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Abstract 

The long-term trend regarding wood is an increase in price. Because wood contributes to 
a large part of production costs, the efficient utilisation of wood is greatly desired to 
reduce production costs for kraft pulp producers. During the 1990s, the development of 
improved modified kraft cooking began, which led to higher yields. There was also a 
trend of terminating kraft cooking at a higher kappa number to maximise the overall 
yield. For hardwood, the defibration point became a critical setback in allowing this 
termination at a high kappa number. This thesis discusses how this issue has been tackled 
in the laboratory by using improved modified kraft cooking combined with extended 
impregnation to enable a decrease in reject content and shift the defibration point towards 
a higher kappa number for hardwood. This lab concept is referred to as extended 
impregnation kraft cooking (EIC), and this thesis reveals that EIC cooking efficiently 
reduces the reject content for both birch and eucalypt. By using EIC cooking, the 
defibration point was shifted to a kappa number of ca. 30 from ca. 20 using conventional 
kraft cooking. This study demonstrates the great potential for achieving a higher overall 
yield for eucalypt by terminating the EIC cooking at a high kappa number, but with the 
conditions used in this thesis, no improvement in yield was observed for birch. 
 
An important issue is that the termination of kraft cooking at high kappa number 
increases the demand for extended oxygen delignification to reach a similar kappa 
number into bleaching, i.e., due to cost and environmental reasons. Extended oxygen 
delignification was shown to be possible for both birch and eucalypt EIC pulps (i.e., from 
kappa number 27 to 10) with an acceptable pulp viscosity number.  
 
The other part of this thesis addresses aspects regarding the limitations in oxygen 
delignification. It has previously been shown in the literature that a high xylan yield of 
kraft cooking could negatively affect the efficiency of subsequent oxygen delignification. 
In this work, the increased xylan content in eucalypt kraft pulp within the range of 8–
18% had only a marginally negative impact on the oxygen delignification efficiency after 
correcting for the HexA contribution to the kappa number. It is also desired to extend the 
oxygen delignification towards lower kappa number, i.e., below kappa number 10 to 
decrease the bleaching chemical requirement. In this study, the hypothesis that the 
reduced efficiency of oxygen delignification at low kappa numbers could partly be due to 
the formation of oxidisable carbohydrate-related structures (i.e., HexA and/or other non-
lignin structures) was also tested. No formation was established. On the other hand, a 
final oxygen delignification stage in the bleaching could be an attractive alternative for 
reducing yellowing and enhancing brightness; in fact, this has led to the development of 
a patent (SE 528066).  
 



 

 

Sammanfattning 

Ved står för en stor del av produktionskostnaderna vid framställning av sulfatmassa. Då 
vedpriserna har ökat genom åren är ett effektivt utnyttjande av veden önskvärt för att 
kunna sänka produktionskostnaderna. Under 1990-talet förbättrades den modifierade 
sulfatkokningen vilket innebar möjlighet till högre massautbyte. För att maximera 
massautbytet styrdes kokningsprocessen mot ett högre kappatal. Detta har visat sig vara 
svårare för lövved än för barrved, eftersom defibrerbarhetspunkten utgör ett kritiskt 
hinder. I denna avhandling har laborationsstudier utförts där förbättrad modifierad 
sulfatkokning kombinerats med förlängd impregnering för att kunna sänka spethalten och 
därmed förskjuta defibrerbarhetspunkten mot ett högre kappatal. Detta koncept kallas för 
extended impregnation kraft cooking (EIC). EIC-kokning visade sig vara en effektiv 
metod för att minska spethalten hos björk och eukalyptus. Med EIC-kokning kunde 
defibrerbarhetspunkten höjas från cirka 20 till cirka 30. I denna avhandling klarläggs att 
det finns stora möjligheter att öka massautbytet för eukalyptus genom att avsluta 
sulfatkoket vid ett högre kappatal. För björk kunde ingen ökning av massutbytet uppnås 
genom ovanstående metod.  
 
Vid ett högre kappatal efter sulfatkoket ställs även krav på förlängd syrgasdelignifiering, 
för att kunna behålla samma kappatal in till blekeriet. Det visade sig vara fullt möjligt att 
förlänga syrgasdelignifieringen för de EIC-kokade björk- och eukalyptusmassorna (d.v.s. 
från kappatal 27 till 10) med accepterad massaviskositet. 
 
Den andra delen av avhandlingen tar upp aspekter på syrgasdelignifieringens 
begränsningar. Tidigare studier har visat att ett högre utbyte av xylan vid sulfatkokning 
kan vara negativt för syrgasdelignifieringens effektivitet.  I denna studie har det påvisats 
att en ökad xylanhalt i intervallet 8–18 procent i eukalyptusmassa endast har en marginell 
negativ inverkan på syrgasdelignifieringens effektivitet efter att kappatalet korrigerats för 
HexA. Det är önskvärt att förlänga syrgasdelignifieringen till ett lägre kappatal än 10 för 
att minska förbrukningen av blekkemikalier. I den här studien prövades hypotesen att 
syrgasdelignifieringens begränsningar vid låga kappatal, under 10, delvis skulle kunna 
bero på bildning av oxiderbara kolhydratrelaterade strukturer (d.v.s. HexA och/eller 
andra okända ”non-lignin”-strukturer). Ingen bildning kunde dock observeras. Däremot 
indikerades att ett syrgassteg i slutet av bleksekvensen skulle kunna vara ett 
eftersträvansvärt alternativ för minskad eftergulning och ökad ljushet, vilket ledde till ett 
patent (SE 528066). 
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Introduction 

In this thesis, mainly eucalypt and birch were used for pulp production; these represent 

two important wood species for pulp production in the Northern and Southern 

Hemisphere. Eucalypt is most widely used in South America, Portugal, Spain, China and 

Australia, whereas birch is the main hardwood species used in the Nordic countries and 

Russia.  

The composition of wood 
Softwoods and hardwoods are the most common wood types. Softwoods include, e.g., 

pine and spruce. Birch and eucalypt are two examples of hardwood species commonly 

used for the manufacture of chemical pulp. Hardwood consists of libriform cells (often 

referred to as “fibres”) and vessels bound together in a wood matrix. The libriform cells 

provide mechanical strength to trees, whereas the vessels transport water-containing 

nutrients.  

 
Lignin is the “glue” between the fibres, and lignin is also distributed inside the fibres 

together with carbohydrates in an advanced ultra structure composing the cell walls. 

Lignin is a heterogeneous branched aromatic polymer composed of 

hydroxylphenylpropane units. 

 
The carbohydrates (polysaccharides) in hardwood are mainly cellulose and 

hemicellulose. Hemicellulose is not actually a specific polymer but a family name for a 

group of branched polysaccharides having polymer chains with a degree of 

polymerisation of 100–200 units (Fengel and Grosser 1975), which are shorter compared 

to the longer cellulose chains, which have a degree of polymerisation of approximately 

10 0000 glucosyl residues (Sjöström 1993). Cellulose is a linear homopolysaccharide 

consisting of β-D-glucopyranosyl units linked together by 1,4-linkages. The main 

hemicellulose in hardwoods is O-acetyl-4-O-methylglucuronoxylan, simply referred to as 

“xylan”. Xylan consists of a β-D-xylopyranosyl backbone linked together by 1,4-

linkages. Most of the xylan residue units have an acetyl group linked to the C2 and/or C3 

positions. Furthermore, around 10–20% of the xylan residues possess a 4-O-methyl-α-D-
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glucuronic acid (MeGlcA) group linked as a side group (Sjöström 1993; Jacobs et al. 

2001, Evtuguin et al. 2003; Magaton 2008). In Eucalyptus urograndis and Eucalyptus 

globulus, approximately 30% of the MeGlcA groups are further O-2-linked to other 

sugar residues, mostly galactosyl and glucosyl units (Evtuguin et al. 2003; Pinto et al. 

2005). This has not been found in birch (Pinto et al. 2005). In hardwood, there is also a 

small amount of the hemicellulose glucomannan, which has a low degree of substitution 

of galactosyl residues. In addition to lignin and carbohydrates, the wood also contains 

minor amounts of pectin, minerals and extractives, e.g., fatty acids, terpenoids and 

phenolic structures. 

Pulping 
The aim of pulping is to prepare a pulp by separating the fibres in wood and making the 

fibres more flexible. This can be performed in two different ways – either by mechanical 

means or by using chemicals at elevated temperature. In chemical pulping, the fibres 

become flexible largely due to the removal of lignin, a process referred to as 

delignification. In addition to lignin-degrading reactions, undesirable carbohydrate 

reactions also take place in the cellulose and hemicellulose during the pulping. The 

degradation of carbohydrate leads to low yield and low selectivity (high carbohydrate 

degradation at a certain degree of delignification). Chemical pulping can be carried out 

using the sulfite process or the kraft process, where the latter has been the totally 

dominating process throughout the world for many years. 

Kraft pulping 
Kraft pulping involves all of the processing steps required to manufacture either 

unbleached or bleached kraft pulp grades. A typical outline of the kraft pulping process 

consists of wood handling (debarking, cutting into chips, screening), cooking in a 

digester (referred as kraft cook), knotting and screening, oxygen delignification, 

multistage bleaching and drying/baling. In addition to lignin removal, the bleaching also 

has the purpose of obtaining a certain brightness at a low bleaching cost. Several washing 

stages during the pulping and an efficient recovery system for the chemicals spent during 

cooking and oxygen delignification are also integrated into the pulping process. Common 
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products containing bleached kraft pulp include printing and writing paper, tissue paper 

and packaging boards.  

 
During kraft cooking, fibres are separated chemically by degrading and dissolving the 

lignin fragments using a cooking liquor referred to as white liquor. White liquor contains 

the active cooking chemicals: hydroxide and hydrogen sulfide ions. Kraft cooking is 

normally performed at high temperatures of approximately 135–160°C followed by 3–4 

h of continuous cooking and a 1–2 h cycle in batch digesters. In general, hardwood 

requires 16–20% effective alkali (as NaOH), and a sulfidity in the range of 20–30% is 

normally applied (see abbreviations and technical terms for the explanation of terms). 

Cooking reactions 

Defibration point and reject content 

Delignification during kraft cooking normally proceeds until reaching a lignin content at 

which the fibres are separated from each other by a very mild mechanical force; this 

content is referred to as the defibration point. Despite great lignin degradation and 

dissolution during kraft cooking, the chips maintain their wood structure, and it is not 

until the chips are “blown” from the digester that the mechanical force of ejection breaks 

up the wood chips into individual fibres, forming a pulp. When the kraft cook reaches the 

defibration point, there will generally still be some boundless or uncooked fibres 

(shives). The defibration point for hardwood appears at approximately 1% reject (shives) 

content of wood.  

Delignification reactions 

Delignification takes place through the action of hydroxide and hydrogen sulfide ions, 

which fragment and introduce charge groups into the lignin and cleave the covalent 

bonds between lignin bonded via carbohydrates, i.e., lignin–carbohydrate complexes 

(LCCs). Delignification during kraft cooking can be divided into three kinetic phases 

characterised by different delignification rates: an initial phase, a bulk phase and a 

residual phase (Figure 1). The initial phase is rapid (approximately 20% of the lignin is 

removed), the bulk phase is slower and the residual phase is the slowest phase. These 

phases can be modelled as either three sequential phases (Wilder and Daleski 1965; 
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Kleinert 1966; LéMon and Teder 1973) or as three parallel phases (Lindgren and 

Lindström 1996). In the former scheme, the same lignin reacts in all three phases, one 

after the other, at a specific delignification rate. In the latter, different portions of the 

lignin react as initial-phase lignin, bulk-phase lignin or residual-phase lignin and the 

reactions occur simultaneously, although one phase always dominates. The initial phase 

dominates at the beginning, bulk phase dominates in the middle, and the residual phase 

dominates at the end of the kraft cooking process. In this thesis, the latter theory of 

parallel phases is used because it is believed to be the model that best describes the 

kinetics of delignification. The decrease in lignin content is usually followed by the 

measurement of the kappa number.  

 

 
Figure 1: Delignification during kraft cooking described by three first-order reactions. 

Carbohydrate reactions 

Delignification is the desired reaction, but during cooking, undesired reactions also take 

place, leading to the degradation of the carbohydrates and thus resulting in a yield loss. 

The carbohydrate reactions leading to yield loss are peeling, alkaline hydrolysis and the 

splitting off of the acetyl and MeGlcA groups. The peeling reaction involves the attack 

on reducing end groups of the carbohydrate chains by hydroxide ions and the sequential 

splitting off of terminal glucosyl units. Alkaline hydrolysis is also an attack by hydroxide 

ions on random glycoside bonds in carbohydrate chains in which the bond is cleaved, 
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resulting in two shorter carbohydrate chains. A temperature of 100°C is enough for the 

peeling reactions to occur, while alkaline hydrolysis starts to have an impact at 

temperatures above 130°C. The formation of hexenuronic acid (HexA) by hydroxide ion 

attack on the MeGlcA group of the xylan is another carbohydrate reaction that takes 

place during kraft cooking that does not cause yield loss but has an impact on the kappa 

number, bleaching chemical requirement and yellowing (see Figure 2). HexA could, just 

like MeGlcA, also be split off during cooking, leading to yield loss. A lower cooking 

temperature and hydroxide ion concentration can reduce the extent of the carbohydrate 

degrading reactions, leading to higher yield and less depolymerised carbohydrates in the 

pulp. 

 

Figure 2: Formation of hexenuronic acid (HexA) during alkaline pulping. a) 4-O-methyl-α-D-
glucuronic acid exposed to high pH and temperature. b) Deprotonation from a resonance 
stabilized anion. c) Loss of methanol from the intermediate form of HexA.  

 
The kinetics of the carbohydrate reactions can be described by two phases, a faster initial 

phase followed by a slower second phase. The initial phase is very short. However, the 

second carbohydrate degradation phase is faster than the slow residual delignification 

phase. It is therefore preferable to terminate kraft cooking before the residual 

delignification phase starts to dominate to avoid severe carbohydrate yield loss. 

Termination at high cooking kappa numbers is a way to avoid delignification when the 

slower residual delignification phase dominates. 

Carbohydrate loss in birch and eucalypt 

Xylan plays the largest role in carbohydrate loss during the pulping of hardwood. Nearly 

half of the xylan is lost during the kraft pulping of birch, while only a modest loss of 

cellulose occurs (Sjöström 1993). In addition to the chemical degradation reactions of 

xylan and cellulose, carbohydrate loss also results from the physical dissolution of xylan. 
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Xylan is relatively stable in the cooking liquor (Saarnio and Gustafson 1953) and can be 

reattached to the fibres later during the cooking process (Yllner and Enström 1956).  

Table 1 show that for birch and eucalypt a large part of the xylan that is initially present 

in hardwood is dissolved into a polymeric form in black liquor. Birch has the highest 

potential to reprecipitate this dissolved xylan later during the kraft cooking process 

because approximately 20% of the originally present birch xylan is dissolved.  

 
Table 1: Fraction of xylan in pulp and black liquor of the xylan originally present in wood. 

