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KRAFT PULPING OF HARDWOODS

Investigating the impact of wood microstructure on impregnation and
delignification rate

CAROLINA MARION DE GODOY

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

ABSTRACT

Kraft pulping accounts for most of the global paper pulp production. Nevertheless,
the detailed mechanisms that govern delignification during this process are still
not fully understood. Hence, this work investigated impregnation and kraft
cooking of hardwoods, aiming to strengthen our knowledge regarding the rates
and uniformity of lignin removal within wood chips, particularly considering the
influence of specific morphological features.

The experiments included wood chips of alder, aspen, beech, and birch, and their
behavior was examined from two perspectives: changes in global and local
chemical composition, and changes in wood microstructure. The latter was
evaluated in-situ via synchrotron X-ray tomography. Additionally, a multiscale
model describing the delignification of birch chips during kraft cooking was
developed.

The results revealed that the concentration and distribution of alkali within the
chips after impregnation have major impact on delignification and are strongly
affected by wood chip porosity. Furthermore, structural analysis during
impregnation showed that vessels provide the main path for liquor penetration
and distribution among adjacent cells. No substantial changes in cell wall
thickness due to alkaline swelling were observed.

When comparing hardwood species, lignin removal was significantly faster in
aspen. Delignification uniformity also increased with chip porosity and was shown
to improve when utilizing low cooking temperatures (e.g., 145 °C) or impregnation
liquors with high alkali concentrations. Differences in ray cells among the
hardwoods had no clear impact on local rates of lignin removal. In terms of
microstructural changes, delignification led to increased chip porosity and a minor
decrease in cell wall thickness.

Finally, the proposed modeling approach has potential to be used for investigating
the defibration point of wood chips. According to it, lignin removal from the cell
walls appears to be limited by reaction kinetics and diffusion of lignin fragments,
whereas the overall delignification behavior at the chip scale is heavily influenced
by the balance between alkali transport and consumption.

Keywords: delignification, hardwood, impregnation, in-situ tomography, kraft
pulping, modeling.
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1 Introduction

The kraft process is the dominant technology used in pulp production.
However, despite its well-established position, kraft pulping still faces many
challenges, including low resource efficiency (Mboowa, 2024; Rajan et al.,
2024). This issue is linked directly to the decreased profitability of mills, as
pulpwood prices continue to rise while pulping yields remain as low as 45-
55% (Bajpai, 2015; Skogsstyrelsen, 2026). In addition, the shift toward more
sustainable and circular manufacturing practices also pressures the pulp
industry into updating or adapting existing processes. For instance, there is a
trend to increase the number of times fibers can be recycled (i.e., the number
of recycling cycles) and expand the share of new feedstocks used for pulp
production, including new woody sources and residues of annual crops
(Hujala et al., 2013; Rajan et al., 2024). On a related note, forestry strategies
driven by climate change or aiming to reduce wood prices may increase the
supply of hardwoods (Hart and Nutter, 2012; Forest Europe, 2020),
compelling mills to re-evaluate their capacity for hardwood processing.

In this context, a thorough understanding of kraft delignification of different
feedstocks is imperative to fine-tune the operation and thus achieve higher
pulping yields and more uniform lignin removal. Still, studies on kraft pulping
of hardwoods often tend to focus on assessing their fiber quality and overall
pulpability, e.g., Patt et al. (2006), rather than investigating the governing
mechanisms affecting their behavior during pulping. Moreover, most of these
studies are centered around fast-growing species, with emphasis on



eucalyptus (Santiago et al., 2008; Hart and Nutter, 2012; Neiva et al., 2015;
Favaro et al., 2021). Hence, there is a need for more in-depth research on
hardwood delignification, especially considering their great diversity and
complexity in both chemical composition and morphology.

