process, indicating
the impact of additional reactions not previously considered to significantly
influence the delignification rate. In contrast, the molecular size of dissolved
lignin was observed to increase continuously throughout cooking, suggesting
that solubility and diffusion effects significantly impacts the later stages of
lignin removal. The developed model demonstrated that delignification kinetics
in wood meal pulping can be accurately represented as primarily diffusion con-
trolled. Finally, delignification of wood chips revealed additional heterogeneity
at a larger length scale. An initial extension of the developed delignification
model to the chip scale successfully captured this behaviour, indicating that
accounting for alkali availability is critical to accurately describe delignification
in chips.
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Preface
As a child, I once exclaimed: “When I grow up, I’m gonna do research.”
The topic was a bit unclear, but it involved forest fires, ants, and deer. And,
in a way, I did follow through: I have now spent many days subjecting wood
to heat and sulphur—basically like the fires of hell, but in a fume hood.
Fortunately, no animals were involved.

I would like to think I still maintain the same curiosity today. Back then, the
answer to a single question was—sometimes to my parents’ frustration—often
met with two more questions. Some twenty-odd years later, attempting to
understand kraft delignification has not improved the situation. Only now it
is, frustratingly, I who must answer all of these questions. Worse still, I am
not even sure how many answers I have actually managed to procure during
my years as a PhD student, yet the questions keep piling up.
Apparently, this is the meaning of true research (or so my ever-supporting
supervisors assure me).

27th of February 2026, Gothenburg





Chapter 1

Introduction

Mitigating the irreversible impacts associated with global climate change re-
quires a transition towards sustainable and circular economic systems [1]. Cent-
ral to this transition is a substantial reduction in the reliance on fossil-based
raw materials, accompanied by the increased utilisation of renewable, bio-based
alternatives. Lignocellulosic biomass derived from trees and plants represents
the most abundant source of such renewable feedstocks, positioning the pulp
and paper sector as a key contributor to the emerging bio-based economy.
When integrated into biorefinery concepts, existing pulping technologies enable
the production of a broad range of materials, including textiles, packaging,
speciality chemicals, and pharmaceutical components [2]. However, despite
the large global availability of lignocellulosic resources, the supply remains
finite, making the efficient utilisation of all biomass components essential for a
sustainable process industry.

At present, the kraft pulping process dominates the industrial separation of
wood components. A central operation in this process is the delignification,
during which lignin and part of the hemicelluloses are removed to liberate
cellulose-rich fibres for subsequent applications. In modern kraft mills, the
overall pulp yield is typically around 50%, as lignin and hemicelluloses are
extensively solubilised during cooking. Although these dissolved components
account for approximately half of the original wood mass, they are largely
underutilised for material applications and are instead predominantly burned
for energy recovery. This situation arises in part from the difficulty of extracting
intact cellulose fibres without extensive degradation of the other wood compon-
ents [3]. Improving resource efficiency therefore requires a deeper understanding
of the fundamental mechanisms governing pulping, both to enhance fibre yield
and to enable the development of novel bio-based materials capable of replacing
fossil-derived products.

The delignification itself is a highly complex process involving concurrent chem-
ical reactions of lignin and carbohydrates alongside the transport of reactants
and dissolved species through the porous wood structure. The inherent het-

1



2 CHAPTER 1. INTRODUCTION

erogeneity of wood, comprising fibres and pore networks with varying size,
orientation, and connectivity, further complicates this picture. Moreover, the
internal structure of the wood matrix is continuously altered as delignifica-
tion proceeds, influencing both transport pathways and reaction environments
[4]. To manage this complexity, many delignification models adopt simplified
descriptions that isolate a limited number of dominant mechanisms. In most
cases, the process is treated as pseudo-homogeneous, with overall kinetics
assumed to be governed primarily by the rate of bond cleavage within the
lignin macromolecule [5].

Accumulating evidence, however, indicates that reaction kinetics alone are
insufficient to describe delignification behaviour. It has long been recognised
that excessive chip thickness leads to non-uniform pulping [6, 7], an effect
commonly attributed to restricted transport of cooking chemicals into the chip
interior. Such spatial non-uniformity also influences the behaviour of dissolved
lignin, although its impact on delignification kinetics has only attracted focused
attention in more recent studies [8–10]. In addition, transport limitations have
been suggested to extend beyond the chip scale and, under certain conditions,
to occur within the fibre cell wall itself [11, 12]. Despite these observations, only
a limited number of delignification models explicitly incorporate the transport
of wood components [9, 13–15]. Those that do typically rely on simplified
transport descriptions that neglect the heterogeneous chemical nature of lignin
and its influence on transport properties. As a result, the relative roles of trans-
port and reaction phenomena during kraft delignification remain incompletely
understood, underscoring the need for continued investigation in this area.

1.1 Objectives

The main objective of this work has been to advance the understanding of
the kinetics of kraft delignification by investigating the relative impact of the
reactions and transport of lignin. Specifically, this objective has been pursued
through the following sub-objectives:

1. To investigate kraft delignification kinetics at the cell wall level through
the pulping of wood meal, and how it varies depending on the:

(a) Process conditions, such as time, temperature, and liquor composi-
tion.

(b) Tree species, comparing birch with other Nordic hardwoods.

2. To develop a model for describing the heterogenous delignification at the
cell wall level.

3. To perform complementary comparisons with wood chip pulping.
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This thesis summarises the work conducted across five individual studies, which
address the following topics:

Paper 1

9 Topic: Variation in time and temperature

� Material: Wood meal of four Nordic hardwoods

Paper 2

9 Topic: Variation in sulphide levels

� Material: Birch wood meal

Paper 3

9 Topic: Comparison of bulk and lumen liquor

� Material: Birch wood chips

Paper 4

9 Topic: Numerical modelling of delignification kinetics

� Material: Birch wood meal

Paper 5

9 Topic: Numerical modelling of delignification kinetics

� Material: Birch wood chips

1.2 Outline of the thesis

Chapter 2 and 3 provide brief overviews of the chemistry and structure of wood,
and of kraft delignification chemistry, respectively. Chapter 4 describes the
materials, equipment, and methodology employed in this work, while chapter
5 presents the main findings of the appended papers. Finally, chapter 6 sum-
marises the conclusions of the thesis and outlines some recommendations for
future research in the field.
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Chapter 2

Wood

This chapter briefly outlines the structural and chemical features of wood and
its constituent macromolecules.

2.1 Morphology

Wood exhibits a complex, hierarchical structure composed of a heterogeneous
network of cells, broadly categorized into softwood (derived from gymnosperms)
and hardwood (derived from angiosperms). In softwoods, longitudinal tracheids
constitute approximately 95% of the structure, serving the dual function of
mechanical support and fluid transport. Conversely, hardwoods employ spe-
cialized cell types for these roles: vessels facilitate longitudinal fluid transport,
while libriform fibres and fibre tracheids provide structural support. Although
both wood types contain radially distributed parenchyma cells for nutrient
storage, softwoods additionally possess tracheid rays to manage radial fluid
transport [16]. Morphologically, hardwood fibres are generally characterized
by shorter lengths, narrower widths, and thicker cell walls relative to softwood
tracheids [17], with some typical values presented in Table 2.1

Table 2.1: Typical dimensions of some softwood and hardwood fibres [18].

Length [mm] Width [µm] Wall thickness [µm]

Softwood

Spruce (Picea abies) 3.5 27 2.9

Pine (Pinus sylvestris) 2.9 28 3.2

Hardwood

Birch (Betula pendula) 1.1 20 1.9

Beech (Fagus sylvatica) 1.5 14 3.3

5



6 CHAPTER 2. WOOD

The cell walls of both tracheids and hardwood fibres are arranged in a multi-
layered structure defined by varying orientations of cellulose fibrils, as illustrated
in Figure 2.1. The outermost primary cell wall is thin and features a random
fibril arrangement. Inside of this lies the secondary cell wall, which is subdivided
into three distinct layers: S1, S2, and S3, with the S2 layer being the dominant
section, accounting for 70–80% of the total wall thickness [17]. While the
S1 and S3 layers contain fibrils oriented in counter-running helices, the S2
layer is characterized by a predominantly vertical fibril alignment, although
the microfibril angles significantly varies, depending on the wood’s maturity
(juvenile versus mature) and the presence of environmental stress (e.g. reaction
wood). The liquid-filled cavity within the fibre is called the lumen, which
via connections between adjacent fibres (called pores) comprises a network
that facilitates transport of nutrients—and in the context of pulping, cooking
chemicals—within the wooden matrix. Bonding adjacent fibres together is the
lignin-rich middle lamella.

Figure 2.1: Schematic drawing of a wood fibre cell wall. CC BY [19].

2.2 Chemical structure

The chemical composition of wood is primarily defined by three major mac-
romolecular groups: cellulose, lignin, and hemicelluloses. In addition, wood
also contains a diverse fraction of low molecular weight compounds collectively
referred to as extractives. This category encompasses substances such as fatty
acids, sterols, and terpenes. Quantitative analysis indicates that extractives
generally constitute a minor proportion of the material, ranging from less than
1% up to 5% of the total wood mass [20].
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2.2.1 Cellulose

As the most abundant biopolymer on Earth, cellulose serves as the funda-
mental structural component of wood biomass. Chemically, it is defined as a
linear homopolysaccharide composed of β-D-glucose units connected via 1 → 4
glycosidic linkages (Figure 2.2). Native cellulose typically exhibits a degree of
polymerization ranging from 7000 to 15000 [17]. The equatorial orientation
of hydroxyl groups on the glucopyranose rings imparts amphiphilic character-
istics to the polymer chains, facilitating extensive intra- and intermolecular
hydrogen bonding, and amphiphilic association. These interactions drive the
assembly of supramolecular structures, where intramolecularly β-glycosidic
bonded sheets stack to form crystalline domains interspersed with less ordered
regions. However, the precise distinction between—and definition of—these
crystalline and disordered regions remains a subject of discourse within the
field [21]. This hierarchical arrangement produces elementary fibrils, which in
turn aggregate into microfibril bundles with widths approximating 15 to 20 nm
[22]. Within the cell wall matrix, these bundles interact with hemicelluloses
and lignin to form macrofibrils, establishing the primary structural framework
of wood, illustrated as the distributed lines in Figure 2.1.

Figure 2.2: A cellobiose unit: the smallest repeating unit of cellulose.

2.2.2 Hemicelluloses

In contrast to the homopolymeric structure of cellulose, hemicelluloses repres-
ent a heterogeneous class of polysaccharides characterized by distinct mono-
meric compositions, branching patterns, and functional group substitutions.
The primary monosaccharide constituents include glucose, mannose, xylose,
galactose, and arabinose. Within wood matrices, these polymers predominately
exist as (galacto)glucomannan and (arabino)glucuronoxylan (Figure 2.3). As
opposed to cellulose, these backbones may be branched or contain side groups;
for instance, O-acetyl groups frequently substitute the main chain, typically oc-
curring in the absence of arabinose units. Additionally, (arabino)glucuronoxylan
is distinguished by substitutions with 4-O-methylglucuronic acid (MeGlcA).
Relative to cellulose, hemicelluloses exhibit a considerably lower degree of
polymerization, typically between 100 and 200 [17]. While their full biological
function requires further elucidation, hemicelluloses are posited to reinforce the
cell wall through their linear backbones. Furthermore, research suggests they
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act as coupling structures between lignin and cellulose, thereby influencing the
structural arrangement and crystallinity of cellulose fibrils [23].

A

B

Figure 2.3: Schematic representations of hemicelluloses. (A) A glucomannan
polymer with a galactose substituent. (B) A xylan polymer with a 4-O-MeGlcA.
Both polymers contain acetyl groups.

2.2.3 Lignin

As the second most prevalent component of wood biomass, lignin fulfils es-
sential structural and protective functions. It ensures cell wall integrity, acts
as an inter-fibre binder, promotes hydrophobicity for water transport, and
contributes to microbial resistance [24]. Lignin is unevenly distributed across
the cell wall, with concentrations ranging from about 20% in the S2 layer to
more than 80% in middle lamella corners in some species. Despite its lower
local concentration, approximately 70% of the total lignin content is found in
the S2 layer due to its considerable thickness [4]. Chemically, lignin differs fun-
damentally from polysaccharides like cellulose; rather than a linear chain, it is
an amorphous, three-dimensional macromolecule formed through the irregular
cross-linking of phenylpropane units via ether and carbon-carbon bonds [25].
The polymer is derived from three primary monolignol precursors: p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol (Figure 2.4). Within the lignin
network, these precursors are typically referred to by their corresponding C–6
units: p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S), respectively.
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Figure 2.4: Structure of the three monolignols (A) p-coumaryl alcohol, (B)
coniferyl acohol, and (C) sinapyl alcohol. Conventional naming of the C atoms
is indicated in Structure A.