Fraction of xylan (%) 
In pulp In black liquor 

Dissolved Degraded 
Birch (kappa number 18)a 48 20 32 
Eucalypt (kappa number 17)b 54 7 39 
a) Danielsson and Lindström (2005), b) Magaton et al, (2011)  

Oxygen delignification 
Following kraft cooking, washing and screening, the next unit operation of the process is 

oxygen delignification. In oxygen delignification, the delignification reactions continue, 

although the chemistry is different from that of kraft cooking, most notably because the 

cooking involves reducing conditions and oxygen delignification oxidising. Oxygen 

delignification is more rapid and more selective than the residual delignification phase of 

the kraft cooking process. The active species are hydroxide ions and oxygen, the latter 

being a biradical in its ground state. Oxygen reacts with deprotonated free phenolic 

groups in the residual lignin (Figure 3). 

OCH3H3CO

HO

HO

O

HO

OCH3H3CO

HO

HO

O

O

HO

HO  

Figure 3: A free phenolic lignin structure to the left and a non-phenolic lignin structure to the 
right. 
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To deprotonate the phenols, alkali (hydroxide ions) are added. In the stepwise reduction 

of oxygen to water taking place during oxygen delignification superoxide radical, 

hydrogen peroxide and hydroxyl radical are formed where the latter is known to attack 

non-phenolic lignin structures as well as carbohydrates in an unselective manner. It is 

important to note that oxygen delignification cannot take place without this radical 

formation. Although the kappa number is reduced, oxygen delignification is a poor 

chemical with which to actually induce an increase in brightness; thus, additional 

chemicals must be used after oxygen delignification. Accordingly, the final 

delignification and brightening steps are handled by the bleaching, when approximately 

1% of the wood lignin typically remains. 

Motives for extended oxygen delignification 

Over the years, two objectives have motivated mills to invest in oxygen delignification. 

One objective has been to reduce the bleaching chemical requirement by extending 

oxygen delignification towards lower lignin content (lower kappa number) prior to 

bleaching. The other objective has been to terminate kraft cooking at higher kappa 

numbers, thus extending oxygen delignification while maintaining the same kappa 

number into bleaching at the same level. Whereas the first objective is mainly 

environmentally motivated, because the amount of bleaching effluents is greatly reduced 

and the use of chlorine could be omitted, the latter objective has a great potential to 

increase the overall yield of pulping. The first commercial mill installation of oxygen 

delignification was constructed in 1970, but it was not until the introduction of medium 

consistency systems starting in 1980 that investments became frequent. Around 1985, 

oxygen delignification had been established in the developed world as a standard for the 

manufacture of bleaching softwood kraft pulp, and by 1990, the same had happened for 

the manufacture of bleaching hardwood kraft pulp. The driving forces for extending 

oxygen delignification led to the development of the 2-reactor oxygen delignification 

process (Backlund 1990; Kondo 1992). Figure 4 illustrates the evolution of oxygen 

delignification over the last several decades.  
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Figure 4: Illustration of the introduction of 1-reactor (O) and 2-reactor oxygen stage (OO) for 
hardwood and softwood kraft pulp. The right and left arrows show the objectives for extending 
oxygen delignification. Right arrow: lower bleaching chemical requirement by reducing lignin 
content into bleaching. Left arrow: increased overall yield by terminating kraft cooking at a high 
kappa number. 

 

In a modern hardwood kraft pulp mill, oxygen delignification is performed either in a 

“conventional” 2-reactor system or a pre-retention tube 2-reactor system. The basic idea 

of the “conventional” 2-reactor oxygen delignification system is to use the first reactor 

for delignification and the second reactor more as an extraction unit; the idea behind the 

pre-retention tube 2-reactor system is to take into account the fast and slow kinetic 

phases of oxygen delignification in each respective reactor. Table 2 shows the typical 

conditions under which the two different 2-reactor systems operate. 

 
Table 2: Typical conditions of 2-reactor oxygen delignification (“conventional” and pre-
retention tube). 

 “Conventional” 2-reactor Pre-retention tube 2-reactor 
 Reactor 1 Reactor 2 Reactor 1 Reactor 2 
Retention time 20–30 min 40–60 min 5–10 min 50–70 min 
Temperature at inlet 80–85°C 90–100°C 80–85°C 90–100°C 
Pressure at top 7–8 bar (g) 4.5–5.5 bar(g) 7–8 bar (g) 7–8 bar (g) 
Alkali charge 20–30 kg/BDt 0 20–30 kg/BDt 0 
Oxygen charge 13–18 kg/BDt 2 kg/BDt 5 kg/BDt 10–15 kg/BDt 

 

To a certain extent, the addition of magnesium ions in the form of magnesium sulfate has 

the effect of protecting the carbohydrates from extensive degradation. The use of 

magnesium ions is standard for the oxygen delignification of softwood kraft pulp and 

common for that of hardwood kraft pulp. 
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The performance of oxygen delignification is usually expressed as the delignification 

degree based on the kappa number and selectivity, which here indicates the decrease in 

the limiting viscosity number divided by the decrease in kappa number. The oxygen 

delignification of hardwood kraft pulp in a 2-reactor system may typically exhibit a 

delignification degree of 45–50%, while the selectivity is approximately 20–60 and a low 

value indicates more-selective oxygen delignification. Increased temperature, alkali 

charge, oxygen pressure and retention time are variables that can be modified to extend 

oxygen delignification, which should be performed selectively to avoid severe 

carbohydrate degradation. 

Bleaching 
Bleaching is performed for several reasons, such as reducing the brown-yellow colour of 

pulp to make it bright/white, to make pulp less prone to yellowing over time and to clean 

pulp by removing extractives. The brightness is mainly associated with the colour 

(chromophores) of the lignin. Bleaching chemicals are more expensive and often more 

problematic with respect to the environment than the chemicals used in the cooking and 

oxygen delignification processes; moreover, bleaching effluents cannot easily be 

incorporated into the chemical recovery system. Bleaching is carried out through a 

number of consecutive stages. Commonly used bleaching chemicals include chlorine 

dioxide, hydrogen peroxide, ozone, peracetic acid and hot acid treatment, where chlorine 

dioxide and hydrogen peroxide are the chemicals predominantly used in consecutive 

stages in most mills. The pH during consecutive stages is normally shifted. 

Increased yield 
A major part of the production costs of kraft pulp originates from the wood; obtaining a 

high yield is hence crucial for good, economic production. During chemical pulping, 

about half of the wood is used as energy through the combustion of black liquor during 

chemical recovery. It is still more valuable for the industry to utilise wood for pulp 

production than to burn it for energy production. Hence, the focus in the pulp mill should 

be reducing carbohydrate loss in the fibre line in order to improve the overall yield (i.e., 

the ratio of the amount of pulp produced to the amount of charged wood). A higher pulp 
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yield could also enable an increase in the pulp production in the mill. This is of interest 

for mills in which the recovery boiler is limited by the organic load. Because higher 

carbohydrate loss occurs during kraft cooking rather that during oxygen delignification 

and bleaching, the efforts to reduce carbohydrate loss should be focused on the kraft 

cooking process because this sub-unit has the greatest potential for an overall increase in 

process yield. 

 
One well-known way of increasing the carbohydrate yield in the kraft pulping is to 

terminate the kraft cook at a higher cooking kappa number and prolong the 

delignification in the more selective oxygen delignification followed by multistage 

bleaching (Jamieson and Fossum 1976; Leader et al. 1986; Parsad et al. 1994). 

Termination at a high cooking kappa number requires a shift in the defibration point 

towards a high kappa number to avoid an increase in reject content. This is illustrated in 

Figure 5.  

Yield (kappa number)

Reject

 

Figure 5: The challenge in improving the carbohydrate yield is shifting the defibration point 
towards high cooking kappa numbers.  

It is also possible to add yield-preserving additives such as polysulfide, anthraquinone 

and trithiocarbonate (Kleppe and Kringstad 1964; Sanyer and Laundrie 1964; Holton 

1977; Blain and Holton 1983; Jiang et al. 2002; Ragnar and Lindström 2002; Zou et al. 

2002). However, adding yield-preserving additives would be an extra cost for the mills 

and must be included in production costs.  

 
Whereas kraft cooking of softwoods is carried out regularly in commercial mills in a 

kappa number range from 20 up to 110, reflecting different desired qualities, kraft 
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cooking of hardwoods has so far been terminated at as low as a kappa number of 18. A 

higher cooking kappa number has not been economically feasible, as the reject content 

would be too high. On the other hand, the knowledge from softwood kraft pulping that 

the overall yield could be significantly increased using a higher cooking kappa number 

has been of great interest in hardwoods. Hence, the question has been raised as to how to 

find an efficient means of shifting the defibration point of hardwood kraft towards higher 

kappa number. This has also been a focus in other studies of hardwoods in parallel to this 

study concerning improved modified kraft cooking (Näsman et al. 2007) and a 

combination of longer impregnation time with improved modified kraft cooking (Hart et 

al. 2011). Some interesting findings in these studies indicate that an optimum 

carbohydrate yield of eucalypt wood seemed to appear at kappa number 22 (Näsman et 

al. 2007) and that longer impregnation time reduced the reject content (Hart et al. 2011). 

Extended impregnation kraft cooking 
The chosen strategy to reduce the reject content in this thesis has been to combine a 

prolonged impregnation stage with improved modified kraft cooking. Extended 

impregnation kraft cooking (EIC) is a laboratory concept that uses prolonged 

impregnation with improved modified kraft cooking. The EIC concept has shown 

promising results in reducing the reject content of softwood (Karlström 2009), and in this 

thesis, it will be used and evaluated for hardwood. The following sections will first 

describe the importance of using extended impregnation and then offer an historic 

overview of the development of the improved modified continuous kraft cooking. 

Extended impregnation 
The role of impregnation is to secure the penetration of the active cooking chemicals into 

the wood chips. An even distribution of hydrogen sulfide and hydroxide ions from the 

surface to the core of the wood chips is important in achieving homogeneous 

delignification during kraft cooking and, hence, reduced reject content. From the point of 

view of kraft cooking, complete impregnation would be achieved when sufficient alkali 

is present throughout all of the chips, allowing the delignification reactions to take place. 

This means that the alkali profile during the cooking process should not be negatively 
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affected by any shortage of alkali in the core of the wood chips. Some important factors 

that affect impregnation are wood-chip quality and size, steaming pressure, impregnation 

temperature, liquor-to-wood ratio and impregnation time. The thickness of the wood 

chips greatly affects the impregnation time, and logically, thicker chips need more time 

to be impregnated (Hartler and Onisko 1962; Gullichsen et al. 1992). Additionally, a high 

steaming pressure is important for the rapid removal of the air inside the chips and rapid 

penetration of the liquor (Malkov et al. 2003). Extended impregnation focuses on the 

latter three, being the impregnation temperature, the liquor-to-wood ratio and the 

impregnation time. There is no standard way of measuring complete impregnation. The 

reject content at a given kappa number is one way of evaluating the uniformity of 

pulping which will be used in this thesis. 

 
Both penetration and diffusion occur during impregnation. Penetration is rapid with 

respect to diffusion, and in hardwood, penetration occurs mainly through the vessel 

system, whereas diffusion moves ions into the fibre walls. When the wood components 

meet the active ions, chemical reactions and physical dissolution start to take place. All 

of the wood matrix components consume the alkali, including lignin, extractive, pectin, 

hemicellulose and cellulose. In the hemicellulose, deacetylation and neutralisation are a 

large part of the alkali-consuming reactions during impregnation. Peeling reactions also 

take place during impregnation. For birch, close to 50% of the charged alkali is actually 

consumed before 100°C is reached (Aurell 1963). The rate of the alkali-consuming 

reactions is higher at higher temperatures. This is also true for the rate of diffusion but to 

a much lesser extent. The rate of diffusion of the cooking chemicals is thus much slower 

than the rate of the alkali-consuming reactions (Hartler and Onisko 1962). This is 

illustrated in Figure 6, where the reaction rate, k, is set to 1 at 100°C and the relative rate 

change of alkali consuming-reactions and diffusion based on the Arrhenius equation are 

shown versus cooking temperature (see abbreviations and technical terms for the 

equations). 
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Figure 6: Relative changes in reaction and diffusion rate with temperature.  

 
The activation energy used to calculate the relative change in the rates of the alkali-

consuming reactions was set to 150 kJ/mol, as this value can be regarded as 

representative for hardwood (Wedin et al. 2011). The activation energy of the diffusion 

was set to 23.7 kJ/mol (Robertsen and Lönnberg 1991). Lowering the impregnation 

temperature from 130°C to 110°C would decrease the alkali-consuming reaction rate by 

approximately 90%; at the same time, the diffusion rate would only be reduced by 

approximately 30%. In other words, a lower impregnation temperature promotes 

diffusion over the consumption of alkali and increases the number of hydroxide ions 

available to diffuse into the core of the chips. The decreased reaction rate would also 

affect the carbohydrate yield because less carbohydrates are dissolved and degraded. 

Alternatively, the diffusion rate can be improved by using a high liquor-to-wood ratio. A 

higher liquor-to-wood ratio increases the number of active ions at the same hydroxide ion 

concentration. This means that it is possible to achieve a higher concentration of 

hydroxide ions throughout the time of impregnation. To achieve a faster diffusion it is 

beneficial to have a higher concentration of ions. By using lower temperature, the 

tolerance for higher concentration of hydroxide ions is thereby higher and it is possible to 

have a somewhat higher effective alkali in order to promote the diffusion of active 

cooking chemicals in the impregnation. Since the diffusion of cooking chemicals is slow 

it is important with enough time to achieve complete impregnation. 
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Extended impregnation is impregnation at a lower temperature, longer time and higher 

liquor-to-wood ratio (as compared to a “standard” impregnation); this method favors the 

diffusion of the cooking chemicals into the wood chips over the alkali-consuming 

carbohydrate reactions.  

Laboratory studies of impregnation of hardwood 

Hultholm (2004) monitored the EA concentration in birch chips with a thickness of 2–6 

mm, liquor-to-wood ratio of 3–5 and initial EA charge of 10–13% and demonstrated that 

approximately 60 min would be enough time to balance the concentration gradient 

between the surrounding liquor and the wood chips. The method used in this work did 

not reveal any change in impregnation time between birch, pine and spruce, although 

birch initially consumed more alkali than pine and spruce. Hultholm also demonstrated 

that a higher liquor-to-wood ratio of 6–9:1 ensured a high EA concentration at the end of 

the impregnation when an initial hydroxide ion concentration of 0.6 mol/l was used. 

 
Inalbon et al. (2009) demonstrated for Eucalyptus grandis that it would take 15–20 min 

for the alkali to reach the core of a 4.4 mm thick chip and 45–60 min to achieve full 

deacetylation in the same wood chip at a hydroxide ion concentration of 0.5 mol/l and a 

temperature of 110°C. If the temperature was decreased to 100°C, it would take 

approximately 10 min longer for complete deacetylation.  

