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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 
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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; Simão 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.   
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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) 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. 

2) Compare how delignification and xylan removal progress within wood 

chips of different hardwood species during kraft cooking. 

3) 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). 

4) 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. 
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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). 
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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. 

 

 
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 (Sjöström, 1993a; Wiedenhoeft, 2005). 
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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 (Sjöström, 

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 (Sjöström, 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 



8 
 

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 µm 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 µm 

(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).         
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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 
feature 

Alder 
A. glutinosa 

Birch 
Betula sp. 

Beech 
F. sylvatica 

Aspen 
Populus sp. 

Fibers     

   % of xylem - 
64.8 a 
63.0 c 

37.4 b 
40.0 c 

61.8 b 
61.0 c 

   Length (mm) 
> 1.0 d 
   1.3 e 

0.8-1.8 a 
1.3 c 

0.6-1.3 b 
1.3 c 

0.7 d 

0.7-1.6 b 
1.3 c 

0.7-0.9 d 

   Diameter (μm) 33 e 18-36 a 
19 c 

15-20 b 
18 c 

20-40 b 
21 c 

   Lumen diameter  
   (μm) 

12-14 d 
20 e 

- 6-9 d 12-14 d 

Vessels     

   Distribution d,f 
Diffuse-
porous 

Diffuse-
porous 

Diffuse-porous / 
Semi-ring-

porous 

Diffuse-porous / 
Semi-ring-

porous 

   % of xylem - 
24.7 a 
25.0 c 

31.0 b 
40.0 c 

26.9 b 
26.0 c 

   Diameter (μm) < 80 f < 80 f 
5-100 b 
40-55 d 
< 80 f 

20-150 b 
62-83 d 
< 130 f 

Rays     

   % of xylem - 
8.5 a 
12.0 c 

27.0 b 
20.0 c 

11.3 b 
13.0 c 

   Arrangement d 
Uniseriate, 
aggregate 

Multiseriate  
(1-3 cells) 

Multiseriate  
(> 30 cells) 

Uniseriate 

Axial parenchyma     

   % of xylem - - 4.6 b - 
a Daniel (2009); b Koch (2006); c Patt et al. (2006); d Koddenberg (2025); e 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 (Sjöström, 

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 µm) to large (≥ 10 µm). Bordered pits are also 
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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; Sjöström, 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 β-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). 

 

 
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 (Sjöström, 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; Dammström 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 

(Sjöström, 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%) (Sjöström, 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 β-D-xylopyranose units linked 

by (1→4) bonds and decorated with different substituents, including acetyl 

(Ac), glucuronic acid (GlcA), and 4-O-methylglucuronic acid (4-O-MeGlcA). 

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 (Sjöström, 1993b; Teleman, 2009; Qaseem et al., 2025). A scheme 

highlighting the structure of glucuronoxylan and its decorations is shown in 

Figure 2.3. 

 

 
Figure 2.3 Schematic of glucuronoxylan illustrating the linear backbone and examples 

of acetylation and substitution with 4-O-MeGlcA. The depicted frequency and 

proportion of the side groups do not reflect their actual occurrence. Adapted from 

Marion de Godoy (2024). 

 

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 α-L-rhamnose residue and 
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an α-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-MeGlcA in birch GX 

were also acetylated at the O-3 position (as shown in Figure 2.3). Additionally, 

GX in Eucalyptus sp. is known for the presence of galactopyranosyl (or even 

glucopyranosyl) linked to part of the 4-O-MeGlcA 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 (Dammström et al., 2009; Sivan et al., 2024). At the 

same time, covalent bonds between GX and lignin through γ-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., β-

O-4, 4-O-5 and 1-O-4) or carbon-carbon (e.g., 5-5, β-5, β-β and β-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. 

 

 
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 (Sjöström, 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 (Sjöström, 1993c; Koch, 2006; Yamashita et al., 2016). In 

addition, there is a large variation between the overall S/G ratio in different 

hardwoods (Sjöström, 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) 

(Sjöström, 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 Sjöström (1993a). 

 

The primary wall is quite thin, typically 0.1-0.2 μm 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 μm) 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 μm) and 

exhibits low microfibril angles (5-30°) (Sjöström, 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; Brännvall, 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 (Brännvall, 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 (Brännvall and Bäckström, 2016) or 

prolonging the operation (Tavast and Brännvall, 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 (Singh et al., 1999; Ahmed et al., 

2011). Additionally, factors altering the permeability of wood have been 

shown to affect liquor penetration. For instance, the presence of tyloses in 

hardwoods is known to slow down or even halt penetration (Stone and Green, 



18 
 

1959; Daniel, 2009; Esteban et al., 2024). Furthermore, high concentrations 

of extractives and entrapped air make liquor penetration in heartwood slower 

than in sapwood (Brännvall, 2009; Malkov et al., 2001b).    

 

2.2.1.2 Diffusion 

Diffusion is the transport of chemicals driven solely by differences in 

concentration and not aided by fluid flow. It is also the only mass transport 

mechanism acting within the wood chips after liquor penetration is complete. 

Therefore, it has a direct impact on the distribution of cooking chemicals 

inside the chips, particularly since a significant portion of the alkali introduced 

during penetration is readily consumed in reactions with carbohydrates and 

minor wood components (e.g., in neutralization of acid groups and 

deacetylation) (Brännvall, 2009; Foelkel, 2009).  

Like the penetration process, diffusion is also influenced by several 

parameters. Overall, they comprise the concentrations of the dissolved 

species, both in the bulk liquor and within the chips, and their effective 

diffusivities. These effective diffusivities depend on the chemical species and 

are significantly affected by process conditions (especially temperature), and 

wood structure. 

There are several different ways to estimate the effective diffusivity of cooking 

chemicals (namely, HO-, HS-, Na+, among other ionic species) in fully 

penetrated wood chips (Sixta et al., 2006). For instance, McKibbins (1960) 

used experimental data to fit correlations for the diffusion coefficient of 

sodium across the longitudinal and transverse sections of kraft cooked chips. 

In these expressions, the diffusion coefficients were calculated as a function 

of temperature and two parameters were adjusted: the activation energy and 

the frequency factor. Another common approach entails correcting the 

diffusion coefficient of the ionic species in aqueous media by the effective 

capillary cross-sectional area (ECCSA), which represents the area of the 

paths available for diffusion (Sjöström, 1993d; Sixta et al., 2006; Inalbon et 

al., 2013). Given the anisotropic nature of wood, the ECCSA value varies in 

the chips, with the highest one occurring in the longitudinal direction and the 

lowest in the tangential direction. Nevertheless, this difference has been 

shown to decrease as the ECCSA values increase in elevated pH (12.5-13.5), 

which is likely related to the swelling of the cell walls (Stone, 1957). Similarly, 

increased extents of deacetylation and degradation of galactoglucomannan 

seem to increase ECCSA and reduce the gap between the longitudinal, 

tangential and radial values (Inalbon et al., 2013; Montagna et al., 2013). 

Therefore, although the effective diffusivity of an ionic species varies with 

direction within the wood chips, it remains of the same order of magnitude.  
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The small variations in effective diffusivity suggest that the characteristic 

diffusion time of cooking chemicals within the wood chips is largely 

determined by the chip dimensions. In particular, the chip thickness acts as 

the limiting dimension for diffusion and a key factor in ensuring uniform 

pulping (Brännvall, 2017; Tripathi et al., 2018). On an industrial scale, the 

preferred chip thickness lies between 2 and 5 mm, as thinner chips are prone 

to greater fiber damage and thicker chips are more difficult to impregnate 

(Foelkel, 2009). Still, delignification experiments conducted with softwood 

chips indicate that a virtually uniform lignin removal could only be achieved 

using thin chips, i.e., thickness below 2 mm (Gullichsen et al., 1992).  

A factor that may influence how cooking chemicals diffuse – at least locally – 

is the concentration and type of ionic species present in the liquor. The 

hypothesis is that changes in the liquor’s ionic strength could modify the 

Donnan equilibrium established due to the negatively charged cell walls. This, 

in turn, could either increase or decrease the local concentration of cooking 

chemicals surrounding the cell walls (Bygrave and Englezos, 2000; Bogren 

et al., 2009b; Nieminen et al., 2014).  

 

2.2.2 Cooking 

The cooking step refers to the operation in which lignin is dissolved and 

transported out from the impregnated wood chips. In modern kraft cooking 

systems, the operation often relies on specific temperature and alkali profiles. 

Current target cooking temperatures are often in the range of 145 to 155 °C, 

as opposed to historically harsher conditions (e.g., 160-170 °C previously 

used for softwoods) (Bajpai, 2015). White liquor is usually charged at specific 

points during cooking, which, combined with the recirculation of black liquor, 

strategically controls the concentration of hydroxide and hydrosulfide ions 

throughout delignification. In general, the concentrations of these cooking 

chemicals in fresh white liquor are about 1.0-1.4 mol HO-/L and 0.20-0.28 mol 

HS-/L, and the liquor-to-wood ratio inside the digesters is on average 3-5 L/kg 

(Brännvall, 2017). Additionally, many pulping additives (e.g., surfactants) can 

be incorporated either during cooking or impregnation to stabilize 

carbohydrates, control pitch, among other functions (Bajpai, 2015). 

The cooking operation is terminated when the lignin content in the chips is 

sufficiently low. For unbleached grades (e.g., kraftliner and sack paper), this 

lignin concentration can be relatively high, generally ranging from Kappa 

number 55 to 100, depending on the product (Brännvall and Annergren, 

2009). For bleached softwood grades, the final lignin content after cooking is 

about Kappa number 26-35, whereas for bleached hardwood grades the 

content is lower. For instance, birch is typically cooked until Kappa number 

17-22 (Bajpai, 2015; Brännvall, 2017). Afterwards, the cooked material is 
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transferred to a blow tank, where it is discharged at low pressure. Then the 

liberated fibers are screened and washed to remove the black liquor (Sixta et 

al., 2006).  

The next sections discuss the main mechanisms involved in lignin and 

carbohydrates removal during kraft cooking.       

 

2.2.2.1 Delignification 

Delignification is a process that involves both chemical reactions and the 

transport of dissolved lignin fragments out of the middle lamella and cell walls. 

During kraft cooking, the lignin reactions that contribute to delignification are 

responsible for breaking down the lignin network while introducing hydrophilic 

groups, generating lignin fragments that can dissolve in the cooking liquor 

(Potthast, 2006; Gellerstedt, 2009). Among these reactions, the cleavage of 

ether linkages is remarkably significant, as they constitute a large percentage 

of the chemical bonds in the lignin structure.  

In particular, the cleavage of β-O-4 bonds in phenolic structures has been 

considered one of the most significant reactions taking place in the beginning 

of kraft cooking (Potthast, 2006). The main reaction pathway starts with the 

formation of quinone methide, as illustrated in the first step of Figure 2.6. This 

step involves the ionization of the phenolic residue in the β-aryl ether structure 

followed by the elimination of the substituent in the α-position (Gierer, 1980). 

 

 
Figure 2.6 Simplified scheme showing the formation of quinone methide intermediate 

and the preferred reaction pathway for cleaving β-O-4 bonds in phenolic lignin 

structures during kraft cooking. OR’ is an aryl structure. OR’’ represents a generic 

substituent (e.g., aryl group, hydroxyl group, etc.). Intermediate steps are omitted.    

 

The quinone methide intermediates then react further, which, in the case of 

kraft cooking, happens predominantly via addition of hydrosulfide ions in the 

C-α position (Figure 2.6). The nucleophilic attack results in the formation of 

benzyl mercaptide structures, which, in turn, go through an intramolecular 

attack at position C-β, effectively cleaving the β-O-4 bonds and resulting in 

the formation of elemental sulfur and lignin fragments containing phenolic 

groups. This reaction pathway is one of the main reasons for the faster 

delignification rates observed in kraft pulping compared with soda pulping 
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(conducted with aqueous NaOH), as it proceeds relatively quickly and 

generates new phenolic groups that can undergo further reactions (Gierer, 

1980).  

Another mechanism that can lead to cleavage of β-O-4 bonds in phenolic 

structures involves the reduction of quinone methide intermediates in the 

presence of reducing agents, such as pulping additives, or carbohydrates-

related structures. Nevertheless, this only plays a minor role during 

delignification (Potthast, 2006). On the other hand, competing reactions 

involving quinone methide intermediates include the elimination of a β-

hydrogen or a γ-hydroxymethyl group. These pathways, while not as 

significant in kraft pulping as in soda pulping, contribute to reducing the rate 

of delignification and generating alkali-resistant structures (Gierer, 1980; 

Potthast, 2006).  

 

The other main reaction pathway to cleave β-O-4 linkages occurs in non-

phenolic lignin units, as shown in Figure 2.7. This reaction is considerably 

slower than that in phenolic structures and depends on the formation of 

alkoxide anions, which subsequently perform a nucleophilic attack on the β-

carbon. The attack results in the cleavage of the ether linkage and the 

formation of an oxirane intermediate, which can further react through different 

pathways, such as the nucleophilic opening of the oxirane ring by hydroxide 

ions (as depicted in Figure 2.7), by hydrosulfide ions, or even by hydroxyl 

groups from carbohydrates (Gierer, 1980; Potthast, 2006). 

 

 
Figure 2.7 Simplified scheme showing the main reaction pathway for β-O-4 bond 

cleavage in non-phenolic lignin structures during kraft cooking. OR’ is an aryl 

structure.    

 

Besides depolymerization, other relevant lignin reactions during kraft cooking 

include demethylation and condensation reactions. Demethylation occurs 

due to strong nucleophiles (e.g., HS-) and removes about 5% of the methoxy 

groups in lignin. The reaction results in the formation of mercaptans and the 

introduction of new hydroxy groups on the lignin structure. Condensation 

reactions comprise the formation of stable carbon-carbon bonds between 
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lignin units, hindering delignification; however, the exact mechanisms behind 

these reactions and their degree of incidence during pulping are still the 

subject of debate (Sjöström, 1993d; Potthast, 2006; Gellerstedt, 2009).   

 

As dissolved lignin fragments are produced across the cell wall and middle 

lamella, they are transported towards the bulk liquor outside the wood chip 

via diffusion, while continuing to undergo further chemical reactions. This 

transport can be quite slow, as indicated in studies reporting high 

concentrations – or even accumulation – of dissolved material within the pore 

system of wood compared to the bulk liquor (Simão et al., 2011; Pakkanen 

and Alén, 2012; Brännvall and Rönnols, 2021). In addition, the transport of 

lignin seems to be significantly affected by process conditions. For example, 

local variations in the pH or ionic strength can alter the solubility of lignin 

fragments and how they interact, potentially leading to lignin aggregation or 

deposition onto cellulose fibers (Dang et al., 2016; Kishani et al., 2020; 

Ghaffari, 2023). Moreover, the diffusion rate depends on the size of the lignin 

fragments. Hence, given the heterogeneity of the lignin fragments and the 

series of parameters affecting their transport, estimated values for the 

diffusion coefficient of lignin during cooking vary substantially, with results 

differing by several orders of magnitude (Sixta et al., 2006). These large 

differences can partially explain experimental data showing that the molar 

mass of lignin released during kraft cooking increases throughout the process 

(Dang et al., 2016; Kron et al., 2024)       

Other potential aspects influencing the rate of delignification during kraft 

cooking are associated with the cell wall organization and the chemical 

structure of lignin. For instance, Whiting and Goring (1981; 1982) found that 

delignification occurred faster in secondary layer tissue than in middle lamella 

tissue of black spruce, which they suggested could be related to the higher 

swelling of the secondary wall (caused by the dissolution/degradation of 

hemicelluloses). They also proposed that the lignin present in the middle 

lamella could be less reactive due to its lower content of methoxy groups and 

potentially higher contents of condensed structures (Whiting and Goring, 

1982). The degree of lignin condensation was also mentioned by Pinto et al. 

