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Abstract 

Converting wood into paper is a complex process involving many different stages, one of which 
is pulping. Pulping involves liberating the wood fibres from each other, which can be done either 
chemically or mechanically. This thesis focuses on the most common chemical pulping method, 
the kraft cooking process, and especially on a recently developed improvement of the 
impregnation phase, which is the first part of a kraft cook.  

Extended impregnation kraft cooking (EIC) technique is demonstrated to be an improvement of 
the kraft pulping process and provides a way to utilize softwood to a higher degree, at higher 
pulp yield. We demonstrate that it is possible to produce softwood (Picea abies) kraft pulp using a 
new cooking technique, resulting in a pulp that can be defibrated without inline refining at as 
high lignin content as 8% on wood, measured as kappa numbers above 90. Lignin is the wood 
constituent that holds the wood fibres together in the wood matrix. The new cooking technique 
uses the differences in reaction rate between the diffusion and consumption of hydroxide ions; it 
is used to ensure a homogenous impregnation of wood chips at lower impregnation temperatures 
and longer impregnation times than are generally used in the industry. The applied cooking 
temperatures are also substantially lower than those used in conventional kraft pulping systems, 
promoting uniform delignification. This results in a narrower kappa number distribution than in 
lab-cooked conventional kraft pulp.  

High-kappa-number pulps were investigated for pulp sheet properties such as tensile strength, 
tensile stiffness, and compression strength. It was demonstrated that an EIC pulp of kappa 
number 95 has strength properties comparable to those of a conventional pulp of kappa number 
82. Comparing the effects of starch multilayers on conventional and EIC pulps reveals similar 
effects. The use of the starch multilayer treatment increased the tensile index and decreased the 
tensile stiffness and short-span compression test (SCT) indices.  

The EIC technique has also been used to produce a series of bleachable-grade pulps. The results 
indicate the possibility of increasing the lignin content of the pulp entering the oxygen 
delignification stage, since the reject content of gently defibered pulp is lower than 0.1% at kappa 
number 49. 

In this thesis, we recommend that wood chips be impregnated for 2 h at 110 °C to neutralize 
acidic compounds in the wood and impregnate the chips with cooking chemicals, and that the 
ensuing cook be performed at 135–140 °C, depending on the target kappa number. We also 
recommend increasing the available amounts of cooking chemicals in the impregnation stage by 
using a higher liquor-to-wood ratio and keeping the alkali profile fairly high in the ensuing cook. 
This concept will reduce the amount of reject material, increase the pulping uniformity, and 
increase the selectivity towards lignin degradation in the kraft cook. 



  



  

Sammanfattning 

Omvandling av ved till papper är en komplicerad process som består av många olika steg där ett 
är massaframställningen (eng. pulping). Massaframställning medför att vedfibrerna frigörs från 
varandra på kemisk eller mekanisk väg. Denna avhandling fokuserar på den vanligaste kemiska 
metoden, sulfatkokning och speciellt den nyligen utvecklade förbättringen av impregnerings 
fasen, som är den första delen av ett sulfatkok.  

Här visas att Extended Impregnation kraft Cooking (EIC) innebär en förbättring av sulfatkokningen 
och ett sätt att uppnå högre vedutnyttjande vid högre utbyte för barrved. Vi visar att det är 
möjligt att producera barrvedsmassa med en ny kokningsprincip som resulterar i en massa som är 
defibrerbar utan inline-raffinering vid så högt lignin innehåll som 8% (på ved), mätt som kappatal 
över 90. Lignin är den vedkomponent som håller ihop vedfibrerna i vedmatrisen. 
Kokningsprincipen utnyttjar skillnaderna i reaktionshastighet mellan diffusion och konsumtion 
av hydroxidjoner och nyttjas till att skapa en homogen impregnering av vedflisen vid lägre 
impregneringstemperatur och under längre tid än vad som vanligen används i industrin. De 
använda koktemperaturerna är också betydligt lägre än vid konventionell sulfatkokning vilket 
gynnar jämn delignifiering. Detta resulterar i en smalare kappatalsfördelning jämfört med 
laboratoriekokade konventionella massor. 

Massor med höga kappatal undersöktes med avseende på egenskaper hos handark, såsom 
dragstyrka, dragstyvhet och kompressionsstyrka Det visades att handark från EIC massa vid 
kappatal 95 hade jämförbara styrkeegenskaper med konventionell massa vid kappatal 82. Vid 
jämförelse av effekten av stärkelse multilager på konventionella och EIC massor avslöjar liknande 
effekter. Användningen av stärkelsemultilager ökade dragindex och minskade dragstyvhets- och 
kompressions index (SCT, short-compression test). 