Improved modified continuous kraft cooking  
Modern kraft pulping of wood is heavily dominated by continuous digesters. Until the 

1980s, conventional continuous kraft cooking was the standard, but in the middle of the 

1980s, the breakthrough of modified continuous kraft cooking occurred, which has since 

been developed further. In this thesis, it is referred to as improved modified kraft 

cooking. The major principles of modified kraft cooking that distinguish it from 

conventional kraft cooking are the split white liquor charge, prolonged delignification by 

using the washing zone for delignification and the use of counter-current cooking at the 

later part of the cook because it was believed at that time that the concentration of 

dissolved lignin and sodium ions in the liquor should be as low as possible, especially in 

the final phase of the kraft cook (Axegård et al. 1978; Nordén and Teder 1979; Teder and 
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Olm 1981; Kubes et al. 1983; Sjöblom et al. 1983; Johansson et al. 1984). The 

introduction of split alkali charge reduces the hydroxide ion concentration at the 

beginning of the cooking process, which reduces the carbohydrate loss and increases the 

hydroxide ion concentration at the end of the kraft cooking process; this in turn enables 

the transformation of the slowly reacting residual-phase lignin to react like the faster 

bulk-phase lignin (Lindgren and Lindström 1996). The implementation of the modified 

kraft cooking principles made it possible to reduce the temperature of both continuous 

kraft cooking and batch cooking systems. The great benefits of modified kraft cooking 

were improved yield and selectivity (drop in limiting viscosity number versus reduction 

in kappa number) (Andbacka and Svanberg 1997). The first continuous cooking 

application on the market that adapted split white liquor charge and counter-current 

cooking was named Modified Continuous Cooking (MCC) and developed by Kamyr. 

Later, similar industrial continuous cooking concepts were established, such as Extended 

Modified Continuous Cooking (EMCC) by Alström, Iso Thermal Cooking (ITC) by 

Kvaerner Pulping and Lo-Solids by (Alström/Andritz). 

 
Modified continuous kraft cooking was later improved by black liquor impregnation, 

where black liquor was withdrawn from a later part of the digester and charged into the 

impregnation phase at the beginning of the cooking process. The idea of using black 

liquor recirculation during continuous cooking was adapted from the batch cooking 

systems (Tikka and Kovasin 1990; Abuhasan et al. 1992). The initial sulfide ion 

concentration thus increased considerably, which led to faster degradation of the initial-, 

bulk- and residual-phase lignin (Teder and Olm 1981; Sjöblom et al. 1983; Lindgren 

1997; Gustavsson et al. 1997). Although high sulfidity is beneficial from a chemical 

delignification point of view, the sulfidity charge is also regulated in practice by 

discharge limits. 

 
Black liquor contains organic matter referred to as dissolved wood components, which 

when present during the impregnation phase have been shown to have a rate-increasing 

effect on bulk-phase delignification (Sjöblom 1996; Gustavsson 2006; Sjödahl et al. 

2007) but a rate-decreasing effect when the final residual delignification phase dominates 

(Sjöblom 1996; Sjödahl et al. 2007). To avoid severe carbohydrate loss, the kraft cook 

should thus be terminated before the even slower residual phase begins to dominate, e.g., 
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by terminating the cook at a higher kappa number. The positive effect on the bulk phase 

has been related to lignin structures having free phenolic groups (Sjödahl et al. 2006).  

At the end of the 1990s, a new application called Compact Cooking (CoC), which used 

black liquor recirculation in a continuous cooking system, was marketed and supplied by 

Kvaerner. CoC was carried out using a significantly simplified digester (compared to that 

used in ITC) consisting of two cooking zones used concurrently and two sieves for black 

liquor extraction. A separate impregnation vessel also became a standard in the CoC 

concept. This made it easier to decrease the temperature during impregnation. The alkali 

charge was split between two positions, as black liquor (adjusted with white liquor to the 

right concentration) to the impregnation vessel and as white liquor to the first cooking 

zone of the digester. After the first cooking zone, the black liquor was extracted and 

transferred to the impregnation. The recirculation of the black liquor made it possible to 

lower the cooking temperature (without increasing the size of the digester) because it 

allowed for a higher hydroxide ion concentration through the entire cooking process, 

which resulted in an increased delignification rate and decreased amount of residual-

phase lignin (Lindgren and Lindström 1996). The implementation of black-liquor 

recirculation allowed for a decrease in temperature of approximately 10°C for softwood 

and 5°C for hardwood, which improved the yield and selectivity relative to ITC cooking. 

Another improvement in the CoC was the utilisation of a higher liquor-to-wood ratio 

during impregnation. This removed one of the most harmful alkali peaks for 

hemicellulose dissolution and degradation during kraft cooking. 

 
The advantages of improved modified continuous kraft cooking (i.e., compared to 

modified kraft cooking) can be summarised as follows:  

- Higher hydroxide ion concentration and an improved levelled-out alkali profile 

throughout the entire cooking process 

- Re-circulation of black liquor to impregnation to 

o increase digester alkali residuals 

o increase hydrogen sulfide concentration 

- Higher liquor-to-wood ratio during impregnation (separate impregnation vessel) 

- Lower cooking temperature 
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The most recent cooking development concerns the extension of the impregnation 

process. A longer impregnation process at lower temperature improves the uniformity of 

the pulp and reduces the reject content of softwood (Karlström 2009). The CoC concept 

has adapted prolonged impregnation; it is marketed as Compact Cooking Generation 2 

and supplied by Metso (CoC-G2). However, very few studies have been reported on the 

effect of the extended impregnation of hardwood. This initiated the work presented in 

this thesis on the EIC cooking of eucalypt and birch. 

Limitations in oxygen delignification 
Other aspects considered in this thesis are the limitations in oxygen delignification below 

a kappa number of 10. Industrial oxygen delignification is rarely carried out at a kappa 

number below 10 and almost never below 8. Many researchers have attempted to reach 

even lower kappa numbers than 10 and to understand the mechanisms behind the 

limitations in oxygen delignification. The reduced efficiency of oxygen delignification 

has been ascribed to: 

 
- Lignin structures (Gellerstedt et al. 1986; Johansson et al. 1997; Chirat and 

Lachenal 1998; Moe and Ragauskas 1999; Chakar et al. 2000; Akim et al. 2001). 

- Lignin bound via carbohydrates (LCC) (Gierer and Wännström 1984; Gierer 

and Wännström 1986; Chen et al. 1996; Tamminen and Hortling 2001; 

Antonsson et al. 2003; Fu and Lucia 2003; Lawoko et al. 2003; Backa et al. 

2004). 

 
Oxygen delignification reacts with free phenolic lignin groups, and the lack of these 

phenolic lignin structures has been offered as one explanation for the limitations in 

oxygen delignification at kappa numbers below 10. However, to date, no one has verified 

that this is an important factor. Studies on the residual lignin in oxygen-delignified pulps 

at a kappa number of approximately 10 have actually shown the presence of free 

phenolic lignin structures, although at a slightly smaller amount than that before oxygen 

delignification (Johansson et al. 1997; Chirat and Lachenal 1998; Fu et al. 2003; Rööst et 

al. 2003). This indicates that the lack of lignin structures does not limit oxygen 

delignification. Another explanation that has been proposed is the accumulation of 
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unreactive or slowly reacting crosslinked (condensed) phenolic lignin structures such as 

5-5’ biphenyl lignin and considerably less-reactive phenolic p-hydroxyphenyl structures 

during oxygen delignification, see Figure 7 (Chakar et al. 2000; Akim et al. 2001; 

Argyropoulos 2002; Fu et al. 2003). It has also been observed that the lignin before 

oxygen delignification and that after do not differ greatly, which may indicate that it is 

not the structure itself that limits oxygen delignification (Johansson et al. 1997; Moe and 

Ragauskas 1999). Moreover, the residual lignin size after oxygen delignification has 

been shown to be smaller, which indicates that lignin size does not limit oxygen 

delignification (Chirat and Lachenal 1998).  

 

HO

OHH3CO

OCH3

OH
 

Figure 7: A 5-5’ biphenyl lignin structure to the left and a p-hydroxyphenyl lignin structure to 
the right. 

 
The fact that LCC exists in kraft pulp is today beyond doubt, but how much lignin is 

bound via carbohydrates is still a matter of discussion. Lawoko et al. (2003) have shown 

that all lignin is bound via carbohydrates in wood. LCC has also been shown to be 

formed during kraft pulping (Gierer and Wännström 1984; Gierer and Wännström 1986). 

An investigation by Antonsson et al. (2003) indicated that regardless of the pulping 

conditions (sulfite, kraft, prehydrolysis kraft) of oxygen-delignified pulp, the “lignin” 

kappa (i.e., kappa number corrected for the contribution of oxidising carbohydrates) was 

similar, which is an indication that LCC limits oxygen delignification. In an LCC theory 

paper presented by Backa et al. (2004), the limitations of oxygen delignification below a 

kappa number of 10 is explained by the presence of lignin almost solely as “monolignol” 

(one lignin monomer) bound via carbohydrates after oxygen delignification. Although 

this monolignol is of the free-phenolic type, this monolignol is blocked to be removed 

because it is bound via carbohydrates. The only possible way would be through the 

peeling reaction of the carbohydrate and the simultaneous peeling off of the monolignol 

residue (see Figure 8). Hydroxyl radicals would be helpful for delignification because 
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they can cleave the carbohydrate chains and create new end sites for peeling reactions to 

take place. However, although lignin could be removed in this way, the process would be 

very unselective with respect to carbohydrate loss and cellulose depolymerisation. This 

theory would also explain why oxygen delignification works well at kappa numbers 

above 10 because the lignin would be present as “oligolignin” (few monomer units 

linked) after the kraft cooking process and oxygen would depolymerise oligolignin to 

monolignol through the standard oxygen and phenolate ion reaction mechanism.  

 
Combining the proposed theories above would imply that the monolignol bound via 

carbohydrates units could be partly of the phenolic type, while the slow-reactive 

crosslinked lignin could be bound as oligolignin via carbohydrates. 

 
Figure 8: The free phenolic oligolignin structure in unbleached kraft pulp (I) can react according 
to the well-known route of phenolate reaction with oxygen (magnified in structure II). When a 
phenolate reaction occurs close to the lignin–carbohydrate bond, no depolymerisation of the 
lignin takes place. Instead the secondarily formed hydroxyl radical (OH•) is formed close to the 
carbohydrate chain and this probably leads to a scission of the carbohydrate chain (II) causing a 
significant viscosity drop with the formation of new end-groups available for endwise peeling 
(III) leading to “peeling delignification”.  

I II III 
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Aim of the thesis work 
The focus of this thesis is to elucidate how an improved impregnation process in the kraft 

pulping of hardwood could be implemented in a mill in a way that maintains an 

improved yield without negatively affecting the system closure, meaning the kappa 

number after oxygen delignification. The study has been performed on birch and 

eucalypt. Extended impregnation kraft cooking (EIC) was used as a means of terminating 

the kraft cooking process at a higher kappa number than what is typical, without 

increasing the reject content. The high-kappa hardwood kraft pulp thus obtained was 

further studied with respect to oxygen delignification, where an increased delignification 

degree is considered necessary for the studied concept to be mill-applicable (Figure 9). 

This way, the degree of system closure could be maintained. Additionally, the bleaching 

chemical requirement of oxygen-delignified pulps was studied to investigate any effects 

of the new concept on bleaching.  

 
Figure 9: Extension of oxygen delignification in combination with high cooking kappa number. 
 
The aim was also to investigate the effect of eucalypt xylan content on the oxygen 

delignification efficiency. Finally, the hypothesis regarding whether slower oxygen 

delignification at a kappa number below 10 could be the result of the formation of 

oxidisable carbohydrate-related structures (HexA and/or other non-lignin structures) 

during the oxygen delignification was tested (Figure 10).  
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Figure 10: Hypothetical illustration of the formation of carbohydrate-related structures during 
oxygen delignification, which may hide the real delignification process. 
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Experimental 

Materials 

Mill wood chips (Paper I–V) 

The EIC cooking trials were performed using mill wood chips of eucalypt (Eucalyptus 

urograndis) and birch (a mixture of Betula pendula and Betula pubescens) with an 

accepted thickness of 2–8 mm. The chemical composition is shown in Table 3. In Paper 

IV and V, mill wood chips of Eucalyptus urograndis respectively spruce and birch were 

used (not the same as in Paper I–III). 

 
Table 3: Chemical composition of Eucalyptus urograndis and a mixture of Betula pendula and 
Betula pubescens wood chips (Paper I–III). Hemicellulose is the sum of the methylated 
anhydrous monosaccharides.  

Chemical composition  
(% of wood) 

Eucalypt 
wood 

Birch  
wood 

Lignin 26.7 20.1 
Cellulose 46.7 37.0 
Hemicellulose 23.5 33.5 
Glucose (acid hydrolysis) 52.9 42.9 
Methylated anhydrous monosaccharide 
Glc 6.0 6.2 
Xyl 11.7 20.8 
Rha 0.3 0.4 
Ara < 0.1 0.3 
Man 0.9 1.3 
Gal 1.1 1.0 
4-O-MeGlcA 1.2 1.4 
GalA 1.8 1.9 
GlcA 0.5 0.3 

Mill pulps (Paper IV, V) 

Mill pulps of cotton linter, bleached hardwood kraft (birch and traces of aspen and alder) 

and bleached softwood kraft (spruce and pine) were all used in Paper V. In Paper IV, a 

Eucalyptus urograndis mill-kraft pulp was used for the xylanase treatment. 

Holocellulose pulp (Paper V) 

Ground wood chips of spruce and birch were treated several times with a 0.1 mol/l 

sodium chlorite solution at a pH of 4.7 and at a temperature of 70°C for approximately 

24 h each time until the Klason lignin content reached approximately zero. 
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Methods 

EIC and CK cooking (Paper I–III) 

The EIC and CK cooking trials were pulped in a 15.4 l forced circulation digester. The 

wood chips were pre-steamed for 5 min at 110°C at a steam pressure of 1 bar (g). The H-

factor was varied by selecting different temperatures to achieve different kappa numbers. 

Additionally, the alkali charge was adjusted to reach approximately the same residual 

alkali after cooking. The cooking time was held constant because the size of mill 

digesters is invariable. Because the residual alkali is known to affect the performance of 

oxygen delignification and the bleaching chemical requirement, it was important to reach 

approximately the same residual alkali value for all the EIC and CK-cooked pulps. The 

residual alkali value was determined according to SCAN N 33:94. 