(2005b) as a potential determining factor leading to differences in the 

delignification rate among hardwoods, together with the average proportion 

between syringyl and guaiacyl lignin. The latter was examined in more detail 

by Santos et al. (2011), who compared the delignification of 10 hardwoods 

revealing a linear correlation between the rate of lignin removal and the S/G 

ratio, although birch was a noteworthy exception to this pattern.   
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2.2.2.2 Degradation and dissolution of polysaccharides 

Reactions involving carbohydrates begin quite early during pulping. Still 

under relatively low temperatures, reactions with hemicelluloses consume 

significant percentages of the total alkali typically added to the system (e.g., 

about 20-25% in the case of hardwoods). These reactions involve hydrolysis 

of acetyl groups – for instance, in glucuronoxylan – and neutralization of 

carboxyl groups, such as those in uronic acids and in the acetic acid released 

during deacetylation (Potthast, 2006; Foelkel, 2009). At higher temperatures, 

the alkali consumption in neutralization remains significant, as degradation 

products include different types of acids.    

Above 80 °C, the peeling of carbohydrates is a main reaction that takes place 

and is one of the primary reasons for the low yields in kraft pulping. This 

reaction involves the consecutive removal of terminal monosaccharide units 

from polysaccharides. In short, it comprises the rearrangement of a reducing 

end into a 2-keto intermediate, followed by a β-alkoxy elimination, which 

creates a new reducing end and releases the former terminal unit. In turn, this 

unit is particularly unstable under alkaline conditions and is prone, among 

other things, to the formation of isosaccharinic acids via benzilic acid 

rearrangements. The peeling process is terminated when competing 

reactions, known as stopping reactions, stabilize the reducing end groups, for 

example, via conversion to metasaccharinic acid (Sjöström, 1993d; Potthast, 

2006).  

Peeling affects both cellulose and hemicelluloses, however, at different 

extents. Xylan is particularly resistant to peeling due to its arabinopyranose 

and 4-O-methylglucuronic acid substituents. Additionally, other minor side 

groups, such as rhamnose groups in C2, can also contribute to hinder xylan 

depolymerization. Other hemicelluloses, however, are susceptible to 

substantial decrease in their degrees of polymerization during peeling, which 

can even lead to the solubilization of the remaining chains. In the case of 

cellulose, the impact is less pronounced, given its high DP and crystallinity 

(Sjöström, 1993d; Potthast, 2006; Gellerstedt, 2009).  

At high temperatures (~150 °C), alkaline hydrolysis becomes an important 

reaction pathway. This reaction is the main responsible for the decrease in 

pulp viscosity, as it leads to cleavages along the polysaccharide chain, 

substantially decreasing the DP. In addition, alkaline hydrolysis results in the 

formation of new reducing ends, which causes further peeling to take place 

(i.e., secondary peeling) (Gierer, 1980; Gellerstedt, 2009). 

Another relevant reaction involving carbohydrates during cooking is the 

elimination of the methoxy group from 4-O-methylglucuronic acid. The 

elimination generates methanol and converts the 4-O-MeGlcA groups in 

xylan into hexenuronic acid (HexA) groups, which are considerably stable 
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under alkaline conditions. Hence, the formation of HexA has been linked to 

further stabilization of xylan against degradation. Moreover, the presence of 

hexenuronic acid also affects eventual bleaching steps, as HexA reacts with 

bleaching agents, such as chlorine dioxide and ozone (Jiang et al., 2000; 

Gellerstedt, 2009).       

Other mechanisms influencing the behavior of xylan throughout kraft pulping 

include dissolution and re-adsorption processes. During impregnation, a 

significant fraction of xylan is readily dissolved in the alkaline liquor. Then, 

with the progression of delignification, lower alkali concentrations and 

increasingly exposed cellulose fibers cause part of this dissolved xylan to re-

adsorb (Danielsson and Lindström, 2005; Pinto et al., 2005a). The degree of 

dissolution and re-adsorption is, of course, dependent on liquor composition 

and cooking conditions, but also on the characteristics of xylan. For instance, 

Pinto et al. (2005b) suggested that the higher average molar mass and the 

presence of specific substituents cause eucalyptus xylan to be retained to a 

greater extent than birch xylan during kraft pulping. 

 

2.2.3 Delignification models for kraft pulping 

Modeling lignin removal during kraft cooking can serve many purposes, such 

as process control, optimization of cooking conditions, and equipment design. 

Accordingly, there are several attempts to describe delignification, with 

approaches ranging from highly simplified concepts, like the H-factor (Vroom, 

1957), to complex semi-mechanistic models (Grénman et al., 2010; Gilbert et 

al., 2021; Bijork et al., 2022). Overall, in order to capture the non-uniformity 

of lignin removal inside wood chips, modeling efforts need to describe 

reaction kinetics and transport phenomena taking place in the system.   

The kinetics of lignin reactions is often portrayed according to either a parallel 

reaction model (Smith, 1974; Andersson et al., 2003; Bogren et al., 2008; 

Bogren et al., 2009a) or a consecutive reaction model (Gustafson et al., 

1983). The first approach is characterized by dividing lignin and other wood 

components into fractions with distinct reactivities or, in the case of Bogren’s 

model, a continuous distribution of reactivity. Each fraction is described by its 

own reaction rate equation, which remains unchanged throughout the entire 

cooking process. The second approach, however, assigns different equations 

to describe the reaction rate of each component, depending on the extent of 

cooking (Nieminen and Sixta, 2012). For instance, Gustafson et al. (1983) 

considered three stages of delignification – initial, bulk, and residual – each 

governed by its own rate equations.  

Regardless of the approach, the reaction rate equations of lignin removal are 

usually proportional to the lignin content, temperature (𝑇), and the 

concentrations of hydroxide and hydrosulfide ions (i.e., [𝐻𝑂−] and [𝐻𝑆−]). For 
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example, in the traditional Purdue (Smith, 1974) and Gustafson (Gustafson 

et al., 1983) models this dependency can be expressed as in Equation 2.1: 

 

𝑑𝐿

𝑑𝑡
= (𝑘1√𝑇 + 𝑘2[𝐻𝑂−]𝑎 + 𝑘3[𝐻𝑂−]𝑏[𝐻𝑆−]𝑐)(𝐿 − 𝑑)                 (2.1) 

 

Where 𝐿 stands for lignin, 𝑘1−3 can be interpreted as rate constants following 

Arrhenius-like equations, and 𝑎, 𝑏, 𝑐, 𝑑 are constants. Other modeling efforts 

may consider more complex expressions and include the concentration of 

other ionic species (e.g., sodium or calcium) and correction factors based on 

lignin properties (e.g., S/G ratio) (Bogren et al., 2008; Correa et al., 2023). 

The degradation of carbohydrates during kraft cooking also needs to be 

accounted for in delignification models, as it is responsible for a substantial 

consumption of alkali. This can be accomplished by linking the rate of 

carbohydrate reactions to lignin removal (Gustafson et al., 1983), which 

requires previous knowledge about the proportionality between them (often 

acquired experimentally). Another strategy involves modeling the 

degradation of carbohydrates explicitly, using rate equations based on their 

concentrations, temperature, and the hydroxide content (Andersson et al., 

2003).  

In terms of alkali consumption, the reaction rates of hydroxide and 

hydrosulfide ions during cooking are dependent on the rates of lignin 

depolymerization and carbohydrates degradation. The specific consumption 

factors are usually attained experimentally. Correa et al. (2023), for example, 

considered 0.05 kg HS-/kg reacted lignin, 0.21 kg HO-/kg reacted lignin, and 

0.49 kg HO-/kg reacted carbohydrates. 

 

Despite the widespread use of these kinetic models, it is worth noting that 

they neglect any mass transport limitations across the cell walls, which is an 

assumption liable to scrutiny – specially for the lignin fragments and dissolved 

polysaccharides (Mattsson et al., 2017; Brännvall and Rönnols, 2021; Kron 

et al., 2024). A recent approach to overcome this limitation was proposed by 

Kron et al. (2025). In their model, the reaction rates are combined with the 

transport of alkali and lignin fragments through the cell wall, and the diffusion 

coefficient of lignin is described as a function of molar mass, hydroxide 

content and temperature, following the Arrhenius-like equation proposed by 

McKibbins (1960).  

On a wood chip level, recent modeling strategies combine reaction kinetics 

with mass transport along the chip. One simple approach based on nuclei 

growth in heterogeneous media was suggested by Dang and Nguyen (2008). 

In this case, a power law factor based on wood chip thickness was used to 
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correct the rate of delignification and account for the heterogeneity of the 

reaction. A more complex approach was suggested by Wisnewski et al. 

(1997) and Gilbert et al. (2021). Besides reaction kinetics, these authors 

modeled the diffusion of chemical species and wood components to and from 

different phases within the system, namely the solid wood phase, the 

entrapped liquor, and the bulk liquor. Another strategy was proposed by 

Grénman et al. (2010). They described delignification and carbohydrates 

degradation while also incorporating wood anisotropy in their model. Different 

rates of diffusion were considered along the length, width and thickness of 

the chips, which were also affected by changes in wood porosity and 

composition during pulping, similar to the effective diffusivity approach 

discussed in Section 2.2.1.2. More recently, Bijok et al. (2022; 2023) 

combined these last strategies, describing a three-phase system in which 

chemical species and wood components were transported according to 

diffusion coefficients that varied depending on the chip direction.   

Although these modeling efforts improve upon the purely kinetic 

delignification models, some issues still need to be addressed. Validation of 

multidimensional and/or multiscale models can be considerably challenging, 

given the lack of experimental data about local conditions inside digesters 

and wood chips. Moreover, the data used to fit kinetic parameters is often 

subjected to external influences: for instance, Gilbert et al. (2021) used data 

based on kraft cooking experiments conducted with low liquor-to-wood ratios 

(4 to 6), which leads to significant changes in the bulk concentration of 

cooking chemicals throughout the process and may result in non-uniform 

conditions inside the digestor. Additionally, the experimental data used in 

model development and validation may come from systems with long heating-

up periods, such as 60 min (Gilbert et al., 2021) or even 120 min (Gustafson 

et al., 1983; Grénman et al., 2010), during which extensive carbohydrate 

degradation may occur before the high temperatures required for 

delignification are reached. Another issue related to multiscale or 

multidimensional approaches is the high computational cost that is often 

demanded to solve these models, which can limit their applicability (Liu et al., 

2014). Hence, these aspects should be considered in future modeling 

attempts.  
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3 Material and Methods 

This chapter describes the materials utilized in the project, as well as the 

methodology adopted to conduct the experiments discussed in Chapter 4. 

More detailed descriptions can be found in the appended papers (Papers I-

IV). This chapter also introduces the framework used to develop the 1D 

multiscale model of delignification proposed in Paper V, including the key 

equations and their main assumptions.  

 

 

3.1 Materials 

3.1.1 Chemical reagents 

All chemicals were analytical grade. The molar mass distributions of lignin 

and xylan samples were analyzed using pullulan standards (PL2090-0100 

Varian Inc., 0.180 to 708 kDa) for calibration. 

 

3.1.2 Industrial chips (Paper I) 

Birch chips prepared in an industrial chipper were supplied by Södra 

Skogsägarna. The samples originated from southern Sweden and comprised 

a mix of Betula pendula and Betula pubescens. Before use, the chips were 

air dried and manually screened to attain a uniform fraction. These samples 

(Figure 3.1 a) were free of bark and knots and had thickness between 2 and 
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6 mm. Their final dry content was 93.2±0.5% (w/w), measured by oven-drying 

(105 °C, overnight). 

 

 
Figure 3.1 Examples of wood samples utilized in the project. (a) Industrial chip (birch). 

(b) Model chip of beech. (c) Small model chip of aspen. Scale in cm. 

 

3.1.3 Model hardwood chips (Papers II, III) 

Logs of four different hardwoods were provided by Södra Skogsägarna, 

including Alnus glutinosa (alder, 43±2 years old), Betula pubescens (birch, 

27±1 years old), Fagus sylvatica (beech, 44±5 years old) and Populus 

tremula (aspen, 28±1 years old). All logs were cut at breast height from trees 

grown in southern Sweden and were approximately 1 m long. 

To prepare the model chips, each log was sawn to remove the bark and 

heartwood fractions. Then the remaining sapwood portions were cut into 

blocks with specific dimensions, namely 30±1 mm in length, 45±1 mm in 

width and 8±1 mm in thickness, as shown in Figure 3.1 (b). These dimensions 

were selected based on the upper limits used to classify industrial chips (large 

accepts) and to ensure repeatability when sectioning the samples after 

cooking (as described in Section 3.4). 

Before use, the model chips were air-dried, and their final water content was 

determined via oven-drying (105 °C, overnight). 

 

3.1.4 Small model chips (Paper IV) 

The same samples of alder, aspen and birch described in Section 3.1.3 were 

used to prepare the small model chips. In this case, after sawing the logs and 

isolating the sapwood fractions, the wood was cut into small blocks with 

length of 30±1 mm, width of 5±1 mm, and thickness of 8±1 mm at the top and 

5±1 mm at the bottom, as indicated in Figure 3.1 (c). These specific 

dimensions were defined to ensure that the chips would fit the sample holder 

used in the in-situ X-ray tomography experiments (Section 3.10).  
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After preparation, the small model chips were air-dried to a final dry content 

above 89.0%, measured by oven-drying (105 °C, overnight). 

 

 

3.2 Determination of wood chip characteristics 

3.2.1 Chip density and porosity (Papers III, IV) 

Density measurements were conducted in replicates (at least three) using air-

dried model chips. First, the volume of each model chip was calculated based 

on their dimensions (accuracy: ±1 mm3). Then, the chips were oven-dried at 

105 °C overnight and weighed to determine their dry mass. The chip density 

of each wood species (𝜌) was calculated by dividing the dry mass by the chip 

volume. 

 

Next, chip porosity (𝜀) was calculated according to Equation 3.1: 

 

𝜀𝑠 = 1 −
𝜌𝑠

𝜌𝑤
                                            (3.1) 

 

In this Equation, 𝜀𝑠 is the chip porosity of species 𝑠, 𝜌𝑠 is the chip density of 

species 𝑠, and 𝜌𝑤 denotes the density of the wood substance, approximated 

as 1500 kg/m3, as described by Malkov et al. (2001a).  