The few existing studies exploring the factors affecting hardwood
delignification highlight differences in reaction kinetics and lignin structure,
suggesting that higher syringyl/guaiacyl (S/G) ratios and a greater proportion
of non-condensed lignin units are associated with easier and faster
delignification (Pinto et al., 2005b; Santos et al., 2011). Mass transport
limitations have also been suggested to impact kraft pulping of hardwoods
(Egas et al., 2002; Simao et al., 2008), although studies directly comparing
species and examining the role of wood microstructure remain scarce. Some
contributions that provide insight into the influence of wood morphology
during pulping include works on impregnation and liquor penetration in wood
(Wardrop and Davies, 1961; Ahmed et al., 2011), as well as research on
delignification of specific wood tissues (Whiting and Goring, 1981; Koch et
al., 2003; Rehbein et al., 2010; Aguayo et al., 2014; Takada et al., 2016;
Takada et al., 2021). However, few of these studies focus on kraft pulping,
and they often rely on ex-situ analyses that require extensive sample
preparation, such as microscopy and scanning UV microspectrophotometry.
Therefore, further research on the topic can be of great value, particularly for
achieving a detailed description of the microstructural changes in wood
throughout kraft delignification.

Kraft pulping models describing the delignification of hardwood chips could
also benefit from further development. There is still a limited number of
models that incorporate both kinetic mechanisms and transport phenomena
(Wisnewski et al., 1997; Gilbert et al., 2021), and the vast majority neglects
mass transport resistance across the fiber walls. Furthermore, the estimation
of model parameters and validation of model predictions can be quite
challenging due to the lack of delignification data generated under pulping
conditions that minimize external influences, especially data describing the
internal gradients of wood components and cooking chemicals in hardwood
chips.

In light of the issues discussed above, the current knowledge regarding the
different mechanisms taking place during hardwood delignification remains
deficient — especially concerning the impact and evolution of wood structure.
Moreover, expanding the scope of investigated wood species seems
warranted in order to get a more complete picture of the progression of kraft

pulping.



1.1 Aim

This thesis aimed to investigate the behavior of hardwood chips during batch
kraft pulping, with focus on the impact of wood microstructure on
impregnation and lignin removal. The experiments were conducted under
controlled pulping conditions utilizing economically relevant species,
including alder (Alnus glutinosa), aspen (Populus tremula), beech (Fagus
sylvatica), and birch (Betula pendula and Betula pubescens). The study
combined average and local compositional analyses, imaging techniques,
and modeling efforts to achieve the following goals:

1)

4)

Evaluate how process conditions influence the rate and uniformity of
lignin and xylan removal in hardwood chips, examining cooking
parameters (namely, temperature and alkali concentration) and liquor
composition during impregnation.

Compare how delignification and xylan removal progress within wood
chips of different hardwood species during kraft cooking.

Investigate liquor penetration and the evolution of wood
microstructure in different hardwoods during kraft pulping using in-
situ X-ray tomography — a technique that has shown promising
results in the analysis of soda pulping (Wagih et al., 2022).

Expand upon the delignification model developed by Kron et al.
(2025) using a multiscale approach to describe the lignin removal in
birch chips during kraft pulping, accounting for mass transport
limitations at both the cell wall and chip levels. Additionally, utilize the
experimental data generated in this work for model validation.






2 Background

This chapter introduces general concepts related to wood chemistry,
hardwood morphology and kraft pulping. Additionally, the main phenomena
taking place during wood impregnation and kraft delignification are
highlighted. Finally, a short review of the modeling efforts carried out to
describe these processes is presented.

2.1 Wood

Wood is the biological material that makes up the xylem of trees (Figure 2.1).
Its morphology is highly intricate and specialized in fulfilling several essential
functions, including mechanical support; conduction of water, photosynthetic
products, and other nutrients between roots and leaves; and the production
and storage of biochemical compounds (Wiedenhoeft, 2005).

Through evolutionary and adaptive processes, the chemistry and structure of
wood have come to vary substantially among species (Esteban et al., 2024).
These differences are particularly evident when comparing hardwoods (i.e.,
broad-leaved, deciduous angiosperms) with softwoods (i.e., needle-leaved
evergreen gymnosperms). In general, hardwoods are considered more
anatomically complex than softwoods due to their greater diversity of cell
types and arrangements (Wiedenhoeft, 2005; Esteban et al., 2024).



The following sections focus on explaining the spatial organization of wood
across its different structural levels.

2.1.1 Macrostructure

As shown in Figure 2.1, wood is one of the concentric tissues that form the
trunk of trees. From the outermost region inwards, these tissues are the outer
bark, inner bark, vascular cambium, xylem (wood), and pith.

Inner bark

Outer bark

Vascular
cambium

Wood
(xylem)

Figure 2.1 Schematic of the transverse section of a tree trunk showing the different
tissues that make up the stem. Image created in BioRender.com.