 
EIC cooking 
The choice of the impregnation conditions used in this study was based on different 

factors. It was of primary importance to lower the impregnation temperature within an 

acceptable impregnation time. An impregnation temperature and time of 110°C and 90 

min were therefore chosen. A time of 90 min was mainly based on the literature data 

described previously in the introduction (Hultholm 2004; Inalbon et al. 2009). The fact 

that the wood chips were up to 8 mm thick in the present study indicated that 60 min 

would not be enough time; thus, a longer time of 90 min seemed reasonable at a similar 

EA concentration. A liquor-to-wood ratio of 7:1 l/kg was chosen to ensure a high EA at 

the end of the impregnation when 90 min was used. This ratio is considered as high as 

that used during mill impregnation, where 5:1 l/kg and, in some cases, 6:1 l/kg are more 

common. The intention was not to be limited by what is possible today in a mill-based 

continuous cooking system. Impregnation during the EIC cooking processes was 

performed using black liquor for 90 min, an EA (as NaOH) of 13.0–14.5%, a sulfidity of 

55%, a temperature of 110°C and a liquor-to-wood-ratio of 7:1 l/kg. The liquor-to-wood 

ratio was then decreased to 4:1 l/kg, and the temperature was raised to a cooking 

temperature of 135–144°C for 4 h. After 2 h of cooking, the liquor-to-wood ratio was 

decreased to 3.5:1 l/kg. The white liquor charge was split between the impregnation and 

the beginning of the first cooking zone and the sulfidity was adjusted to 40% in the first 

cooking zone. 
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CK cooking 
The conventional kraft cooking concept was used as reference. As always, the choice of 

reference is important, and there is no self-evident reference. By choosing a standard lab-

cooked kraft pulp as a reference, a simplified system without an impregnation stage and 

alkali profiling with which many mills and researchers are familiar is achieved. To 

simulate a conventional kraft pulp in the lab with a reject content and a defibration point 

similar to those observed under mill conditions, the temperature was ramped as quickly 

as possible, a temperature near 160°C was used, and shorter cooking times of 70 min for 

eucalypt and 80 min for birch were applied in the present study. The conventional kraft 

cook was performed in a laboratory circulation digester using a liquor-to-wood ratio of 

4:1 l/kg, an EA of 17% (as NaOH) for eucalypt and 18% for birch, a sulfidity of 40% and 

different temperatures to reach different kappa numbers and similar residual alkali 

values.  

 

Oxygen delignification (Paper IV) 

The oxygen delignification trials were performed in rotating stainless steel autoclaves 

internally coated with Teflon. The pulp consistency was 12% for all of the trials apart 

from those performed in the study of xylanase-treated pulp and fully bleached pulps in 

Paper IV and V, where 10% was used. The conditions reported in Paper I-III were 

optimised for each pulp sample; they are shown in Table 4.  

 

Table 4: Oxygen delignification conditions. 

 Unbleached 
kappa no. 
 

Temperature
(°C) 

Time
(min) 

NaOH 
(kg/BDt)

Oxygen 
pressure 
(bar (g)) 

CK17.9 95 90 17 10 
EIC18.6 97 90 17 10 

Eucalypt EIC27.5 105 120 35 10 
EIC27.5 97 120 34 10 

  EIC27.5 98 90 20 10 
CK17.4 95 90 18 8 
CK21.4 100 90 26 8 

Birch EIC17.8 100 90 18 8 
EIC21.9 100 90 26 8 
EIC27.0 98 120 30 8 
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The final pH of the spent liquor was determined at 25°C, and the target pH was 

approximately 11.0–11.5. The oxygen delignification reported in Paper IV and V was 

performed at a temperature of approximately 105°C (i.e., 108–110°C in the bath) for 90 

min using an oxygen pressure of 5 bar (g). Magnesium sulfate was not added in the lab to 

obtain a more pure system.  

Bleaching (Paper I–III) 

The bleaching of birch pulps was carried out in a D(OP)DP sequence, whereas the 

bleaching of eucalypt was carried out in a D*(OP)D sequence in the laboratory. The 

bleaching conditions in this study were typical mill bleaching conditions. The chlorine 

dioxide dosages in the initial D or D* stages were based on kappa factors of 0.76 and 

0.57, respectively. The hydrogen peroxide charge in the (OP) and P-stages were fixed, 

and the chlorine dioxide charge in the second D stage was varied to give three sample 

points, which was sufficient to obtain a curve to interpolate the bleaching chemical 

requirement and thus achieve a target ISO brightness of 90% after bleaching. 

Prehydrolysis kraft cooking (Paper IV) 

The prehydrolysis of the kraft pulps was carried out in stainless rotating steel autoclaves. 

The prehydrolysis treatment was performed using a concentration of 0.02 mol/l H2SO4 

(0.8% of wood), a temperature of 120°C, a liquor-to-wood ratio of 4:1 l/kg and a 

prehydrolysis time of 60–200 min. Kraft cooking of the prehydrolysed pulps was then 

performed at 18% or 31% EA (as NaOH) at a cooking time of 4 h, a liquor-to-wood ratio 

of 4:1 l/kg and using a temperature of 150°C for the 18% EA cooking process and 142°C 

for the 31% EA cooking process.  

Xylanase treatment (Paper IV) 

The xylanase (Pulpzyme HC, Novozymes) treatment was performed at 4% consistency at 

60°C for 2 h and pH 7 using a dosage of 0.1–100 XU (xylanase unit) per oven-dried 

gram of pulp. The enzymatic activity of the pulp was deactivated at 90°C after the 

xylanase treatment. 
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Isolated xylan (Paper III) 

About one-third of the xylan in the pulp was isolated by using two consecutive 

treatments with dimethyl sulfoxide under a nitrogen atmosphere at 60°C for 12 h. The pH 

of the filtrate was decreased to pH 3 using formic acid. The xylan was collected after 

centrifugation, washed with methanol and vacuum-dried in a desiccator.  

 

Analytical methods 

Reject and yield 

The reject content was determined by combining the shives from a course screen with 

1.5-mm perforations and a fine flat screening device with 0.15-mm slots. The yield of the 

reject-free pulp was gravimetrically determined. The yield after oxygen delignification 

was estimated based on the COD values from the filtrate (i.e., 17 kg COD corresponds to 

approximately one percentage point in yield loss). In this way, less pulp was needed. The 

yield after oxygen delignification and bleaching was gravimetrically determined by 

starting with 30 g of pulp and then oxygen-delignifying and bleaching the pulp to an 

interpolated ISO brightness of 90.5% for the eucalypt pulps and 90.0% for the birch 

pulps.  

Kappa number 

The kappa number measures the permanganate-consuming structures in a pulp, i.e., 

oxidisable structures such as lignin, HexA and other unknown carbohydrate-related 

structures here referred to as other non-lignin structures. The kappa number was 

determined according to ISO 302:2004, and the lignin part of the kappa number was 

determined by using an oxymercuration-demercuration method before the kappa number 

analysis (Li and Gellerstedt 2002). The contribution of the HexA content to the kappa 

number was calculated using the correlation that holds that 1 kappa number unit 

corresponds to 11.6 μmol HexA per gram of oven-dried pulp (Li and Gellerstedt 2002). 
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Chemical composition of wood and pulp 

The cellulose content in wood was obtained from the glucose content after acid 

hydrolysis according to SCAN-CM 71:09 using cotton linter as an external standard. The 

hemicellulose content was calculated as the sum of the neutral and acid sugar units after 

methanolysis (Willför et al. 2005; Willför et al. 2009). The neutral sugar composition of 

the pulps was determined after acid hydrolysis according to SCAN-CM 71:09. The 

Klason lignin could be filtered from the acid-hydrolysis product and was gravimetrically 

determined. In Paper I and II, 300–600 mg of EIC and CK pulp were used. In Paper V, 

300–500 mg of unbleached pulp and 1 g of oxygen-delignified pulp were used. The 

quantity of HexA in the pulps was determined by mercury acetate hydrolysis (Gellerstedt 

and Li 1996). A mercury acetate solution was charged into the pulp, and after 1 h of 

reaction, the HexA in the hydrolysate was quantified using an HPLC equipped with a 

pulsed amperometric detector (PAD). This method has been evaluated using two other 

HexA methods and with good correlation (Tenkanen et al. 1999). The MeGlcA in the 

pulp was determined by two methods: the methanolysis KTH method using gas 

chromatography and a Sigma-Aldrich birch xylan as an external reference (Li et al. 

2007), and by enzymatic hydrolysis, using subsequent capillary zone electrophoresis 

(CZE) (Dahlman et al. 2000). The latter was also used to determine the HexA and neutral 

sugar content in the pulp. The DS of HexA and MeGlcA in the isolated xylan was 

analysed by quantitative 1H-NMR in deuterium oxide using a temperature of 80°C 

(Teleman et al. 2000; Evtuguin et al. 2003). 

Size exclusion chromatography 

Size exclusion chromatography (SEC) was used to separate the macromolecules in a 

solution according to their hydrodynamic radius. The pulp samples were dissolved in a 

lithium chloride/N,N-dimethylacetamide solution and analysed on Plgel Mixed A 

columns using an HPLC system equipped with a refractive index detector. Pullulan 

standards were used for calibration. 

Accelerated yellowing 

Heat-induced dried yellowing was achieved after 3 h at 105°C. The brightness reversion 

was reported in normalised ISO brightness reversion units at an ISO brightness of 90% 
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(Ragnar 2007). The loss in brightness units in Paper V was reported as the Post Colour 

(PC) number. The PC number is calculated from the Kubelka-Munk equation according 

to the equations below (Giertz 1945). 
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k is the light-absorption coefficient 

s is the light-scattering coefficient  

R∞ is the measured ISO brightness (i.e., the reflectance of an opaque pile of sheets at 457 

nm) 

Physical strength properties 

The physical tensile testing properties; tensile index and tensile stiffness index, were 

determined according to ISO 1924-2:2008. A stress-strain curve was achieved and the 

tensile index is the maximum stress to rapture dived by the sheet grammage whereas the 

tensile stiffness index is the Young’s modulus i.e. the slope in the elastic part of the curve 

dived by the grammage. 
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Experimental errors 
The reported uncertainty in the applied standardised methods and the uncertainty in the 

non-standardised methods used in this thesis are shown below. The coefficient of 

variation is equal to 100 × standard deviation/mean value.  

      

Standard methods Coefficient of variation 

Limiting viscosity number (ISO 5351:2004) 1.7–2.1% 

Residual EA (OH-) (SCAN N 33:1994) 4.8% 

Tensile testing (1924-2:2008) 3.8% (2.9–11.5 kN/m) 

ISO brightness (ISO 2470:1999) 0.4% 

Neutral monosugar (SCAN-CM 71:09) 6% (Glu), 9% (Xyl), 24% (Man), 
83% (Gal), 115% (Ara) 

Kappa number (ISO 302:2004) 1.3–1.9% (kappa no. 10–40), 
5.4% (kappa no. 4) 

 

 

Non-standardised methods Coefficient of variation 

Klason lignin 1–7% (unbleached pulp, Paper I, II) 

 1–20% (unbleached pulp, Paper IV) 

 3–45% (oxygen delignified, Paper IV) 

Mercury acetate hydrolysis - HexA 0.2–5.0% (μmol/g, Paper I–IV) 

 2–20% (kappa no., Paper V) 

Methanolysis KTH method - MeGlcA 7–13% (μmol/g, unbleached pulp) 

 2–7% (μmol/g, bleached pulp) 

Enzymatic hydrolysis with CZE  

     - Xylan 2–5% (wt% of pulp), (2.2% Dahlman et al. 2000, 
bleached) 

     - HexA 5–9% (μmol/g or wt% of pulp), (3.5% Dahlman et al. 
2000, bleached) 

     - MeGlcA 9–70% (μmol/g or wt% of pulp), (7.5% Dahlman et 
al. 2000, bleached) 

Methanolysis of wood 5% (Xyl), 7% (Gal), 6% (Glu), 6% (Ara), 8% (Man), 
5% (Rha), 18% (GlcA), 5% (GalA), 5% (4-O-
MeGlcA)  (Willför et al. 2005) 

Bleaching yield 0.3–1.3% (wt% of pulp) 

Accelerated yellowing  0.4% (ISO brightness) 
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Results and discussion 

Extended  impregnation kraft  cooking  (EIC) of eucalypt and birch 
(Paper I–III) 
The purpose of this investigation was primarily to investigate the potential of increasing 

the overall yield of birch (mixture of Betula pendula and Betula pubescens) and eucalypt 

(Eucalyptus urograndis) by using extended impregnation kraft cooking (EIC). The 

approach used to achieve a higher overall yield was to terminate the EIC cooking process 

at a high kappa number, followed by extended oxygen delignification and bleaching. 

Termination at a high cooking kappa number is feasible only if the EIC cooking process 

manages to reduce the reject content. The possibility of extending the oxygen 

delignification of high-kappa-number pulps and the impact of EIC cooking on pulp 

properties and the bleaching chemical requirement was also studied.  

 
The description of this work is divided into eight different sections: 

o Reject content 

o Carbohydrate yield 

o Extended oxygen delignification 

o Overall yield 

o Cellulose depolymerisation  

o Uronic acid groups 

o Bleaching chemical requirement and yellowing tendency 

o Physical strength properties (only birch) 
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Table 5 shows the cooking conditions, residual alkali levels and obtained kappa numbers 

of the eucalypt and birch EIC cooks and conventional kraft (CK) cooks. 

 
Table 5: Cooking conditions in extended impregnation kraft cooking (EIC) and conventional 
kraft (CK) cooking of eucalypt (Eucalyptus urograndis) and birch (a mixture of Betula pendula 
and Betula pubescens). 

Cook Wood Cooking Temp. EA (as NaOH) Residual EA Kappa number 
    (ºC) (%) (g/l) 

imp/zone1/zone2 imp/zone1/zone2
144 13.5/10.3/- 5.8/9.5/6.1 16.2 
140 13.5/10.3/- 6.2/11.1/7.3 18.6 
139 13.5/9.8/- 5.9/9.7/6.4 20.7 

Eucalypt 137 13.5/9.5/- 6.5/10.8/7.3 22.9 
136 13.5/9.0/- 6.6/12.8/9.0 24.7 

EIC 136 13.5/8.0/- 7.2/11.8/8.1 27.5 
135 13.5/7.5/- 6.6/10.2/6.9 33.7 
141 14.5/9.0/- 5.5/11.5/8.0 17.8 

140.5 13.0/9.0/- 4.0/11.0/7.7 21.9 
Birch 137 13.5/9.0/- 5.7/13.8/10.6 25.4 

137 13.5/9.0/- 4.4/11.6/8.4 27.0 
  135 13.5/9.0/- 5.4/13.2/10.0 34.3 

161 17.0 7.5 16.8 
Eucalypt 160 17.0 7.2 17.9 

CK 158 17.0 8.2 19.4 
158 18.0 5.3 17.4 

Birch 155 18.0 6.7 21.4 
  151 18.0 8.0 28.0 

 

Reject content 

Figure 11 and Figure 12 show the reject content versus the kappa number for the EIC and 

CK pulps of eucalypt and birch. It can be observed that EIC cooking succeeded in 

reducing the reject content at a given kappa number for both eucalypt and birch and 

hence shifted the defibration point towards a higher kappa number. Moreover, the 

defibration point, expressed as a 1% reject content of wood, for the EIC cooking of 

eucalypt appeared at a kappa number of approximately 34; for birch, the defibration point 

was reached at a kappa number of approximately 28, i.e., at a substantially higher kappa 

number than that obtained using conventional kraft cooking, for which the defibration 
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point appeared at a kappa number of approximately 18 and 21 for eucalypt and birch, 

respectively.  
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Figure 11: Reject content versus kappa number of extended impregnation kraft (EIC)-cooked 
and conventional kraft (CK)-cooked pulps of Eucalyptus urograndis. 
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Figure 12: Reject content versus kappa number of extended impregnation kraft (EIC)-cooked 
and conventional kraft (CK)-cooked pulps of birch (Betula pendula and Betula pubescens). 
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Carbohydrate yield 

In Figure 13, the carbohydrate yields of the EIC pulps at different degrees of 

delignification are shown. 
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Figure 13: Carbohydrate yield (lignin and reject-free yield) versus kappa numbers of unbleached 
extended impregnation kraft (EIC)-cooked pulps of eucalypt (Eucalyptus urograndis) and birch 
(Betula pendula and Betula pubescens). 