 

3.2.2 Microscopy (Papers III, IV) 

Microscope slides were prepared using air-dried sapwood samples of each 

hardwood studied in the project. First, the samples were cut into small pieces 

(approx. 1.5 cm x 8 mm x 8 mm). Then, they were softened in deionized 

water by soaking the pieces for 10 min inside a vacuum chamber, followed 

by heating at 80 °C for 1-2 h. Afterwards, transverse sections (100-150 µm) 

of the sapwood pieces were produced with the aid of a microtome.  

The sections were placed in microscope slides and covered with coverslips 

after one drop of deionized water was added. Optical micrographs were 

acquired with a light microscope (Axio Imager Z2m, Zeiss) in bright-field 

mode with a maximal magnification of 100x. 

 

 

3.3 Batch kraft cooking (ex-situ experiments) 

The kraft cooking experiments conducted in Papers I-III employed 1.5 L 

vessels equipped with valves to allow pressurization and evacuation during 

impregnation. The impregnation step was carried out at room temperature, 
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followed by cooking in a heating bath: the vessels, mounted on a rotating 

axis, were immersed in a polyethylene glycol bath regulated by a temperature 

controller. Previous studies (Bogren et al., 2007) showed that the vessels 

required approximately 25 min to reach the target temperature. To halt 

delignification, the vessels were transferred to a cooling bath and 

disassembled after 10 min.  

The specific steps and conditions used in the experiments are outlined in the 

following sections, while the rationale behind the choice of impregnation and 

cooking conditions is addressed in Marion de Godoy (2024). 

 

3.3.1 Cooking conditions – industrial chips (Paper I) 

The cooking experiments conducted with industrial chips had two main goals: 

to investigate how mass transport limitations within the chips can impact the 

process, and to assess how the composition of the impregnation liquor can 

affect delignification. Thus, the samples were treated with different liquors 

during impregnation (Table 3.1), including liquors with different 

concentrations of cooking chemicals (hydroxide and hydrosulfide ions) and 

different ionic strengths – achieved by the addition of NaCl. 

 

Table 3.1 Composition of the liquors used to impregnate industrial chips. 

Impregnation 

liquor a 

HO- (mol/kg 

liquor) 

HS- (mol/kg 

liquor) 

Na+ (mol/kg 

liquor) 

WL 0.60 0.15 0.75 

WL+Na b 0.60 0.15 2.00 

W - - - 

W+Na c - - 2.00 

a WL = white liquor, WL+Na = white liquor with increased Na+ content, W = deionized water, 

W+Na = deionized water with increased Na+ content.  
b Additional 1.25 mol NaCl/kg liquor. 
c Additional 2.00 mol NaCl/kg liquor. 

 

 

To perform impregnation, the chips were loaded in the cooking vessels with 

one of the four impregnation liquors listed in Table 3.1, using a liquor-to-wood 

ratio of 10:1 (w:w). The vessels were evacuated for 5 min and then 

pressurized with N2 (5 bar) for 15 min. Afterwards, the impregnation liquor 

was filtered out, and fresh cooking liquor was added to the vessels. The 

composition of this liquor and the cooking conditions are summarized in Table 

3.2. 
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Table 3.2 Cooking parameters during the analysis of industrial chips. 

Parameter Value 

Cooking liquor, a  

     HO- (mol/kg liquor) 0.60 

     HS- (mol/kg liquor) 0.15 

Liquor-to-wood ratio (w:w) b 20:1 

Target temperature (°C) 160 

Cooking time (min) c 10, 20, 30, 60, 90, 120 

a Composition in terms of effective alkali (expressed as NaOH) and sulfidity: 48% and 40%, 

respectively. 
b Calculated based on the original mass of wood (i.e., the mass before impregnation). 
c In the first time points (10 and 20 min), the cooking step was terminated before reaching 

the target temperature.    

 

 

After the cooking step was completed, three samples were collected from 

each vessel. First, the bulk fraction of the black liquor (BL) was isolated via 

filtration. Then, part of the black liquor remaining within the cooked chips was 

isolated by centrifuging the wet pulps at 3500 rpm for 10 min, following the 

procedure reported by Brännvall and Rönnols (2021). This centrifuged 

fraction (CL) represented the liquor inside the pores of the wood chips during 

cooking. Lastly, the pulp was collected after leaching in distilled water for 

about 5 days, with the water replaced every other day until no further changes 

in pH or color were observed. 

 

 

3.3.2 Cooking conditions – model hardwood chips (Papers II, III) 

The experiments conducted with model chips aimed to assess local changes 

in composition inside the samples during kraft cooking and how they were 

affected by wood microstructure and process conditions. Notably, two sets of 

experiments were carried out: one set using the same liquor during the 

impregnation and cooking steps, and the other using different liquors to 

evaluate the impact of employing high alkali concentrations during 

impregnation. Table 3.3 describes the cooking conditions investigated in the 

first set of experiments.  
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Table 3.3 Cooking parameters in the first set of experiments with model chips. 

Parameter a Level (-1) Level (0) Level (+1) 

Target temperature (°C) 145 155 165 

HO- (mol/kg liquor) b 0.25 0.40 0.55 

HS- (mol/kg liquor) c 0.25 

Na2CO3 (mol/kg liquor) 0.10 

Liquor-to-wood ratio (w:w) 22:1 

Cooking time (min) d 15, 30, 45, 60, 90, 120 

a Except for temperature and hydroxide concentration, the parameters were the same in all 

levels. b Composition in terms of effective alkali (as NaOH): level (-1) = 22%, level (0) = 

35%, level (+1) = 48%. c Composition in terms of sulfidity: level (-1) = 100%, level (0) = 

77%, level (+1) = 63%. d In the first point (15 min), the cooking step was terminated before 

reaching the target temperature. 

 

 

All conditions in Table 3.3 were used to study the behavior of birch model 

chips; however, only the cooking conditions of level (+1) were applied when 

comparing different hardwoods.  

When evaluating the use of high alkali concentrations during impregnation, 

the experiments followed the conditions in Table 3.4. 

 

Table 3.4 Cooking parameters in the experiments investigating the use of high alkali 

concentrations. 

Parameter a Strategy 1 Strategy 2 Strategy 3 

HO- (mol/kg liquor)    

     Impregnation b 0.55 2.00 2.00 

     Cooking c 0.55 0.55 2.00 

HS- (mol/kg liquor) d 0.25 

Na2CO3 (mol/kg liquor) 0.10 

Liquor-to-wood ratio (w:w) 22:1 

Target temperature (°C) 155 

Cooking time (min) 45 

a The difference between strategies 1-3 was the concentration of hydroxide ions used in 

the impregnation and cooking liquors. The other parameters were the same. b Composition 

in terms of effective alkali (as NaOH): strategy 1 = 48%, strategy 2 = 176%, strategy 3 = 

176%. c Composition in terms of effective alkali (as NaOH): strategy 1 = 48%, strategy 2 = 

48%, strategy 3 = 176%. d Composition in terms of sulfidity: strategy 1 = 63%, strategy 2 

(impregnation) = 22%, strategy 2 (cooking) = 63%, strategy 3 = 22%.  
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In all experiments with model chips, four chips were loaded in each cooking 

vessel. In addition, the impregnation step was longer than the one described 

in Section 3.3.1: the evacuation and pressurization times were extended to 

10 and 20 min, respectively. Similarly, the leaching time of the samples after 

cooking was prolonged to two weeks to ensure the removal of any traces of 

black liquor. No black liquor samples (BL or CL) were collected during these 

experiments. 

 

 

3.4 Chip sectioning (Papers II, III) 

To measure local changes in composition inside model chips, the leached 

cooked samples were divided into different sections, following a methodology 

inspired by Wojtasz-Mucha et al. (2017). Initially, the samples were sawn into 

pieces with approximate dimensions of 1 cm x 1.5 cm x 0.8 cm (length x width 

x thickness), as shown in Figure 3.2 (a). The pieces were classified as 

corners, sides (tangential or transverse) or center. Then, thin sections were 

sliced from each piece using a microtome (Jung AG, Heidelberg), dividing the 

samples into three layers (Figure 3.2 b): surface (combined thickness 

~3 mm), intermediate (combined thickness ~3 mm) and center (~2 mm 

thick). 

 

 

 
Figure 3.2 Sectioning of model wood chips. (a) Division into different pieces/regions: 

corners, sides (transverse and tangential), and center. (b) Division of pieces into 

different layers: surface, intermediate and middle. Adapted from Papers II and III. 
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3.5 Lignin isolation from black liquor (Paper I) 

Lignin was precipitated from black liquor fractions following a procedure 

adapted from Dang et al. (2016). First, concentrated sulfuric acid was added 

to 50 mL black liquor samples until the pH dropped to 3.0. Next, the acidified 

samples were left at room temperature for 2 h before being placed in a freezer 

overnight. Afterwards, the samples were thawed and vacuum-filtered using 

sintered glass filters (grade 4). The residue was washed with acidic deionized 

water (pH 2.5, adjusted with sulfuric acid) and then dried in an oven at 40°C 

for three days. 

 

 

3.6 Xylan isolation from wood/pulp (Paper II) 

To isolate xylan from sapwood and various pulps, it was first necessary to 

remove all lignin from the samples. This procedure was based on peracetic 

acid delignification, combining the methods reported by Chang and 

Holtzapple (2000) and Kumar et al. (2013). 

Initially, samples of sapwood or cooked chips (from the middle, intermediate, 

or surface layers, as defined in Section 3.4) were milled to a particle size of 

less than 1 mm and dried overnight at 105 °C. Then, the solid material was 

placed in a beaker and mixed with peracetic acid (5.5 g of acid: 1 g of solids). 

The system was diluted with deionized water to a final solids concentration of 

5% (w/w) and covered with parafilm. Delignification was carried out at 25 °C 

for 48 h under constant stirring (300 rpm). Afterwards, the resulting 

holocellulose samples were collected by vacuum filtration using glass 

microfiber filters (Whatman GF/A 55 mm, Cytiva) and washed first with 

distilled water, then with a 50:50 (v/v) ethanol:acetone mixture. Lastly, the 

holocellulose samples were dried at 40°C for four days. 

After delignification, xylan was isolated from the holocellulose samples using 

a procedure based on the methods described by Evtuguin et al. (2003), Pinto 

et al. (2005a), and Corradini et al. (2018). First, xylan was extracted from 

holocellulose using dimethyl sulfoxide (1 g of holocellulose: 60 g of DMSO). 

The extraction was carried out at 50 °C for 20 h under nitrogen atmosphere 

and constant stirring (300 rpm). Then, the solid residue was separated from 

the xylan-rich extract using vacuum filtration and glass microfiber filters 

(Whatman GF/A 55 mm, Cytiva). Next, the extract was diluted with ethanol 

(1:2, v/v), and concentrated acetic acid was added until a xylan suspension 

was formed. The suspension was left at 4 °C overnight, then centrifuged at 

4500 rpm and 4 °C for 30 min (Heraeus Megafuge 40R, Thermo Scientific). 



 

35 

 

The solid fraction was collected and freeze-dried (FreeZone Triad benchtop 

freeze dryer, Labconco). The final xylan recovery was ≥ 33%. 

 

 

3.7 Determination of lignin and carbohydrates (Papers I-IV) 

3.7.1 Klason lignin 

The Klason lignin content in wood, pulp and black liquor samples was 

measured after acidic hydrolysis, using adapted versions of the NREL’s 

procedure for lignin determination (Sluiter et al., 2012). The analysis was 

conducted in replicates (at least two). 

 

Solid samples were initially milled to a particle size of less than 1 mm and 

dried overnight at 105 °C. Next, 200 mg of the dried material was transferred 

to a beaker, and 3 mL of sulfuric acid (72%, w/w) was added. The system 

was stirred with a glass rod and transferred to a vacuum chamber for 15 min. 

After that, the beaker was placed in a water bath (Isotemp, Fisher Scientific) 

at 30 °C for 1 h, and stirred with a glass rod every 20 min. Then, the beaker 

was removed from the bath, diluted with 84 g of distilled water, and covered 

with aluminum foil. The system was placed inside an autoclave (CV-EL 

125/140°C, CertoClav) and left at 125 °C for 1 h. Afterwards, the autoclave 

was turned off and the system cooled down. When the temperature reached 

80 °C, the content of the beaker was vacuum-filtered using glass microfiber 

filters (Whatman GF/A, diameter: 24 mm). The filtrate was diluted with 

distilled water up to 100 mL and used in the analysis of acid-soluble lignin 

and carbohydrates. The filters containing the solid residue were dried 

overnight in an oven at 105 °C and weighed. The Klason lignin was calculated 

as the difference between the mass of the filters with and without the solid 

residue.  

Due to the small quantities of pulp available, the mass of solids was reduced 

from 200 mg to 75 mg when these samples were analyzed, and the amounts 

of acid and water were adjusted accordingly. Furthermore, pulp and wood 

samples were not extracted prior to hydrolysis, leading to an overestimation 

of the Klason lignin content. Nevertheless, as shown in the Appendix, the 

difference between results from extractives-containing and extractives-free 

samples is less than 10%; moreover, comparisons of local results within 

cooked chips do not seem to be compromised.  

 

When analyzing black liquor, 10 mL of sample was transferred to a beaker 

and mixed with 1 mL of sulfuric acid (72%, w/w). The system was left at room 

temperature for 30 min and then placed in a water bath (30 °C/ 1 h), with 
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stirring every 20 min. Afterwards, the content of the beaker was diluted up to 

20 mL with distilled water, and the system was covered with aluminum foil. 

The remaining steps were the same ones described for solid samples. 

 

3.7.2 Acid-soluble lignin 

The filtrate solutions attained after acidic hydrolysis (Section 3.7.1) were 

diluted with distilled water (1:10) and then used to determine the acid-soluble 

lignin content in wood, pulp, and black liquor samples. The analysis was 

based on spectrophotometry, as described by Dence (1992). The samples 

were transferred to 1 cm quartz cuvettes, and their absorption at 205 nm was 

measured in a UV spectrophotometer (Specord 205, Analytik Jena). 

Absorption readings outside the 0.2-0.7 range were discarded, and the 

measurements were repeated after adjusting the dilution of the samples. The 

absorptivity constant was 110 Lg-1cm-1 and distilled water was used as blank. 

 

3.7.3 Carbohydrates 

High-performance anion exchange chromatography with pulsed 

amperometric detection was used to measure the concentration of 

carbohydrates in the filtrate samples attained in Section 3.7.1. First, the 

filtrate solutions were diluted with distilled water (1:10). Then, the samples 

were filtered in 0.2 μm PTFE filters and transferred to 2 mL vials. The vials 

were analyzed in a Dionex ICS-5000 Ion Chromatography System (Thermo 

Fisher Scientific) equipped with a gold reference electrode and Dionex 

CarboPac PA1 columns: one guard column (2 x 50 mm) and one analytical 

column (2 x 250 mm). Detailed elution conditions are described elsewhere 

(Marion de Godoy, 2024).  