The outer bark is composed of dead cells whose main purpose is to protect
the trunk and minimize the loss of water. The next layer (inner bark) consists
of living cells called phloem, which transport sugars through the tree.
Between the inner bark and the xylem lies the vascular cambium, a thin layer
responsible for producing cells for both surrounding tissues (Biermann,
1996a; Wiedenhoeft, 2005).

The following layer is the wood tissue (xylem), which can be further divided
into sapwood and heartwood. Sapwood is the portion responsible for
transporting water and nutrients. It is also characterized by containing both
dead and metabolically active cells. Over time, these cells die, gradually
converting the sapwood in the inner parts of the xylem into heartwood. The
latter consists exclusively of dead cells that provide mechanical support and
storage space for chemicals (e.g., extractives). The accumulation of these
chemicals gives heartwood a distinct dark color in some wood species, as
illustrated in Figure 2.1 (Sjostrom, 1993a; Wiedenhoeft, 2005).



The wood tissue can also display clearly defined growth rings. These are
concentric rings made of xylem cells produced during the same period, often
representing seasonal growth over a year. Within each individual ring,
earlywood (i.e., cells formed at the beginning of the growth season)
transitions into latewood (formed at the end of the season). This transition is
often accompanied by changes in cell patterns across the ring, which may be
associated with gradual or abrupt changes in the diameter of conducting
elements and in cell wall thickness from earlywood to latewood (Sjéstrom,
1993a; Wiedenhoeft, 2005; Daniel, 2009).

The innermost feature in Figure 2.1 is the pith. This tissue is the remnant of
the early stages of plant development, before the xylem was formed
(Wiedenhoeft, 2005). In mature plants, it has been associated with the
formation of heartwood and storage of starch (Shunn and Gee, 2023).

2.1.2 Microstructure

The microstructure of wood refers to the different cell types and anatomical
features that make up the three-dimensional structure of the xylem, as well
as the way these components are organized.

In softwoods, the microstructure is relatively simple, consisting primarily of
tracheids, which account for about 90-95% of the xylem (in volume), and
parenchyma cells, which make up the remaining 5-10% (Koch, 2006). The
tracheids serve both support and conductive functions. They are oriented
mainly in the longitudinal direction, although they can also be arranged
radially in heterocellular rays. The parenchyma cells are responsible for
storage and are typically arranged radially in homocellular and/or
heterocellular rays. In some species, a small percentage of the parenchyma
cells also occurs in the longitudinal direction. Furthermore, certain softwoods
contain epithelial parenchyma cells that secrete resins, which are then stored
in adjacent intercellular spaces known as resin canals (Sjostrom, 1993a;
Koch, 2006; Daniel, 2009).

In hardwoods, however, the microstructure is considerably more complex,
comprising not only tracheids and parenchyma cells, but also vessel
elements and fibers. Hardwood cells also exhibit a wider range of sizes and
shapes than those found in softwoods. Moreover, the contribution of each cell
type to the total volume of the xylem varies substantially; however, most
hardwood species contain significant amounts of fibers (including libriform
fibers and fiber tracheids), vessel elements, and both radial and longitudinal
parenchyma (Daniel, 2009).

Fibers primarily provide structural support to the wood tissue. Compared with
the longitudinal tracheids of softwoods, hardwood fibers are significantly
shorter, usually ranging from 0.5 to 1.8 mm in length, while softwood

v



tracheids often exceed 3 mm. In addition, hardwood fibers have thicker cell
walls and smaller lumens (i.e., the cavities in the center of the cells).
Variations in fiber cross-sectional dimensions across growth rings are also
less pronounced than those observed in softwood tracheids. For example,
from earlywood to latewood, fiber diameter decreases by about 1-3 pm in
hardwoods (Alnus glutinosa, Fagus sylvatica, Fraxinus excelsior, Populus
sp., among others), whereas tracheid lumen diameter in softwoods (such as
Pinus sylvestris, and Taxus baccata) may decrease by 10-24 pm
(Koddenberg, 2025).

The vessel elements are thin-walled cells that function as the main water-
conducting components of the hardwood xylem. They form stacked
longitudinal structures, called vessels or pores, which can stretch for
centimeters or even meters (Daniel, 2009). Within these structures, the
vessel elements connect end-to-end via their perforation plates — which vary
among different species. Some examples of perforation plates include simple
plates with a single opening and scalariform plates with parallel openings
separated by bars (Koddenberg, 2025).