 
As observed, in the case of eucalypt, the carbohydrate yield increased over the entire 

kappa number range investigated, whereas in the case of birch, the yield increased only 

marginally over the kappa number range of 17–27 and dropped above a kappa number of 

27. Table 6 shows the cellulose and xylan content in eucalypt and birch wood and in the 

EIC eucalypt and birch pulps at kappa numbers of approximately 34, 27 and 18. At a 

kappa number of 34, the carbohydrate yield for the eucalypt pulp was 3.6 percentage 

points higher than that at a kappa number of 18. Approximately 60% of the yield gain of 

eucalypt (i.e., kappa number ~34 versus ~18) was attributed to cellulose, whereas the 

other 40% was attributed to hemicellulose, mainly xylan. This is in agreement with the 

findings by Näsman et al. (2007), who also reported that cellulose is the main contributor 

to the yield gain of eucalypt at high cooking kappa numbers in the range of 17–31. They 

reported that as much as 70% of the yield gain was attributed to cellulose. In the present 

study, a drop in carbohydrate yield, such as that shown for birch above a kappa number 

of 27, could be expected, even for eucalypt slightly above a kappa number of 34 because 
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the reject content substantially increases above 34 and the removed reject content 

contains carbohydrates that otherwise would have contributed to the yield.  

 
Table 6: Amount of cellulose and xylan in wood and pulp at various kappa numbers in extended 
impregnation kraft cooked (EIC) pulps of eucalypt (Eucalyptus urograndis) and birch (Betula 
pendula and Betula pubescens). 

 Wood 
(% of wood)  

Pulp  
kappa no. ~34

(% of wood) 

 Pulp  
kappa no. ~27

(% of wood) 
 

Pulp  
kappa no. ~18

(% of wood) 
 cellul. hemi.  cellul. hemi.  cellul. hemi.  cellul. hemi. 
Eucalypt 46.7 23.5  45.9 10.7  45.0 10.3  43.7 9.3 
Birch 37.0 33.5  35.4 13.3  37.6 15.0  37.7 14.4 

 
The small increase in the yield of the EIC-cooked birch in the kappa number range of 

17–27 was only 0.5 percentage point i.e., an insignificant increase. Moreover, as shown 

in Table 6, the retention of cellulose in the kraft-cooked birch was unexpectedly at its 

highest value at kappa numbers of 27 and 18. This indicates that almost no cellulose was 

degraded in the birch cooks. Hence, terminating the EIC cooking of birch at a high kappa 

number has little potential to retain more cellulose. Note that the low carbohydrate 

retention in birch at a kappa number of 34 is an effect of the high reject content because 

carbohydrates are removed when the reject is separated from the pulp. On the other hand, 

eucalypt still had the potential to retain more cellulose, as the cellulose yield in the pulp 

at a kappa number of 34 was 45.9% and that in the wood was 46.7%. 

 
Most of the carbohydrate loss in the kraft-cooked pulps was attributed to hemicellulose 

(i.e., mainly xylan) for both eucalypt and birch. Eucalypt and birch lost approximately 

55–60% of their initially present hemicellulose in the kappa number range of 18–34 

(Table 6). Because the hemicellulose content in the birch wood was higher than that in 

the eucalypt wood, the total hemicellulose yield loss was higher for birch than eucalypt. 

The termination of kraft cooking at a high kappa number using these specific EIC 

cooking conditions seemed to be a good approach to retain carbohydrates for eucalypt 

but not for birch. The question was raised as to why more of the birch xylan was not 

retained at a high cooking kappa number. A number of previous studies have 

demonstrated that birch xylan is vulnerable to dissolution/degradation early during 

cooking (Axelsson et al. 1962; Aurell 1963; Danielsson and Lindström 2005; Pinto et al. 
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2005). Thus, it is possible that the birch xylan was greatly dissolved during impregnation 

and at the beginning of the cooking process. Because EIC cooking is a lab concept using 

high liquor-to-wood ratio of 7:1 during impregnation and a lower liquor-to-wood ratio of 

4:1 in the first cooking zone, slightly more than half of the liquor volume had to be 

withdrawn after the impregnation to reach the desired liquor-to-wood ratio in the first 

cooking zone. The withdrawn volume was then added to the impregnation step in the 

following cooking trial. The idea was to imitate the recirculation of the spent 

impregnation liquor in a modern mill system from the end of the impregnation vessel to 

the beginning. This procedure seemed to have prohibited the dissolved birch xylan from 

precipitating later during the cooking process. The higher tendency of birch xylan versus 

that of eucalypt xylan to dissolve has been related to the lower molecular weight of birch 

xylan and the less branched structure of birch xylan due to the lack of linkages between 

the MeGlcA group and other sugars residues, e.g., glucosyl and galactosyl (Pinto et al. 

2005).  

 
Figure 14 and Figure 15 show the carbohydrate yield of EIC cooking with respect to that 

of conventional kraft cooking.  
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Figure 14: Carbohydrate yield (lignin and reject-free yield) versus kappa number of unbleached 
extended impregnation kraft (EIC)-cooked and conventional kraft (CK)-cooked pulps of 
Eucalyptus urograndis. 
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Figure 15: Carbohydrate yield (lignin and reject-free yield) versus kappa number of unbleached 
extended impregnation kraft (EIC)-cooked and conventional kraft (CK)-cooked pulps of birch 
(Betula pendula and Betula pubescens). 

 
Clearly, when compared to conventional kraft cooking, EIC cooking improved the 
carbohydrate yield at a given kappa number for eucalypt but not for birch. 

Extended oxygen delignification 

Some selected birch and eucalypt pulps from the EIC and conventional kraft cooking 

trials were oxygen-delignified in the laboratory to reach a kappa number of 10. In 

addition, the high-kappa EIC pulps of eucalypt were oxygen-delignified to reach kappa 

numbers of 12 and 14 (see conditions in Table 4 in the experimental section).  

 

Table 7 shows the pulp properties after oxygen delignification. Extended oxygen 

delignification from a cooking kappa number of approximately 27 to 10 was possible for 

both eucalypt and birch without excessively reducing the limiting viscosity number 

because it was still high at 1030 ml/g for birch and at an acceptable number of 900 ml/g 

for eucalypt. The extension was achieved mainly by using a retention time that was 30 

min longer, a temperature that was 3–10°C higher and 12–18 kg more sodium hydroxide 

per tonne of pulp than that used in the oxygen delignification of kraft-cooked pulps with 

kappa numbers of 17–18. Furthermore, the EIC-cooked pulps exhibited higher brightness 

after oxygen delignification than the conventional kraft-cooked pulps did at a given 



 

 

36 

 

cooking kappa number. This may have an impact on the bleaching chemical requirement, 

which will be discussed later in this thesis. 

 
Table 7: Oxygen delignification properties of conventional kraft cooking (CK) and extended 
impregnation kraft cooking (EIC) of eucalypt (Eucalyptus urograndis) and birch (Betula pendula 
and Betula pubescens). 

 
Unbleached 

kappa number 
Kappa number

O delig. 
Lim. viscosity no.

(ml/g) 
ISO brightness 

(%) 
CK17.9 9.9 1010 64.1 
EIC18.6 10.7 1140 66.5 

Eucalypt EIC27.5 10.3 900 71.2 
EIC27.5 11.8 960 n.a. 
EIC27.5 14.0 1200 n.a. 
CK17.4 9.7 970 55.9 
CK21.4 9.9 940 58.2 

Birch EIC17.8 9.6 1070 63.0 
EIC21.9 9.2 1030 63.7 
EIC27.0 10.1 1030 60.4 

 

Overall yield 

The reject-free yields of unbleached, oxygen-delignified and fully D*(OP)D-bleached 

eucalypt pulps at an ISO brightness of 90.5% are shown in Figure 16. The overall yield is 

thus the reject-free yield after bleaching, here illustrated at a kappa number of zero. Note 

that the exact kappa number after full bleaching is often 1–3 and was not analysed 

because the focus primarily in bleaching is brightness increase and not kappa number 

reduction.  

EIC cooking versus conventional kraft cooking of eucalypt at a kappa number of ca. 18 

resulted in an overall yield that was one percentage point higher. The EIC pulp at a 

higher kappa number of 27.5 displayed a substantially higher overall yield: 2.5 

percentage points higher compared to the conventional kraft pulp at a kappa number 18. 

This implies that part of the carbohydrate yield gain after cooking was maintained after 

oxygen delignification and bleaching. Note that the yield gain of 1.5 percentage points 

achieved by terminating the EIC cook at a high cooking kappa number was also the 

result of using a kappa number of 12 into bleaching instead of extending the oxygen 

delignification to a kappa number of 10. However, as will be discussed later in the 
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bleaching section, the higher kappa number used into bleaching increased the bleaching 

chemical requirement. Extending the oxygen delignification of eucalypt to reach a kappa 

number of 10 would most likely lower the overall yield somewhat, and perhaps the 

overall yield gain could be lost. 
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Figure 16: The reject-free yield (screened yield) of extended impregnation kraft (EIC)-cooked 
and conventional kraft (CK)-cooked pulps of Eucalyptus urograndis after cooking, oxygen 
delignification and bleaching (ISO brightness of 90.5%).  

 
The reject-free yields of unbleached, oxygen-delignified and fully D(OP)DP-bleached 

birch pulps at an ISO brightness of 90% are shown in Figure 17. 

 
As discussed earlier, when compared to conventional kraft cooking of birch, EIC cooking 

was not able to improve the carbohydrate yield of the unbleached pulps, and as expected, 

it did not result in a higher overall yield (Figure 17). The overall yields of the EIC pulps 

were slightly lower than those of the conventional kraft pulps, i.e., compared with 

CK21.4. Moreover, the overall yield of the CK17.4 pulp after bleaching (52.2% on 

wood) seemed unrealistically high because the reject-free yield after oxygen 

delignification was approximately 52% of wood. This was most likely due to the 

uncertainty in the yield determination. It would be expected that the overall yield of the 

CK17.4 pulp would be similar to that of the CK21.4 pulp, approximately 51%, only 

slightly higher than the yields of the EIC pulps, 50.7–50.9%. 
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Figure 17: The reject-free yield (screened yield) of extended impregnation kraft (EIC)-cooked 
and conventional kraft (CK)-cooked pulps of birch (Betula pendula and Betula pubescens) after 
cook, oxygen delignification and bleaching (ISO brightness of 90.5%).  

 

Cellulose depolymerisation  

The influence of EIC cooking on the cellulose depolymerisation of eucalypt and birch 

pulps was evaluated in terms of the limiting viscosity number. However, the limiting 

viscosity number is affected by the hemicellulose and lignin content in the pulp. It was 

observed that the viscosity number for the EIC eucalypt pulps resulted in a very low 

number of 1000 ml/g at a kappa number of 34, and the number increased to 1500 ml/g at 

a kappa number of 18. Accordingly, for the eucalypt EIC pulps, it was necessary to pre-

treat the pulps with a mild chlorine dioxide treatment before the limiting viscosity 

measurement, as the amount of lignin otherwise negatively influenced the limiting 

viscosity number at high kappa numbers. On the other hand, for an unknown reason, this 

pretreatment was not necessary for the birch pulps at high cooking kappa numbers. In 

addition, eucalypt EIC and CK-cooked pulps with high and standard kappa numbers 

were analysed by size exclusion chromatography (SEC) to determine the molecular-

weight properties of these pulps. 
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Figure 18: Limiting viscosity number versus kappa number for unbleached kraft pulps of birch 
(Betula pendula and Betula pubescens) and eucalypt (Eucalyptus urograndis) pulped with 
extended impregnation kraft cooking (EIC) and conventional kraft cooking (CK). The limiting 
viscosity numbers of the eucalypt EIC pulps were determined after a mild chlorine dioxide 
treatment. 

 

As expected and shown in Figure 18, the EIC cooking of birch and eucalypt led to a 

substantially higher limiting viscosity number at a given kappa number than conventional 

kraft cooking did. Moreover, the limiting viscosity number decreased towards lower 

kappa numbers, most likely because a higher temperature was used during cooking to 

obtain a lower kappa number. The increase in the limiting viscosity number with the 

decrease in cooking temperature at a given kappa number is well documented in the 

literature (Stockman and Sundkvist 1958; Kleinert 1966; Bäckström and Jensen 2001). 

 
The SEC chromatogram in Figure 19 shows a bimodal molecular-weight distribution for 

cellulose, presumably representing the largest peak, and xylan, presumably the smallest 

peak (Sjöholm et al. 2000). The molecular weights of the cellulose of the EIC and CK 

eucalypt pulps were in agreement with the limiting viscosity numbers (see Figure 18), 

following the order EIC27.5>EIC18.6>CK17.9. The average molecular weight of the 

xylan peak in the eucalypt pulp indicated a slightly broader molecular-weight distribution 

for the EIC-cooked pulps than for the conventionally cooked pulps. However, 

precautions should be taken when comparing pulps with different lignin content because 
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lignin may affect the hydrodynamic radius of hemicellulose, especially when covalently 

bound via hemicellulose (LCC).  

3 4 5 6 7
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 EIC18.6 unbleached
 EIC27.5 unbleached

2

 

Unbleached pulp  CK17.9 EIC18.6 EIC27.5 

Peak 1 Mw (kDa) 17.8 16.0 18.4 

(xylan) Mn (kDa) 11.7 10.6 12.0 

  Mw/Mn 1.52 1.51 1.53 

Peak 2 Mw (kDa) 1816.6 1932.0 2302.7 

(cellul.) Mn (kDa) 543.0 695.2 868.2 

  Mw/Mn 3.35 2.78 2.65 

Figure 19: Molecular-weight distribution relative to pullulan standards of Eucalyptus urograndis 
pulps manufactured by extended impregnation kraft cooking (EIC) and conventional kraft cooking 
(CK). Peak convolution by least squares fit of two Gaussians. 