The content of carbohydrates was expressed as anhydro sugars by 

correcting monosaccharide concentrations for the loss of water, as described 

by Jedvert et al. (2012), and by accounting for the yields of hydrolysis 

measured by Wojtasz-Mucha et al. (2017). 

 

3.7.4 Local composition – estimate of local yield  

To determine the local concentrations of lignin and hemicelluloses inside 

cooked wood chips relative to the original mass of wood (i.e., g/g odw), local 

pulping yields had to be estimated. This was achieved by assuming that 

glucan was not degraded significantly during the cooking experiments – an 

assumption based on the low glucomannan content of the wood samples 

(which means the glucan came mainly from cellulose) and on the short 

cooking times and/or mild conditions employed. Equations 3.2 and 3.3 
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introduce, respectively, the expressions used to estimate pulping yields (𝜂) 

and to calculate local concentrations of wood components in g/g odw (𝑥): 

 

 

𝜂𝑖 =
𝐺0

𝐺𝑖

                                                           (3.2) 

 

𝑥𝑖 = 𝑋𝑖𝜂𝑖 = 𝑋𝑖 (
𝐺0

𝐺𝑖

 )                                             (3.3) 

 

In these equations, 𝜂𝑖 is the pulping yield of chip section 𝑖; 𝐺0 is the glucan 

concentration in the untreated wood; 𝐺𝑖 is the glucan concentration of chip 

section 𝑖; 𝑥𝑖 is the content of a given wood component (Klason lignin, acid-

soluble lignin, or anhydro sugars) in chip section 𝑖, expressed as g/g odw; 

and 𝑋𝑖 is the corresponding concentration of that component in section 𝑖, 

expressed as g/g cooked material. 

 

 

3.8 Determination of molar mass distribution (Papers I, II) 

Gel permeation chromatography was used to determine the molar mass 

distributions of precipitated lignin and isolated xylan. The analysis was carried 

out with a PL-GPC 50 Plus Integrated Gel Permeation Chromatography 

system (Polymer Laboratories, Varian Inc.) equipped with three PolarGel-M 

columns: one guard column (50 x 7.5 mm) and two analytical columns (300 x 

7.5 mm). Lignin samples were measured at 280 nm using a UV detector, 

while xylan samples were measured with a refractive index (RI) detector. In 

both cases the system was calibrated based on Pullulan standards (0.180 to 

708 kDa). 

The analysis was carried out in duplicates. Each sample was dissolved in 

mobile phase (DMSO + LiBr 10mM) overnight, followed by further dilution. 

The final lignin and xylan concentrations were, respectively, ~0.25 mg/mL 

and ~2 mg/mL. Details about the elution conditions are described elsewhere 

(Marion de Godoy, 2024). 

 

 

3.9 Assessment of residual alkali and degree of penetration 

in wood chips (Paper III) 

To assess the extent of impregnation in model wood chips, two parameters 

were evaluated: the degree of liquor penetration and the local residual alkali 
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concentration. This analysis was carried out in duplicates of model chips 

collected immediately after impregnation and at different points during 

cooking (e.g., after 30 min). The procedure was inspired by the work of 

Zanuttini et al. (2000) and began by weighing the samples before and after 

impregnation/cooking. Next the samples were placed in liquid nitrogen for 

5 minutes and sawn into different pieces, as indicated in Figure 3.2 (a). Each 

piece was then leached overnight in approximately 70 mL of distilled water 

with continuous agitation.  

The degree of penetration (𝑝) was calculated with Equation 3.4: 

 

 

𝑝(%) =
(𝑚𝑡 − 𝑚0) + (𝑚0𝑤𝐻2𝑂)

[𝜀𝑠𝜌𝐻2𝑂
𝑚0

𝜌𝑠
(1 − 𝑤𝐻2𝑂)]

× 100                             (3.4) 

 

 

Where (𝑚𝑡 − 𝑚0) is the liquor uptake, i.e., the difference between the mass 

of the chip after impregnation/cooking (𝑚𝑡) and its initial mass (𝑚0); 𝑤𝐻2𝑂 

denotes the mass fraction of water in the chip before pulping; 𝜀𝑠 is the chip 

porosity from wood species 𝑠, as estimated by Equation 3.1; 𝜌𝑠 is the density 

of chips from species 𝑠; and 𝜌𝐻2𝑂 is the density of water at 20 °C. 

The local residual alkali concentration inside the model chips was determined 

by neutralizing the leaching water obtained from each wood piece. Average 

local concentrations were calculated from titrations of 2-4 wood pieces using 

either 0.02 M or 0.2 M HCl solutions as titrants. 

 

 

 

3.10 In-situ X-ray tomography (Paper IV) 

3.10.1 Batch kraft cooking in small reactor 

To perform in-situ tomography, kraft cooking experiments were conducted at 

a synchrotron facility using a small reactor designed by Wagih et al. (2022) 

to withstand the harsh pulping conditions and, at the same time, allow high 

transmission of X-rays and easy assembly. The main components of the 

reactor are illustrated in Figure 3.3 (a). 
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Figure 3.3 Small reactor for in-situ tomography. (a) Open cell highlighting the main 

components. (b) Reactor mounted at the ForMAX beamline. Adapted from Paper IV. 

 

The experiments were carried out in duplicates at the MAX IV Laboratory 

(Lund, Sweden). Initially, the reactor was assembled by placing one small 

model chip (Figure 3.1 c) in the sample holder, which was then enclosed by 

the sample cover and the external cover. Cooking liquor was added until the 

sample cover was fully submerged. Next, the system was purged to remove 

large air bubbles, and the safety valve was attached. The reactor was then 

moved to the ForMAX beamline, where it was mounted (Figure 3.3 b).  

To start the cooking experiment, the pump and the temperature controller 

were switched on. Each sample was cooked for 4 hours, during which fifteen 

tomography measurements were conducted, as described in Section 3.10.2. 

The composition of the liquor and the cooking conditions are summarized in 

Table 3.5. However, it must be noted that the temperature of the system 

varied between 135 and 150 °C, as liquor circulation was interrupted 

whenever the reactor was exposed to the X-ray beam. Also, no pre-steaming 

or separate impregnation steps were performed.  

 
Table 3.5 Cooking conditions and white liquor composition.  

Parameter Value 

Cooking liquor, a  

     HO- (mol/kg liquor) 0.55 

     HS- (mol/kg liquor) 0.25 

     Na2CO3 (mol/kg liquor) 0.10 

Liquor-to-wood ratio (w:w) ~90:1 

Target temperature (°C) b 141 

a Composition in terms of effective alkali (expressed as NaOH) and sulfidity: 198% and 

63%, respectively. b Achieved in 10 min. 
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3.10.2 Image acquisition 

Each small model chip was measured fifteen times during the kraft cooking 

experiment. The local tomography measurements covered a nominal field-of-

view of 1.1 mm x 0.7 mm2 in the middle of the chip. The first seven 

measurements occurred every 10 min to capture liquor penetration and the 

beginning of delignification. The last eight acquisitions took place every 

15 min to minimize radiation damage.  

While the samples were scanned, the pump connected to the reactor was 

switched off to prevent motion-induced artifacts. During acquisition, the 

rotation stage was rotated through 180°, with scans recorded at 

0.1° increments, resulting in 1800 projections. An exposure time of 10 ms 

was used and the beam energy was 22.5 keV. The detection system provided 

an effective pixel size of 0.65 x 0.65 µm2. 

 

3.10.3 Image reconstruction and processing 

To apply phase contrast, phase retrieval was conducted prior to image 

reconstruction using αregularization = 0.001 and a sample-to-detector distance of 

1 cm. The subsequent reconstruction was implemented in TomoPy (Gürsoy 

et al. 2014) employing the Gridrec algorithm (Dowd et al. 1999; Rivers 2012). 

The resulting 3D images were realigned using zero-normalized correlation 

routines and then Gaussian-filtered to reduce noise. 

Additional image processing was carried out to measure sample properties 

(e.g., porosity and cell wall thickness) and to follow the spatial evolution of 

cell wall separation. These analyses were carried out using ImageJ-Fiji 

(Schindelin et al. 2012), as outlined below:   

 

 

Porosity and cell wall measurements: First, each 3D image was segmented 

(binarized) into two categories, namely cell walls and pores, using the 

Trainable Weka Segmentation plugin (Arganda-Carreras et al. 2017). Next, 

the binary images were corrected to remove unconnected regions and 

outliers. Then, the porosity of the sample was estimated by computing the 

percentage of dark voxels within the binary volume, with an estimated error 

of 5%. To measure cell wall thickness, the binary images were analyzed using 

the Local Thickness plugin (Dougherty and Kunzelmann 2007), with no 

distinction between the different types of cells. The results were reported as 

either double wall thickness – distance between two lumens measured before 

cell wall separation – or single wall thickness – distance between lumen and 

extracellular space measured after cell wall separation.  

 

Evolution of cell wall separation: Initially, all reconstructed images under 

investigation were realigned locally to allow reliable comparisons. Next, the 
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analysis was performed examining changes in grayscale levels between the 

reconstructed volumes and a reference (the first volume acquired after 

complete liquor penetration). The changes were calculated by subtracting the 

reference from each volume and then applying a mask (the segmented 

reference). Additionally, the evolution of grayscale levels was also measured 

along the cell wall thickness. In this case, the MorphoLibJ plugin (Legland et 

al. 2016) was used to generate a distance field based on the segmented 

reference, which was then used to calculate local grayscale averages in each 

reconstructed volume. 

 

 

3.11 Modeling (Paper V) 

A multiscale one-dimensional model was developed to describe the 

delignification of the least accessible fibers in wood chips during kraft 

cooking. The approach coupled radial diffusion of alkali across the chip 

thickness (macroscale) with the delignification model proposed by Kron et al. 

(2025), which considers diffusion and reactions at the cell wall level 

(microscale). 

The model was solved by linking the two scales (Figure 3.4): the relative lignin 

removal for each element at the macroscale was set equal to the lignin loss 

calculated for a single fiber at the microscale. The predicted results were then 

validated against delignification data from kraft cooking experiments on birch 

model chips. 

 

 
Figure 3.4 Different scales considered in the model. (a) Radial direction in the center 

of the model wood chip. (b) Fiber wall. Discretization: wood chip = 70 elements; fiber 

wall = 30 elements. Adapted from Paper V.  
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3.11.1 General assumptions 

Building on the work of Kron et al. (2025), most of the assumptions utilized in 

their cell wall model were also considered in the multiscale approach. 

Additional assumptions included: 

 

(a) The lignin content at the wood chip (𝐿𝐶) was the sum of the two lignin 

fractions at the fiber wall, i.e., the “bound” lignin (𝐿𝑆) and the dissolved 

lignin (𝐿𝐷). 

(b) As the impact of HS- was not considered explicitly in the cell wall 

delignification rate, the diffusion of cooking chemicals at the wood 

chip level considered hydroxide ions only.    

(c) The diffusion of dissolved lignin at the macroscale was not included 

in the model, as the dissolved lignin outside the cell wall is assumed 

to be removed from the samples when leaching/washing the pulp. 

(d) The temperature across the model geometries was assumed to be 

spatially uniform and equal to that of the bulk cooking liquor. 

 

3.11.2 Macroscale modeling 

At the macroscale level, two equations were used to describe the behavior of 

the system. The first one (Equation 3.5) defined the lignin content at a given 

position of the wood chip (𝐿𝐶) as the average lignin content at the 

corresponding fiber wall: 

 

𝜕𝐿𝐶

𝜕𝑡
=

𝜕𝐿𝑆
̅̅̅

𝜕𝑡
+

𝜕𝐿𝐷
̅̅ ̅

𝜕𝑡
                                                  (3.5) 

 

In which 𝐿𝑆
̅̅̅ and 𝐿𝐷

̅̅ ̅ denote the average values of bound and dissolved lignin 

across the fiber wall (respectively), and 𝑡 is the time.  

The second equation (Equation 3.6) described the behavior of hydroxide ions 

at the wood chip level (𝑂𝐻𝐶):  

 

𝜕𝑂𝐻𝐶

𝜕𝑡
= 𝐷𝑂𝐻 𝐶

𝜕2𝑂𝐻𝐶

𝜕𝑦2
− (

𝜕𝑂𝐻𝑤
̅̅ ̅̅ ̅̅

𝜕𝑡
− 𝛽

𝜕𝐿𝑆
̅̅̅

𝜕𝑡
) (

1

𝜀
− 1)                   (3.6) 

 

In this expression, 𝑂𝐻𝑊
̅̅ ̅̅ ̅̅ ̅ denotes the average hydroxide concentration across 

the fiber wall, 𝑦 is the position along the thickness of the chip, 𝜀 is the wood 

chip porosity, 𝛽 is the alkali consumption factor, and 𝐷𝑂𝐻𝐶
 is the effective 

hydroxide diffusivity.   
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The alkali consumption factor (𝛽) was calculated based on Equation 3.7, 

which accounts for the hydroxide lost during delignification (in reactions with 

both 𝐿𝑆 and 𝐿𝐷) and during carbohydrate reactions:  

 

𝛽 =
(0.21 + 0.49𝛼)𝜌𝑤𝐿0

𝑀𝑁𝑎𝑂𝐻

                                           (3.7) 

 

Here, 0.21 and 0.49 are empirical coefficients corresponding to 0.21 g of 

NaOH consumed per gram of lignin reacted and 0.49 g of NaOH consumed 

per gram of carbohydrates reacted, respectively. Additionally, 𝜌𝑤 is the 

density of the wood substance, 𝑀𝑁𝑎𝑂𝐻 is the molar mass of sodium hydroxide 

and 𝐿0 is the initial concentration of lignin in the chip. The variable 𝛼 denotes 

the ratio of carbohydrates to lignin in the pulp. This ratio changed during 

cooking and was determined experimentally. 

The effective diffusivity of hydroxide in the radial direction of the wood chip 

(𝐷𝑂𝐻𝐶
) was calculated using Equation 3.8: 

 

𝐷𝑂𝐻𝐶
= 𝐸𝐶𝐶𝑆𝐴 × 𝐷𝑂𝐻,𝑓𝑟𝑒𝑒                                           (3.8) 

 

Where the local effective capillary cross sectional area (𝐸𝐶𝐶𝑆𝐴) was a 

function of 𝑂𝐻𝐶  and was estimated based on the data reported by Stone 

(1957). 𝐷𝑂𝐻,𝑓𝑟𝑒𝑒 is the corrected diffusivity of sodium hydroxide in water at 

infinite dilution, which was calculated according to Poling et al. (2001). 

 

To solve Equations 3.5 and 3.6, the initial value of 𝐿𝐶 was 0.94, calculated 

based on the lignin content remaining in the chips after removal of the easily 

dissolved fraction. In addition, different initial hydroxide concentrations (𝑂𝐻0), 

ranging from 0.06 M to 0.55 M, were used as the initial value of 𝑂𝐻𝐶 . 