Kokprincipen har även använts för att ta fram en serie blekbara massor. Resultaten visar på 
möjligheten att öka lignininnehållet i massan in till i syrgasdelignifierings-steget eftersom 
spetinnehållet för milt defibrerad massa var lägre än 0,1% vid kappatal 49.  

I den här avhandlingen rekommenderar vi att vedflis impregneras i 2 timmar vid 110 °C för att 
neutralisera sura komponenter i veden och impregnera flisen med kokkemikalier, samt att utföra 
det efterföljande koket vid 135–140 °C beroende på önskat kappatal. Vi rekommenderar även att 
öka den tillgängliga mängden kokkemikalier i impregneringssteget genom att använda högre 
vätske-ved förhållande och att hålla alkali profilen relativt hög i det efterföljande koket. Detta 
koncept reducerar spetmängden, ger jämnare kokning och ökar selektiviteten för nedbrytning av 
lignin i sulfatkoket. 
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Introduction 

This thesis is focused on the impregnation and cooking parts of the most common pulping 
process, the chemical kraft pulping process. Converting wood into paper is a complex process 
involving many different stages, one of which is pulping. This involves liberating wood fibres 
from each other, which can be done either chemically or mechanically (not studied here). Wood 
consists mainly of cellulose, hemicelluloses, and lignin. Wood fibres are held together by lignin. 
The desired reactions in kraft pulping degrade and dissolve the lignin to liberate the wood fibres 
from each other without significantly affecting strength-bearing carbohydrates such as cellulose 
and hemicelluloses. In the kraft cook, the wood fibres are chemically liberated by treating the 
chipped wood at a high temperature with added white liquor (consisting of aqueous sodium 
hydroxide and sodium sulphide) containing the active cooking chemicals, hydroxide ions and 
hydrogen sulphide ions.  

When deciding how much lignin to dissolve in the pulping stage, one must consider the end 
product for which the pulp is destined. This thesis has studied industrial and laboratory-cooked 
kraft liner pulp. In kraft liner, a product used for the outer and inner plies of corrugated board, 
the remaining lignin content is rather high compared with those of other paper products.  

Kraft pulping 

The name kraft pulping, originates from the word kraft, which is the word for strength both in 
Swedish and in German. The kraft pulping technique is considered to be invented by C.F. Dahl 
in Germany 1884 when adding sodium sulphide (Na2S) to the cooking liquor used in the soda 
pulping process (Twede and Selke 2005). The active cooking agent in soda pulping (soda = 
sodium hydroxide, NaOH) is the hydroxide ion (OH-) whereas in kraft cooking the hydrogen 
sulphide ion (HS-) also is active. The kraft pulp was stronger than the pulp from the soda 
process, therefore the name. The kraft pulping process is also called sulphate pulping for 
historical reasons since sodium sulphate (Na2SO4) is added as a make up chemical in the recovery 
cycle.  

Kraft pulping, or sulphate pulping, is the most widely used chemical pulping technique 
worldwide. According to FAO statistics, world production of pulp for papermaking was 192 
million tonnes in 2007, 67% of which was chemical pulp (FAO 2009) (Table 1).  
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Table 1. Statistics for the production of some pulp grades, comparing data from 1967 and 2007; from 
ForesSTAT, FAOSTAT, Food and Agriculture Organization of the United Nations 
(http://faostat.fao.org). The data have been converted from tonnes to millions of tonnes.   

 World* 
2007 

World* 
1967 

Sweden 
2007 

Sweden 
1967 

Pulp for paper 192.0 85.8 12.4 6.4 
Chemical wood pulp 129.1 54.3 8.5 5.1 
Mechanical wood pulp 34.7 20.5 3.7 1.2 

Other fibre pulp 18.4 5.4 0 0 
Semi-chemical wood pulp 9.8 5.6 0.3 0.2 
Chemical wood pulp 129.2 54.3 8.5 5.1 
Bleached sulphate pulp 90.8 16.7 5.6 1.6 

Unbleached sulphate pulp 33.4 24.0 2.4 1.8 
Bleached sulphite pulp 4.0 6.1 0.5 1.0 

Unbleached sulphite pulp 1.0 6.9 0 0.7 
* May include official, semi-official, and estimated data; subcategories do not always add up to the total value. 