Vessels also differ substantially in size, frequency and distribution across
growth rings. The latter is often used to classify hardwood species into two
main groups: diffuse-porous and ring-porous. In diffuse-porous species, the
vessels are distributed fairly uniformly throughout the growth ring, with similar
diameters in both earlywood and latewood. In contrast, ring-porous species
exhibit an abrupt increase in vessel diameter at the transition from latewood
to earlywood (Ruffinatto and Crivellaro, 2019; Koddenberg, 2025). A third
group, semi-ring-porous species, is also recognized by some authors. In this
case, the vessels can either decrease gradually in diameter from earlywood
to latewood, or they may be more closely packed in earlywood than in
latewood (Koch, 2006; Ruffinatto and Crivellaro, 2019).

Parenchyma cells are significantly more abundant in hardwoods than in
softwoods (Daniel, 2009). In general, longitudinal parenchyma (also called
axial parenchyma) accounts for 1-25% of the hardwood xylem, although
values at the upper end of this range are found only in tropical species
(Esteban et al., 2024). Radial parenchyma, on the other hand, usually
represents 8-25% of the wood and constitutes the sole component of
hardwood rays. These rays can be uniseriate (one cell wide in the tangential
plane) or multiseriate (more than one cell wide). In addition, rays can display
special arrangements in the xylem, such as aggregate rays, which consist of
closely packed rays separated by axial elements (Esteban et al., 2024;
Koddenberg, 2025).



Table 2.1 presents some of the main microstructural characteristics of the
hardwoods investigated in this work.

Table 2.1 Microstructure of selected hardwoods.

Microstructural Alder Birch Beech Aspen
feature A. glutinosa Betula sp. F. sylvatica Populus sp.
Fibers
% of xvlem i 64.8 @ 37.4° 61.8°
o O xy 63.0 © 40.0° 61.0°
0.6-1.3° 0.7-16°
d _ a
Length (mm) g ]g . 0'? ;CS 13°¢ 1.3°¢
' ' 0.7 ¢ 0.7-0.9¢
. 18-36 @ 15-20 ® 20-40°
e
Diameter (um) 33 19 ¢ 18 ¢ 21 ©
Lumen diameter 12-14 ¢
(um) 20 - 6-9¢ 12-14 d
Vessels
. . Diffuse-porous /  Diffuse-porous /
Distribution 9f Ig'cf)?éies_ l?)gfl%sues— Semi-ring- Semi-ring-
porous porous
% of xvlem i 24.7 @ 31.0° 26.9°
o O Xy 25.0 © 40.0° 26.0
5-100 P 20-150 ®
Diameter (um) <80f <80f 40-55 4 62-83 ¢
<80f <130f
Rays
% of xvlem i 852 27.0° 11.3°b
o OTXy 12.0° 20.0 © 13.0°
d Uniseriate, Multiseriate Multiseriate o
Arrangement aggregate (1-3 cells) (> 30 cells) Uniseriate
Axial parenchyma
% of xylem - - 4.6° -

2 Daniel (2009); ® Koch (2006); © Patt et al. (2006); ¢ Koddenberg (2025); ¢ Kiaei and Moya
(2015); f Ruffinatto and Crivellaro (2019).

Other anatomical features of particular relevance in the context of pulping
include pits and tyloses. Pits are openings in the cell wall that connect
different cells and allow the transport of liquid between them (Sjéstrom,
1993a). They vary significantly in size, shape, and arrangement, depending
on the wood species and cell type. For example, pits connecting vessel
elements laterally (i.e., intervessel pits) are bordered and have apertures that
can range from small (£ 4 um) to large (= 10 ym). Bordered pits are also



observed between vessels and fibers, but specialized simple pits connect
vessel elements and rays (Esteban et al., 2024). Additionally, pits between
parenchyma cells are usually simple or slightly bordered, while pits between
parenchyma and fibers are half-bordered (Daniel, 2009; Esteban et al., 2024).
Tyloses are organic deposits of cell wall components (e.g., cellulose,
hemicellulose, lignin, pectin), mainly found inside heartwood vessels. They
may also appear in other cells, such as hardwood fibers, although this is less
common (Esteban et al., 2024). Their formation takes place under two main
circumstances: during the conversion of sapwood into heartwood and
following sapwood damage. In both cases, parenchyma cells invade the
lumens of adjacent cells via pits, partially or completely filling them. This
obstruction compromises liquid penetration, significantly hindering wood
impregnation (Daniel, 2009; Esteban et al., 2024).