Regarding the boundary conditions of Equation 3.6, they included symmetry 

at the middle of the chip and outward diffusion of alkali at the chip surface.  

 

3.11.3 Microscale modeling 

At the microscale, the model describes the bound lignin (𝐿𝑆), the dissolved 

lignin (𝐿𝐷), and the hydroxide concentration in the fiber wall (𝑂𝐻𝑊), as defined 

by Equations 3.9-3.11:  

 
𝜕𝐿𝑆

𝜕𝑡
= −𝑟𝐿                                                           (3.9) 

 

𝜕𝐿𝐷,𝑖

𝜕𝑡
= 𝐷𝐿𝐷,𝑖

𝜕2𝐿𝐷,𝑖

𝜕𝑧2
+ 𝑟𝐿𝑤𝑖  ,       𝑖 = [1,2, . . ,7]         (3.10) 
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𝜕𝑂𝐻𝑤

𝜕𝑡
= 𝐷𝑂𝐻𝑤

𝜕2𝑂𝐻𝑊

𝜕𝑧2
− 𝑟𝐿𝛽                                       (3.11) 

 

In which 𝑟𝐿 is the intrinsic reaction rate accounting for all reactions leading to 

lignin solubilization, the subscript 𝑖 denotes one among seven dissolved lignin 

fractions with specific sizes, 𝐷𝐿𝐷,𝑖
 is the effective diffusivity of dissolved lignin 

fraction 𝑖, and 𝑤𝑖 is the mass fraction of said dissolved lignin fraction. The 

detailed definition of these parameters is provided by Kron et al. (2025). 

Still in Equations 3.10 and 3.11, 𝑧 is the position along the cell wall thickness, 

and 𝐷𝑂𝐻𝑤
 is the diffusivity of hydroxide in the cell wall, which was calculated 

considering the temperature dependence suggested by McKibbins (1960).   

 

To solve the microscale equations, the same logic used at the macroscale 

was applied to define the initial conditions: 𝐿𝑆 was set to 0.94, 𝐿𝐷 to 0, and 

𝑂𝐻𝑊 to 𝑂𝐻0. The boundary conditions assumed symmetry at 𝑧 = 0 and 

outward diffusion of alkali and dissolved lignin at the interface between cell 

wall and lumen. 
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4 Results and Discussion 

This chapter summarizes the key findings of the project, covering results 

reported in the appended papers/manuscripts (Papers I-V). Initially, a brief 

characterization of the hardwood chips studied in the project is presented, 

including chemical composition, as well as structural properties. Then, the 

behavior of the chips during kraft pulping is compared. First, the focus is on 

the impregnation step. A detailed description of liquor penetration in 

hardwoods is provided, followed by a discussion of how impregnation affects 

the subsequent delignification, considering the influence of liquor composition 

and wood morphology. Next, the kraft cooking step is examined. 

Microstructural changes happening during cooking are analyzed, and the 

uniformity of lignin removal in different hardwoods is compared. The behavior 

of xylan throughout the process is also discussed. Additionally, the effect of 

cooking conditions, namely temperature and alkali content, is assessed. 

Finally, the potential to describe the delignification of wood chips using the 

simplified multiscale model developed in this work is evaluated. 

 

4.1 Hardwood chips: composition and structural 

characteristics 

Table 4.1 presents the composition of the wood samples used as model chips 

in the project, expressed as Klason lignin, acid-soluble lignin (ASL) and 

carbohydrates. The results agree with data found in literature (Pettersen, 
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1984; Gabrielii et al., 2000; Patt et al., 2006; Santos et al., 2011; Kron et al., 

2024), although the reported values can vary depending on quantification 

methods and on intrinsic characteristics of the samples (e.g., place of origin, 

growth conditions, age, etc.).  

In the context of this work, understanding the differences in the contents of 

Klason lignin, xylan, mannan, and glucan among the samples is particularly 

important. Beech and alder showed higher Klason lignin concentrations than 

aspen and birch, which, while not necessarily affecting the delignification rate, 

indicates these hardwoods probably require longer cooking times to reach 

the defibration point, as more lignin needs to be removed. The relatively high 

content of mannan in aspen compared to the other samples is also 

noteworthy, as it hints at a higher concentration of glucomannan, a 

component that is more readily degraded during cooking than xylan and 

cellulose. Lastly, the glucan-to-xylan ratio in the samples is of interest, as it 

reflects, to some extent, the ratio between cellulose and hemicelluloses. 

Among the hardwoods under study, birch had the highest concentration of 

xylan, whereas aspen had the highest amount of glucan. 

 

Table 4.1 Composition of the hardwoods investigated in this project (sapwood, dry 

basis).  

Composition a  
(%, w/w) 

Alder 
A. glutinosa 

Aspen 
P. tremula 

Beech 
F. sylvatica 

Birch 
B. pubescens 

Klason lignin 24.9 ± 0.4 19.6 ± 0.6 21.3 ± 0.1 19.3 ± 0.4 

ASL 3.5 ± 0.0 5.1 ± 0.1 5.2 ± 0.1 5.3 ± 0.1 

Carbohydrates     

     Glucan 40.0 ± 0.6 43.0 ± 0.8 36.4 ± 0.4 37.0 ± 0.2 

     Xylan 17.6 ± 0.2 16.5 ± 0.3 20.6 ± 0.4 23.2 ± 0.2 

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

     Galactan 1.0 ± 0.0 0.5 ± 0.0 0.6 ± 0.0 0.8 ± 0.0 

     Mannan 1.6 ± 0.1 3.0 ± 0.2 2.0 ± 0.1 2.3 ± 0.1 

TOTAL 89.0 ± 0.8 88.0 ± 1.1 86.5 ± 0.6 88.2 ± 0.5 
a Minor components, such as extractives and ash, were not analyzed. 

 

Other relevant characteristics of the model chips are given in Table 4.2, such 

as the water content. The results show similar moisture levels in all hardwood 

samples, although slightly higher averages were measured in beech. The 

range of measurements also indicates that the water content in the samples 

was fairly stable throughout the project, ensuring consistent conditions for the 

pulping experiments. 
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Table 4.2 Water content and structural characteristics in the air-dried model chips. 

Characteristic 
Alder 

A. glutinosa 
Aspen 

P. tremula 
Beech 

F. sylvatica 
Birch 

B. pubescens 

Water content  
(% w/w) 

5.9-9.7 5.9-8.8 9.7-10.9 5.3-10.1 

Density (kg/m3) 500 ± 15 428 ± 27 603 ± 18 575 ± 01 

Porosity (%)       

   density-based a   66.7 ± 1.0 71.5 ± 1.8 59.8 ± 1.2 61.7 ± 0.0 

   Image-based b 65.4 ± 3.3 68.5 ± 3.4 - 56.6 ± 2.8 

Fiber c     

   double wall (µm) 7.1 ± 1.8 7.2 ± 1.9 - 7.4 ± 1.7 

   lumen (µm) 12.7 ± 4.0 11.4 ± 3.4 - 11.5 ± 2.7 
a Estimated considering the density of the wood substance = 1500 kg/m3. 

b Estimated based on tomography measurements. Standard deviations calculated based 

on the estimated error of segmentation (5%).  
c Double wall and lumen diameter were determined via tomography. Standard deviations 

calculated based on the distribution of values measured in segmented volumes. 

 

 

Regarding structural characteristics, Table 4.2 highlights significant 

differences in density and porosity among the hardwood chips. These 

measurements concur with literature data (Patt et al., 2006; Kiaei and Moya, 

2015; Ruffinatto and Crivellaro, 2019) and reflect the distinct microstructural 

features in each wood species. For example, the low porosity observed in 

beech likely results from its thicker fiber walls and reduced vessel and lumen 

sizes compared to those of the other hardwoods, as shown in Figure 4.1. At 

the opposite end, the high porosity of aspen probably originated from slightly 

larger vessels than those in alder and from a higher frequency of vessels than 

in birch. In this case, lumen diameter and cell wall thickness appear to have 

had only a minor impact, as Table 4.2 indicates no significant differences 

among these hardwoods. Closer inspection of Figure 4.1 also reveals specific 

features in alder and beech that further distinguish them from aspen and 

birch: alder exhibits aggregate rays, while beech has rays that are wider than 

its vessels, as usually found in this species (Ruffinatto and Crivellaro, 2019). 
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Figure 4.1 Transverse sapwood sections of the four hardwoods under study. Scale 

bar = 100 µm. (a) Alder with arrow indicating aggregate rays; (b) aspen; (c) beech with 

arrow indicating large ray; (d) birch. Adapted from Supplementary Material – Paper III. 

 

 

4.2 Kraft pulping of hardwood chips: impregnation 

4.2.1 Liquor penetration and the impact of microstructural 

features during impregnation 

As mentioned in Chapter 2, liquor penetration is one of the main mass 

transport mechanisms taking place during the impregnation of wood chips. A 

high degree of penetration is essential to avoid undercooked chips during 

kraft pulping, reduce the amount of rejects, and increase the uniformity of 

lignin removal (Stone and Green, 1959; Gustafson et al., 1989; Brännvall, 

2018). Hence, this project revisited the penetration of kraft liquor in 

hardwoods, comparing how the penetration occurs in small model chips of 

different species (as the ones described in Section 3.1.4). Moreover, the 

experiments applied in-situ imaging to follow the process on a single sample 

from beginning to end, and to minimize artifacts from sample preparation.  

The comparison of liquor penetration in hardwoods with distinct porosities is 

illustrated in Figure 4.2, which shows the progression of penetration in the 



 

49 

 

center of birch chips (Figure 4.2 a-c, representing low porosity) and aspen 

chips (Figure 4.2 d-f, representing high porosity). At the start of the process, 

the same behavior was observed in both species. The rays were the first cells 

to be filled with liquor, together with a few vessels, as indicated by the arrows 

in Figure 4.2 (a,d). As time went by, penetration spread to adjacent cells. 

Interestingly, Figure 4.2 (b,e) suggests that rays provide a poor pathway for 

cross penetration, since fibers closer to vessels were filled with liquor faster. 

This trend can be seen by comparing the areas highlighted in green and pink 

in Figure 4.2 (b,e): fibers close to rays (green rectangles) have empty lumens, 

whereas fibers close to vessels (pink circles) are filled with liquor. These 

observations agree with the findings of Wardrop and Davies (1961), who 

identified vessels as the primary pathway for penetration in hardwoods during 

kraft pulping. In addition, the hindered passage of liquor from rays to fibers 

seems to reinforce the importance of pits in liquor distribution, as their 

number, size and structure may explain the more efficient penetration via 

vessels (Singh et al., 1999; Carlquist, 2007; Ahmed and Chun, 2011).     

 

 
Figure 4.2 Penetration of kraft liquor in the center of hardwood chips observed via 2D 

slices of reconstructed CT images. (a)-(c) Birch chip after 15, 29, and 43 min of 

pulping (141 °C). (d)-(f) Aspen chip after 24, 39, and 67 min of pulping (141 °C). The 

regions filled with liquor appear with lower contrast. In images (a) and (d), the green 

and pink arrows indicate, respectively, some of the first rays and vessels to be filled. 

In images (b) and (e) the highlighted areas in green and pink indicate fibers adjacent 

to a ray (rectangles) and a vessel (circles). In (f), the magnified area shows the 

beginning of cell wall separation. Adapted from Paper IV. 
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At the end of the penetration process (Figure 4.2 c,f) the last cells to be filled 

with liquor differed between the hardwoods: in birch they were fibers, whereas 

in aspen they were vessels. Furthermore, the aspen chip required more time 

to be completely penetrated: approx. 1.4 h against 1 h for birch. These 

differences suggest that hardwoods with high porosity demand extended 

impregnation times, as they require larger intake of liquor and the removal of 

more entrapped air (if steaming is not conducted effectively). However, the 

higher porosity can also mean more contact points between fibers and 

vessels, which, combined with differences in capillarity between these cells, 

might explain why the fibers were filled before all vessels in aspen. 

Additionally, the longer time for complete penetration does not appear to 

delay delignification, since aspen experienced the beginning of cell wall 

separation even before all vessels were filled, as seen in the zoomed-in area 

in Figure 4.2 (f).  

The overall behavior outlined in this experiment – specifically the influence of 

wood microstructure on liquor penetration – should also apply to the 

impregnation step in the fiberline, albeit with a different penetration rate. In 

the case of chips prepared in an industrial chipper, the presence of cracks is 

expected to speed up liquor penetration (Gustafson et al., 1989). Similarly, 

steaming should aid liquor penetration by removing entrapped air, thereby 

lowering the back pressure during impregnation (Malkov et al., 2001b). 

 

 

4.2.2 Impregnation of model chips 

After investigating the impact of morphological features in the progression of 

liquor penetration, the following experiments analyze the performance of 

impregnation in hardwoods with low and high porosity. Once more, model 

chips of birch and aspen are used as examples. Figure 4.3 presents a 

comparison between their degree of penetration, liquor uptake and 

concentration of hydroxide ions at two points of the process: right after 

impregnation, and after impregnation followed by 30 minutes of kraft cooking. 

 

 

 

 

 

 

 

 



 

51 

 

 

 
Figure 4.3 Degree of liquor penetration (p), liquor uptake and distribution of hydroxide 

ions in model wood chips of aspen and birch. The measurements were conducted 

after impregnation (20 °C, time = 0 min.) and after impregnation followed by kraft 

cooking (165 °C / 30 min). The results are in mmol of hydroxide ions per volume of 

impregnated wood. Max. RSD = 18%. Adapted from Paper III. 

 

In these experiments, impregnation was conducted at room temperature 

(20 °C) and included a partial vacuum stage (10 min) followed by an 

overpressure stage (5 bar N2 / 20 min), thus aiding liquor penetration by 

minimizing and offsetting the back pressure caused by entrapped air. 

Accordingly, the results regarding the degree of penetration showed high 

efficiency of liquor penetration inside the samples; moreover, the chips were 

filled to similar extents, regardless of their porosity. This observation 

reinforces the importance of overcoming the back pressure raised by the air 

inside the chips, and it shows that the time for complete penetration of highly 

porous hardwoods (like aspen) can be reduced when applying steaming or 

other strategies to remove the entrapped air.     

The impact of wood porosity, however, is clear when comparing the 

proportion between the mass of liquor and the mass of solid wood inside the 

chips. On average, this proportion was 57% higher in aspen than in birch, 

which partially explains the differences in alkali distribution inside these 

samples. After impregnation, the average concentration of hydroxide ions in 

the aspen chip was almost twice the one in birch: about 0.17 mmol/cm3 
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against 0.10 mmol/cm3. More importantly, these concentrations were 

remarkably low compared to the content of alkali in the liquor (approx. 0.57 

mmol/cm3), which suggests a fast intake of HO- during impregnation, even at 

room temperature. This initial consumption was most likely associated with 

the neutralization of acidic groups in hemicelluloses and extractives (e.g., the 

4-O-methylglucuronic acid in xylan). Also, these results indicate that, at this 

stage, the diffusion of hydroxide between the surface and the center of the 

chips was insufficient to counterbalance the alkali consumption.  