Figure 2.5 illustrates some of the major inter-unit linkages in the lignin network.
Aryl ether bonds are the most prevalent, with β-O-4 and the comparatively
minor α-O-4 structures together comprising about 50–60% of all inter-unit
bonds. The remaining structural framework is composed of carbon-carbon and
ether linkages, including β-5, 5-5’, and β-1’, each of which constitute 5–10% of
the total bond distribution [4, 17, 24].

Figure 2.5: Schematic representation of three common inter-lignin linkages,
with the relevant bond highlighted with bold lines: (A) β-O-4, (B) β-1, and
(C) β-β.

Nevertheless, elucidating the precise structure of native lignin presents signific-
ant analytical challenges, primarily because its inherent recalcitrance necessit-
ates isolation protocols that inevitably alter its chemical composition [26, 27].
Historically, the milled-wood lignin (MWL) protocol established by Björkman
[28]—which involves extensive ball-milling followed by dioxane extraction—
has been regarded as yielding lignin with a relatively intact structure, and is
therefore often described as a native-like lignin. Subsequent methodological
advancements have integrated enzymatic and acidolytic treatments to sub-
stantially enhance extraction yields [29, 30]. Despite these optimizations, a
universal standard for lignin isolation is currently lacking. The continued applic-
ation of diverse methodologies results in significant variations in the reported
data, thereby complicating structural comparisons across the literature [31]. In
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addition to these native-like lignins, technical lignins recovered from industrial
process streams—and which are of significant economic interest—are equally
dependent on their extraction procedures. Moreover, these materials also
diverge chemically from their native precursors; typically, they contain reduced
concentrations of aliphatic hydroxyl groups and β-O-4 linkages, alongside an
increased frequency of phenolic hydroxyl groups and condensed carbon-carbon
bonds [32, 33].

For similar reasons, estimations of the molecular weight of native lignin is
inherently troublesome. For native-like lignin the weight-averaged molecular
weight (MW ) is typically reported to be 10–30 kDa [25, 34, 35], although
the range of reported values spans 3-300 kDa [17, 36]. Technical lignins vary
considerably depending on the method of pulping and separation [17]. Kraft
lignins are typically smaller at 3–15 kDa [10, 17, 32], but has also been reported
as significantly larger fractions [37, 38], whereas lignosulfonates have been
reported at several hundreds of kDa [17].

2.2.4 Differences between softwood and hardwood

Softwood

While Section 2.1 delineated the morphological distinctions between wood
categories, their chemical compositions also diverge significantly. In softwoods,
glucomannan is the dominant hemicellulose, characterized by varying substitu-
tion with galactose and acetyl groups. Arabinoglucuronoxylan occurs in lesser
proportions, where the concentration of mannose units is roughly double that
of xylose [17]. Softwood lignin is primarily composed of guaiacyl units (up
to 95%), with minor contributions from p-hydroxyphenyl units. Due to the
absence of syringyl units, it is occasionally referred to as G-lignin.

Hardwood

In contrast to the relative uniformity of softwoods (with the notable exception
of larch), hardwoods display greater chemical heterogeneity. The primary hemi-
celluloses are glucuronoxylans, which are distinguished by a lack of arabinose
side groups and a lower frequency of MeGlcA substitution compared to their
softwood counterparts. Glucomannans are present in lower concentrations and
lack the galactose substituents found in softwoods. Moreover, the polymer
backbone of hardwood hemicelluloses exhibits a high degree of acetylation at
the C2 and C3 positions [17]. Hardwood lignin comprises a mixed composition
of syringyl and guaiacyl moieties, with the S/G ratio typically ranging from 1:2
to 4:1. This compositional difference influences the linkage distribution; hard-
woods contain a higher proportion of non-condensed β-O-4 linkages, whereas
softwoods are richer in condensed structures such as β-5 and 5-5’ bonds [24].
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Chapter 3

Kraft delignification

This chapter summarises the dominant chemical mechanisms governing the
main delignification step during kraft pulping, followed by a review of their
effect on the delignification kinetics.

The manufacture of paper and board products requires rigorous conversion
of wood biomass into pulp. Modern pulping operations generally follow a
standardized sequence: logs are initially debarked and cut into wood chips.
Following potential pre-treatment, these chips enter the primary defibration
stage, where individual fibres are liberated via mechanical action and/or chem-
ical treatment. Subsequent processing steps, including washing and—when
desirable—multi-stage bleaching, are employed to tailor the pulp’s final proper-
ties, particularly regarding brightness and residual lignin content [49]. Among
available technologies, the kraft process is the predominant method; originating
in the late 19th century, it currently constitutes over 80% of the global pulp
production [50].

3.1 Mechanisms

The fundamental objective of the kraft process is delignification, which entails
the solubilization and extraction of up to 85% of the initial lignin content to
achieve fibre liberation. This is not a singular chemical event but rather a com-
posite process governed by interacting reaction and mass transfer mechanisms.
The overall progression can be deconstructed into a sequence of key steps:

1. External mass transport of active cooking chemicals from the bulk liquor
to the wood chip surface.

2. Internal transport of chemicals from the chip surface to the cell wall
interface via the capillary network of lumens.

3. Diffusion of chemicals into the fibre wall to reach reactive sites.

4. Chemical fragmentation of bonds within the macromolecular network.

13
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5. Solubilization of the fragmented wood components.

6. Diffusion of dissolved components from the reaction sites to the cell wall
surface.

7. Internal transport of dissolved components through the lumen network
to the chip exterior.

8. External transport of dissolved components from the chip surface into
the bulk liquor.

While this scheme outlines the theoretical requirements for delignification,
the actual process dynamics are influenced by several concurrent factors. For
instance, side reactions involving carbohydrates—specifically hydrolysis, peel-
ing, and deacetylation—compete for the supply of active chemicals, thereby
reducing the reactant concentration available for lignin fragmentation [51].
Furthermore, the accumulation of dissolved degradation products modifies the
physicochemical environment of the liquor, including its ionic strength, which
subsequently may influence both reaction rates and transport mechanisms
[52]. In addition, the natural structural variability of the wood matrix creates
significant challenges when attempting to isolate and quantify the individual
contributions of these kinetic and diffusion-controlled steps. Evidently, deligni-
fication is truly a complex process, which warrants proper consideration of all
underlying mechanisms.

3.1.1 Reactions

Lignin

Lignin solubilization necessitates reactions which reduce molecular weight
and incorporate hydrophilic moieties. These changes are achieved principally
through the cleavage of ether bonds, as carbon-carbon linkages exhibit sig-
nificant stability. Consequently, the scission of the abundant β-O-4 linkage
constitutes the primary fragmentation reaction. The specific mechanism is
dictated by the presence of a phenolic group at the C4 position. In phen-
olic structures, alkaline conditions induce the formation of a quinone methide
intermediate, which may be subjected to a nucleophilic attack by HS– ions
to cleave the interunit linkage (see Figure 3.1). Conversely, in non-phenolic
structures the quinone cannot form, and instead β-O-4 cleavage proceeds on
a path essentially independent of HS– , requiring only OH– . Both pathways
generate new phenolic groups, potentially sustaining the reaction chain in
subsequent ether linkages [4].
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Figure 3.1: Schematic reaction pathway of the sulfidolytic β-O-4 cleavage in
phenolic structures at kraft conditions.

HS– also participates in the demethylation of the C3 and C5 methoxy groups,
introducing phenolic functionalities without affecting interunit linkages, as
shown in Figure 3.2. Apart from these reactions, few other interactions between
lignin and HS– have traditionally been considered (with the exception of
thiolignin intermediates) [4, 53]. However, it has been proposed that sulphur
can act as an electron acceptor in radical-induced polymerisation reactions [54],
which may impede delignification if such re-polymerisation occurs to an extent
that reduces solubility.

O
OMe

O
O

+ HS  or MeS-

-

-
+ MeSH or Me S2

Figure 3.2: Schematic reaction pathway of the sulfidolytic demethylation.

A similar class of carbon–carbon bond-forming condensation reactions, al-
though independent of HS– , has long been considered to limit the final stages
of delignification [55]. These structures occur at increased concentrations in
the lignin remaining in the pulp after cooking and are generally assumed to
form predominantly at the 5-position of guaiacyl units, although no conclusive
mechanistic pathway has been established [56]. However, it is also possible that
such condensed units are not generated during cooking but instead become
enriched in the residual lignin as other, more labile structures are preferentially
degraded and dissolved [57, 58]. In addition, certain condensed linkages more
common in hardwoods, such as α–5 bonds, have been reported to be more
abundant in the dissolved lignin than in the residual fraction [56].
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Other reactions occurring during alkaline pulping include the formation of
alkali-stable enol ethers from phenolic β-O-4 linkages. These reactions initiate
with same quinone methide intermediate as for the cleavage reaction (c.f Figure
3.1), but then proceeds via an alternative pathway independently of HS– . As
this alternative pathway competes with the cleavage reaction for the quinone
methide, it may therefore hinder delignification when sulfidity—and corres-
pondingly the rate of the cleavage reaction—is low [59]. Related pathways may
take place in condensed β-1 or β-5 structures, where a similarly stable stilbene
structure is formed instead of an enol ether. Neither reaction contributes to
depolymerisation, as they do not cleave the lignin backbone. However, the
conjugated intermediates that is formed may undergo base-catalysed retrograde
aldol reactions that do cleave the backbone, although this accounts for only a
minor fraction of total lignin chain scission [55].

Carbohydrates

Carbohydrate degradation during kraft pulping is primarily driven by two
mechanisms: peeling and alkaline hydrolysis, though reactions involving func-
tional side groups also play a role. Under alkaline conditions and intermediate
temperatures (>70°C), polysaccharide chains undergo β-elimination at the
reducing end. This stepwise depolymerization, termed the peeling reaction,
propagates until a competing stopping reaction generates a chemically stable
end-group [56]. Cellulose is affected to a limited extent, partly because its high
degree of polymerization (DP) implies fewer reducing end groups per monomer
unit, but also because the crystalline regions provide limited accessibility for
alkali to initiate the reaction. In contrast, glucomannans, having lower DP
and greater accessibility, suffer substantial yield loss from peeling. Xylans,
on the other hand, exhibits partial stability; xylose units substituted with
MeGlcA or arabinose units (in softwoods) at the C2 and C3 positions promotes
the stopping reaction [60]. Moreover, xylan is potentially also aided through
association with cellulose, reducing its accessibility [61].

At elevated temperatures (>140°C), alkaline hydrolysis becomes substantial,
characterized by the random cleavage of glycosidic bonds. For cellulose, this
reaction preferentially targets less ordered regions and constitutes the primary
cause of DP reduction during pulping [56]. Crucially, hydrolysis generates new
reducing end groups, which subsequently undergo further (secondary) peeling.
Beyond backbone degradation, substituent reactions are also significant. For
instance, the conversion of MeGlcA to hexenuronic acid impacts pulp quality
and optical stability. Furthermore, the extensive deacetylation of hemicelluloses
results in significant alkali consumption during the initial phase of delignification
[60].
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3.1.2 Transport of cooking chemicals and lignin

Cooking chemicals

In saturated wood chips, the transport of small ions mainly occur via diffu-
sion, which has been extensively studied [62]. The diffusion rate, commonly
characterised by the effective diffusivity Deff , varies substantially depending
on several factors, including process conditions (e.g. temperature and pH)
and the heterogeneous nature of wood (anisotropic structure, species-related
variations, etc.). Consequently, reported values of effective diffusivity likewise
differ depending on the conditions under which they were determined.

McKibbins presented one of the earliest studies on diffusion in wood, investigat-
ing the release of sodium ions from kraft-pulped chips under neutral conditions
[63]. The resulting diffusivities were on the order of 5× 10−10 m2 s−1 in the lon-
gitudinal direction and approximately half this value in the transverse direction.
Comparable longitudinal diffusivities have been reported for untreated wood;
however, tangential diffusivities were found to be approximately forty times
lower [64]. This discrepancy is likely attributable to the partial delignification
of the cell walls in the pulped chips studied by McKibbins, which generates
additional porosity as material is removed from the lignocellulosic matrix [65].
Tangential transport is therefore enhanced during delignification, as it partly
occurs through the cell walls, whereas longitudinal transport remains relatively
unchanged, being primarily governed by transport along the lumina.

This behaviour is consistent with observations by Talton and Cornell, who
reported that radial diffusivity increased by a factor of three when transitioning
from untreated wood to pulp corresponding to a yield of 65% [66]. In addition,
the directional dependence of diffusivity is influenced by fibre swelling induced
by increasing alkalinity. Estimates of the effective capillary cross-sectional area
(ECCSA) suggested that the ratio between longitudinal and radial transport
decreased from approximately 5 to about 1 as the pH increased from 9 to 14
(c.f Figure 3.3) [67].