2.1.3 Wood composition and ultrastructure

The main structural components of wood are cellulose, hemicelluloses, and
lignin, which combined constitute about 90% of the dry weight of both
hardwoods and softwoods. Nevertheless, their individual concentrations vary
substantially among species, or even between individual trees, as wood
composition is affected by growth conditions, mechanical stress (i.e., the
formation of reaction wood), growth stage, and the position across the xylem
(e.g., sapwood or heartwood) (Pettersen, 1984; Sjostrom, 1993a).

The same variation can also be observed among minor non-structural wood
components. For instance, inorganics can be quite sensitive to environmental
conditions (Koch, 2006). In fact, the level of calcium in wood has been shown
to vary substantially depending on the growth site (Vegunta et al., 2022). Still,
the content of inorganics in wood from temperate zones is usually lower than
1% (Pettersen, 1984).

The content of extractives can also be affected by environmental factors and
development stage, although the types of extractives found in wood are often
species-specific (Koch, 2006; Gao et al., 2024). Notably, differences in the
content of extractives between species can be massive. In larch, for example,
extractives represent up to 30% of wood, whereas in spruce they can be as
low as 0.9% (Gao et al.,, 2024). Nonetheless, in most temperate species
extractives account for 4-10% of wood (Pettersen, 1984).

The following sections describe the chemical structures of cellulose,
hemicelluloses, and lignin, as well as their organization in the cell wall.
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2.1.3.1 Cellulose

Cellulose is the main component of wood, forming the backbone of the cell
wall. It consists of B-D-glucopyranose units linked by (1—4) glycosidic bonds
(Klemm et al., 2005), resulting in a linear homopolymer, as depicted in Figure
2.2. In its native form, wood cellulose exhibits an average degree of
polymerization (DP) of about 9000-10000, at times reaching 15000. However,
the cellulose found in bleached pulps has a much lower DP, usually about
1000 (Biermann, 1996a; Rowell et al., 2005; Henriksson and Lennholm,
2009).

non-reducing end — -~ reducing end
OH OH
OH OH 4 6
HO o O | HO o\ 0
HO d HoO O d |HO '_OH
OH 3 OH
OH OH »

Figure 2.2 Molecular structure of cellulose based on its biosynthesis, n = DP-3.

In wood cell walls, cellulose primarily provides structural support and
mechanical strength (Biermann, 1996a), being organized in fibrils that, in turn,
are formed by cellulose microfibrils. These microfibrils are bundles of
cellulose chains containing both highly crystalline regions and less ordered
regions (Sjostrom, 1993b; Henriksson and Lennholm, 2009).

This complex spatial organization is a consequence of different intra- and
intermolecular interactions among cellulose chains. For instance,
intramolecular hydrogen bonds stabilize glycosidic linkages and provide
stiffness to the cellulose chains, whereas intermolecular hydrogen bonds lead
to the formation of cellulose sheets. Then, these sheets can further interact —
for instance, via van der Waals interactions — creating cellulose crystallites
(Henriksson and Lennholm, 2009).

2.1.3.2 Hemicelluloses

Hemicelluloses are heteropolysaccharides that contribute to the mechanical
properties of wood through different levels of association with cellulose fibrils
(Rowell et al., 2005; Dammstrom et al., 2009; Teleman, 2009). In addition,
they are potentially involved in the interactions between cellulose and lignin
within the cell walls (Teleman, 2009).

In terms of chemical composition, hemicelluloses encompass a whole class
of polysaccharides with average DP in the range of 100-200 and varying
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degrees of branching. Their primary components are hexoses — namely D-
glucose, D-mannose, and D-galactose — and/or pentoses, such as D-xylose
and L-arabinose. Nevertheless, their side groups may also include L-
rhamnose, uronic acids, acetyl groups, and other minor components
(Sjostrom, 1993b; Biermann, 1996a; Teleman, 2009).