After 30 minutes of kraft cooking, the average hydroxide concentration inside 

the chips increased. This was a result of more alkali being transported 

inwards with time, combined with increasingly higher rates of diffusion due to 

further swelling of fibers and extensive removal of wood components. 

Furthermore, the rate of alkali consumption at the cell wall level changed 

during the process. At first, the rise in temperature likely accelerated alkali-

consuming reactions; however, as cooking progressed, many of these 

reactions – such as neutralization of acidic groups formed during peeling of 

hemicelluloses – ceased or slowed down, thus decreasing the rate of HO- 

consumption (Sjöström, 1993d).  

Still, the differences in alkali distribution between the hardwoods were even 

more pronounced than after impregnation. In aspen, the hydroxide 

concentration not only increased but also became more uniform across 

different parts of the chip. In birch, on the other hand, the alkali content 

increased more in the corners and transverse sides than in the center and 

tangential sides of the chip. This uneven behavior in the birch sample hints 

that the initially low hydroxide concentrations in the least accessible parts of 

the chip might have led to a near depletion of alkali in these regions, which 

was probably avoided in aspen due to the higher initial availability of ions after 

impregnation. In addition, this difference between the alkali distribution in 

aspen and birch could be related to distinct radial effective diffusivities of HO- 

in the two species.   

Given the results in Figure 4.3, it is evident that ensuring the same degree of 

liquor penetration in hardwoods with different porosities is not enough to 

guarantee a similar distribution of alkali within their chips during pulping. 

Hence, when dealing with low porous species, different impregnation 

conditions should be considered to avoid depleting most of the hydroxide in 

the liquor during penetration and to allow sufficient diffusion of alkali before 

the cooking step (when the delignification rate becomes significant). For 

example, one can consider extending the impregnation time or increasing the 

hydroxide concentration in the impregnation liquor. 
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The impact of the impregnation conditions in birch and aspen was further 

explored by comparing three pulping strategies: 1) impregnation and cooking 

steps utilizing kraft liquor with 0.55 mol HO-/kg; 2) impregnation with kraft 

liquor containing 2.00 mol HO-/kg, followed by cooking using liquor containing 

0.55 mol HO-/kg; 3) impregnation and cooking steps utilizing kraft liquor with 

2.00 mol HO-/kg. The strategies were evaluated based on their effect on the 

uniformity of lignin removal, as shown in Figure 4.4. 

 

 
Figure 4.4 Distribution of Klason lignin (%) in model wood chips of (a) aspen and (b) 

birch. Pulping strategies: 1) impregnation and cooking liquors containing 0.55 mol 

HO−/kg; 2) impregnation using liquor with 2.00 mol HO−/kg and cooking with 0.55 mol 

HO−/kg; 3) impregnation and cooking liquors containing 2.00 mol HO−/kg. In all cases 

the chips were cooked for 45 min at 155 °C. Lignin results were normalized according 

to the initial lignin content in each untreated wood. No distinction was made between 

transverse and tangential sides. Max. RSD = 13%. Adapted from Paper III. 
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The results in Figure 4.4 confirm that the initial hydroxide concentration inside 

the chips after impregnation has lasting effects on the progression of 

delignification. For example, when comparing strategies 1 and 2, the use of 

higher alkali content during impregnation improved the uniformity of lignin 

removal in both hardwoods significantly. In this case, the use of high alkali 

likely increased the initial hydroxide content within the chips before cooking 

and, at the same time, led to slightly faster diffusion of cooking chemicals, as 

the samples were probably more swollen than the ones treated with low alkali. 

Furthermore, the results from strategies 2 and 3 show that adjusting the 

concentration of hydroxide in the impregnation liquor alone can be sufficient 

to increase the extent and uniformity of delignification. Moreover, for highly 

porous hardwoods, this adjustment can be as effective as altering both the 

impregnation and cooking liquors (Figure 4.4 a), as the alkali distribution 

within these samples is less sensitive to small differences in the rates of 

hydroxide diffusion during cooking. These observations agree with 

experiments conducted in softwoods (Brännvall and Bäckström, 2016), which 

suggest that using high hydroxide concentrations during impregnation, 

followed by cooking with lower alkali content, is a potential approach for 

achieving more uniform pulps. 

 

4.2.3 Impregnation of chips prepared in an industrial chipper 

While the analyses presented in Sections 4.2.1 and 4.2.2 were designed to 

provide controlled conditions for the reliable local comparison between the 

impregnation of different hardwood chips, they cannot capture the behavior 

taking place in samples produced in industrial chippers. These samples 

exhibit cracks and angled surfaces and are, on average, thinner, which aids 

liquor penetration and accelerates the diffusion of cooking chemicals 

(Gustafson et al., 1989). Hence, these chips are the focus of this Section.  

The following experiments examined how the composition of the 

impregnation liquor can impact the delignification of industrial hardwood 

chips, namely, a mix of Betula pubescens and Betula pendula. As described 

in Section 3.3.1, four impregnation liquors were tested: white liquor (WL), 

water (W), white liquor with increased ionic strength through the addition of 

NaCl (WL+Na), and aqueous solution of NaCl (W+Na). After impregnation, 

the spent impregnation liquors were discarded, and all samples were cooked 

under the same conditions using white liquor as the cooking medium. The 

influence of the impregnation liquors on delignification can be seen in Figure 

4.5, which presents the profiles of Klason lignin content over time in pulp 

samples and in the black liquor fractions isolated from pulp (“pore liquor”). 
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Figure 4.5 Impact of impregnation liquor on delignification (160 °C) of samples prepared in an 

industrial chipper. (a) Average Klason lignin content over cooking time in pulp samples; 

impregnation used one of the following: WL – white liquor (0.60 mol HO-/kg liq. + 0.15 mol HS-

/kg liq.), WL+Na – white liquor with NaCl (WL + 1.25 mol NaCl/kg liq.), W – water or W+Na – 

NaCl solution (2.00 mol NaCl/kg liq.). (b) Average Klason lignin concentration over cooking time 

in the black liquor samples isolated from pulps impregnated with white liquor (WL) or water (W). 

Values at 0 min refer to the composition of the impregnated chips or the composition of the spent 

impregnation liquor isolated from the chips. Error bars represent the standard deviation of 

measurements. Adapted from Paper I. 

 

As expected, the impact of the liquor composition inside the samples after 

impregnation is not as substantial in industrial chips as it was in the model 

chips used in Section 4.2.2, likely due to the lower characteristic time for 

diffusion. Nevertheless, Figure 4.5 (a) shows a modest increase in the extent 

of lignin removal in the samples impregnated with liquors containing HO- and 

HS- (i.e., WL and WL+Na). This influence is clearer in Figure 4.5 (b), where it 

can be observed that, in the sample impregnated with white liquor, the 

accumulation of dissolved lignin in the pore liquor occurs earlier than in the 

sample impregnated with water. This behavior suggests that delignification 

was slightly delayed in the samples impregnated without cooking chemicals 

(W and W+Na), indicating that, while the diffusion of alkali is less limiting than 

in model samples, it still influences the progression of lignin removal in 

industrial chips. 

Furthermore, an interesting effect shown in Figure 4.5 (a) is the consistently 

higher delignification extent in samples impregnated with supplemented 

liquor (WL+Na) compared to samples treated with regular liquor (WL). As 

proposed by Nieminen et al. (2014), this increase in the rate of lignin removal 

could be explained by a shift in Donnan equilibrium: the extra cationic species 
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in the supplemented liquor likely balanced part of the negative charges in the 

fiber walls (originated from phenols and acidic groups), thereby causing an 

increase in the local concentration of HO- and HS-. Nonetheless, the effect of 

adding extra charged species in the impregnation liquor appears to be highly 

dependent on the proportion between the different ions. For instance, the 

differences between the delignification in samples treated with water (W) and 

samples treated with a solution of NaCl (W+Na) were not as apparent (Figure 

4.5 a). In addition, higher concentrations of salt have been shown to decrease 

lignin removal (Dang et al., 2013; Brännvall and Rönnols, 2021), although the 

reasoning in these cases was associated with a decrease in lignin solubility. 

Therefore, predicting whether increased ionic strength has a positive or 

negative effect on delignification rate is rather complicated, as it involves the 

concentration of different ions, and the properties of lignin. 

   

 

4.3 Kraft pulping of hardwood chips: cooking 

4.3.1 Delignification – cell wall separation and structural changes 

Before comparing the evolution of delignification in different wood species on 

a macroscale, this Section focuses on explaining the progression of cell wall 

separation in hardwoods and the associated microstructural changes taking 

place during kraft cooking.  

Figure 4.6 (a) tracks the process of cell wall separation by following the 

average variations in grayscale level across the cell wall and middle lamella 

of birch. The grayscale profile of the reference (1.0 h of pulping) indicates the 

initial state of the sample, right after complete liquor penetration. As cooking 

develops, a continuous decrease in gray-level is observed close to the 

boundaries between adjacent cells, i.e., at radial positions close to or beyond 

half the average double wall thickness. This behavior agrees with the growing 

dissolution of the middle lamella. After 1.4 h of pulping, the first signs of 

material loss are visible in the reconstructed images – especially in the middle 

lamella corners. Then, after 2.0 h of pulping, new interfaces between cell wall 

and liquor are formed, as fiber separation appears to be almost complete. 

Accordingly, at this stage, the average grayscale results shown in the 

boundaries between cells become similar to the results observed close to the 

lumen. The increase in grayscale across the secondary wall (~ from 0 to 

2.0 μm), however, cannot be associated directly with a specific phenomenon. 

The phase-contrast in this area is affected by the new wall-liquor interfaces. 

Additionally, small movements of the wall and intrinsic changes, such as the 

loss of hemicelluloses and lignin, or the aggregation of cellulose fibrils (Hult 

et al., 2001; Bardage et al., 2004), could affect the results.  
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Figure 4.6 Cell wall separation in birch (pulping: 141 °C). (a) Average evolution of cell wall 

separation over the 3D reconstructed CT images according to variations in grayscale levels 

across the cell walls and middle lamella. The line at 3.7 µm denotes half of the average double 

wall thickness in untreated birch. Max. standard deviation of gray-level = 0.0006 (dimensionless). 

(b) Relative gray-level variation illustrated in 2D reconstructed images indicating the uniformity 

of delignification across the transverse section of birch. Reference: 1.0 h of pulping. On the left: 

1.4 h of pulping, on the right: 2.0 h of pulping. Adapted from Paper IV. 

 

The potential local influence of different hardwood cells on delignification is 

also investigated in Figure 4.6. This analysis was conducted by examining 

the uniformity of delignification across the wood tissue, which is presented in 

Figure 4.6 (b) in the form of a comparison between the gray-levels in 

transverse sections of reconstructed CT images acquired at different cooking 

times. Based on visual inspection of the changes in gray-level, it was not 

possible to identify any preference for early delignification close to specific 

cells. Thus, it appears that, on a microscale, the position of a fiber relative to 
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other cells (e.g., rays and vessels) has no substantial impact on its 

delignification rate.   

Besides cell wall separation, other structural changes take place during kraft 

cooking. For example, the evolution of porosity and cell wall thickness in 

different hardwoods can be observed in Figure 4.7. 

Porosity was shown to increase continuously during cooking (Figure 4.7 a), 

initially due to the separation of fibers and afterwards possibly due to cell wall 

shrinkage and marginal distancing/movement of the cells. Nevertheless, the 

increase in porosity appears to happen faster during cell wall separation. In 

terms of differences between the hardwoods, birch was the species with the 

largest increase in porosity (from 56.6% to 75.7%), despite remaining less 

porous than aspen and alder during the process. This large increase is 

probably related to the volumetric ratio between fibers and other cells – which 

seems to be higher in birch than in the other species (Figure 4.1). 

 

 
Figure 4.7 Evolution of (a) porosity and (b) cell wall thickness in the center of aspen, alder and 

birch during kraft cooking (141 °C). Error bars represent the estimated segmentation error (5%) 

in the porosity measurements and the standard deviation in the cell wall measurements 

(calculated based on the histogram of the results). (c) Segmented images of birch showing fiber 

separation; from left to right: sample after liquor penetration (1.0 h of pulping), sample in the 

initial stage of fiber separation (after 1.4 h of pulping), and sample with mostly separated fibers 

(after 2.0 h of pulping). Scale bar = 20 μm. Adapted from Paper IV.  
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Regarding cell wall thickness (Figure 4.7 b), no significant increase was 

observed in any of the hardwoods, even when comparing results measured 

in untreated wood (time = 0 h) and in samples filled with liquor (time ~ 1 h). 

These results imply that the fiber swelling caused by the kraft liquor is solely 

related to an increase in liquor uptake (i.e., mass of liquor per mass of fibers), 

with no substantial changes in radial dimensions. This behavior confirms that 

the wood ultrastructure, particularly the sublayers of the secondary wall, is 

able to constrain the expansion of the fiber walls during swelling (Stone and 

Scallan, 1967; Hubbe et al., 2024).  

As delignification intensified, fiber separation began. This process took 

approx. 1-1.5 h, as illustrated in Figure 4.7 (c), and it is shown for each wood 

species in Figure 4.7 (b) by the transition from double wall measurements to 

single wall measurements. After separation (~ 2.5-3 h), cell wall thickness 

displayed only minor changes. Notably, the single wall values at the end of 

pulping were smaller than half the original double wall values in untreated 

wood, which aligns with the loss of the middle lamella and also reflects cell 

wall shrinkage. Moreover, while cell wall thickness in birch and alder was only 

6-8% lower after pulping, in aspen it decreased by 25%, which suggests that 

the extent of cell wall shrinkage depends on the wood species. 

 

 

4.3.2 Batch kraft cooking of model chips 

4.3.2.1 Lignin removal 

This section is devoted to assessing the rate and uniformity of delignification 

in different hardwoods during kraft cooking. However, before comparing wood 

species, the influence of cooking conditions on lignin removal is briefly 

analyzed, focusing on the effect of alkali concentration and cooking 

temperature. Figure 4.8 illustrates this analysis by presenting the overall 

lignin gradient (i.e., lignin concentrations at the most and least accessible 

areas of the samples) within birch chips over time for each cooking condition. 

The effect of hydroxide concentration has already been discussed to some 

extent in Section 4.2.2, particularly the importance of ensuring sufficient 

residual alkali within the chips after impregnation to enable more uniform 

lignin removal during cooking. In Figure 4.8 (a), the impact of the remaining 

alkali after impregnation can also be inferred. In this case, two liquors with 

relatively low hydroxide concentrations (0.25 and 0.55 mol HO-/kg liquor) 

were used during impregnation and cooking, likely resulting in almost 

complete depletion of alkali in the middle of the chips. Hence, while the extent 

of lignin removal in the surface layer of the samples was heavily influenced 
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by the content of alkali in the cooking liquor, the delignification in the middle 

layers was compromised due to the low availability of hydroxide ions, causing 

the samples to exhibit substantial lignin gradients regardless of the analyzed 

conditions. 