Transport within the fibre wall, in contrast, has been investigated to a much
lesser extent. By tracing the diffusion of tritiated water in small wood particles,
it has been shown that the apparent diffusivity decreases with decreasing
particle size [68]. This behaviour is consistent with the expectation that, as
particle size is reduced, transport increasingly reflects diffusion within the cell
wall itself, owing to the diminished contribution from connectivity through
lumina. These findings therefore indicate that diffusion within the cell wall is
more restricted than transport in intact wood chips.

In addition, it remains unclear whether diffusion within the cell wall proceeds
through the rubbery amorphous lignocellulosic network itself or via aqueous
micro- and nanopores embedded within this matrix [69]. Attempts to estimate
cell wall diffusivity using copper ions reported values several orders of magnitude
lower than those associated with water transport in wood [70]. An alternative
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Figure 3.3: Directional dependence of the effective capillary cross-sectional
area (ECCSA) after soaking for 24hr at different pH levels, as measured by
Stone [67]. Reprinted with permission.

approach have involved diffusion experiments using cellulose membranes with
pore sizes comparable to the interfibrillar spacing in the cell wall, yielding
diffusivities on the order of 10−11 m2 s−1 [71].

Lignin

The diffusion of dissolved wood components, and lignin in particular, remains
poorly understood, with only a limited body of literature addressing lignin-
specific diffusivity estimates. The free diffusivity of lignin in solution has been
reported to be on the order of 10−10 m2 s−1 in 1 M NaOH [72], whereas values
approximately one order of magnitude lower have been estimated under neutral
conditions [36]. During diffusion within wood chips, transport is expected to
be more hindered, corresponding to lower effective diffusivities. At the same
time, elevated temperatures during cooking may partially offset this restric-
tion. Consistent with this, reported diffusivities for lignin in wood chips under
cooking conditions are also on the order of 10−10 m2 s−1 [9, 73]. In contrast,
substantially lower diffusivities have been reported for ambient treatments in
alternative processes, such as acetic acid fractionation of sugar bagasse, where
values in the range 10−14–10−12 m2 s−1 were obtained [74]. Even lower values,
down to 4 × 10−19 m2 s−1, have been reported for organosolv treatment of
cedar [75].

As observed for small ions, diffusion of lignin within the fibre cell wall is consid-
erably more restricted. Estimates based on leaching experiments of kraft pulps
at neutral and ambient conditions suggest a cell wall diffusivity on the order of
10−17 m2 s−1 [76]. Li et al. reported pronounced pH dependence, with a bimodal
distribution of diffusivities ranging from 10−17 to 10−13 m2 s−1 at pH 14, as
illustrated in Figure 3.4 [77]. Similarly, Pahlevanzadeh and van Heiningen
estimated diffusivities in the range 10−17–10−15 m2 s−1 during alkaline leaching
at intermediate temperatures in the context of oxygen delignification [78]. Con-
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siderably higher values, on the order of 10−13–10−12 m2 s−1, have nonetheless
been reported based on diffusion experiments through cellulose membranes,
as discussed previously [79]. However, as highlighted by Li et al., diffusivities
depend in part on lignin size, which may help explain discrepancies among
the studies. For example, the residual pulp lignin released in the leaching
experiments is expected to contain larger molecular fractions than the technical
kraft lignin employed in the study using cellulose membranes.

Figure 3.4: Bimodal distribution of lignin diffusivities, as estimated from the
pulp leaching experiments by Li et al. [77]. Reprinted with permission.

3.1.3 Lignin solubility

As discussed in Section 3.1.1, the primary objective of lignin-cleaving reactions
during pulping is to render lignin soluble. Only in its solubilised form can
lignin be transported out of the wood matrix, thereby enabling fibre separ-
ation prior to subsequent papermaking operations. Owing to the inherent
recalcitrance of lignin, however, solubility remains limited unless the polymer
is extensively degraded or chemically modified. Even under kraft pulping
conditions, a fraction of the dissolved lignin is close to its solubility limit [80].
As a consequence, lignin may re-adsorb onto fibre surfaces, particularly towards
the end of pulping, when lignin concentrations are high and the effective alkali
concentration is reduced [81]. Factors governing lignin solubility are therefore of
critical importance in kraft pulping. Nevertheless, the wide variability in lignin
properties arising from differences in origin and isolation method necessitates
that such effects are discussed only in general terms [17].

One of the key determinants of lignin solubility in aqueous media is the
abundance and distribution of hydroxyl functional groups, which impart polarity
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upon dissociation at elevated alkalinity. Two classes of hydroxyl groups are
commonly identified as the main contributors to lignin solubility: carboxylic
acids and phenolic hydroxyl groups [82]. Carboxylic acids are readily dissociated
at alkaline conditions, but do not occur to any substantial extent on the
lignin backbone itself. However, they are present on carbohydrates which are
covalently linked to lignin through so-called lignin carbohydrate complexes
(LCCs), which has led to the suggestion that these components co-dissolve with
lignin fragments [61, 83]. Phenolic hydroxyl groups, in contrast, are directly
bound to the aromatic backbone of lignin and have been shown to correlate
strongly with increased solubility [84]. Their pKa values, typically in the range
9.5–10.5, correspond closely to the pronounced changes in precipitation yield
observed around these pH levels [85]. In addition to functional group chemistry,
lignin solubility is strongly influenced by molecular weight [84–87]. It has
been debated, however, whether solubility is primarily governed by absolute
molecular size or by the relative abundance of solvation-promoting functional
groups [88]. A further, well-documented factor affecting lignin solubility is its
interaction with cationic species [82], the effects of which vary substantially
among ions of both equal and different valencies [89].

3.2 Delignification kinetics

Substantial effort has been devoted to elucidating the kinetics of pulping, with
particular emphasis on the main delignification reactions occurring during the
cooking stage. Despite this, no clear consensus has been reached regarding the
relative importance of the individual steps outlined in Section 3.1. Although
these steps occur concurrently at a general level, they are fundamentally
sequential and all are required for complete delignification. The overall rate is
therefore expected to be controlled by the slowest of these processes. As a result,
to reduce the complexity associated with describing the full delignification
mechanism, many kinetic descriptions and models reduce the complexity of
the full delignification mechanism by focusing on one, or a limited subset, of
the steps that are assumed to control the overall delignification rate.

3.2.1 Experimental rate studies: Reactions

The role of OH– and HS–

Historically, the delignification has frequently been approximated as a pseudo-
homogeneous process, with cleavage of the aryl–ether β-O-4 linkage regarded
as the rate-limiting step [55]. On this basis, considerable attention has been
directed towards understanding how the concentrations of the active kraft
cooking chemicals, OH– and HS– , influence the reaction kinetics. Early stud-
ies employing lignin model compounds reported that the rate of cleavage of
non-phenolic β-O-4 linkages scales linearly with the OH– concentration [90,
91]. In contrast, phenolic β-O-4 linkages were found to be cleaved rapidly and
to exhibit little dependence on the concentrations of OH– and HS– , provided
that a sufficient minimum level was present. While these investigations provide
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valuable insight into the intrinsic chemistry of aryl–ether bond scission, they
are based on a limited experimental scope. Moreover, the extent to which
kinetic parameters derived from model-compound studies can be transferred to
describe delignification kinetics in real wood systems is likely limited [92].

A larger body of work has therefore focused on the kinetics of kraft pulp-
ing in intact wood, where delignification is analysed from the perspective of
overall reaction behaviour. In these studies, the influence of alkalinity has
again been a central theme. However, such investigations reflect only apparent
reaction kinetics, since observed rates inherently include contributions from e.g.
transport phenomena and evolving wood structure. As a result, the apparent
dependencies on OH– and HS– vary substantially throughout the course of
the cook.

The initial phase of delignification, commonly associated with the cleavage of
phenolic aryl–ether bonds, has been reported to proceed rapidly and to be
essentially independent of alkali concentration within the investigated range [93].
Based on these observations, it has been suggested that early delignification
may instead be limited by alkali transport rather than by reaction kinetics.
The subsequent stage, during which the majority of lignin is removed, has
traditionally been attributed to cleavage of non-phenolic β-O-4 linkages [55].
Kinetic studies indicate that this stage depends on the OH– concentration
and also exhibits a weaker, but significant, dependence on HS– [11, 52, 94,
95]. Furthermore, an increased HS– concentration during the impregnation or
pre-treatment stage has been shown to reduce the apparent HS– dependence
observed during bulk delignification [95], indicating that sulphide concentration
influences reactions occurring at earlier stages of the process as well. The
final phase of delignification is commonly associated with the slow cleavage of
carbon–carbon linkages, for example through retro-aldol reactions [55]. This
stage has been reported to show a weaker dependence on OH– concentration
and to be largely independent of HS– [96, 97].

Although observations of apparent pulping behaviour are of practical relevance,
their utility for elucidating the underlying mechanisms of delignification is
limited. This has led to inconsistencies when attempting to assign observed
kinetic features to specific chemical or transport phenomena. For example,
the reported independence of alkali concentration during early delignification
cannot be fully explained by diffusion limitations alone, since alkaline transport
itself depends on OH– concentration. Similarly, HS– concentration evidently
influences large portions of the delignification process, despite being associated
primarily with reactions occurring at the very beginning of the cook [55].
Taken together, these observations suggest that kraft delignification cannot be
adequately described as a simple pseudo-homogeneous reaction system, as its
kinetic behaviour reflects the interplay of many contributing factors.
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Lignin composition

Variations in lignin composition have long been proposed to influence deligni-
fication behaviour in hardwoods, with particular emphasis placed on the ratio
between syringyl and guaiacyl units, commonly expressed as the S/G ratio.
Numerous studies have reported that higher S/G ratios are associated with
faster delignification and improved pulping performance [98–100]. Despite the
apparent consistency of these observations, the mechanisms underlying this rela-
tionship remain unresolved, and contrasting interpretations have been proposed.

One explanation focuses on intrinsic differences in bond reactivity. Model-
compound investigations have suggested that β-O-4 linkages associated with
syringyl units are more readily cleaved than those involving guaiacyl units.
It remains unclear whether the observed reactivity differences arise when syr-
ingyls constitute the main C9-units in the β-O-4 linkages [101, 102] or as the
ether-linked leaving units in the cleavage reactions [102, 103]. Nevertheless,
because such model studies rely predominantly on lignin dimers, their ability to
represent the behaviour of the highly cross-linked and carbohydrate-associated
lignin network present in wood is likely limited.

An alternative interpretation attributes differences in delignification rates to
structural constraints imposed by condensed carbon–carbon linkages. Guaiacyl
units possess an available C5 position that promotes the formation of con-
densed structures, which have been proposed to retard delignification kinetics
[104]. From this perspective, the reduced abundance of condensed linkages in
syringyl-rich lignin would be consistent with the higher pulp yields reported
at elevated S/G ratios [104–106]. However, this structural argument is not
universally supported. Several investigations have found little or no correlation
between S/G ratio and the yield [107–109].

The apparent importance of S/G ratio may also be influenced by species
selection. Much of the available literature is based on eucalyptus species,
particularly Eucalyptus globulus, which combine high S/G ratios with rapid
delignification. The resulting correlations may therefore reflect species-specific
behaviour rather than a general dependence on lignin monomer composition.
Other hardwoods, such as birch, do not consistently follow the same trends [43,
110]. Consequently, factors beyond lignin composition, including interactions
with non-process elements such as calcium, may contribute to the favourable
pulping characteristics observed for certain species [111].

3.2.2 Experimental rate studies: Transport of cooking
chemicals and lignin

Transport phenomena in kraft pulping have received attention primarily in the
context of delivery of cooking chemicals prior to the onset of chemical reactions.
In particular, the effects of chip impregnation [112–114] and chip thickness
[115–118] have been widely investigated. These studies largely address the
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penetration of reactive species (i.e hydroxide and hydrosulphide ions), from
the bulk liquor into the chip interior and towards lignin located within the cell
wall. In contrast, considerably less attention has been directed towards the
subsequent dissolution and transport of fragmented wood components formed
during delignification.

Nevertheless, several investigations have reported the existence of distinct con-
centration levels of dissolved wood components between the liquor contained
within wood chips and the surrounding bulk liquor [8–10, 13]. Although the
reported magnitude of these differences varies among studies, the consistent
observation of chemically distinct liquor fractions implies that mass transfer
between them influences the overall rate of delignification. Such transport is
governed by factors similar to those affecting the impregnation with small ions,
including chip geometry and anatomical features such as vessels, but involves
substantially larger and more chemically heterogeneous species. In addition,
the internal morphology of the chip evolves as delignification proceeds, leading
to time-dependent changes in transport pathways and resistances [119].