 
Additionally, after oxygen delignification, the molecular weight of cellulose shown in 

Figure 20 correlated with the limiting viscosity numbers presented in Table 7 and followed 

the order EIC18.6>>CK17.9>EIC27.5. The interpretation of the molecular-weight 

distribution of the xylan was difficult because cellulose fragments most likely interfered 

with the xylan peak for the high-kappa EIC pulp and conventional kraft pulp. 
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O delignified pulp  CK17.9 EIC18.6 EIC27.5 

Peak 1 Mw (kDa) 15.8 13.9 20.8 

(xylan) Mn (kDa) 9.1 9.8 10.4 

  Mw/Mn 1.74 1.42 2.00 

Peak 2 Mw (kDa) 908.9 1200.7 827.3 

(cellul.) Mn (kDa) 199.5 302.9 204.2 

  Mw/Mn 4.55 3.96 4.05 

Figure 20: Molecular-weight distribution relative to pullulan standards of E. urograndis oxygen-
delignified kraft pulps manufactured by extended impregnation kraft cooking (EIC) and 
conventional kraft cooking (CK). Peak convolution by least squares fit of two Gaussians. 
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Uronic acid groups  

Hexenuronic acid, HexA, is known to contribute to the kappa number and consume 

bleaching chemicals and has also been shown to negatively affect the yellowing of 

bleached pulps (Maréchal 1993; Buchert et al. 1995; Li and Gellerstedt 1997; Vuorinen 

et al. 1999; Granström et al. 2001). Because production costs heavily control mill 

operation, it is recommended to deal with the HexA content during bleaching instead of 

in the cooking to maximise the yield (Gustavsson 2006). On the other hand, bleaching 

mainly focuses on achieving high brightness to low bleaching chemical requirement 

within an acceptable yellowing tendency and is only indirectly influenced by the removal 

of HexA during bleaching. However, from a scientific point of view, it is interesting to 

analyse the effect of EIC cooking on the HexA content and how effective the applied 

bleaching sequence is in removing HexA groups and whether any effect on the yellowing 

tendency could be observed. It is also interesting to analyse the MeGlcA content because 

HexA is formed from MeGlcA and both groups are acidic groups, which could, for 

example, influence the swelling properties of the final bleached pulp. Three selected 

eucalypt EIC and CK pulps were used for the MeGlcA determination. 

 
HexA is simultaneously formed and split off during kraft cooking, and the amount of 

HexA at a given kappa number depends largely on the kinetics of HexA formation and 

degradation with respect to the kinetics of delignification. Additionally, the amount of 

xylan retained during kraft cooking influences the HexA content, as a high HexA could 

be a consequence of high xylan retention. In Figure 21, the amount of HexA is plotted 

versus kappa number for the EIC and CK-cooked birch and eucalypt pulps.  

 
The HexA content was higher for EIC cooking than for conventional kraft cooking at a 

given kappa number. The HexA content also increased slightly towards lower cooking 

kappa numbers for both EIC and conventional cooking, which indicated that the 

formation of HexA was the dominating reaction (i.e., of formation/degradation of HexA) 

in the investigated kappa number range. That HexA formation was the dominant reaction 

is also evidenced in Figure 22, where the degree of HexA substitution is plotted versus 

kappa number, although it was more pronounced for eucalypt than birch, possibly due to 

the higher initial MeGlcA substitution in eucalypt wood (see Table 3, MeGlcA/xylan 

content).  
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Figure 21: HexA versus kappa number for extended impregnation kraft (EIC)-cooked pulps and 
conventional kraft (CK)-cooked pulps of birch (mixture of Betula pendula and Betula pubescens) 
and eucalypt (Eucalyptus urograndis). 
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Figure 22: Degree of substitution of HexA versus kappa number for extended kraft (EIC)-
cooked pulps of birch (mixture of Betula pendula and Betula pubescens) and eucalypt 
(Eucalyptus urograndis). HexA and xylan content determined by mercury acetate hydrolysis 
method and acid hydrolysis. 
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According to Danielsson et al. (2006), the activation energy for the formation of HexA is 

129 kJ/mol, whereas that for the degradation is 141 kJ/mol. A low cooking temperature, 

such as that used in the EIC cooking, would thus split off fewer HexA groups from the 

xylan backbone, resulting in a higher DS of HexA at a given kappa number for EIC 

cooking than CK cooking. Interestingly, although higher xylan retention was achieved it 

did not necessarily lead to higher HexA content, i.e., the HexA content of the EIC27.5 

pulp was still lower than the EIC18.6 pulp (Figure 21). 

 
Table 8 shows the HexA content of the bleached birch and eucalypt pulps. The eucalypt 

EIC pulps had a lower HexA content after bleaching than the EIC birch pulps, which 

indicates that the D*(OP)D sequence was more effective in removing HexA than the 

D(OP)DP sequence. 

 
Table 8: HexA content of bleached birch and eucalypt pulps produced by extended kraft cooking 
(EIC) and conventional kraft cooking (CK).  

 Unbleached 
kappa number 

Kappa number 
O delig. 

HexA 
(μmol/g) 

CK17.4 9.7 8 
Birch EIC17.8 9.6 31 
D(OP)DP EIC21.9 9.2 28 
  EIC27.0 10.1 25 

CK17.9 9.9 <5 
Eucalypt EIC18.6 10.7 <5 
D*(OP)D EIC27.5 11.8 <5 
  EIC27.5 14.0 <5 
HexA content in birch determined by mercury acetate hydrolysis while for 
eucalypt by enzymatic hydrolysis with subsequent CZE. 

 

 
The influence of EIC cooking on the MeGlcA content was studied using two selected 

eucalypt EIC pulps with kappa numbers of 27.5 and 18.6 and one CK pulp with a kappa 

number of 17.9. The comparison was made after cooking and after subsequent 

OD*(OP)D bleaching to an ISO brightness of 90.5%.  

 
A method recently developed at KTH to determine the MeGlcA content in pulp is based 

on methanolysis followed by quantification using gas chromatography (Li et al. 2007) 

and is a cheaper method than enzymatic hydrolysis followed by analysis with capillary 

zone electrophoresis (CZE) or high-performance anion-exchange chromatography 
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(HPAEC) (Dahlman et al. 2000; Tenkanen et al. 1999). To facilitate the determination of 

MeGlcA groups, a well-characterised commercial birch xylan was used as an external 

reference, and the quantity of MeGlcA in the pulp was then determined with respect to 

this birch xylan. The drawback of this method is that it only gives the MeGlcA content 

and not the HexA or neutral sugar content, which must be determined using, for example, 

the mercury acetate hydrolysis method and acid hydrolysis with, for example, subsequent 

HPAEC.  

 
The objective was to quantity the MeGlcA content in the selected unbleached and 

bleached pulps using the KTH methanolysis method. The xylan content in the pulp 

samples was determined by acid hydrolysis with subsequent HPAEC. The DS of 

MeGlcA could then been calculated based on the results from the methanolysis and the 

acid hydrolysis analysis. The DS of HexA could also be calculated in the same way from 

the results of the mercury acetate hydrolysis and the acid hydrolysis method. The DS of 

MeGlcA and HexA were then compared with quantitative 1H-NMR data for isolated 

xylan from the corresponding unbleached pulps using dimethyl sulfoxide. The results are 

shown in Table 9. 

 
Table 9: Quantity and degree of substitution (per 100 xylopyranosyl residues [mol/mol]) of 
MeGlcA and HexA in unbleached and bleached extended impregnation kraft (EIC) and 
conventional kraft (CK) pulps of Eucalyptus urograndis. AH = Acid Hydrolysis followed by 
HPAEC, EH = Enzymatic Hydrolysis followed by CZE, MeAcH = Mercury Acetate Hydrolysis 
followed by HPLC, Met = Methanolysis followed by GC and NMR = quantitative 1H NMR. 

Eucalypt  Method Unbleached Bleached OD*(OP)D 
   CK17.9 EIC18.6 EIC27.5 CK17.9 EIC18.6 EIC27.5 
Xylan content 
(% on wood) 

Pulp (AH) 8.0 9.2 10.1 7.3 8.2 8.6 
Pulp (EH) 6.8 7.6 8.5 6.8 7.6 7.9 

 Content Pulp (EH) 22 34 39 19 36 39 
MeGlcA  Pulp (Met) 61 78 110 27 33 39 
(μmol/g)  Pulp (EH) 2.6 3.7 3.9 2.1 3.6 3.8 
 DS Pulp (Met)a 6.4 7.3 9.8 2.8 3.1 3.7 
  Xylan (NMR)b 4.6 5.7 5.7 n.a. n.a. n.a. 
 Content Pulp (MeAcH) 60 74 70 n.a. n.a. n.a. 
HexA  Pulp (EH) 88 102 102 <5 <5 <5 
(μmol/g)  Pulp (MeAcH)a 6.2 6.9 6.3 n.a. n.a. n.a. 
 DS Pulp (EH) 10.5 11.2 10.5 <0.6 <0.6 <0.6 
  Xylan (NMR) 6.3 5.5 7.0 n.a. n.a. n.a. 
a) Xylan content from acid hydrolysis. b) O-2 substituted MeGlcA included. 
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As shown in Table 9, the isolated xylan displayed a similar DS of HexA, i.e., 6–7 

HexA/100 Xylp, obtained using the mercury acetate hydrolysis method of the 

corresponding pulps. Since the DS of HexA of the isolated xylan samples indicated good 

correlation with the mercury acetate hydrolysis method, it was tempting to believe that 

the DS of MeGlcA would be trustworthy. However, the DS of the MeGlcA in the 

unbleached pulp determined via the KTH methanolysis method displayed the same 

tendency but with much higher values of DS of MeGlcA (6–10 MeGlcA/100 Xylp) than 

those indicated by the NMR data for isolated xylan (5–6 MeGlcA/100 Xylp). A third 

method was therefore used: enzymatic hydrolysis using CZE. Although the same 

tendency was observed between the samples, this method indicated much lower DS of 

MeGlcA than those indicated by the NMR data. Quantifying MeGlcA groups seemed 

challenging in the unbleached eucalypt kraft pulps. However, the KTH methanolysis 

method and enzymatic hydrolysis method revealed similar values for the bleached pulps. 

One possible explanation for this is that bleached pulp has a more open structure than 

unbleached pulp, which improved the accessibility of the chemicals and enzymes to react 

with the xylan. 

 
After bleaching with a OD*(OP)D sequence, EIC27.5, EIC18.6 and CK17.9 xylan 

possessed, on average, 3.8 mol%, 3.4 mol% and 2.5 mol% MeGlcA groups, respectively. 

These values were calculated based on the average values determined by the enzymatic 

hydrolysis method and the methanolysis method. The MeGlcA content of the bleached 

pulps was 39, 35, and 23 μmol MeGlcA per gram of pulp for EIC27.5, EIC18.6 and 

CK17.9, respectively. The higher MeGlcA content of the EIC bleached pulp relative to 

that of the CK pulp seemed to be a combination of the effects of the high DS of MeGlcA 

and high xylan content. The same tendency was observed for the unbleached pulps, i.e., 

high-kappa EIC cooking led to a higher DS of MeGlcA, but due to the discrepancy in the 

results, the study of the MeGlcA content of the unbleached pulp could not provide any 

clear information regarding the DS of MeGlcA.  

Bleaching chemical requirement and yellowing tendency 

The oxygen-delignified eucalypt pulps were bleached in a D*(OP)D sequence, while the 

oxygen-delignified birch pulps were bleached in a D(OP)DP sequence. The eucalypt 

bleaching sequence is a common standard sequence in many Brazilian mills and was 
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therefore chosen. A standard low-temperature D0 stage in the initial position was selected 

for birch, since a hot D*-stage has so far not been implemented industrially in the Nordic 

countries. A final alkaline P-stage is today a first choice as the final stage in a 4-stage 

bleaching sequence for hardwood kraft pulp due to its effectiveness in increasing the 

brightness of the pulp (Senior et al. 1998; Süss et al. 2000), decreasing the brightness 

reversion (Colodette et al. 2004) and improving the tensile index (Carvalho et al. 2008). 

In addition, a final alkaline stage is a very efficient means of ensuring a low 

concentration of organically bound chlorine in a chlorine dioxide-based bleached pulp 

(Ragnar and Törngren 2002).  

 
The influence of EIC cooking on the bleaching chemical requirement for pulps with 

similar kappa numbers was evaluated at an interpolated or extrapolated chlorine dioxide 

consumption at an ISO brightness of 90.0% for birch and 90.5% for eucalypt.  

 
In the literature, it has been shown that birch kraft pulp with a higher brightness after 

oxygen delignification consumes less bleaching chemicals in a D(EOP)DD sequence 

with the same “lignin”-kappa number after oxygen delignification (Axelsson and 

Lindström 2004). This finding was explained to be related to a high hydroxide ion 

concentration during kraft cooking, resulting in a bright and low-molecular-weight lignin 

structure presumably bound to carbohydrates (Axelsson et al. 2005). Moreover, eucalypt 

pulp with a high HexA content has been shown to have high ISO brightness and consume 

less bleaching chemicals in a D*(OP)D sequence than a low-HexA eucalypt pulp at an 

equal kappa number into bleaching (Gustavsson and Ragnar 2007). This is logical 

because HexA is colourless, whereas lignin is coloured, and the bleaching chemicals in a 

D*(OP)D sequence would preferentially react with coloured lignin rather than with 

HexA, which instead is substantially degraded hydrolytically in the D* stage (due to the 

low pH and high temperature).  

 
Based on these findings, a lower bleaching chemical requirement for the EIC pulps 

compared to that for the CK pulps in this study would thus be expected because the EIC 

pulps obtained higher ISO brightness after oxygen delignification and also had a higher 

HexA content at a given kappa number. However, the expected trend could only be 

confirmed for the birch EIC pulps, which consumed less chlorine dioxide than the 
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conventional birch kraft pulps at an interpolated and extrapolated ISO brightness of 90% 

(Figure 23). 
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Figure 23: ISO brightness versus total consumed chlorine dioxide for D(OP)DP-bleached birch 
(mixture of Betula pendula and Betula pubescens) pulps, pulped with extended impregnation 
kraft cooking (EIC) and conventional kraft cooking (CK). 
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Figure 24: ISO brightness versus total consumed chlorine dioxide for D*(OP)D-bleached 
Eucalyptus urograndis pulps, pulped with extended impregnation kraft cooking (EIC) or 
conventional kraft cooking (CK). 
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As shown in Figure 24, the eucalypt EIC pulp evaluated at an ISO brightness of 90.5% 

resulted in chlorine dioxide consumption similar to that of the conventional eucalypt 

kraft pulp at a cooking kappa number of approximately 18 and required 2 kg more 

chlorine dioxide per Bone Dried tonne (BDt) at a high cooking kappa number of 27.5. 

The higher chlorine dioxide consumption for the high-kappa eucalypt pulp was most 

likely related to the higher kappa number into bleaching. Although both the eucalypt and 

birch EIC pulps obtained higher ISO brightness after oxygen delignification (Table 7), 

only the birch pulps showed a linear correlation between ISO brightness after oxygen 

delignification and chlorine dioxide consumption; see Figure 25. Because the data points 

were too few to observe any trend, no attempt to find an explanation for the higher-than-

expected bleaching chemical requirement for the eucalypt EIC pulp at a kappa number of 

18 was made.  
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Figure 25: ISO brightness after oxygen delignification linearly correlated with chlorine dioxide 
consumption in the bleaching of extended impregnation kraft (EIC) cooked and conventional 
kraft (CK) cooked pulps of birch using D(OP)DP to an ISO brightness of 90%. Kappa number 
after oxygen delignification was 9.7±0.5. 