Usually, hemicelluloses represent 20 to 30% of the wood tissue, but their
composition and structure in softwoods are very different from those in
hardwoods. In general, softwood is rich in glucomannan (10-15%), followed
by arabinoglucuronoxylan (5-10%) and galactoglucomannan (~6%), whereas
hardwood contains mainly glucuronoxylan (15-30%) and small quantities of
glucomannan (2-5%) (Sjéstrom, 1993b; Biermann, 1996a). As
glucuronoxylan makes up a substantial percentage of the hardwood xylem, it
is described in detail in the following paragraphs.

Glucuronoxylan (GX) comprises a backbone of B-D-xylopyranose units linked
by (1—4) bonds and decorated with different substituents, including acetyl
(Ac), glucuronic acid (GIcA), and 4-O-methylglucuronic acid (4-O-MeGIcA).
The acetylation takes place in O-2 and/or O-3 (i.e., positions C-2 and C-3 in
the backbone), whereas the substitution with uronic acids occurs via (1—2)
bonds (Sjostrom, 1993b; Teleman, 2009; Qaseem et al., 2025). A scheme
highlighting the structure of glucuronoxylan and its decorations is shown in
Figure 2.3.

OH OH 4
(.)—0 o HO By O o AcO \ 5 10— (..)
OH

0]

OH

OMe
Figure 2.3 Schematic of glucuronoxylan illustrating the linear backbone and examples
of acetylation and substitution with 4-O-MeGIcA. The depicted frequency and
proportion of the side groups do not reflect their actual occurrence. Adapted from
Marion de Godoy (2024).

HOOC

The distribution of decorations along the backbone divides glucuronoxylan
into different domains: one with a regular pattern of substitution and one with
arbitrary arrangements. The former corresponds to the majority of the GX
chains and consists in acetylation occurring every second xylopyranose
residue and glucuronidation every eighth. Glucuronoxylan also exhibits a
special pattern at the reducing ends, in which an a-L-rhamnose residue and
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an a-D-galacturonic acid residue are interposed between the GX backbone
and the terminal D-xylose unit (Qaseem et al., 2025). Moreover, some
hardwood species present specific arrangements. For example, Pinto et al.
(2005a) noted that most residues substituted with 4-O-MeGIcA in birch GX
were also acetylated at the O-3 position (as shown in Figure 2.3). Additionally,
GXin Eucalyptus sp. is known for the presence of galactopyranosyl (or even
glucopyranosyl) linked to part of the 4-O-MeGIcA side groups (Pinto et al.,
2005a; Heinonen et al., 2025).

These different patterns of substitution have a major influence on the
interactions of GX in the cell wall assembly. For instance, the association with
cellulose microfibrils was found to occur primarily via helical structures that
arise from hydrogen bonding and amphiphilic associations — which depend
on the distribution and frequency of the side groups in GX (Qaseem et al.,
2025). In this sense, even acetylation has been identified as a main enabler
of the association with cellulose (Busse-Wicher et al., 2014; Grantham et al.,
2017), although other factors, such as the DP and the degree of
glucuronidation, are also relevant (Qaseem et al., 2025). Still, the exact
organization of GX in the cell wall is elusive. This is particularly true with
respect to its potential association with lignin. It has been speculated that
minor domains in GX containing high degree of substitution could favor
interactions with lignin (Dammstrom et al., 2009; Sivan et al., 2024). At the
same time, covalent bonds between GX and lignin through vy-ether,
phenylglycoside and benzylether bonds have been suggested, although the
last two seem to be less frequent in highly acetylated xylan (Giummarella and
Lawoko, 2016).

2.1.3.3 Lignin

Lignin is the second main component of wood. In hardwoods, for example, it
usually accounts for 18 to 25% of the xylem (Koch, 2006). In the cell wall,
lignin functions as the embedding material, surrounding the cellulose fibrils
and hemicelluloses and acting as a glue between neighboring cells. Besides
these structural roles, lignin imparts hydrophobicity to the cell wall, creating a
barrier that protects wood polysaccharides against water, enzymatic
degradation and microbial attack (Henriksson, 2009).

Still, the definition of lignin itself remains an active area of research (Ralph et
al., 2019). In general, it can be understood as a complex phenolic
macromolecule formed primarily by monolignols linked through ether (e.g., 3-
0O-4, 4-0-5 and 1-0O-4) or carbon-carbon (e.g., 5-5, B-5, B-B and B-1) bonds.
A wide range of monolignols — and even other phenolic molecules — has been
identified within this network. Among these, p-coumaryl alcohol, coniferyl
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alcohol, and sinapyl alcohol are regarded as the main precursors of lignin
(Henriksson, 2009). Their chemical structures are presented in Figure 2.4.