Beyond the chip scale, transport limitations have also been suggested to affect
the fibre cell wall level (corresponding to item 6 in Section 3.1) [8, 12]. Mass
transfer within the cell wall is inherently complex due to its heterogeneous
structure and the diverse chemical nature of dissolved lignin fragments. Both
the composition of the cell wall and the properties of the dissolved species
evolve continuously throughout the cook, in parallel with changes in alkalinity.
As a result, experimental studies directly addressing transport kinetics within
the cell wall remain scarce, and most available evidence is indirect. Existing
observations suggest that transport may depend on cell wall thickness [11] as well
as steric and electrostatic interactions between dissolved lignin fragments and
the fibre wall matrix [77, 120]. However, direct experimental characterisation
of lignin transport kinetics within the fibre wall under kraft pulping conditions
has not yet been reported.

3.2.3 Experimental rate studies: Lignin solubility

It has been suggested that mechanisms limiting lignin solubility become increas-
ingly important during the later stages of delignification [121]. Although the
kinetics of lignin dissolution itself have been modelled as relatively rapid [122],
solubility constraints may nevertheless influence the overall rate of delignifica-
tion indirectly. One prominent example is the effect of cation concentration
in the cooking liquor, commonly referred to as the ionic strength (IS), which
has been consistently reported to correlate with the delignification rate [52, 97,
123]. This behaviour is commonly attributed to reduced lignin solubility at
elevated IS levels. However, alternative explanations have also been proposed,
including the influence of ion-exchange and electrostatic partitioning phenom-
ena described by Donnan theory, which may affect both reaction environments
and mass transport within the fibre wall [80, 120, 124, 125]. Moreover, the
molecular weight of dissolved lignins increases continuously during kraft cooking
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[10, 126, 127]; however, relatively little is known about the way in which this
influences the delignification kinetics.

3.2.4 Numerical modelling

One of the earliest and most influential approaches to modelling delignification
kinetics is the H-factor, developed by Vroom [128]. This simplified formulation—
initially developed for soda conditions—employs an Arrhenius-type expression
to combine the effects of time and temperature into a single variable, which
can be correlated with the extent of delignification. Hatton later extended this
concept by deriving expressions for pulp yield and kappa number based on the
H-factor and the effective alkali concentration [129]. However, the model relied
on a single rate expression to describe the entire cook, despite well-established
changes in alkali consumption and in the relationship between yield and lignin
content as delignification proceeds.

Subsequent modelling efforts addressed these limitations by introducing distinct
phases of delignification [115, 130]. In the model proposed by Teder and Olm,
lignin was assumed to react through three sequential phases: the initial, bulk,
and residual phases. Each phase was characterised by a different dependence
on temperature and on the concentrations of OH– and SH– . As noted by the
authors, however, changes in chemical concentrations during an early phase,
while not influencing the rate of that phase directly, affect the rates of sub-
sequent phases. For instance, although the initial-phase delignification rate was
modelled as independent of OH– and SH– concentrations, variations in these
concentrations during the early stages of the cook influence the final residual
lignin content.

A related but more comprehensive framework is the Gustafson model, which
has subsequently been widely applied and further developed [131]. This model
also describes delignification as a sequence of three phases, but additionally
links carbohydrate degradation rates to the delignification rate in each phase.
It further incorporates the diffusion of OH– into the wood chips. Later studies
adopted similar kinetic expressions while allowing the delignification phases
to proceed in parallel rather than strictly in series [96, 132]. An alternative
modelling strategy is represented by the Purdue model, originally developed by
Smith [133]. Instead of phase-based kinetics, this approach assumes five distinct
reacting components: fast- and slow-reacting lignin, cellulose, glucomannans,
and xylans.

Many later models are based on either the Gustafson or the Purdue framework,
or on combinations of the two [97, 134–138]. A common modification is the
further subdivision of reacting species into smaller subgroups, or the explicit
inclusion of non-reactive components [139]. Across these models, lignin is
generally represented by empirically defined “fast” and “slow” reacting species
or phases. This approach reproduces observed delignification rates but does
not explicitly reflect the underlying chemical mechanisms, although some stud-
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ies have introduced more detailed reaction expressions intended to represent
specific reactions [140, 141].

Despite these refinements, most kinetic models do not explicitly account for
the heterogeneity of wood delignification. With a few exceptions [96, 122, 138],
they have been developed using experimental data obtained from whole wood
chips. Consequently, the estimated kinetics represent apparent reaction rates
that conflate intrinsic chemical reactions with the solubilisation and transport
of dissolved components within the chip structure. Although the original model
by Gustafson did include diffusion of OH– , it neglected the transport of other
components, and later studies have predominantly assumed homogeneous OH–

concentration profiles as well.

More recently, several models have attempted to address aspects of this hetero-
geneity. Grénman et al. presented a three-dimensional model that incorporates
direction-dependent, but otherwise homogeneous, diffusion in wood chips, to-
gether with the effects of spatial variations in porosity [15]. Simão et al. applied
film theory to estimate the influence of external and internal mass-transfer
resistances, although concentration gradients were represented using simpli-
fied polynomial expressions and only one spatial direction was considered [9].
Gilbert et al. introduced a three-phase description in which the heterogeneity
of wood chips was represented by distinguishing between solid fibres and the
entrapped liquor within the lumen network [13]. Finally, Bijok et al. combined
several of these approaches to describe interactions between fibres and bound
and free liquors in an anisotropic system. Nevertheless, none of these models
account for the large disparity between the diffusion rates of dissolved lignin and
smaller ions (as discussed in Section 3.1.2). Furthermore, although the model
by Bijok et al. uses averaged behaviour to represent fibre-level phenomena,
these approaches do not resolve the multi-scale heterogeneity inherent to wood.



26 CHAPTER 3. KRAFT DELIGNIFICATION



Chapter 4

Material & Methods

This chapter outlines the materials, instrumentation, and process conditions
used in the pulping experiments. Additionally, it details the analytical methodo-
logies employed for the characterization of the raw feedstock, obtained pulp, and
process liquors. Finally, a brief overview of the numerical models developed in
this work and the numerical procedures used to solve them is included.

4.1 Wood feedstock

The raw feedstock utilized in this work was procured from a Swedish pulp mill,
using trees harvested in southern Sweden. Paper I utilized wood derived from
individual logs of birch (Betula pubescens1), beech (Fagus sylvatica), aspen
(Populus tremula), and alder (Alnus glutinosa). The birch log also served as
the raw material for Paper II and Paper IV. In these studies, the wood was
chipped and subsequently cut in a knife mill to particles passing through a 1
mm mesh; this fraction is hereafter referred to as wood meal.

In contrast, Paper III employed a supply of industrially chipped (2–6 mm
thick), mixed birch (Betula pendula and Betula pubescens) . Lastly, in Paper V,
the developed model was evaluated against experimental data generated by
Marion de Godoy et al. [148], utilizing hand-cut chips (about 8 mm thick)
originating from the same birch log used in Paper I .

4.2 Kraft pulping

Kraft delignification was experimentally simulated with laboratory scale reactor
setups, using a flow-through packed-bed reactor (for wood meal), or autoclave
batch reactors (for wood chips). This section briefly details the employed

1Differentiation between Betula pendula and Betula pubescens is generally not prioritized
in pulping studies [142–146]. The birch log employed in Paper I was tentatively identified
following the protocol described by Lundgren et al. [147], although prolonged storage prior
to analysis may have influenced the taxonomic determination.
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reactor setups and conditions. The full details are included in the appended
papers.

4.2.1 Reactor setups

Flow-through experiments were conducted using an established continuous-flow
tube reactor system [123, 149, 150], illustrated schematically in Figure 4.1.
In each trial, approximately 4 g of wood meal was uniformly packed into the
reactor vessel and impregnated at ambient temperature with roughly 30 ml of
cooking liquor. To initiate the reaction, the reactor assembly was submerged
into a pre-heated polyethylene glycol (PEG) bath maintained at the target
temperature. The treatment duration ranged from 5 to 180 minutes, after which
the reaction was quenched by immediate immersion in a cold water bath. Fol-
lowing the cook, the resulting pulp was suspended in water, defibrillated using a
handheld blender, washed to neutrality, and subsequently dried. The transient
temperature experiments was managed by rapidly transferring the reactor
setup between two distinct PEG baths preset to the required temperatures.

Figure 4.1: Schematic representation of the flow-through reactor setup.

A continuous supply of fresh cooking liquor was drawn from a reservoir at
ambient temperature. Prior to entering the reactor, the feed stream was pre-
heated by passing through a coiled extension of the feed line submerged within
the PEG bath. To maintain a near-constant alkali concentration throughout
the process, the volumetric flow rate was modulated; it was increased stepwise
to 10 ml/min during the impregnation phase and subsequently reduced to a
steady state of 2.5 ml/min from 22 minutes onwards. The transient conditions
involving different liquor concentrations were achieved through two reservoirs
connected to the reactor inlet by a 3-way valve.

Upon exiting the reactor, the effluent was immediately cooled via a heat
exchanger to quench further chemical reactions. The spent cooking liquor
(black liquor) was fractionated into discrete samples according to the schedule
outlined in Table 4.1, though specific experimental requirements occasionally
necessitated deviations from this protocol, as detailed in the appended papers.
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Table 4.1: Sampling intervals for black liquor
collection

Time interval [min] Approx. volume [ml]

-5 – 0 30

0 – 5 50

5 – 10 50

10 – 20 90

20 – 40 70

40 – 60 50

60 – 90 80

90 – 120 80

120 – 150 80

150 – 180 80

Batch delignification of wood chips were conducted in 1.5 L stainless steel
autoclaves. Each vessel was charged with approximately 25 g of wood chips
and chemically treated at a liquor-to-wood (L:W) ratio of 10:1 for Paper III
and 22:1 for Paper V. To facilitate impregnation, the autoclaves were initially
evacuated for 5–10 minutes, followed by pressurization with nitrogen gas at 5
bar for a duration of 15–20 minutes. In the specific case of Paper III, the spent
impregnation fluid was drained and replaced with fresh cooking liquor at an
L:W ratio of 20:1 prior to the cook. The trials were initiated by submerging
the autoclaves in a preheated PEG bath for defined intervals ranging from 10
to 120 minutes. Autoclaves reached terminal temperature in approximately 25
min, as estimated from the data of Bogren et al. [52]. At the conclusion of the
specified time, the reactions were quenched by immersion of the vessels in a
cold water bath.

For Paper III, the free liquid phase was separated via filtration and designated
as bulk liquor (BL). The remaining wet pulp was subsequently centrifuged
to isolate the liquor fraction retained within the fiber matrix, referred to as
centrifuged liquor (CL). The solid residue was then washed, leached with water
until a neutral pH was achieved, and dried. The experimental protocol for
Paper V focused exclusively on the solid phase, utilizing a washing and drying
procedure analogous to that of Paper III.

4.2.2 Pulping conditions

Throughout this work various pulping conditions have been investigated, as
summarized in Table 4.2. The cooking liquor was prepared fresh prior to each
cook, and the concentration verified through the ABC-titration, according to
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the SCAN N-2 standard.

Table 4.2: Composition of the cooking liquor used in this work.

Temperature Time OH– HS–

[°C] [min] [mol/kg liquor] [mol/kg liquor]

Paper I 140, 150 0–180 0.35 0.15

Paper II 150 0–180 0.35 0–0.35

Paper III 160 0–120 0.60 0.15

Paper IV 140, 150, 160 0–180 0.35, 0.70 0.15

Paper V 165 0–60 0.55 0.25

4.3 Characterisation

4.3.1 Compositional analysis

The lignin and carbohydrate compositions of the pulp and liquor fractions were
determined using a modified version of the standard analytical protocols estab-
lished by NREL[151]. Following acid hydrolysis, lignin was quantified as two
distinct fractions: acid-insoluble lignin (Klason lignin) and acid-soluble lignin
(ASL), the latter of which comprises solubilized lignin fragments, extractives,
and reaction byproducts [152]. The resulting soluble hydrolysate was analyzed
for carbohydrate monomers via high-performance anion exchange chromato-
graphy with pulsed amperometric detection (HPAEC-PAD). All carbohydrate
data are reported in their anhydrous forms [153] and have been corrected for
hydrolytic degradation losses according to previously established factors [154].

4.3.2 Lignin precipitation

Prior to structural characterisation, the solubilized lignin was recovered from
the liquor fractions via precipitation, following the protocol outlined by Dang
et al. [127]. Briefly, the liquor samples were acidified to pH 2.5 using sul-
phuric acid, subjected to freezing overnight, and subsequently thawed. The
precipitate was recovered via filtration, washed with acidified water (pH 2.5)
to eliminate soluble impurities, and dried at 40°C for 3 days. The isolated
material, designated as precipitated lignin, contained varying proportions of
co-precipitated carbohydrates. To preserve the structural integrity of these
associated carbohydrate moieties and prevent the loss of any lignin fractions,
no further purification steps were undertaken.