 
The dried heat-induced yellowing tendency of the bleached pulps is shown in Table 10. 
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Table 10: Normalised yellowing tendency at an interpolated ISO brightness of 90%, y90, and 
HexA content of the final bleached pulps of birch (mixture of Betula pendula and Betula 
pubescens) and eucalypt (Eucalyptus urograndis) pulped with extended impregnation kraft (EIC) 
and conventional kraft (CK) cooking. 

 Unbleached 
kappa no. 

Kappa no. 
O-delig. 

Normalised 
yellowing tendency, y90 

(% ISO units) 

HexA 
(μmol/g) 

CK17 9.7 2.5 8 
Birch EIC17 9.6 3.6 31 
D(OP)DP EIC21 9.2 3.5 28 
  EIC27 10.1 3.3 25 

CK18 9.9 2.8 <5 
Eucalypt EIC18 10.7 2.6 <5 
D*(OP)D EIC28 11.8 2.6 <5 
  EIC28 14.0 2.5 <5 
HexA content in birch determined by mercury acetate hydrolysis while for eucalypt by 
enzymatic hydrolysis with subsequent CZE. 

 

The EIC-cooked birch pulps displayed a normalised ISO brightness reversion of 

approximately 3.5 percentage points, while the EIC-cooked eucalypt pulps and the CK-

cooked birch and eucalypt pulps displayed approximately 2.6 percentage points in 

brightness reversion. The higher yellowing tendency observed for the bleached birch EIC 

pulps was possibly related to the higher HexA content in these bleached pulps. 

Physical strength properties of birch 

The strength properties of birch were evaluated in terms of the tensile index and tensile 

stiffness index at different sheet densities. To obtain different sheet densities, the 

bleached pulps were ground in a PFI mill at 500, 1000 and 2000 revolutions. 

As observed in Figure 26 and Figure 27, the bleached EIC birch pulps had similar tensile 

indices and tensile stiffness indices as the bleached conventional pulp. This may be 

explained by the similar cellulose and hemicellulose content of the pulps, as a lower 

cellulose-to-hemicellulose ratio at a given sheet density is directly proportional to a 

higher tensile index for unbleached spruce kraft pulps (Molin and Teder 2002). It could 

thus be expected that high xylan retention would lead to a lower cellulose-to-

hemicellulose ratio and thus higher tensile index. However, the effect of xylan content on 

strength properties is much more complex, and sometimes, high xylan retention only 
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leads to sheet densification (Dahlman et al. 2003; Fardim and Durán 2004; Danielsson 

and Lindström 2005). 
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Figure 26: Tensile index versus sheet density for D(OP)DP-bleached birch kraft pulps at an ISO 
brightness of 90%. EIC stands for extended impregnation kraft cooking and CK for conventional 
kraft cooking. 
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Figure 27: Tensile stiffness index versus sheet density for D(OP)DP bleached birch kraft pulps at 
an ISO brightness of 90%. EIC stands for extended impregnation kraft cooking and CK for 
conventional kraft cooking. 
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Influence  of  xylan  content  on  oxygen  delignification  efficiency 
(Paper IV) 
The aim of this study was to investigate the influence of xylan content on the efficiency 

of oxygen delignification of Eucalyptus urograndis kraft pulps with a lignin content of 

approximately 1.5–2.5%, i.e., a content corresponding to that of standard hardwood kraft 

pulps with a kappa number of approximately 15–20.  

 
Previous studies (Zou et al. 2002; Sixta 2006) have indicated that large quantities of 

xylan slow down oxygen delignification. This would imply that increased xylan retention 

in the cook would decrease the oxygen delignification efficiency. It was suggested that a 

high hemicellulose content would consume the alkali intended for delignification and 

thereby slow down oxygen delignification or that LCC would play an important role, as 

more hemicellulose would be linked to the lignin and retard lignin removal during 

oxygen delignification. 

 
The most common way of determining the efficiency of oxygen delignification is by 

using the kappa number. In a scientific study, it is important to correct the kappa number 

for the contribution of HexA. However, in previous investigations (Zou et al. 2002; Sixta 

2006), such corrections were not made. The efficiency could also be expressed as the 

Klason lignin content, which was used by Zou et al. (2002). Although the Klason lignin 

content would be a more correct way of expressing the lignin removal efficiency of 

oxygen delignification than the kappa number, it could be questioned as to whether this 

Klason method really provides significant results, as the lignin content in an oxygen-

delignified pulp is very low.  

 
The underlying aim was therefore to use a HexA-corrected kappa number when 

determining the influence of xylan content on the oxygen delignification efficiency. To 

estimate the accuracy of using the Klason lignin method, the efficiency was also 

expressed as Klason lignin. The xylan content was varied by means of prehydrolysis 

kraft cooking of E. urograndis wood chips and by means of xylanase treatment on an E. 

urograndis mill kraft pulp. The aim was to achieve a large xylan content range, the same 

final lignin content and a small variation in the cellulose content and cellulose 
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depolymerisation. These pulps were then oxygen-delignified, and the efficiency was 

expressed in terms of the HexA-corrected kappa number and Klason lignin.  

 
The prehydrolysis of the kraft pulps was performed on wood chips in the laboratory over 

various lengths of time, i.e., 60–200 min, followed by conventional kraft cooking at two 

alkali charges, one moderate charge at 18% EA (as NaOH) and one high charge at 31% 

EA (as NaOH). To enable a constant cooking time of 4 h, the temperature was also 

adjusted: 150°C for the moderate alkali charge cook and 142°C for the high alkali charge 

cook. Note that the prehydrolysed kraft-cooked samples at 0 min were kraft-cooked 

pulps without any prehydrolysis treatment. The xylanase treatment was performed by 

adding different dosages of 0.1–100 XU/g to a eucalypt mill-kraft pulp. Note that each 

series should be studied individually because the raw material and cooking conditions 

greatly differed between the series. These pulps where then oxygen-delignified under 

similar conditions. Table 11 shows the properties of the prehydrolysed kraft pulps and 

xylanase-treated kraft pulps.  

Table 11: Xylan content and pulp properties of prehydrolysis-treated kraft and xylanase-treated 
unbleached kraft pulps.  

Pulp Xylan 
(% of pulp) 

Klason 
(% of pulp)

Kappa  
number

HexA-corr. 
kappa number

Cellul. viscosity no1 

(ml/g) 
Xylanase           
Ref 17.4 1.6 17.0 6.4 1680 
0.1 U/g X 16.7 1.8 16.5 5.9 1680 
1 U/g X 14.9 1.8 14.9 5.0 1680 
10 U/g X 13.6 1.4 13.8 4.4 1680 
100 U/g X 12.3 1.4 13.1 3.8 1660 
18% EA, 150°C           
0 min PH 15.6 1.8 16.8 6.1 1566 
60 min PH 14.5 1.6 15.7 5.2 1514 
80 min PH 13.6 1.5 16.3 4.8 1502 
120 min PH 12.2 1.5 15.2 4.3 1479 
200 min PH 10.1 1.7 15.3 3.3 1554 
31% EA, 142°C           
0 min PH 11.2 2.3 13.0 3.6 1314 
60 min PH 10.2 2.3 12.4 3.2 1256 
80 min PH 9.6 2.2 12.4 2.8 1292 
120 min PH 9.2 2.1 11.8 2.7 1265 
200 min PH 8.2 2.2 11.6 2.4 1239 
1) Corrected for the hemicellulose portion, assuming an estimated hemicellulose viscosity of 70 ml/g  
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The prehydrolysis treatment only slightly decreased the cellulose content and cellulose 

depolymerisation. Prehydrolysis at 200 min versus 0 min resulted in a cellulose loss of 

1.8% at 18% EA and 2.5% at 31% EA, expressed as the percentage of the initially 

present cellulose of wood. The drop in cellulose viscosity number with increased 

prehydrolysis time was determined using a simple second-order polynomial regression 

and was approximately 70 ml/g. The xylanase used contained no activity towards 

cellulose, and the cellulose viscosity number was therefore unaffected. The lignin content 

measured as Klason lignin was also essentially unaffected by the xylanase treatments 

(Table 11). 

 
The degree of delignification, expressed in terms of the HexA-corrected kappa number, 

is shown in Figure 28.  
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Figure 28: Degree of delignification in oxygen delignification as HexA-corrected kappa number 
versus xylan content in pulp; prehydrolysed lab-cooked kraft pulps at effective alkali levels of 
18% and 31% and xylanase-treated mill kraft pulp of Eucalyptus urograndis. 

 
As observed, a high xylan content indicated only a marginal negative effect on the 

oxygen delignification efficiency. It was noted that the unbleached mill pulp used for the 

xylanase-treatment showed a surprisingly low delignification efficiency of 54% 

compared to that of the laboratory unbleached kraft pulp at 18% EA (64%). Since the 
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characteristics of the eucalypt wood species and mill-cooking conditions were not known 

in this study, it was difficult to find any explanation for the low efficiency. 

In Figure 29, the reduction in the amount of Klason lignin during oxygen delignification 

is also used to calculate the degree of oxygen delignification.  
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Figure 29: Degree of oxygen delignification as Klason lignin content; prehydrolysed lab-cooked 
kraft pulps at effective alkali levels of 18% and 31% and xylanase-treated mill kraft pulp of 
Eucalyptus urograndis. 

 
As observed, the degree of delignification, expressed as Klason lignin, revealed no 

significant results. This indicates that the Klason lignin method is an uncertain means to 

study the efficiency of delignification in hardwood kraft pulp due to the small amount of 

lignin remaining after oxygen delignification. 

 
The HexA-corrected kappa number used when calculating the degree of delignification 

indicate the lignin removal efficiency, but an even better value would be obtained after 

correcting for the other non-lignin structures as well. HexA is a strongly oxidisable 

structure because it contains a conjugated carboxylic group and because the kappa 

number measures the amount of permanganate-consuming structures in a pulp, i.e., 

oxidisable structures, HexA contributes to the kappa number. Oxidisable carbohydrate-

related structures other than HexA also consume permanganate, but these structures are 



 

 

55 

 

not known and, in this thesis, are referred to as other non-lignin structures. These 

structures may include double bonds, conjugated carbonyl and conjugated carboxylic 

groups in the carbohydrates (Li and Gellerstedt 2002) and the contribution of other non-

lignin structures to the kappa number has been reported to decrease with a reduction in 

hemicellulose content (Antonsson et al. 2003; Näsman et al. 2007). 

 
Contradictory results concerning the formation or degradation of other non-lignin 

structures during oxygen delignification have been reported in the literature. Näsman et 

al. (2007) reported a decreased non-lignin contribution to the kappa number during 

oxygen delignification of eucalypt kraft pulps, which is also consistent with the results 

reported in Paper V regarding lignin-free pulps, whereas Li et al. (2002) reported an 

increased contribution of other non-lignin structures during oxygen delignification. It is 

possible that the marginally negative effect observed in Figure 28 could be due to the 

contribution of other non-lignin structures to the kappa number. The only way to be sure 

of this would be to analyse the lignin kappa number. However, this was not performed in 

this study.  

 
Backa et al. (2004) have, in a theory paper, claimed that the Lignin-Carbohydrate-

Complex (LCC) plays an important role limiting oxygen delignification when the kappa 

number is below 8–10 because the lignin is present as “monolignol” (one lignin 

monomer) bound via LCC. However, in this investigation and in the previous study by 

Zou et al. (2002), the lignin content of the pulps was approximately 2% of the pulp, 

which corresponds to a kappa number of 15–20 before oxygen delignification. According 

to this LCC theory, the lignin in unbleached kraft pulps may exist as oligolignin (few 

lignin monomers) bound via carbohydrates (Backa et al. 2004). Thus, when the lignin is 

present as oligolignin, the high amount of xylan is unlikely to hinder the oligolignin 

bound via LCC from being depolymerised to monolignol through the standard oxygen 

and phenolate ion reaction mechanism. The marginally negative effect on the oxygen 

delignification efficiency at high xylan content indicates that LCC may not play as large 

a role over the studied lignin range with respect to oxygen delignification. In practice, the 

xylan content in eucalypt kraft pulps is often approximately 15–18%, and the results 

presented in Figure 28 indicate that an increase of 1–2 percentage points would not affect 
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the degree of oxygen delignification more than marginally, regardless of the correction 

for other non-lignin structures to the kappa number.  

 
In the study on the EIC cooking of eucalypt and birch (Paper I–III), it was observed that 

high-kappa eucalypt pulp required harsher conditions during the extended oxygen 

delignification than birch did. Care should always be taken when drawing conclusions 

from one study and applying those findings to another study, but this finding is at least an 

indication that the xylan content may not be the only factor explaining the need for 

harsher conditions in the eucalypt case. 

Selectivity of oxygen delignification 

It has been suggested that hemicellulose polymers would protect cellulose from, for 

example, hydroxyl radicals, leading to a lower degree of depolymerisation of the 

cellulose and thereby reducing the decline in limiting viscosity number (Zou et al. 2002). 

In the present study, the selectivity during oxygen delignification was expressed as the 

drop in the cellulose viscosity number versus the drop in the HexA-corrected kappa 

number; see Figure 30.  
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Figure 30: Selectivity of the oxygen delignification (drop in cellulose viscosity/drop in HexA-
corrected kappa number) versus xylan content in unbleached pulps; prehydrolysed kraft 
Eucalyptus urograndis pulps cooked at 18% and 31% effective alkali levels and xylanase-treated 
mill Eucalyptus urograndis kraft pulp. 
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The results indicate, for at least two of the pulps, that a higher xylan content in 

unbleached pulp improves the selectivity (i.e., low selectivity number) of oxygen 

delignification. No obvious explanation could be found as to why the prehydrolysed kraft 

pulp at an initial effective alkali charge of 18% (as NaOH) did not follow a linear trend. 

The high selectivity at a high xylan content partly confirms the previous findings 

obtained for oxygen-delignified AQ kraft pulps (Zou et al. 2002) and for polysulfide-

kraft pulps at low kappa numbers of 20–5 (Lindström and Teder 1995).  
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Could the formation of oxidisable carbohydraterelated structures 
limit oxygen delignification (Paper V)? 
The motivation for this investigation was the fact that Li et al. (2002) demonstrated a 

formation of other non-lignin structures of about one kappa number unit during the 

oxygen delignification of unbleached birch and softwood kraft pulps. The purpose of this 

study was to clarify whether oxidisable structures (i.e., other non-lignin or HexA 

structures) could be formed during oxygen delignification and to test whether the 

formation of these structures limits oxygen delignification at low kappa numbers below 

8–10 (see Figure 10).  

 
Since the formation of other non-lignin structures, i.e., double bonds, conjugated 

carbonyl and conjugated carboxylic groups in the carbohydrates of pulps, and HexA 

were the focus of this study, bleached pulps with traces of or no lignin were chosen. 