Z OH Z OH
O/ \O O/
OH OH
coniferyl alcohol sinapyl alcohol

Figure 2.4 Main monolignols found in lignin. Adapted from Marion de Godoy (2024).

Nevertheless, the ratio between these monolignols in lignin changes
significantly depending on wood species, cell type and cell wall layer. In
softwoods, coniferyl alcohol is the main precursor and the lignin is often
referred to as guaiacyl lignin (Sjostrom, 1993c; Koch, 2006). In hardwoods,
however, there is a higher variability in the composition of lignin. Parenchyma
cells and the secondary wall of fibers are remarkably rich in sinapyl alcohol
units (syringyl lignin), with increasing amounts of coniferyl alcohol (guaiacyl
lignin) occurring in the middle lamella. Vessels, on the other hand, exhibit
guaiacyl lignin (Sjostrom, 1993c; Koch, 2006; Yamashita et al., 2016). In
addition, there is a large variation between the overall S/G ratio in different
hardwoods (Sjostrom, 1993c; Santos et al., 2012a).

Beyond the intricate chemical structure, lignin also displays complex
interactions with other components of the cell wall. For instance, as
mentioned in Section 2.1.3.2, lignin can interact with hemicelluloses via
covalent bonds, forming lignin carbohydrate complexes (LCCs) (Lawoko et
al., 2005; You et al., 2015; Giummarella and Lawoko, 2016; Zhao et al.,
2020).

2.1.3.4 Ultrastructure

The ultrastructure of wood describes the organization of the cell walls into
distinct regions that differ according to the content and arrangement of
cellulose, hemicelluloses, and embedding material (mostly lignin and pectin)
(Sjostrom, 1993a; Koch, 2006). Overall, the ultrastructure can be represented
by the model illustrated in Figure 2.5. In this model, the lumen — the central
cavity of the cell — is enclosed by a wall comprising two main regions: the
primary wall, located in the outer portion of the cell, and the secondary wall,
which is further divided into three layers (S1, S2 and S3).
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Figure 2.5 Schematic illustration of the middle lamella and cell wall layers. Adapted
from Sjostrom (1993a).

The primary wall is quite thin, typically 0.1-0.2 ym thick, and exhibits randomly
oriented cellulose fibrils. Conversely, all three layers of the secondary wall
feature cellulose fibrils aligned in specific angles. Both the S1 and S3 layers
are thin (0.1-0.3 ym) and have high microfibril angles (i.e., the angle between
the microfibrils and the cell axis): 50-70° for S1, and above 70° for S3. In
contrast, the S2 layer is the thickest portion of the cell wall (2-5 ym) and
exhibits low microfibril angles (5-30°) (Sjostrom, 1993a; Wiedenhoeft, 2005;
Koch, 2006).

The outermost region shown in Figure 2.5 is the middle lamella, the
extracellular layer providing adhesion between neighboring cells. Its main
components are lignin (~60%) and pectin, with lignin concentrations being
especially high at the cell corners. Unsurprisingly, removing the lignin from
the middle lamella is one of the main goals of kraft pulping, as it allows the
separation of the wood fibers. Nevertheless, the delignification of the cell wall
is also significant. The behavior of the S2 layer is of particular interest during
pulping, as it contains most of the xylem’s lignin (63-74%), cellulose (90%),
and hemicelluloses (70-80%) and largely dictates the properties of the cell
wall (Wiedenhoeft, 2005; Koch, 2006).

2.2 Kraft pulping
The kraft process, also known as sulfate process, is a well-established

pulping method that accounts for about 82% of all virgin wood pulp produced
globally (FAO, 2023). As a chemical pulping technique, it separates wood
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fibers by lignin removal through chemical reactions that break down the lignin
network. More specifically, kraft pulping accomplishes delignification by
treating wood chips with white liquor — an aqueous solution containing
hydroxide and hydrosulfide ions — at temperatures above 140 °C (Sixta et al.,
2006).