4.3.3 Molecular weight distribution

The molecular weight distributions (MWD) of the precipitated lignin fractions
were determined using gel permeation chromatography (GPC) on a PL-GPC 50
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Plus system (Varian Inc.). Chromatographic separation was performed using
two PolarGel-M columns (300 × 7.5 mm) with a mobile phase of dimethyl
sulfoxide (DMSO) containing 10 mM LiBr, delivered at a flow rate of 0.5 ml/min.
Prior to analysis, the lignin samples were dissolved in the eluent overnight and
subsequently diluted to a concentration range of 0.25–2.0 mg/ml. Detection was
achieved using ultraviolet (UV) and refractive index (RI) detectors connected in
series. The system was calibrated using pullulan standards covering a molecular
weight range of 0.18–708 kDa.

4.3.4 Nuclear Magnetic Resonance spectroscopy

Structural characterization of the precipitated lignin fractions was performed
using 2D heteronuclear single quantum coherence (HSQC) NMR spectroscopy.
Spectra were acquired using the standard pulse sequence hsqcedetgpsisp2.3,
utilizing 24 scans and a 1 s relaxation delay. The data matrices consisted of 3072
and 512 points for the 1H and 13C dimensions, respectively. Instrumentation
varied by study: a 700 MHz spectrometer was utilized for Paper I, while Paper II
and Paper III employed an 800 MHz system, both of which Bruker Avance
III systems. Prior to analysis, lignin samples were dissolved in DMSO-d6 at a
concentration of 140 mg/ml overnight. To eliminate minor insoluble fractions
(<5 wt%), the solutions were centrifuged at 12,500 rpm for 5 minutes.

4.4 Numerical modelling

Two delignification models were developed as part of this work: an initial
model describing delignification within the cell wall, and a subsequent exten-
sion that incorporates wood-chip-level transport. The principal steps of the
model development and validation are summarised in Sections 5.3 and 5.4,
with detailed descriptions provided in Paper IV and Paper V, respectively.

The cell-wall model describes one-dimensional transport and reaction along
the radial direction of a simulated fibre wall, without distinguishing between
the cell wall and the middle lamella. One boundary represents the symmetry
plane between adjacent fibre walls, while the opposite boundary corresponds
to the interphase with the lumen. The wood-chip model employs a multi-scale
framework: the cell-wall domain is treated in the same manner as in the initial
model, while an additional domain accounts for the one-dimensional transport
of OH– along the radial direction at the chip scale. For simplicity, both models
use normalised spatial coordinates, with the cell-wall thickness defining the
length scale at the cell-wall level and the chip thickness defining the length
scale at the chip level.

The lignin concentration was also normalised. In the cell-wall model, the
concentration was normalised against the measured lignin content of the wood
after impregnation at room temperature. This choice was motivated by the ob-
servation that a portion of the lignin (approximately 11% of the initial amount)
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was already removed under these mild conditions. This early removal—likely
dissolution—mechanistically differs from the reaction and mass transport that
governs the main delignification process, as the latter becomes relevant only
at significantly elevated temperatures. Because the model was intended to de-
scribe delignification under industrially relevant, high-temperature conditions,
it only included these latter mechanisms. It would therefore not be expected
to reproduce the initial dissolution observed at room temperature.

An improved normalisation approach was introduced in the wood-chip model.
Here, the data were instead normalised against the lignin content of untreated
wood, although the initial conditions were adjusted such that the normal-
ised lignin content at time zero corresponded to the measured level in the
impregnated wood. This procedure avoids the bias introduced by the previous
normalisation scheme, although its effect on the overall model results was
relatively minor (cf. Table 5.2).

The equations associated with each model were solved using MATLAB’s pdepe
solver, and the fitting of parameters for the cell wall model was achieved
using the lsqnonlin tool. For the cell-wall model, a spatial resolution of 14
nodes—unevenly distributed to provide a finer grid near the lumen boundary,
where large gradients were expected—was found to be sufficient. The temporal
resolution was controlled automatically by the ode15s solver embedded within
the pdepe framework.

The wood-chip model required a finer spatial discretisation to ensure conver-
gence. A total of 30 nodes were used for the cell-wall dimension, whereas 70
nodes were required for the chip-level domain. During model development, the
temporal progression of the chip-level simulation also required explicit control;
for most conditions, a maximum time-step of 0.1 s was necessary to obtain
converged solutions. The cell-wall domain was solved at each chip-level time
step, with its temporal resolution again controlled automatically by the solver.
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Results & Discussion

This chapter presents a summary of the main findings from the five appended
papers. It begins with an overview of the delignification behaviour of birch wood
meal with respect to time, temperature, and cooking liquor composition, followed
by an analysis of the resulting dissolved lignin. Differences in delignification
kinetics among the investigated hardwoods are then briefly summarised, after
which the delignification of birch wood chips is examined. Finally, the hetero-
geneous cell-wall delignification model is presented together with its subsequent
integration into a multi-scale wood-chip model.

5.1 Cell wall delignification

A flow-through reactor was employed for wood meal experiments, offering
two primary advantages over conventional batch reactors. First, continuous
sampling of the spent black liquor enabled a time-resolved characterization of
the dissolved wood components throughout the process, rather than yielding
only average properties at the end of the experiment. Second, the combination
of short residence time and immediate cooling allowed for the characterization
of the components structure as they were released from the wood matrix,
thereby minimizing the secondary degradation that typically occurs in batch
systems.

5.1.1 Kinetics of birch wood meal delignification

Lignin

Delignification of birch wood meal constituted the basis of Papers I, II, and
IV. Figure 5.1 illustrates the decrease in lignin content of the wood tissue over
time at different temperatures. Notably, the divergence between temperature
conditions increased initially, reaching a maximum at the 60 min data, after
which the differences between conditions diminished. An interpretation of this
behaviour is the indication of a strongly temperature-dependent phenomenon
governing the early-stage delignification kinetics, whose influence appears to

33
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diminish after roughly an hour. Nevertheless, as the diminishing rates coincide
with reduced lignin levels, this behaviour could reflect any phenomenon whose
rate is dependent on the residual lignin content, and therefore cannot be
attributed to a single mechanism.
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Figure 5.1: Remaining Klason lignin content in birch wood meal after pulping
at various temperatures. The OH– and HS– concentrations were 0.35 M and
0.15 M, respectively. Values are normalized to the initial wood weight.

The effect of varying HS– concentration is presented in Figure 5.2, showing
that HS– markedly increased the delignification rate across the analysed range.
In addition, data from cooks conducted at elevated OH– levels are included,
indicating that the effect of HS– was of the same order of magnitude as
that of OH– . The influence of HS– was further examined under transient
conditions, in which the process liquor was switched from regular kraft to
soda liquor (containing no HS– ) after different reaction times (Figure 5.3).
When this transition occurred early, a pronounced reduction in the extent of
delignification was observed. In contrast, switching the liquors after 60 minutes
resulted in negligible differences compared to the kraft reference, suggesting
that, under the present experimental conditions, HS– had a minimal impact
on the delignification rate beyond this point. Notably, the contribution of
phenolic β-O-4 cleavage is expected to diminish significantly earlier in the
process, owing to the relatively low abundance and faster reaction rates of
these linkages compared to their non-phenolic counterparts [55, 155].

Consequently, these findings suggest that additional sulphide-dependent
reactions may influence the overall delignification rate. The sulfidolytic
demethylation reaction is a plausible mechanism, and its impact on delig-
nification is corroborated by the MWD data, as elaborated later in this
section.
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Figure 5.2: Remaining Klason lignin content in birch wood meal after pulping
at various times and HS– levels. The OH– concentration was maintained at
0.35 M, except where otherwise indicated. Values are normalized to the initial
wood weight.

Figure 5.3: Variations in remaining Klason lignin content in the birch wood meal
during pulping under transient conditions. The cooking liquor was switched
from kraft (HS– : 0.15 M; OH– : 0.35 M) to soda (no HS– ; OH– : 0.35 M) after
the time points indicated in the legend. Values are normalized to the initial
wood weight.
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Xylan

Compared with lignin, xylan removal proceeded much more rapidly, with
a substantial portion of the xylan removed within the first 5 minutes (see
Figure 5.4). Despite this rapid initial loss, the remaining xylan content in the
prolonged experiments appeared to approach a constant value, suggesting the
presence of a relatively large fraction resistant to further removal. Notably,
the discrepancies between the data obtained at different temperatures appear
roughly constant from the first measurement after 5 minutes onward, indicating
that any strongly temperature-dependent mechanisms are likely confined to
the very early stages of the cook.
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Figure 5.4: Remaining xylan content in birch wood meal after pulping at
various times and temperatures. Values are normalized to the initial wood
weight.

5.1.2 Size and structure of dissolved wood components
during kraft pulping

Lignin

In addition to the compositional analysis of the pulp, the analysis of dissolved
lignin was a key factor in elucidating the delignification kinetics. The evolution
of the molecular weight distribution of the dissolved lignin is presented in
Figure 5.5. Regardless of process temperature, very similar MWD profiles were
observed during the first 20–40 minutes. However, from this point onwards,
the MWD shifted continuously toward higher molecular weights. As shown
in Figure 5.5, the MWD of the dissolved lignin is strongly correlated with
the extent of delignification, with a greater proportion of high-molecular-
weight fractions eluting from the more extensively delignified pulp of the 150°C
experiments. When comparing samples with similar degrees of delignification
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(e.g., 120 min at 140 °C vs. 60 min at 150 °C), the profiles are remarkably
consistent.

This behaviour can be attributed to transport resistance: larger lignin
fragments possess lower mobility than smaller fractions, requiring longer
diffusion times—and potentially a more open, less obstructed cell wall
matrix—to migrate into the liquor. Consequently, increasingly larger
fractions elute as the process progresses.
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Figure 5.5: Molecular weight distribution of lignin precipitated from black
liquor fractions of birch wood meal cooks at (a) 140 °C and (b) 150 °C. Cooking
liquor composition: 0.35 M OH–& 0.15 M HS– .

The MWD of the dissolved lignin was further investigated during pulping
at various HS– levels. Figure 5.6 depicts the distributions at four different
time intervals (a–d) across five distinct levels of sulphidity. Notably, lignin
from cooks with no or very low sulphidity exhibited drastically different MWD
profiles compared to the kraft treatments. Specifically, the soda lignin dis-
played a single dominant broad peak with minimal variation throughout the
process. In contrast, the kraft lignin MWDs were initially dominated by a
distinct peak around 1300 Da—completely absent in the soda lignin—which
diminished over time in favour of increasingly higher molecular weight fractions.
Consistent with Figure 5.5, the progressive shift of the MWD towards larger
fractions is more pronounced at higher degrees of delignification (e.g., at higher
HS– concentrations). This distinction between the soda/ultra-low HS– and
low/medium/high HS– concentration-regimes parallels the trends observed
for the delignification rate (cf. Figure 5.2), further underscoring the interplay
between molecular weight and the overall rate of delignification.



38 CHAPTER 5. RESULTS & DISCUSSION

(a)

5 min
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Figure 5.6: Molecular weight distributions of lignin precipitated from black
liquor sampled after (a) 5, (b) 60, (c) 120, and (d) 180 minutes during soda and
kraft cooking of birch wood meal at constant OH– (0.35 M) and at ultra-low
(UL), low (L), medium (M), and high (H) HS– concentrations. The legends
include the degree of delignification for each sample, which was either measured
(b & d) or estimated (a & c) based on the data presented in Figure 5.2.

As previously noted, the trends observed in the transient experiments (Figure
5.3), together with the significant impact of HS– on the MWD of the dis-
solved lignin, can likely be attributed to the demethylation reactions known
to occur during kraft pulping. Since these reactions are considered relatively
slow compared with β-O-4 cleavage [122], this hypothesis aligns well with the
behaviour observed in Figure 5.3, where HS– influenced the delignification
rate for a longer duration than would be expected from β-O-4 cleavage alone.
The mechanism behind this enhanced delignification likely stems from the
introduction of phenolic groups by the demethylation, which promotes lignin
solubility [88, 156]. Furthermore, demethylation has been shown to facilitate
the extraction of residual lignin, albeit in other contexts than kraft pulping [157].

Demethylation alone, however, is unlikely to explain the distinct peaks around
1300 Da and below that appear exclusively in the kraft samples. Further dis-
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tinctions between kraft and soda lignin were revealed by the HSQC NMR data
(Figure 5.7). The kraft lignin exhibited several signals that were either absent
or significantly diminished in the soda lignin, with similar trends observed in
transient cooks transitioning from kraft to soda conditions. These signals were
mainly attributed to two types of structures. First, as indicated by the magenta
region 1 in Figure 5.7, stilbene structures were identified in the kraft lignin.
They are known to form from phenylcoumaran and β-1 linkages following the
reverse aldol reaction catalyzed by HS– or OH– [32]. The increased abundance
in the kraft lignin may thus be explained by the greater nucleophilicity of HS–

compared with OH– . Since the reactions known to generate stilbenes neither
fragment the lignin backbone to any considerable extent, nor introduce struc-
tures that promote solubility, they are unlikely to influence the delignification
rate.