 
The pulps in this study were fully bleached hardwood and softwood kraft pulps (ISO 

brightness of 88%), a cotton linter pulp (ISO brightness of 91%) and a hardwood and 

softwood holocellulose pulp. Apart from the holocellulose pulps, which were prepared in 

the laboratory, the other pulps were mill-produced. The holocellulose pulps were 

obtained after chlorite delignification of birch and spruce wood. The mill-bleached pulps 

were bleached according to a D(EP)D sequence for hardwood, a D(EOP)D(EP)D 

sequence for softwood and a chlorine-based bleaching (most likely chlorine dioxide) for 

cotton linter. Oxygen delignification of the bleached pulps was performed by varying the 

amount of alkali from 10 to 80 kg/BDt, and the results are shown in Figure 31. 

 
As shown in Figure 31, no formation of other non-lignin or HexA structures occurred 

during the oxygen delignification of hardwood, softwood, birch holocellulose or spruce 

holocellulose. The same pattern was observed for the cotton linter pulp (i.e., kappa 

number zero). 



 

 

59 

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

before O 10 kg 
NaOH/BDt

20 kg 
NaOH/BDt

40 kg 
NaOH/BDt

80 kg 
NaOH/BDt

Ka
pp

a 
nu

m
be

r 
un

its

Alkali charge in oxygen delignification

lignin HexA "other non-lignin"a)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

before O 10 kg 
NaOH/BDt

20 kg 
NaOH/BDt

40 kg 
NaOH/BDt

80 kg 
NaOH/BDt

Ka
pp

a 
nu

m
be

r 
un

its

Alkali charge in oxygen delignification

lignin HexA "other non-lignin"b)

 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

before O 10 kg 
NaOH/BDt

20 kg 
NaOH/BDt

40 kg 
NaOH/BDt

Ka
pp

a 
nu

m
be

r 
un

its

Alkali charge in oxygen delignification

lignin HexA "other non-lignin"c)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

before O 10 kg 
NaOH/BDt

20 kg 
NaOH/BDt

40 kg 
NaOH/BDt

Ka
pp

a 
nu

m
be

r 
un

its

Alkali charge in oxygen delignification

lignin HexA "other non-lignin"d)

 

Figure 31: The composition of the kappa number in bleached hardwood (a) and softwood kraft 
(b) pulps and birch (c) and spruce (d) holocellulose pulps before and after oxygen delignification. 
Alkali charges of 10–80 kg sodium hydroxide per BDt.  

 
This investigation started with fully bleached pulps, whereas Li et al. (2002) started with 

unbleached pulps. Thus, the unbleached pulps (Li et al. 2002) contained considerably 

more lignin than the bleached pulps in the present study. If the formation of other non-

lignin structures is a result of the partial degradation of lignin (i.e., during lignin 

degradation, some formed specie/s could be involved in the formation of other non-lignin 

structures), this investigation is consistent with the study by Li et al. (2002). However, a 

later study by Näsman et al. (2007) on unbleached eucalypt kraft pulps does not support 

any formation of other non-lignin structures during oxygen delignification. It was 

speculated whether the raw material used or the dissolution of hemicellulose during 

oxygen delignification could explain the degradation of other non-lignin structures. At 

least, the findings indicate that any increase in the contribution of other non-lignin to the 

kappa number does not always occur during the oxygen delignification of kraft pulps. 
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The reason that HexA was not formed during oxygen delignification is probably due to 

the low temperature and hydroxide ion concentration during oxygen delignification. 

Oxygen as a final bleaching stage 

An oxygen delignification stage of fully bleached hardwood and softwood kraft pulp 

would correspond to a final oxygen delignification stage. For the two fully bleached kraft 

pulps in this study, this would be the same as a D(EP)DO or a D(EOP)D(EP)DO 

bleaching sequence. In Figure 32, a so-called Almquist plot is shown, i.e., a plot of the 

yellowing tendency expressed as PC number versus the ISO brightness. A final oxygen 

delignification stage increased the brightness and simultaneously reduced the yellowing 

of the bleached hardwood, the softwood kraft pulps and the cotton linter pulp. The 

yellowing tendency was reduced by almost half for the bleached hardwood kraft pulp 

when 10 kg NaOH/BDt was used. The combination of the increase in brightness and 

reduction in the yellowing tendency could perhaps motivate a mill to implement a final 

oxygen delignification stage or, rather, a final alkaline treatment stage carried out in an 

oxygen environment.  
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Figure 32: An Almquist plot of the effects on yellowing and ISO brightness of a final oxygen 
delignification stage in a D(EP)DO-bleached birch kraft pulp, D(EOP)D(EP)O-bleached 
softwood kraft pulp and cotton linter pulp. Higher brightness was achieved by charging 10, 20, 
40 and 80 kg of sodium hydroxide per BDt in the oxygen delignification.  



 

 

61 

 

Conclusions 

Extended impregnation kraft cooking of hardwood 

- This study on birch and eucalypt clearly shows the importance of extended 

impregnation in combination with improved modified kraft cooking in obtaining 

a more homogenously delignified pulp and substantially decreased reject content, 

particularly at high cooking kappa numbers. EIC cooking proved to be an 

efficient means of shifting the defibration point (expressed as 1% reject content of 

wood) to a kappa number as high as ~34 for eucalypt and ~28 for birch from 

kappa numbers of ~18 and ~21, respectively, when conventional kraft cooking 

was used. 

 
- This study clearly demonstrates that the termination of EIC cooking at high kappa 

numbers substantially increases the carbohydrate yield of eucalypt kraft pulps and 

that it is possible to maintain part of this yield increase after bleaching and to 

obtain an increased overall yield. Approximately 60% of this yield increase after 

the cooking of eucalypt was attributed to cellulose. However, the EIC cooking of 

birch at a high kappa number in this laboratory study did not reveal any 

significant yield effect and thus no improvement in the overall yield. It was 

observed for the EIC cooking of eucalypt that by allowing a slightly higher kappa 

number of 12 into bleaching in combination with an increased cooking kappa 

number (i.e., 27), an increase in the overall yield gain as high as 1.5 percentage 

points was achieved for EIC cooking (i.e., with respect to standard kappa EIC 

cooking). However, this increased the bleaching chemical requirement somewhat 

for a D*(OP)D sequence. 

 
- This study also demonstrates that EIC cooking in combination with a higher 

kappa number after cooking was possible for eucalypt and birch, i.e., starting 

from a cooking kappa number of 27 and extending the oxygen delignification to a 

kappa number of 10. 
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- The termination of the EIC cook at high kappa number yielded a pulp with a 

higher limiting viscosity number and slightly lower degree of substitution of 

HexA than EIC cooking at a standard kappa number. This is most likely an effect 

of the lower cooking temperature.  

 

Limitations in oxygen delignification 

- An increase in xylan content within the range of 8–18% in unbleached eucalypt 

kraft pulp indicated a marginally negative effect of the oxygen delignification 

efficiency, measured as a decrease in the HexA-corrected kappa number. 

 
- Finally, this study clearly demonstrates that no formation of permanganate-

consuming carbohydrate-related structures (i.e., HexA and other non-lignin 

structures) occurs during the oxygen delignification of fully bleached hardwood 

and softwood kraft pulps, spruce and birch holocellulose pulps or cotton linter 

pulp.  
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Process considerations 

In the laboratory, it is always difficult to simulate all mill conditions in the fibre line. 

However, a few conclusions drawn from this study that may be relevant to the industry 

would be that birch and eucalypt behave very differently in the cook and terminating the 

kraft cook at high kappa numbers is not always equal to a higher carbohydrate yield. 

Much of the yield potential in birch cooking seems to lie in the dissolved xylan content. 

In a mill cooking system, there would be a buildup of dissolved xylan in the recirculated 

black liquor system. If the EIC cooking concept was adapted and applied in a mill, it 

would be likely to expect somewhat higher xylan retention in the pulp than that achieved 

in this study due to a greater extent of reprecipitation of the dissolved xylan.  

 
To maximise the carbohydrate yield for birch pulp producers, it is recommended to focus 

on the reprecipitation of the dissolved xylan to increase the yield either by, for example, 

conveying part of the liquor withdrawn after impregnation to a later stage of the cook via 

a central pipe in the digester or minimising the withdrawn liquor from the impregnation 

by maintaining close to the same liquor-to-wood ratio in the first cooking zone as in the 

impregnation. However, it could also be relevant for a pulp mill using birch as a raw 

material to consider the benefits of terminating at high cooking kappa numbers because 

other benefits such as lower steam consumption, lower EA consumption, higher limiting 

viscosity number and lower HexA could be achieved. On the other hand, it could also be 

useful for a pulp mill using eucalypt as a raw material to consider recirculating black 

liquors in an optimum way in combination with high cooking kappa numbers to 

maximise the carbohydrate yield. It is important to bear in mind that the greatest impact 

of maximising the carbohydrate yield in the cook is when the recovery boiler limits the 

pulp production, and a lower organic load from the cook can enable an increase in 

production. 

 
The extended oxygen delignification of high-kappa-number pulps in this study required 

longer times to reach the desired kappa number. The 2-reactor oxygen delignification 

system is already a standard in modern pulp mills using hardwood as a raw material. 

Faced with the challenge of further extending oxygen delignification in such a mill, 
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placing a third reactor in the sequence after the second reactor is perhaps what first 

comes to one’s mind. This would, however, most likely not be effective because the 

pressure in the third reactor would be very low if an intermediate pump was not also 

added. On other hand, doing so would mean that the pulp would have to pass another MC 

equipment, possibly resulting in fibre damage. Instead, a better way would be to place a 

third reactor in parallel with the second reactor and place a pump between the first and 

the following two parallel reactors. The pulp flow would thus be halved in these parallel 

reactors, which would allow for a longer retention time, while the pressure of the reactors 

would still be high enough to ensure that the delignification reactions take place. 
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Looking into the future 

The price of wood has continued to increase since this work was begun, and the interest 

in terminating the kraft cook at higher kappa numbers has substantially grown over the 

past few years. The trend of terminating the cook at high cooking kappa number will 

continue. Most previous studies on impregnation have been carried out on softwood, and 

more impregnation studies on hardwood species are required. During this research, few 

studies were found on the impact of the impregnation conditions of hardwood on the 

homogeneity of the resulting pulp, i.e., reject content and kappa number distribution. 

There is a great need to focus more on impregnation in combination with improved 

modified kraft cooking.  

 
It seems to be easier to extend oxygen delignification in combination with a higher 

cooking kappa number. However, the decrease in efficiency of pulps at low kappa 

numbers is still an area that requires more research.  

 
An efficient tool when optimising bleaching in a more selective way to remove lignin 

and HexA would be to use the Almquist plot (plotting yellowing versus brightness) after 

each bleaching stage. An important point raised by Ragnar et al. (2007) is that there 

seems to be a strong correlation between HexA and yellowing after chlorine dioxide or 

ozone have been applied to the pulp but a weak correlation when acidic conditions in the 

absence of these chemicals have been used.  
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Abbreviations and technical terms 

BDt, Bone Dried metric tonne i.e., bone-dried is here the same as oven-dried. 

 

Chemical oxygen demand, COD (kg/BDt), is an indirect measure of the organic 

compounds in spent liquor. The COD value indicates the mass of oxygen consumed per 

liter of solution and is then converted to kg/BDt of pulp. 

 

Cotton linter pulp is produced from the cotton plant and consists of almost entirely of 

cellulose, but also small amounts of oils and waxes. When the cotton is harvested, the 

cotton is separated from the core. The cellulose material closest to the core is cotton 

linter and consists of thick and short fibres of 2–6 mm which can be compared to the 

longer and thinner cotton chains of 20–50 mm long. Mill-produced cotton linter pulp has 

often been cooked with hydroxide ions to remove the oil and waxes and then bleached to 

increase the brightness.  

 

Effective alkali (%), EA, is a measure of the concentration of hydroxide ions in white 

liquor. Due to the complete hydrolysis of the sulfide ion, it is equal to the sum of the 

sodium hydroxide and half of the sodium sulfide. 

EA = NaOH + 1/2 Na2S  

where the amounts of NaOH and Na2S are expressed as weight of NaOH.  

 

MeGlcA, Methylglucuronic acid (i.e. 4-O-methyl-α-D-glucuronic acid) 

 

HexA, Hexenuronic acid (i.e. 4-deoxy-β-L-threo-hex-4-enopyranosyluronic acid) 

 

H-factor, (Vroom 1957), is used to express cooking time (t) and temperature (T) as a 

single variable for delignification. When the relative reaction rate is plotted against the 

cooking time in hours, the area under the curve is the H-factor. Vroom assumed an 

activation energy of 134 kJ/mol for the delignification. 
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ISO brightness (%), is by definition the intrinsic reflectance factor measured at an 

effective wavelength of 457 nm under specified conditions. The brightness is also a 

commonly use parameter to study the progress of bleaching, where e.g. a pulp having an 

ISO brightness exceeding 88-90% is normally considered to have reached “full 

brightness”. 

Kappa number is an analytical method to “estimate” the lignin content in the pulp. A 

decrease in lignin content gives a decrease in Kappa number. It is defined as milliliters of 

0.02 mol/l of potassium permanganate consumed by one gram of dry pulp according to a 

standard procedure (ISO 302:2004). In addition, oxidizable structures as HexA and other 

unknown non-lignin carbohydrate-related structures also consume permanganate and 

contribute to the kappa number.  

 

Limiting viscosity number [η] (ml/g),  is used to estimate the degree of degradation of 

cellulose, i.e. cleavage of carbohydrate chains during a cooking or bleaching process. A 

high viscosity number should reflect a high degree of polymerization. The limiting 

visvosity number is measured in a capillary viscosimeter and calculated using the 

equation, (ISO 5351:2004):  
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Relative rate change of alkali consuming-reactions: Assuming that rate-temperature 

dependence follows the Arrhenius equation, k = Ae-Ea/RT. A relative rate change would 

thus be: 
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where: 

k is the rate constant, m2/s 
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A is the frequency factor, m2/s 

EA is the activation energy in J/mol 

R is the universal gas constant at 8.134 J/mol K 

T is the temperature in Kelvin, K 

 

Relative rate change of diffusion: Diffusion coefficient may be related to the 

temperature by an Arrhenius-like relation according to the following formula, D=AT0.5e-

Ea/RT (McKibbins 1960). A relative rate change would thus be: 
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where: 

D is the diffusion coefficient, m2/s 

A is the frequency factor, m2/s 

EA is the activation energy in J/mol 

R is the universal gas constant at 8.134 J/mol K 

T is the temperature in Kelvin, K 

 

Residual EA (g/l) is a measure of concentration of hydroxide ion in black liquor (could 

also be used to determine the concentration of hydroxide ions in white liquor) by 

acidimetric titration.  

 

Sulfidity (%) is a measure of the hydrogen sulfide ion concentration related to the 

concentration of active alkali (NaOH + Na2S) in white liquor and can be expressed as: 
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XU, xylanase unit 
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