The main steps of the kraft process can be divided into woodyard operations,
fiberline, and chemical recovery. The woodyard operations convert logs into
wood chips of acceptable sizes and include steps such as debarking,
chipping, and screening. The fiberline is the section of the process
responsible for liberating cellulose fibers from wood chips. It involves treating
the chips with white liquor, which leads to the degradation and/or dissolution
of part of the hemicelluloses and lignin. As a result, two main streams are
generated: washed kraft pulp and black liquor (i.e., spent white liquor
containing dissolved wood components). In terms of its main operations, the
fiberline comprises impregnation (including steaming), cooking, washing, and
screening/cleaning. In the production of bleached pulp grades, bleaching
operations are also included in the fiberline. Lastly, the chemical recovery
system aims to regenerate the spent cooking chemicals as new cooking
liquors. Additionally, it encompasses the combustion of dissolved wood
components from black liquor, generating steam and electricity used in the
pulp mill (Biermann, 1996b; Sixta et al., 2006; Mboowa, 2024).

The impregnation and cooking operations are discussed in more detail in
Sections 2.2.1 and 2.2.2.

2.2.1 Impregnation

The purpose of impregnation is to transport cooking chemicals into wood
chips prior to the cooking stage, ensuring they are distributed as evenly as
possible both within each chip and among different chips. Hence, an efficient
impregnation step is essential to increase the uniformity of delignification and
minimize downstream issues, as poorly impregnated chips have been shown
to result in high amounts of rejects/shives, low pulp yields, and pronounced
lignin gradients in the cooked material (Gullichsen et al., 1992; Malkov et al.,
2002; Malkov et al., 2003; Brannvall, 2009). Additionally, these non-uniform
effects may lead to reduced pulp strength, and even increased consumption
of bleaching agents (Gullichsen et al., 1992; Bacarin et al., 2017).

Current best practices for impregnation involve steaming the wood chips and
then treating them with white liquor and recirculated black liquor at 100-110°C
for 30-40 min (Brannvall, 2009; Foelkel, 2009; Bajpai, 2015). The steaming
step is often carried out with saturated steam (100-120°C) and has two main
purposes: to preheat the wood chips and to remove the air entrapped in the
lumens of the wood cells. The latter is of particular importance to the
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impregnation efficiency, as entrapped air slows down impregnation by
creating backpressure inside the chips, opposing the movement of the
cooking liquors introduced in the subsequent steps (Malkov et al., 2002; Sixta
et al., 2006). Other effects caused by steaming include changes in wood
structure and composition, e.g., removal of extractives and disruption of ray
parenchyma cells (Matsumura et al., 1999).

The use of both white liquor and black liquor during impregnation aims to
reduce heat demand, increase the content of HS- at the beginning of cooking
and decrease the initial effective alkali to minimize carbohydrate losses —
although the exact alkali profiling depends on process configuration (Bajpai,
2015). Still, different impregnation strategies have been suggested, such as
employing high alkali concentrations (Brannvall and Backstrom, 2016) or
prolonging the operation (Tavast and Brannvall, 2017). Regardless of the
approach, the transport of cooking chemicals during impregnation relies on
two governing phenomena: liquor penetration and diffusion. Their respective
mechanisms are explained in the following sections.

2.2.1.1 Liquor penetration

Liquor penetration is the movement of liquor through the lumens of wood cells
due to a pressure gradient. During impregnation, this phenomenon is
influenced by many different parameters. For example, the rate of penetration
is affected by process conditions, in particular temperature and pressure. In
addition, the amount of entrapped air inside the chips (which is related to the
efficiency of the steaming process) and the properties of the liquor, including
viscosity and surface tension, play a significant role (Malkov et al., 2001a;
Malkov et al., 2001b; Sixta et al., 2006).

Wood structure is also a major factor dictating the rate and uniformity of
penetration. In softwoods, liquor penetration was shown to occur primarily via
tracheids and resin canals, whereas in hardwoods, vessels were found to
offer the preferred penetration path (Wardrop and Davies, 1961).
Consequently, the arrangement of these cells causes liquor penetration to be
substantially faster in the longitudinal direction of the wood chips than in the
radial or tangential directions, making chip length the limiting dimension of
penetration (Malkov et al., 2001a).

From tracheids and vessels, liquor penetration spreads to neighboring cells
via pits, besides extending laterally through rays (Wardrop and Davies, 1961).
Hence, as one could expect, lumen diameter and pit structure have been
found to strongly influence penetration 