The second group of signals, observed unique to the kraft spectra, likely cor-
responds to various condensed structures, suggested to originate from radical-
induced repolymerisation reactions involving disulphides [54]. Similar struc-
tures have been observed in fractionated lignin, which indicated that these
repolymerisation reactions mainly generate relatively low-molecular-weight
structures [32, 158]. Such small structures are likely readily removed from
the cell wall and are, therefore, not expected to significantly affect the overall
delignification rate. It is, therefore, possible that the structures appearing
in the 1300 Da range in Figure 5.6 originate from these repolymerisation re-
actions. This would further explain the significant reduction of the fraction
observed around 200 Da in the kraft samples, as this fraction could potentially
represent monomeric degradation products that, in the presence of sulphur,
form these repolymerised low-molecular-weight structures. Moreover, transient
experiments demonstrated that these small structure are rapidly removed upon
switching from kraft to soda conditions, indicating little impact on the overall
delignification rate (c.f Figure S1 in the supporting material to Paper II)

It is thus likely that demethylation reactions enable the dissolution of
larger lignin molecules; this, in turn, would promote delignification during
the final stage of the cook, which is dominated by the removal of these
large lignin fractions. Although other sulphide-involving reactions may
impact the size and structure of the dissolved lignin, their effect on the
overall delignification rate appear limited.
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(a) (b)

Figure 5.7: HSQC NMR spectra of lignin precipitated from (a) kraft (0.15
M HS– ) and (b) soda cooks of birch wood meal at 150 °C and 0.35 M OH– .
Samples were collected after 5 minutes (kraft) and 20 minutes (soda), corres-
ponding to delignification degrees of 30% and 34%, respectively. Highlighted
areas indicate regions with substantially weaker signals in the soda spectrum.
Region 4 (grey) remain unidentified.

Xylan

A considerable fraction of carbohydrates (consisting of>97% xylan) co-precipitated
with the lignin recovered from the black liquors. A comparison of the UV and
RI responses from the SEC data facilitates detection of these carbohydrates, as
these structures exhibit negligible UV absorption. This comparison is illustrated
in Figure 5.8. As inferred from the appearance of a peak at approximately
20 kDa in the RI trace, these co-precipitated xylans appear to have dissolved
primarily as polymers, rather than as degraded mono- and oligomers.

This observation implies that mass transfer limitations may also govern
carbohydrate removal. Furthermore, this peak diminishes markedly over
the first 10 minutes, a timeframe that coincides with the xylan removal
observed in Figure 5.4.
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Figure 5.8: Comparison of UV and RI detection data for the molecular weight
distribution of lignin and co-precipitated xylan from cooks at 150°C.

5.1.3 Comparison of Nordic hardwoods

The chemical compositions of the birch, beech, aspen, and alder wood in-
vestigated in Paper I are summarised in Table 5.1. Overall, birch exhibited
a comparatively low lignin content coupled with a high proportion of xylan,
whereas aspen was characterised by elevated glucan and mannan contents
alongside relatively low levels of xylan and lignin. In contrast, both beech
and alder displayed relatively high lignin contents. These compositional pro-
files align with previously reported data for these species [17, 24, 42, 43, 46,
159–161]. However, direct comparisons across studies should be approached
with caution, as variations in analytical and characterisation methods can
significantly impact the reported values. Furthermore, certain constituents that
may influence delignification behaviour—such as extractives and hemicellulose
side groups—were not quantified in the present work.
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Table 5.1: Composition of the untreated wood used in Paper I. Reported
values are the average of 4 replicates and corresponding standard deviations.
[% on odw]

Component Birch Beech Aspen Alder

Carbohydratesa 63.6 ± 0.6 61.1 ± 2.0 65.8 ± 0.4 62.6 ± 0.4

Glucan 39.1 ± 0.4 39.5 ± 1.3 44.8 ± 0.2 41.5 ± 0.2

Xylan 21.9 ± 0.1 19.0 ± 0.6 17.2 ± 0.2 18.1 ± 0.1

Mannan 1.6 ± 0.0 1.4 ± 0.1 2.9 ± 0.0 1.8 ± 0.1

Arabinan 0.3 ± 0.0 0.4 ± 0.0 0.3 ± 0.0 0.3 ± 0.0

Galactan 0.7 ± 0.0 0.8 ± 0.0 0.6 ± 0.0 0.8 ± 0.0

Klason lignin 19.6 ± 0.2 22.4 ± 0.1 19.0 ± 0.2 24.4 ± 0.4

Acid soluble lignin 5.0 ± 0.1 4.4 ± 0.1 4.7 ± 0.1 3.5 ± 0.1

Total 88.2 ± 0.7 87.9 ± 2.0 89.5 ± 0.3 90.5 ± 0.7

a Values given in anhydrous form

Wood meals of all four hardwood species were subjected to similar flow-through
kraft delignification experiments as previously described; the corresponding
rates of lignin and xylan removal are presented in Figure 5.9. The results show
modest variations between the species, with differences primarily attributable
to the initial chemical composition of each wood type. However, despite its
initially low lignin content, aspen displayed a distinctly faster initial deligni-
fication rate, whereas alder exhibited somewhat slower kinetics towards the
latter stages of the cook. Even less variation was observed in xylan removal
(Figure 5.9(b)), although the birch black liquor contained significantly higher
quantities of dissolved—and detectable—xylan (see Figure 3(C) in Paper I).
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Figure 5.9: (a) Remaining lignin and (b) xylan content in wood meal from
alder, aspen, beech, and birch after pulping at 150 °C. Values are normalized
to the initial wood weight.
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The measured MWD of lignin dissolved from the black liquors of the four species
showed no considerable differences (Figure 5.10), indicating that the variations
in delignification rate noted in Figure 5.9, although minor, cannot be attributed
to the molecular weight of the dissolved lignin. Instead, these variations likely
stem from physical characteristics. For instance, the aspen wood meal possessed
a noticeably finer texture compared to the other three hardwoods, suggesting
a higher specific surface area and potentially greater exposure of the middle
lamella. This could account for the accelerated initial delignification observed
for aspen. However, it should be noted that observations obtained using a
high-magnification digital camera revealed limited morphological variation
among the wood meal particles across the four species (see Supplementary
Figure S.1 of Paper III).
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Figure 5.10: Molecular weight distribution of material precipitated from the
5- and 120-minute fractions of all four species during pulping at 150 °C, as
detected by (a) UV and (b) RI.

5.2 Wood chip delignification

Part of the experimental work in this thesis was conducted on birch wood chips,
as presented in Paper III. The primary objective of that study was initially to
investigate the influence of impregnation liquor composition on the subsequent
delignification rate. Furthermore, a methodology developed by Brännvall and
Rönnols [8] was employed to partition the black liquor into two distinct fractions:
the bulk liquor (BL) surrounding the chips, and the liquor entrained within the
lumen network (centrifuged liquor, CL). Varying the impregnation liquor com-
position resulted in a small but consistent divergence between the impregnation
scenarios, which persisted throughout the cooking process, as presented in
Figure 1 of Paper III. As expected, impregnation with liquor containing OH–

and HS– accelerated delignification compared to impregnation with water alone.

Despite the initial scope, the liquor fractionation yielded unexpected findings,
prompting a shift in focus for the remainder of the study. The concentrations
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of dissolved Klason lignin and xylan are presented in Figure 5.11, illustrating
two distinct kinetic behaviours when comparing the two liquor fractions. For
both components, the overall trends were comparable, although the specific
dissolution rates and peak times varied consistent with the behaviours observed
in the pulp (cf. Figure 1 of Paper III). For example, the lignin concentration
in the bulk liquor steadily increased during the first 60 minutes, after which
the rate was drastically diminished, causing the concentration profile to level
off. Conversely, the centrifuged fraction exhibited a steeper initial increase,
reaching a maximum concentration concurrent with the levelling off of the bulk
liquor, followed by a decrease for the remainder of the cook.

(a)

WL
WLNa
W
WNa

(b)

WL
WLNa
W
WNa

Figure 5.11: Concentration of dissolved (a) Klason lignin and (b) xylan in the
bulk liquor (BL, open symbols) and centrifuged liquor (CL, closed symbols)
during pulping, following the impregnation with: White liquor (WL), White
liquor with added NaCL (WLNa), Water (W), and Water with added NaCL
(WNa)

The disparity in concentration between the bulk and centrifuged liquors
indicates substantial transport resistance within the chip; if mass transfer
between the two phases were unhindered, their concentrations would
instead have been expected to rapidly equilibrate to similar levels.

Moreover, the observation of maxima in the CL concentration profiles suggests
that the balance between the rate of lignin release into the CL and the rate of
transport from the CL to the BL varies throughout the process. During the
initial phase, lignin solubilisation is rapid, causing the CL concentration to rise
sharply and exceed that of the BL. However, after approximately 60 minutes,
the rate of release from the wood matrix diminishes. Consequently, the CL
concentration decreases as dissolved fragments continue to migrate into the
bulk liquor.

Consistent with this mechanism, the MWD of lignin precipitated from the CL
and BL exhibited similar disparities over time (Figure 5.12).
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Figure 5.12: Molecular weight distribution of material precipitated from the
bulk (BL) and centrifuged (CL) liquor fractions after 30 and 90 minutes of
cooking of birch wood meal, as detected by UV. Cooking conditions: 160 °C,
0.60 OH– and 0.15HS– ·

In the centrifuged fraction, the MWD shifted towards higher molecular weight
fractions over time, paralleling the behaviour observed in Figure 5.5. In con-
trast, the bulk fraction exhibited a gradual decrease in molecular weight over
time. This trend is likely attributable to the continued degradation of larger
fragments within the bulk liquor, a phenomenon that was effectively minimised
in the wood meal experiments due to the immediate sampling and cooling
of the flow-through liquor. Similar reductions in molecular weight have been
reported previously [8, 10]. Furthermore, irrespective of the sampling time, the
CL consistently contained larger lignin fragments, which further corroborates
the existence of transport limitations between the two phases.

These trends in wood chip pulping largely align with the findings from the
wood meal studies, hinting towards the same progression of delignification
mechanisms: initially, rapid reactions occurred, solubilising lignin fragments of
various sizes—the smaller of which were quickly removed. After approximately
60 minutes, the reaction rate diminished markedly, and the subsequent lignin re-
moval was primarily governed by the diffusion of the remaining larger fragments.
Notably, the remaining lignin after 60 minutes was similar in both wood-meal
and chip experiments—about 4% (w/w on wood). However, differences in
factors such as the temperature profile and local alkali availability affects the
specific kinetics of each situation, so the two should be compared with caution.
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5.3 Cell wall delignification model

5.3.1 Model development

A delignification model was developed with the objective of capturing the
continuously evolving MWD profile of the dissolved lignin. Predicated on the
hypothesis that the observed MWD behaviour arises from the diffusion of a
heterogeneous mixture of lignin fractions with varying mobilities, the model par-
titioned the lignin into two distinct categories: the unreacted lignin, LS , which
remains bound to the lignocellulosic matrix; and the dissolved lignin, LD,i,
which represents fragments liberated from the matrix that are non-reactive and
free to diffuse from the cell wall.

Many prior delignification models, such as the Gustafson or Purdue model
families [131, 133], employ complex rate expressions—often involving distinct
fast- and slow-reacting components—to capture the kinetics of kraft deligni-
fication. However, these models typically neglect the transport of dissolved
wood components, a factor explicitly incorporated into the model developed in
this work. Consequently, it was deemed sufficient to describe the reaction of
unreacted lignin—converting it into the dissolved fractions LD,i—via a simple,
pseudo-first-order rate expression, as defined in Equation 5.1,

δLS

δt
= −rL = −LS

[
OH

OH0

]
Are

−Er/RT (5.1)

where rL is the reaction rate, Ar is the pre-exponential factor, Er the activation
energy, and R the thermodynamic gas constant. The model was developed
prior to the insights reported in Paper II, which nevertheless demonstrated
that the specific role of HS– in delignification kinetics is complex and warrants
further investigation. Consequently, the dependence of the rate expression in
Equation 5.1 on HS– was not explicitly represented. Instead, the experimental
conditions used for model validation were selected such that only minor vari-
ations in the HS– concentration were expected, allowing its influence on the
reaction rate to be treated as effectively constant.