 

 

 
Figure 4.8 Klason lignin content over time at the most exposed region of the chips 

(“out”, i.e., the corners of the surface layer) and at the least accessible region (“in”, 

i.e., the center of the middle layer). (a) Comparison between high and low alkali 

concentrations: OH(-1) = 0.25 mol OH-/ kg liquor, OH(+1) = 0.55 mol OH-/ kg liquor. 

All samples were cooked at 165 °C. (b) Comparison between utilizing high and low 

temperatures: T(-1) = 145 °C, T(+1) = 165 °C. All samples were cooked with 

0.55 mol OH-/ kg liquor. Estimated error = 5%. Adapted from Paper II. 

 

 

Figure 4.8 (b) demonstrates the major effect cooking temperature has on both 

the rate and the uniformity of delignification. The lignin contents in the surface 

layer of the chips indicate a significant decrease in the rate of lignin removal 

with lower temperatures, as delignification was approximately three times 

slower at 145 °C than at 165 °C. In terms of uniformity, the difference 

between the concentration of lignin in the surface and middle layers of the 

chips dropped considerably when the lower cooking temperature was used. 

Thus, the results imply higher availability of alkali in the middle of the samples 

when low cooking temperatures are applied, most likely caused by a 

significant decrease in the rate of alkali consumption compared to the rate of 

alkali diffusion in the chips. This behavior aligns with the decrease in rejects 

that is often reported when performing kraft cooking at low temperatures 

(Colodette et al., 2002; Favaro et al., 2021).     
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Based on the previous results, a relatively high cooking temperature (165 °C) 

was selected for the experiments comparing the impact of wood structure on 

delignification of different hardwoods. This temperature should minimize 

limiting effects associated with reaction kinetics and, consequently, highlight 

differences between mass transport in the samples. The comparison between 

wood species is presented in Figure 4.9. 

 

 
Figure 4.9 Distribution of Klason lignin (%) within wood chips of different hardwoods 

after 45 min of kraft cooking at 165 °C using 0.55 mol HO−/kg liquor. The results were 

normalized based on the original Klason lignin content present on each wood species 

(Table 4.1). Max. RSD = 13%. Adapted from Paper III. 

 

In Figure 4.9, the lignin concentrations measured in the surface layer of the 

chips were the least affected by the transport of cooking chemicals, thus 

reflecting differences among the hardwoods regarding the rates of lignin 

depolymerization and the transport of lignin fragments across the fiber walls. 

Based on these results, aspen was the easiest species to delignify, with more 

than 90% of the original lignin content removed after 45 minutes of cooking. 

This rapid removal of lignin has also been reported in studies using aspen 

wood meal (Kron et al., 2024), however the reasons for such behavior remain 

unclear. Among the other hardwoods, no major differences in the extent of 

delignification were observed at the surface of the samples. 

Nevertheless, in the intermediate and middle layers of the chips, lignin 

removal varied substantially according to the wood species, as the process 

became more influenced by wood structure. In particular, porosity appeared 

to dictate the uniformity of delignification: the most homogeneous lignin 

distribution was detected in aspen chips, which exhibited the highest porosity 

among the species examined, whereas the most uneven distribution was 

observed in beech chips (the least porous material). This behavior is 
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consistent with the alkali distribution inside the hardwoods. As discussed in 

Section 4.2.2, under identical impregnation conditions, chips with high 

porosity tend to display a higher and more evenly distributed alkali content 

than chips with low porosity. This, in turn, favors lignin removal in the middle 

of the more porous chips by increasing depolymerization rates and lignin 

solubility in the inner layers of the samples.  

Figure 4.9 also illustrates the effect of wood anisotropy in the progression of 

delignification, as the extent of lignin removal varied substantially between 

the sides of the chips. In the sides with a transverse border, delignification 

was often similar to that observed in the corners, whereas lignin removal in 

the sides with a tangential border was always significantly lower. Although 

the comparison between these sections (i.e., transverse and tangential) is not 

straightforward, their delignification levels likely reflect differences in the 

transport rates of cooking chemicals along the longitudinal and tangential 

directions of wood. The effective capillary cross sectional area (ECCSA), for 

example, is known to be higher in the longitudinal direction (preferred 

direction of diffusion in transverse sides) than in the other directions of wood 

(Stone, 1957).  

A more thorough analysis of the delignification in the transverse and 

tangential sides of different hardwoods is given in Figure 4.10. 

 

 
Figure 4.10 Comparison between the normalized Klason lignin content in the 

tangential side (x axis) and in the transverse side (y axis) of wood chips of different 

species throughout pulping. (a) Middle layer. (b) Intermediate layer. (c) Surface layer. 

Cooking conditions: 165 °C, 0.55 mol HO−/ kg liquor. Error bars denote the standard 

deviation. Adapted from paper III. 
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Two main conclusions can be drawn from the profiles in Figure 4.10. First, 

the results in the outer layer (Figure 4.10 c) confirm that lignin removal at the 

surface of the chip was not significantly limited by the transport of cooking 

chemicals, as no differences in the extent of delignification were observed 

between the transverse and tangential sides. Second, in the inner layers 

(Figure 4.10 a,b), the gaps between the lignin content in different sides of the 

chips were similar for all hardwoods. Hence, the rates of alkali diffusion along 

different directions of wood appear to vary by similar extents in all species 

investigated, which suggests that specific microstructural features, such as 

aggregate rays and wide ray cells, did not affect the tangential diffusion of 

ions substantially.  

 

 

4.3.2.2 Xylan removal 

As shown in Table 4.1, xylan is one of the main components of hardwoods 

and, as such, it has a large impact on the final yield of pulping. Moreover, as 

established in Section 2.1.3, xylan is associated with both cellulose and lignin 

through interactions that may be significantly affected during pulping. 

Therefore, the behavior of xylan during kraft cooking was investigated. 

  

In general, the extent of xylan removal was strongly affected by the local 

availability of hydroxide ions inside the wood chips. For instance, lower 

concentrations of xylan were measured in chips treated with 0.55 mol HO-/kg 

liquor than in those treated with 0.25 mol HO-/kg liquor. In addition, similar to 

what was observed with lignin, xylan removal was more uniform in hardwood 

chips with higher porosity.  

Nevertheless, regardless of wood species or cooking conditions, most of the 

xylan lost during pulping was dissolved from the chips during the first minutes 

of cooking, even before the target temperature was reached, which is in line 

with other studies (Pinto et al., 2005a; Danielsson, 2007). After that, an 

almost constant difference in xylan content was measured over time between 

the most and least exposed regions of the chips. These trends are illustrated 

in Figure 4.11 (a), which presents the xylan content within birch chips over 

time during two cooking experiments: one at high temperature (165 °C) and 

the other at low temperature (145 °C). 
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Figure 4.11 The behavior of xylan during kraft cooking. (a) Xylan content over time at the 

most exposed region of the chips (“out”, i.e., the corners of the surface layer) and at the 

least accessible region (“in”, i.e., the center of the middle layer). All samples were cooked 

with 0.55 mol OH-/ kg liquor. Cooking temperature was either T(-1) = 145 °C or T(+1) = 

165 °C. Error bars represent the estimated error (4%). (b) Corresponding molar mass 

distribution according to RI detection of xylan isolated from the middle layer of the chips 

(“m”) and from the surface layer (“s”) after 45 and 120 minutes of cooking. Molar mass of 

xylan isolated from untreated birch wood (“native”) is provided for comparison. Adapted 

from Paper II.    

 

The rapid decline in the rate of xylan removal can be traced back to a 

combination of factors. The first one is related to xylan’s relative high 

resistance to peeling. In hardwood xylan, the presence of xylose units 

substituted with 4-O-methylglucuronic acid (later converted into hexenuronic 

acid) prevents extensive peeling of the xylan backbone (Sjöström, 1993d; 

Potthast, 2006). Hence, the rate of xylan loss due to peeling is expected to 

slow down significantly with time. This behavior is confirmed by the molar 

mass distributions presented in Figure 4.11 (b), which shows no significant 

differences between xylan samples isolated from pulps collected at different 

time points, from different layers, or using different cooking conditions. 

Therefore, following the initial decrease in molar mass caused by 

deacetylation and peeling, the xylan remaining in the pulp appears to be quite 

stable under the studied conditions.   

The second factor that may contribute to the decrease in xylan removal during 

cooking is the presence of distinct xylan fractions in wood. For instance, 

Dammström et al. (2009) suggests the existence of two xylan fractions: one 

associated with lignin and the other associated with cellulose. In this sense, 

it is possible that the fraction interacting with lignin is more easily dissolved in 

the alkaline liquor, contributing to the initial high rates of xylan removal. Then, 
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as the amount of this xylan fraction decreases in the pulp, so does the xylan 

removal rate.  

In addition, increased interactions between xylan and cellulose, including the 

adsorption of dissolved xylan, may also influence xylan removal. During 

cooking, structural changes in xylan – such as the removal of substituents – 

have been shown to favor its adsorption onto cellulose (Kabel et al., 2007; 

Lan et al., 2024). Moreover, as delignification progresses, cellulose becomes 

increasingly exposed, facilitating interactions with xylan. 

 

4.3.3 Batch kraft cooking of chips prepared in industrial chipper 

As explained in Section 4.2.3, the model samples used to analyze local 

changes inside hardwoods during delignification differ significantly from the 

wood chips produced in industrial chippers. Therefore, to better understand 

how industrial samples behave during kraft cooking and to investigate the 

extent of mass transport limitations in this process, the current section 

presents data acquired in pulping experiments involving industrial chips 

(Betula pubescens / Betula pendula).   

Figure 4.12 shows the concentration of Klason lignin during cooking 

measured in two black liquor fractions: bulk liquor (BL, separated from the 

pulp via filtration) and centrifuged liquor (CL, representing the black liquor in 

the wood chip pores). In addition, lignin was precipitated from these two liquor 

fractions to determine the variation of molar mass distribution (MMD) 

throughout pulping. The results acquired with samples collected after 30 and 

90 min of cooking are shown in Figure 4.12 (b). 

Despite mass transport occurring more rapidly in industrial chips than in 

model samples, the concentration of dissolved lignin differed substantially 

between the bulk and centrifuged liquors (Figure 4.12 a), indicating the 

existence of fairly different chemical environments inside and outside the 

chips. Moreover, the lignin profile in the CL fraction reveals that, up to approx. 

60 min of cooking, the outward diffusion of dissolved lignin was slower than 

the rate of lignin leaving the cell walls, causing the accumulation seen in 

Figure 4.12 (a). However, after 60 min, this balance changed and more lignin 

was transported out of the chip than out of the cells, decreasing the 

concentration of lignin in the CL fraction. This behavior was also found in 

other studies (Egas et al., 2002; Simão et al., 2011; Brännvall and Rönnols, 

2021) and can be traced back to different phenomena taking place during 

cooking. For instance, the resistance to mass transport inside the chips 

decreases with time, as the structural changes mentioned in Section 4.3.1 

(e.g., the increase in porosity) progress. 
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Figure 4.12 Impact of mass transport resistance on kraft cooking (160 °C) of samples 

prepared in an industrial chipper. (a) Content of Klason lignin over time in the bulk black 

liquor (BL) and in the centrifuged black liquor isolated from the pulp (“pore liquor”, CL) . 

Values at 0 min represent the composition of the respective spent fractions of impregnation 

liquor (white liquor). Error bars indicate the standard deviation of the measurements. (b) 

Differential molar mass distribution based on UV detection of precipitated lignin from bulk 

(BL) and centrifuged (CL) liquors collected after 30 and 90 min of pulping. Adapted from 

Paper I. 

 

Variations in the molar mass of lignin leaving the fibers could also explain the 

change observed in the CL lignin profile, as large lignin fragments would 

demand more time to diffuse out of the cell walls. In fact, this increase in the 

size of dissolved lignin is hinted at in Figure 4.12 (b): when comparing the 

MMD of the material isolated from the CL fractions, there was a shift towards 

higher molar mass at later cooking times.  

In addition, a thorough analysis of Figure 4.12 (b) also exposes further 

differences between the CL and BL fractions. The dissolved lignin isolated 

from the bulk liquor had consistently lower values of average molar mass. 

Furthermore, the MMD of the material in the bulk shifted to lower values with 

time. These observations imply that the lignin in the bulk is more degraded 

than in the pores of the wood chips, which was also confirmed via HSQC 

NMR. Hence, the material in the pores of the chips is likely freshly removed 

from the cell walls. Additionally, the lower concentrations of cooking 

chemicals in the center of the chips probably contribute to the less extensive 

degradation of the dissolved material in the CL. 
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4.4 Multiscale model 

The results measured during the kraft cooking experiments with model chips 

of birch were used to develop a simplified multiscale model to describe lignin 

removal in the least accessible fibers inside wood chips. The model, which 

was restricted to 1D across the chip thickness (radial direction), was able to 

capture the delignification behavior with reasonable accuracy after adjusting 

some of the parameters mentioned in Section 3.11, namely: 

a) The estimated initial concentration of hydroxide inside the wood chip 

(𝑂𝐻0). This parameter should represent all alkali that was transported 

to the center of the chip during impregnation, without accounting for 

the decrease in concentration caused by the initial consumption of 

hydroxide (e.g., in neutralization). Hence, it could assume any value 

between 0.55 M, i.e., the approximate concentration of hydroxide in 

the cooking liquor, and 0.06 M, i.e., the value measured in the center 

of the chip after impregnation (Figure 4.3). After sensitivity analysis, 

this value was set to 0.31 M. 

b) The effective capillary cross sectional area (ECCSA). To calculate the 

effective diffusivity of hydroxide in the chip, local values of ECCSA 

were initially estimated based on experimental data reported for 

aspen samples. Given the microstructural differences between birch 

and aspen, these values were likely overestimated. In addition, the 

initial approach to calculate the effective diffusivity assumed the 

ECCSA varied instantaneously according to the local pH, which has 

been disputed (Inalbon and Zanuttini, 2008). Moreover, when 

applying the original data, the model predicted consistently higher 

extents of lignin removal in the outer layer of the chip than those 

determined experimentally. Therefore, based on sensitivity analysis, 

the ECCSA value was decreased to 0.20 and its pH dependence was 

removed. 

c) The intrinsic reaction rate. Originally, the model relied on the kinetic 

parameters reported by Kron et al. (2025). However, this data 

described the total conversion of bound lignin (𝐿𝑆) to reacted lignin 

(𝐿𝐷) in about 5 min (at 150 °C), which is faster than the 10-20 min 

previously found for lignin depolymerization reactions (Mattsson et 

al., 2017). Thus, the kinetic parameters were re-estimated, but 

without changing the apparent delignification rate, i.e., re-estimation 

occurred by decreasing the intrinsic rate and increasing the rate of 

diffusion of 𝐿𝐷 in the fiber walls. The new intrinsic reaction rate was 

about four times lower than the original (i.e., conversion of 𝐿𝐷 in 

~20 min instead of 5 min). This adjustment reduced the rate of alkali 
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consumption, allowing the model to capture the delignification 

behavior in the inner layers of the samples (where it had previously 

predicted the complete depletion of alkali).     