The Stokes-Einstein theory predicts that diffusivity is inversely proportional
to the hydrodynamic radius, thereby implying an inverse scaling relationship
with molecular weight (see Equation 5.2):

D =
kBT

6πµrH
, where rH ∝ MW

α (5.2)

where, kB is the Boltzmann constant, µ the viscosity of the solvent, and
rH the hydrodynamic radius of the molecule which relates to the molecular
weight by the factor α. This factor depends on the configuration of the
dissolved lignin in the solvent [72] and was set to 0.5 in this work. Given
the dependence on molecular weight in Equation 5.2, the dissolved fraction
was discretised into seven sub-fractions, defined according to the MWD data
presented in Figure 5.5(b). Each fraction was assigned a diffusivity scaled to its
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corresponding molecular size, DLDi. Furthermore, a temperature dependence
was incorporated based on the expression developed by McKibbins [63], yielding
the following relationship:

DLDi
= D0

√(
T

T0

)
e−ED/RT

[
OH

OH0

]m
w−0.5

i (5.3)

where D0 is a factor analogous to the frequency factor, ED the activation en-
ergy of diffusion, and wi the relative weight of each fraction ranging from 1–2930.

In addition to lignin, the evolution of the OH– concentration was simulated.
The diffusivity was set to 10−11 m2/s (independent of temperature), based
on estimates of water diffusion in cellulose micropores [79]. The majority of
OH– consumption arises from carbohydrate reactions, which were not expli-
citly included in the model formulation. To address this, a linear correlation
between alkali consumption and carbohydrate content was combined with a
corresponding linear correlation between carbohydrate degradation and lignin
removal—a methodology that has previously yielded satisfactory results [13,
131, 133, 134].

The initial conditions assumed a uniform distribution of OH– equivalent to
the bulk concentration, and that all lignin initially belonged to the LS fraction.
Furthermore, the boundary conditions were formulated based on simplified
transport across a linear gradient extending from the cell wall surface to the
boundary of an idealised lumen exposed to the bulk liquor.

5.3.2 Parameter fitting and Model validation

Experimental validation of the physicochemical properties governing kraft de-
lignification is inherently challenging. This difficulty arises partly from the
complexity of decoupling simultaneous mechanisms to isolate individual contri-
butions, and partly from the heterogeneous structure of wood, which implies
that the local chemical environment—and thus the material properties—varies
significantly across different length scales. While numerous studies have repor-
ted rate constants for kraft delignification [131, 133, 137], these values often fail
to decouple transport phenomena from reaction kinetics. Consequently, they
represent the apparent rates rather than the intrinsic reaction rates. Similarly,
the estimation of lignin diffusivities is highly sensitive to the experimental
configuration, with reported values spanning several orders of magnitude [74,
77, 79]. Therefore, five parameters governing reaction kinetics (Ar, Er) and
diffusivity (D0, ED,m) were determined by fitting the model to experimental
data. The experimental conditions covered a range of 0–180 minutes, 140–
160°C, and 0.35–0.7 M OH– , with HS– maintained constant at 0.15 M.
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Figure 5.13(a) illustrates the close agreement between the experimental data
and the model response, yielding an overall R2 value of 0.9971. Naturally, as
the experimental data in Figure 5.13(a) were utilised for parameter estimation,
this figure represents a fit rather than a demonstration of predictive behaviour.
To assess the model’s predictive capabilities more rigorously, independent
experimental data were acquired that were not included in the fitting process.
Furthermore, these data were obtained under transient process conditions to
challenge the model’s robustness.

As demonstrated in Figure 5.13(b), the model exhibited excellent predictive
performance, achieving an average R2 value of 0.986 across all independent
validation sets.
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Figure 5.13: (a) Fitted and (b) predicted (lines) versus experimental (points)
decrease in the total Klason lignin content of the pulp after delignification at
different process conditions. For the transient conditions (dark green dashed
line in (b)), the switch between the indicated conditions occurred after 20
minutes. Lignin content is normalized to the initial content in the wood.

The predicted evolution of the MWD is illustrated in Figure 5.14(a), where it
is compared to the experimental data initially presented in Figure 5.5(b). The
simulated MWD showed strong consistency with the experimental results for
the smaller fragments (< 5× 104 Da), which correspond to more than 95% of
the total dissolved lignin. In contrast, the model did not accurately predict
the dominance of the largest fractions (> 105 Da) observed after 120 minutes.
This deviation is partly explained by the model formulation: the average
MWD utilised as the basis for the model was derived from dissolved lignin.
Consequently, this distribution is inherently biased towards smaller fractions, as
it excludes the high-molecular-weight populations that remain bound within the
cell wall until the later stages of delignification. Furthermore, the simulations
rely on the scaling parameter relating molecular weight to hydrodynamic radius
(α in Equation 5.2). Experimental work have reported values corresponding

1The simulated results are updated based on the normalization procedure employed in
Paper V. For the original figures, refer to appended Paper IV.
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to an α as high as 1.2, in contrast to the 0.5 used in the present work [79].
A higher α would imply a stronger dependence of diffusivity on molecular
weight, which would theoretically account for the increased abundance of larger
fractions in the MWD at later reaction times.

(a) (b)

Figure 5.14: Molecular weight distribution of precipitated lignin as (a) simulated
by the model and (b) experimentally measured during cooking at 150°C. CC-BY
[162]

5.3.3 Predicted Delignification behaviour

The estimated values for the fitted parameters are presented in Table 5.2. The
obtained reaction rate is considerably faster than the apparent reaction rates
typically reported in the literature [108, 140, 163]. However, the intrinsic reac-
tion rate is likely better compared with values derived from model compounds.
While some studies report rates slower than those listed in Table 5.2 [90, 164],
others report values in a comparable range [102].

To my knowledge, there are no reported values for lignin diffusivities specifically
under kraft pulping conditions. However, estimates based on the washing of
kraft pulp exist; when extrapolated to the temperatures employed in this work,
these values fall within the same order of magnitude as those reported herein [76,
77]. A sensitivity analysis of all a priori defined parameters demonstrated the
model’s robustness; significant variations in the fitted parameters (Table 5.2)
were observed only when perturbing process parameters explicitly involved in
their calculation (refer to the Supplementary Information of Paper IV).
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Table 5.2: Calculated values for the process parameters assigned through
regressiona

Ar [s−1] Er [kJ/mol] D0 [m2/s] ED [kJ/mol] m

2.2× 105 56.9 1.4 118.3 0.357

(2.3× 105) (56.9) (1.5) (118.5) (0.352)

Calculated reaction rate and diffusivity at 150 ◦C, 0.35 M OH− and Ls = 1:
rL = 2.1× 10−2 s−1 DL,Di = 6.4–350× 10−17 m2/s

(rL = 2.1× 10−2 s−1) (DL,Di = 6.5–350× 10−17 m2/s)

a Values are updated based on the normalization procedure applied in Paper V. Original
values as reported in Paper IV included in parenthesis.

The simulated concentration surfaces of four distinct components are presented
in Figure 5.152. Consistent with the rapid reaction rate reported in Table 5.2,
the solid lignin (LS) was converted at an exceptionally high rate, achieving
full solubilisation within 5 minutes (Figure 5.15(a)). The OH– concentration
followed a similar, albeit inverted, trajectory. Notably, further investigations
revealed that increasing the selected OH– diffusivity enhanced the conversion
of LS , which corresponds to a reaction that is—at least partially—limited
by alkali supply. Nevertheless, both mechanisms proceed relatively rapidly
compared to the diffusion of the dissolved lignin fractions. Even the smallest
fraction (Figure 5.15(c)) was removed at a slower rate than LS . As anticipated,
diffusion rates decreased with increasing molecular weight (Mw), as illustrated
in Figure 5.15(d).

Consequently, a significant quantity of the larger lignin fractions remained
within the cell wall after 180 minutes according to the simulation. This
transport-controlled behaviour offers a plausible explanation for the slow
delignification rates typically observed during the final phase of pulp-
ing [115], a phenomenon otherwise commonly attributed to condensation
reactions [165].

2The simulated results are updated based on the normalization procedure employed in
Paper V. For the original figure, refer to appended Paper IV.
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(a) (b)

(c) (d)

Figure 5.15: Simulated cell wall concentrations of (a) unreacted lignin, (b)
OH– , (c) dissolved lignin (350 Da fraction), and (d) dissolved lignin (62 kDa
fraction) during cooking at 150°C with an OH– concentration of 0.35 M.

5.3.4 Applicability of the model

Although the developed model predicted a reaction rate considerably higher
than that traditionally reported, the absolute values should be interpreted with
caution. The parameters listed in Table 5.2 are strongly influenced by both the
experimental configuration and the structural assumptions embedded within
the model. Instead, their principal value lies in the relative comparison of
governing mechanisms (i.e., reaction versus diffusion) rather than in providing
universally applicable physical constants. Establishing such generalised data
would require further experimental studies specifically designed to decouple
these phenomena.

Consequently, the primary conclusion drawn from the simulation results is
that, contingent upon the current model structure, the best fit between
experimental data and model response corresponds to a process in which
the diffusion of dissolved lignins is considerably slower than the chemical
reaction liberating them.

However, alternative model formulations might yield differing outcomes. For
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instance, the results presented in Section 5.1.1 suggested that reactions involving
HS– persisted for at least 60 minutes, a duration considerably exceeding the
5 minutes predicted by the current model. Incorporating additional reaction
pathways would enable the model to encompass both rapid reactions—such
as the cleavage of phenolic β-O-4 linkages—and slower mechanisms, such as
demethylation. Nevertheless, demethylation merely promotes the dissolution
of large lignin fragments, which still need to be removed. The model outcome
therefore remains consistent with the findings in Section 5.1.1, which highlight
the governing role of the slow diffusion of these fragments during the final
stages of delignification.

5.4 Wood chip delignification model

5.4.1 Model structure

The framework presented in Section 5.3 was subsequently embedded into a
one-dimensional, multi-scale model describing the delignification kinetics across
the thickness of birch wood chips. The core premise of this model was that, at
the macroscopic chip level, the apparent reaction rate represents the cumulative
effect of the intrinsic reaction kinetics and the diffusion of lignin from the cell
wall, as described in Section 5.3. Consequently, the wood chip was discretised
into N macroscopic segments, where the delignification rate of each segment
was governed by the conditions within a single representative fibre. Given that
the cell wall model accounts for spatial heterogeneity and is driven by intra-wall
concentration gradients, each representative fibre was further discretised into
M radial layers. A schematic illustration of the model geometry is presented
in Figure 5.16.

Figure 5.16: Schematic representation of the model geometry, representing
(left) wood chip segments and (right) cell wall layers.

The model structure comprised two distinct hierarchical levels. At each time
step, the first level—describing delignification within the M radial layers of
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each wood chip node—was solved in a manner analogous to the original cell
wall model. The primary modification is regarding the boundary conditions,
which were updated to the local liquid phase concentrations within each of
the N macroscopic chip segments, rather than the constant bulk liquor prop-
erties. The resulting total flux of lignin and OH– across the boundary of
each fibre node (representing mass transfer from the cell wall into the lumen)
was subsequently utilised as the apparent reaction rate for the second level.
This second level simultaneously governed the macroscopic transport of OH–

along the wood chip thickness. For a comprehensive description of the model
architecture, refer to Paper V.

The transport of dissolved wood components was excluded from the model at
the wood chip level. The reason being that the dissolved components will accu-
mulate in the lumen with limited impact on the continued delignification within
the cell wall. In addition, the experimental data to which the model would be
compared was based on washed and subsequently leached wood chips. Therefore,
any lignin remaining dissolved in the lumen would be largely removed, and its
impact on the quantified total residual lignin content would therefore be limited.

Furthermore, the wood chip model incorporated a more rigorous description
of OH– diffusivity. This diffusivity was estimated using the Nernst-Haskell
equation, wherein the limiting ionic conductance was correlated with the
viscosity of water, µH2O, thereby establishing the temperature dependence
defined in Equation 5.4.

DOH,free ∝
T

µH2O
(5.4)

The free diffusivity, DOH,free, was applied to the boundary conditions govern-
ing the bulk liquor and the transport within the lumen space. However, for
diffusion across the lumen network (i.e., along the chip thickness), DOH,free was
modified by the Effective Capillary Cross Sectional Area (ECCSA). This factor,
which accounts for structural tortuosity and pore availability, varies with pH
according to the findings of Stone [67]. Specifically, in the radial direction,
the ECCSA remains constant at approximately 0.1 for pH levels up to 12,
beyond which it rises to roughly 0.4 at pH 14. Conversely, in the longitudinal
direction, the ECCSA is constant (∼0.5) across the entire measured pH range.
For transport within the cell wall matrix, the OH– diffusivity was alternatively
corrected using the McKibbins expression [63]. This formulation introduces a
square-root-exponential temperature dependence, providing a description more
suitable for hindered diffusion within the solid matrix [166].

5.4.2 Model response

Initially, two scenarios were evaluated for the starting OH– concentration.
The first case assumed complete impregnation with negligible alkali consump-
tion prior to the reaction onset (0.55 M), while the second scenario adopted
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the lowest concentration empirically measured within the wood chips post-
impregnation (0.06 M). In both instances, a uniform spatial distribution was
assumed. Figure 5.17 presents selected simulation results from these two scen-
arios, benchmarked against experimental data reported by Marion de Godoy
et al. [148].

(a)
30 min

(b)
60 min

(c)
30 min

(d)
60 min

Figure 5.17: Normalized lignin content across the radial direction in the middle
of the wood chip, as simulated by the model using (a & b) OH0 = 0.06M
and (c & d) OH0 = 0.55M . Blue asterisks represent experimental data; red
squares represent simulated data (line) averaged across the same segments as
the experimental data.

As illustrated in Figure 5.17, the initial concentration of OH– had a considerable
influence throughout the entire cook. Notably, the discrepancy between the
two scenarios widened over time, even at the centre of the wood chip (cf. the
left-most data points in Figure 5.17). Interestingly, in both cases, the OH–

was completely depleted at the chip centre after approximately 10 minutes,
as inferred from the horizontal gradient observed in the upper-left corners of
Figures 5.18b and 5.18d. This implies that the direct kinetic benefit of higher
initial OH–—which enables more extensive delignification prior to depletion—
should theoretically distinguish the scenarios only during these first 10 minutes.
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Conversely, the prolonged divergence observed in Figure 5.17 must stem from
a sustained secondary mechanism. One plausible explanation is that higher
pH levels increase the ECCSA, thereby enhancing alkali diffusion into the chip.
This effect is visible in Figure 5.18, where the OH– gradient penetrates deeper
into the chip structure in Figure 5.18d compared to Figure 5.18b.

(a) (b)

(c) (d)

Figure 5.18: Simulated wood chip concentrations of (a & c) remaining lignin
and (b & d) OH– , as simulated by the model using (a & b) OH0 = 0.06M and
(c & d) OH0 = 0.55M .
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Furthermore, the concentration profiles for lignin (Figures 5.18a and 5.18c)
exhibited an inverse, yet complementary, pattern to those of OH– (Figures 5.18b
and 5.18d). This correlation suggests that the reaction kinetics are spatially
constrained by alkali availability; otherwise, delignification would presumably
proceed more uniformly across the chip cross-section. In addition, apart from
the initial delignification near the surface, the lignin concentration formed
a steep profile that propagated inward over time, whereas the concentration
gradient of OH– remained approximately linear.

These simulation results suggest that hydroxide diffusion was slow relative
to its consumption and consequently limited the reaction rate.

Moreover, the nearly horizontal gradient observed near the surface in the simu-
lation (close to y = 1 in Figures 5.18a and 5.18c) further suggests that relatively
uniform delignification could be achieved by reducing the chip thickness to
approximately 30% of the dimension used in this study (i.e., 2–3 mm) under
similar conditions. Similarly, comparisons with experimental data along the
longitudinal axis revealed an even (relatively) larger fraction of undelignified
material (cf. Figure 10 in Paper V). This observation underscores chip thick-
ness as the critical parameter governing pulping uniformity and justifies its
selection as the representative geometric dimension for the model.

5.4.3 Sensitivity analysis

Several uncertainties associated with the model assumptions and parameter
values were identified, primarily related to factors governing alkali availabil-
ity (see Paper V for details). Addressing these uncertainties, the agreement
between model predictions and experimental data could be improved through
two principal modifications.

First, to address the overestimation of delignification at the chip surface (cf.
the rightmost data in Figures 5.17a and 5.17c), the ECCSA was redefined
from a pH-dependent variable to a constant value within the relevant range.
These changes reflect deviations between the data from Marion de Godoy et al.
and the experimental conditions applied during the original estimation of the
ECCSA, in terms of time scale and employed feedstock.

Second, the intrinsic reaction rate of the original cell wall model was decreased
approximately fourfold (corresponding to a characteristic reaction time of about
20 minutes at 150°C). This was accompanied by a simultaneous increase in the
diffusivities of the dissolved lignin fractions, thereby maintaining the apparent
reaction rate at an essentially constant level. This latter modification aimed to
correct the underestimated delignification predicted at the chip centre (cf. the
leftmost data in Figures 5.17a, 5.17b, and 5.17c) by effectively reducing the
local rate of OH– consumption, thus enabling greater alkali penetration into
the chip core. The combined effect of these adjustments yielded considerable
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improvements to the model’s agreement with experimental data, as illustrated
in Figure 5.19.

(a) (b)

(c) (d)

Figure 5.19: Normalized lignin content across the radial direction in the
middle of the wood chip, as simulated by the model using modified parameters:
OH0 = 0.31M , ECCSA=0.2, and a decreased intrinsic reaction rate.

Importantly, the modified parameters do not represent more accurate estim-
ates of the underlying physical properties, nor do they constitute an optimal
parameter set with respect to agreement with experimental data. Rather, the
results demonstrate that the developed model is capable of reproducing the
experimental observations with high precision. However, this performance
exhibits a strong dependence on several physical parameters—many of which
rest on relatively uncertain empirical grounds—that are directly connected to
alkali availability at the chip level.

These findings underscore the importance of accounting for alkali availabil-
ity within wood chips throughout the entire delignification process, rather
than considering it only during the initial impregnation stage.
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Chapter 6

Concluding remarks

This thesis highlights the inherent complexity of kraft delignification kinetics. It
shows that the process cannot be described as a simple, homogeneous reaction;
rather, it arises from an intricate interplay of mechanisms involving multiple
rate-affecting reactions and mass transport of alkali and lignin, each having
distinct influences across different length scales.

Wood-meal experiments—representing the pulping of exposed cell walls—
demonstrated that the delignification rate depends on several reaction pathways.
While the initial liberation of lignin from the lignocellulosic matrix is likely
dominated by cleavage of β-O-4 linkages, the results also indicate contributions
from other reactions, such as demethylation of methoxy groups. These path-
ways generate a highly heterogeneous dissolved lignin fraction, which was found
to span nearly four orders of magnitude in molecular weight. Moreover, the
evolution of this molecular-weight distribution suggests that, although small
and mobile fragments are rapidly extracted from the cell wall, larger species
diffuse far more slowly and ultimately limit the overall delignification rate
during the later stages.

In wood chip pulping, the cell wall accessibility is no longer uniform, and
large discrepancies were found to exist between the liquor environment within
the chips and that of the surrounding bulk, indicating that the diffusion is
limiting the overall kinetics. Consequently, the availability of alkali is likely a
critical factor at this level and, depending on the chip thickness, may generate
heterogeneous concentration profiles and lead to non-uniform pulping.

Finally, a delignification model was developed that introduced a novel approach
to representing lignin heterogeneity by linking diffusion kinetics to molecular
weight. The model was then extended to enable simultaneous simulation of
heterogeneous delignification at both the cell-wall and chip scales. Although the
models remain constrained by uncertainties in key physicochemical parameters—
many of which are inherently difficult to determine experimentally, such as
the strongly condition-dependent diffusivity of lignin and the stoichiometric
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consumption of alkali—they nonetheless advance process understanding by
clarifying the influence of these parameters on overall delignification behaviour.
Importantly, the models demonstrates good agreement with experimental data
and the capability to predict transient delignification behaviour, indicating
the potential for improved process simulation when diffusional phenomena are
explicitly incorporated.

6.1 Future Work

Despite these advances, several aspects of the governing mechanisms of kraft
delignification remain unresolved and require further investigation. One area
that warrants particular attention is the role of HS– . While its importance in
kraft pulping is well established, the results of this thesis suggest that sulphide
may influence delignification kinetics through pathways that have not yet been
fully explored. In particular, further validation of lignin-demethylation kinetics
and their implications for lignin solubility, could provide valuable insight into
the coupled reaction–transport processes involved.

The present work has focused primarily on the characterisation of dissolved
lignin. To obtain a more complete description of delignification kinetics, com-
plementary structural characterisation of the residual lignin remaining in the
pulp is required. Although initial efforts in this direction have been reported
[167–169], further studies are needed to resolve the effects of species variation
and pulping conditions. In particular, finer temporal sampling during cooking
would enable the full kinetic progression of delignification to be captured. Such
efforts also motivate the development of refined isolation protocols for residual
lignin that minimise structural alteration while remaining applicable to highly
delignified pulps.

In addition, the influence of transport phenomena on delignification kinetics
remains incompletely described across multiple length scales. Recent advances
using in situ X-ray tomography have demonstrated the potential to interrogate
micro- and nanoscale structural and chemical changes during pulping, including
variations in porosity and cell wall thickness, although this research area is still
in a stage of development [119]. Extending such approaches to the chip scale
would be equally valuable, particularly to elucidate how anisotropic transport
of dissolved wood components evolves as delignification progresses.

Looking ahead, future modelling efforts should aim to adopt a more holistic
description of kraft delignification. Such models would need to account for
the presence of multiple dissolved species with distinct transport and solubil-
ity characteristics, the continuous evolution of the multiscale lignocellulosic
network, and the interplay between parallel reaction pathways and alkali con-
sumption. While the development of comprehensive models of this nature is
inherently challenging, incremental progress is expected to yield an improved
understanding of the complex process of kraft delignification.
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trémula) Hemicelluloses Obtained by Oxidative Delignification. Polymers
14, 4521. doi:10.3390/polym14214521 (2022).

160. Sable, I. et al. Chemical composition and fiber properties of fast-growing
species in Latvia and its potential for forest bioindustry. Forestry Studies
66, 27–32. doi:10.1515/fsmu-2017-0004 (2017).

161. Kotilainen, R., Alen, R. & Toivanen, T.-J. Chemical changes in black
alder (alnus glutinosa) and european aspen (populus tremula) during
heating at 150-200◦ in a nitrogen atmosphere. Cellulose chemistry and
technology 35, 275–284 (2001).

162. Kron, L., Hasani, M. & Theliander, H. Heterogenous Diffusion and
Reaction Model of Kraft Delignification at the Cell Wall Level. Industrial
and Engineering Chemistry Research 64, 1497–1507. doi:10.1021/acs.
iecr.4c03900 (2025).

163. Chiang, V. L., Puumala, R. J., Takeuchi, H. & Eckert, R. E. Comparison
of softwood and hardwood kraft pulping. Tappi journal 71, 173–176
(1988).

164. Shimizu, S., Yokoyama, T., Akiyama, T. & Matsumoto, Y. Reactivity of
lignin with different composition of aromatic syringyl/guaiacyl structures
and Erythro/Threo side chain structures in β-O-4 type during alkaline
delignification: As a basis for the different degradability of hardwood
and softwood lignin. Journal of Agricultural and Food Chemistry 60,
6471–6476. doi:10.1021/jf301329v (2012).

165. Chiang, V. L. & Funaoka, M. The Dissolution and Condensation Reac-
tions of Guaiacyl and Syringyl Units in Residual Lignin during Kraft
Delignification of Sweetgum. Holzforschung 44, 147–156. doi:10.1515/
hfsg.1990.44.2.147 (1990).

166. Siau, J. F. Transport Processes in Wood. Springer Series in Wood Science
2. doi:10.1007/978-3-642-69213-0 (1984).

https://doi.org/10.1039/c7nj02328f
https://doi.org/10.1016/S0168-1656(97)01675-1
https://doi.org/10.1021/acssuschemeng.9b06027
https://doi.org/10.3390/polym14214521
https://doi.org/10.1515/fsmu-2017-0004
https://doi.org/10.1021/acs.iecr.4c03900
https://doi.org/10.1021/acs.iecr.4c03900
https://doi.org/10.1021/jf301329v
https://doi.org/10.1515/hfsg.1990.44.2.147
https://doi.org/10.1515/hfsg.1990.44.2.147
https://doi.org/10.1007/978-3-642-69213-0


78 BIBLIOGRAPHY

167. Ahvazi, B. C. & Argyropoulos, D. S. Thermodynamic parameters gov-
erning the stereoselective degradation of arylglycerol-ß-aryl ether bonds
in milled wood lignin under kraft pulping conditions. Nordic Pulp and
Paper Research Journal 12, 282–288. doi:10.3183/npprj-1997-12-04-
p282-288 (1997).

168. Pinto, P. C., Evtuguin, D. V., Pascoal Neto, C. & Silvestre, A. J. D.
Behavior of Eucalyptus globulus lignin during kraft pulping. I. Analysis
by chemical degradation methods. Journal of Wood Chemistry and
Technology 22, 93–108. doi:10.1081/WCT-120013355 (2002).

169. Lourenço, A., Gominho, J., Marques, A. V. & Pereira, H. Variation of
lignin monomeric composition during kraft pulping of Eucalyptus globu-
lus heartwood and sapwood. Journal of Wood Chemistry and Technology
33, 1–18. doi:10.1080/02773813.2012.703284 (2013).

https://doi.org/10.3183/npprj-1997-12-04-p282-288
https://doi.org/10.3183/npprj-1997-12-04-p282-288
https://doi.org/10.1081/WCT-120013355
https://doi.org/10.1080/02773813.2012.703284