 

The fit of the model after the aforementioned adjustments can be seen in 

Figure 4.13, which presents the radial lignin gradients in the center of the 

chips at different pulping times according to experimental data and model 

predictions.   

 

 
Figure 4.13 Normalized Klason lignin content over the radial direction in the middle of 

the wood chip for different cooking times. Model parameters: low intrinsic reaction rate 

(~20 min), ECCSA = 0.20. Initial alkali concentration = 0.31 M. Pulping conditions: 

165 °C, 0.55 mol HO-/kg liquor. Adapted from Paper V. 

 

Figure 4.13 indicates that the adjusted model fits the experimental data 

satisfactorily, especially those acquired after the target cooking temperature 

was reached. Still, some assumptions used to develop the model may 

warrant further scrutiny. For example, instead of considering fixed hydroxide 

consumption factors (0.21 g NaOH/g of lignin and 0.49 g NaOH/g of 

carbohydrates), more accurate expressions could be introduced. This change 

could potentially improve the predictive power of the model at the beginning 

of the cooking process, as most of the alkali consumption related to 

carbohydrate reactions occurs early on (Zanuttini et al., 1998; Santos et al., 

2012b). Also, altering the model to include the effect of sulfidity explicitly may 

be of interest to account for local variations in the concentrations of HS- and 

to describe systems running with different sulfidity levels.   
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In addition to the profiles shown in Figure 4.13, an overview of the predicted 

distributions of Klason lignin and hydroxide ions across the thickness of the 

chip over time is presented in Figure 4.14. As expected, when the 

temperature was still significantly lower than the target (i.e., up to 500 s of 

cooking) only minor changes in lignin concentration were predicted, and the 

diffusion of HO- increased the concentration of alkali close to the surface of 

the chip. Then, as the temperature rose above 140 °C, alkali was rapidly 

consumed, causing the hydroxide concentration to drop to less than 0.05 M 

across more than 60% of the chip after 900 s of cooking. From this point 

onward, the alkali concentration exhibited an almost linear gradient along the 

chip thickness, extending from the surface gradually toward the middle of the 

chip. This distinct availability of hydroxide ions along the chip shaped the 

progression of delignification: substantial lignin removal happened first close 

to the surface of the chip and then spread inward with time. Moreover, Figure 

4.14 (a) shows that, under the evaluated cooking conditions, somewhat 

uniform delignification could only occur in the 30% of the chip closest to the 

chip surface. In other words, limitations imposed by alkali transport could be 

considered negligible only in thin chips (thickness ≤ 2-3 mm), which is 

consistent with earlier findings from kraft cooking of softwood chips 

(Gullichsen et al., 1992). 

 

 
Figure 4.14 Distribution of (a) normalized Klason lignin and (b) hydroxide ions across 

the radial direction of the wood chip over time. Model parameters: low intrinsic reaction 

rate (~20 min), ECCSA = 0.20. Initial alkali concentration = 0.31 M. Cooking 

conditions: 165 °C, 0.55 mol HO-/kg liquor. Adapted from Paper V. 
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5 Conclusion 

5.1 Concluding remarks 

This doctoral project studied the progression of delignification in hardwoods 

during kraft pulping, evaluating how species with distinct morphological 

features respond to different impregnation liquors and cooking conditions. By 

combining compositional analyses, imaging techniques and modeling efforts, 

the following conclusions were drawn: 

 

a) Impregnation conditions: The composition of the liquor used during 

impregnation has lasting effects on the evolution of lignin removal. In 

particular, the concentration of hydroxide ions inside the chips after 

impregnation is of great importance, as low alkali content can result in 

highly heterogeneous delignification. In this sense, the impregnation 

step should be designed not only to ensure the penetration of liquor 

inside the chips, but also to allow enough hydroxide ions to diffuse 

inward to balance the initial consumption of alkali due to reactions with 

carbohydrates and other wood components. This is especially relevant 

for hardwoods with low porosity (e.g.: birch and beech), since the mass 

ratio between liquor and wood inside the chips is low and, therefore, 
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more alkali must be transported inwards to avoid depletion in the middle 

of the chips.   

 

b) Cooking conditions: The cooking temperature and the composition of 

the cooking liquor affect the rate and uniformity of lignin removal, with 

high alkali concentrations and low temperatures (~145 °C) favoring 

homogeneous delignification. Nevertheless, extremely high hydroxide 

concentrations should be avoided, as they increase the amount of xylan 

that is dissolved before structural and compositional changes in the cell 

walls facilitate xylan-cellulose interactions, hindering further xylan 

removal. Interestingly, pulping conditions strongly influence xylan 

dissolution but appear to have little effect on the extent of structural 

changes of the xylan remaining in the pulp after cooking.      

 

c) Impact of wood structure on kraft pulping:  

c.1) Macroscale: porosity is one of the main factors influencing the 

uniformity of delignification in hardwoods, with highly porous 

species (e.g., aspen) experiencing a more homogeneous 

removal of lignin than hardwoods with low porosity. In addition, 

lignin removal is influenced by wood anisotropy, occurring faster 

along the longitudinal direction of the chips (i.e., along their 

length) than along their width, which can be explained by faster 

rates of mass transport through the lumen of fibers and vessels. 

Moreover, differences in radial features (e.g., presence of 

aggregate rays) do not seem to affect the extent of delignification 

along the radial and tangential directions of the chips.  

c.2) Microscale: in terms of individual morphological features, 

vessels play the most significant role during impregnation, 

providing the preferred path for penetration and for spreading 

the liquor toward the lumen of adjacent fibers. Ray cells, on the 

other hand, contribute to the radial penetration of liquor, but do 

not seem to provide an efficient path to spread the liquor to other 

cells.  During cooking, however, the proximity between fibers 

and vessels or between fibers and other cells does not affect the 

rate of fiber separation substantially.  

c.3) Structural changes during pulping: while wood structure 

influences the progression of pulping, it is also changed by the 

pulping process. Delignification causes the dissolution of the 

middle lamella and potential shrinkage of the secondary wall. 

Additionally, the porosity of the wood chip increases, first due to 
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cell wall separation, and later due to small changes in cell wall 

thickness and minor movements of the cells. Nevertheless, no 

substantial changes in porosity or cell wall thickness are 

observed during liquor penetration. 

 

d) Modeling insights: Delignification of hardwood chips can be described 

as a multiscale process combining mass transport and different 

reaction rates. Moreover, it is possible to simplify the system and model 

the behavior of the least accessible fibers by solving a one-dimensional 

problem across the chip thickness, which can be of interest, for 

instance, when investigating the defibration point. According to the 

proposed model, reaction kinetics and diffusion of lignin fragments limit 

the rate of lignin removal inside the fiber walls. Across the chip, the 

uniformity of delignification is influenced by the availability of alkali, 

which depends on the interplay between the diffusion of cooking 

chemicals in the radial direction of the chip and the rate of alkali 

consumption. Furthermore, model simulations suggest that, under the 

evaluated pulping conditions, hardwood chips require thickness below 

2-3 mm to achieve a virtually homogeneous delignification.  

 

 

5.2 Future work 

The findings presented in this thesis give general insight into the behavior of 

different hardwoods during kraft pulping through a systematic analysis of 

industrial and model chips under controlled impregnation and cooking 

conditions. However, many research questions can still be explored to 

complement and expand upon the results observed in this work. 

For instance, the ex-situ experiments described in the thesis provide data on 

the rates of delignification and xylan removal in the sapwood of alder, aspen, 

beech, and birch, as well as data regarding the spatial distribution of lignin 

and xylan within their respective wood chips during cooking – information that 

is otherwise hard to come by in the literature. Naturally, the next steps on this 

front involve expanding the scope of analyzed materials. The inclusion of 

tropical species, such as Acacia spp. and Eucalyptus spp., is of great interest, 

given their economic relevance and distinct microstructural features. Also, 

evaluating heartwood delignification is extremely relevant due to its distinct 

composition, which comprises higher contents of extractives (potentially 

affecting the pit system), and it is of particular importance for species prone 

to the formation of tyloses.  

Expanding the scope of materials is also a possible strategy to continue the 

in-situ tomography experiments. However, in this case, a more promising 
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route may involve further development of the reaction cell. The results 

achieved with in-situ tomography are part of pioneering efforts toward 

temporal and spatial resolved analysis of pulping processes, yet the 

experimental setup could benefit from changes. For example, the current 

system is quite limited regarding the maximum temperature of operation, 

which could be fixed by changing the recirculation pump. More ambitious 

changes could include adding sampling points to the system (to collect black 

liquor) and altering the sample cover and external cover to allow performing 

complementary measurements (e.g., X-ray scattering). The cell could also be 

tested for in-situ nanotomography, as the higher spatial resolution would 

allow analyzing pits and changes in the ultrastructure of wood – although 

changes in the sample holder would probably be needed to minimize sample 

movement.    

In terms of modeling, the proposed approach provides a promising framework 

for the development of multiscale delignification models. Future efforts could 

focus on incorporating the effect of hydrosulfide ions in the delignification rate, 

as well as introducing specific equations for the rates of carbohydrates 

degradation and alkali consumption. The increase in wood chip porosity 

during delignification could also be included. 
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List of symbols 

The symbols used for each variable in the developed multiscale model are as follows: 

 

𝐷𝐿𝐷,𝑖
  Effective diffusivity of dissolved lignin fraction 𝑖 along the cell wall, 

[m2/s] 

𝐷𝑂𝐻,𝑓𝑟𝑒𝑒  Adjusted diffusivity of sodium hydroxide in water at infinite 
dilution, [m2/s] 

𝐷𝑂𝐻𝐶
  Effective hydroxide diffusivity in the wood chip, [m2/s] 

𝐷𝑂𝐻𝑤
  Effective hydroxide diffusivity in the cell wall, [m2/s] 

𝐸𝐶𝐶𝑆𝐴  Effective capillary cross sectional area, [-] 

𝐿0  Mass fraction of Klason lignin in the wood before pulping, [-] 

𝐿𝐶  Norm. lignin content at a given position in the wood chip, [-] 

𝐿𝐷  Norm. content of all dissolved lignin fractions at a given position 
in the cell wall, [-] 

𝐿𝐷
̅̅ ̅  Norm. average content of dissolved lignin in the cell wall, [-] 

𝐿𝐷,𝑖  Norm. content of dissolved lignin fraction 𝑖 at a given position in 
the cell wall, [-] 

𝐿𝑆  Norm. bound lignin content at a given position in the cell wall, [-] 

𝐿𝑆̅  Norm. average content of “bound” lignin in the cell wall, [-] 

𝑀𝑁𝑎𝑂𝐻  Molar mass of sodium hydroxide, [g/mol] 

𝑂𝐻0  Initial hydroxide concentration at the wood chip and cell wall 
levels, [M] 

𝑂𝐻𝐶  Hydroxide concentration at a given position in the wood chip, [M] 

𝑂𝐻𝑤  Hydroxide concentration at a given position in the cell wall, [M] 

𝑂𝐻𝑤
̅̅ ̅̅ ̅̅   Average hydroxide concentration in the cell wall, [M] 

𝑟𝐿  Intrinsic reaction rate of lignin dissolution, [s-1] 

𝑡  Time, [s] 

𝑤𝑖  Mass fraction of dissolved lignin fraction 𝑖, [-] 

𝑦  Position along the thickness of the wood chip, [m] 

𝑧  Position along the cell wall, [m] 

  

𝛼  Ratio between carbohydrates and lignin in the pulp, [-] 

𝛽  Alkali consumption factor, [M] 

𝜀  Wood chip porosity, [-] 

𝜌𝑤  Density of the wood substance, [g/L] 
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Appendix 

Determination of extractives 

A preliminary test was conducted to assess the impact of extractives on the 

Klason lignin content measured in model chips after kraft cooking. The 

experiment began by pulping model heartwood chips with 16 mm of thickness 

at 155°C, using a liquor:wood ratio of 22. The liquor composition was 0.4 mol 

HO-/kg liquor and 0.1 mol HS-/kg liquor. Then, after washing, leaching, and 

sectioning, part of the samples was extracted, as described below.  

 

Extraction: Pulp samples from different sections of the model chips were 

ground (particle size < 1 mm) and dried in an oven (105°C) overnight. Then, 

Soxhlet extraction was performed with acetone (0.5-1.0 g of dry sample / 

160 mL acetone) at a rate of 24 extraction cycles / 4.5 h. The solid residue 

was dried at 40°C for 24 h and the mass was determined. 

 

Afterwards both the extracted and non-extracted samples were subjected to 

Klason lignin and carbohydrates analyses.  

 

Results:  

Table A.1 displays the content of extractives in two different sections of the 

model cooked chips. Tables A.2 and A.3 show the measured composition of 

the samples in comparison to the results attained without performing 

extraction. 

 

Table A.1 Content of extractives in different sections of cooked model chips. 

Section Extractives (%, w/w) 

Surface-corner 1.02 

Middle-center 1.88 

 

Table A.2 Klason lignin content in cooked samples with and without prior extraction. 

Section μ (%, w/w) RSD (%) 

Surface-corner, Extracted 16.14 2.13 

Surface-corner 16.89 0.38 

Middle-center, Extracted 19.13 0.60 

Middle-center 20.36 1.56 
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Table A.3 Content of carbohydrates (%, w) in cooked samples with and without 

prior extraction. Measurement error: 0.05% < RSD (%) < 1.50%. 

Section a 
Arabinan 

(%) 

Galactan 

(%) 

Glucan 

(%) 

Xylan  

(%) 

Mannan  

(%) 

S-Cor, Extracted 0.28 0.43 49.27 23.15 - 

S-Cor 0.29 0.45 49.69 23.52 - 

M-C, Extracted 0.34 0.66 39.64 25.02 1.40 

M-C 0.34 0.66 39.32 24.79 1.35 

a Sections: S-Cor = Surface-corner, M-C = Middle-center. 

 

The concentration of extractives varied within the kraft cooked samples. In 

the surface layer, their content was about 46% lower than in the middle layer.  

In terms of the impact extractives had on Klason lignin measurements, the 

results attained after extraction were 4.5% lower for the sample taken from 

the surface layer and 6.0% lower for the sample from the middle layer 

(compared to the lignin concentrations in samples not subjected to prior 

extraction).       

Regarding the carbohydrates analysis (Table A.3), the results showed the 

extractives had no clear influence on the measured values.      

 

Conclusion:  

It appears that not performing the extraction step prior to acidic hydrolysis 

leads to deceptively higher Klason lignin values. Nevertheless, the extent of 

this effect seems to be fairly similar for different sections of the wood chip. In 

addition, extractives had no substantial impact on the quantification of sugars. 

Hence, for the purposes of the present study, the gain in accuracy provided 

by the extraction step is eclipsed by the time it demands.  
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