Sulphate pulp accounted for 96% of the total world production of chemical pulp in 2007. 
Sweden’s portion of the world production of sulphate pulp decreased from 9.3% to 6.4% 
between 1967 and 2007, while its production of unbleached sulphate pulp has increased by 0.6 
million tonnes to 2.4 million tonnes versus the increase in world production of unbleached 
sulphate from 24 million tonnes to 33.4 million tonnes over the past 30 years.  

Kraft liner pulp 

Unbleached kraft liner pulp has traditionally been produced at high temperatures for short 
pulping times, involving a series of inline or hot-stock refiners to liberate the cellulose fibres from 
each other. Conventionally, kraft liner is pulped to a pulp lignin level far above the defibration 
point, expressed as <1% reject material on wood. Approximately 6–8% lignin (on wood %) 
remains in liner pulp versus 1–2% in pulp desired for its bleachable qualities. In Sweden, kraft 
liner mills are located in the north and the available raw material is both pine and spruce.  

Some important properties of kraft liner are tensile stiffness, tensile strength, and compression 
strength. The most important property of corrugated board is bending stiffness.  

The Composition of Wood 

The chemical composition of wood is important when describing the fundamental reactions 
occurring in kraft pulping. On the molecular level, the main wood components are cellulose, 
hemicelluloses, and lignin. Depending on the species, the proportions of these wood components 
vary. Table 2 shows the chemical composition of some softwoods. The main difference between 
Norway spruce and Scots pine is the larger amount of extractives and lower amount of cellulose 
in Scots pine than in Norway spruce. 

When producing pulp for papermaking, the interesting parts of wood are the supportive cell 
types. These cell types are the longitudinal tracheids in softwoods and the libriform fibres and 
fibre tracheids in hardwoods. These cell types are usually referred to as “fibres”, the term used 
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throughout this thesis. The lengths of the strength-bearing fibres differ substantially between 
hardwood (0.4 – 1.8 mm) and softwood (3 – 4 mm) (Daniel 2004). Due to this difference, 
hardwood pulp is often called short-fibre pulp and softwood pulp long-fibre pulp.  

Table 2. Chemical composition of the softwood species used in chemical pulping in Sweden, expressed as 
% of dry wood weight. Softwood also includes fir, larch, juniper, and other pine and spruce species. 
Adapted from Sjöström (1993). 

Wood component Softwood 
 

Norway spruce 
Picea abies 

Scots pine 
Pinus sylvestris 

Lignin 26.8 – 32.1 27.4 27.7 
Cellulose 33.0 – 41.7 41.7 40.0 
Galactoglucomannan* 14.1 – 20.4 16.3 16.0 
Arabinoglucuronoxylan   5.4 – 10.7 8.6 8.9 
Other polysaccharides 2.7 – 8.7 3.4 3.6 
Total extractives 1.7 – 5.3 1.7 3.5 
*including acetyl 

Cellulose 

In kraft pulping, the most important wood component to preserve is cellulose, a strength-
bearing, linear, high-molecular-weight polysaccharide. The smallest repeating unit in a cellulose 
chain is the cellobiose molecule consisting of two β-D glucopyranose units linked by a (1→ 4)-
glycosidic bond. Wood cellulose chains consist of approximately 10,000 glucose units and are 
organized in fibrils that form fibril aggregates with both accessible and inaccessible surfaces 
(Larsson 2004).  

Hemicelluloses 

The hemicelluloses are unlike cellulose branched heterogeneous polysaccharides, which have a 
degree of substitution (DP) of up to 200. The name hemicellulose originates from the days when 
it was assumed that the hemicelluloses were intermediate in cellulose biosynthesis (Sjöström 
1993). They are now known to be synthesized in the Golgi apparatus in the cell, whereas 
enzymes bound to the plasma membrane of the growing cell (Carpita and McCann 2000) 
synthesize cellulose. The hemicelluloses of softwood consist mainly of galactoglucomannan and 
arabinoglucuronoxylan, whereas in hardwood species, 15–30% of the wood consists of 
glucuronoxylan and 2–5% of glucomannan (Sjöström 1993). 

Lignin 

Lignin has a complex structure and is a mixture of interconnected aromatic and aliphatic 
monolignols connected to each other forming a three-dimensional web. It is a racemic 
biopolymer, not a true polymer with a determined DP. Lignin is connected to hemicelluloses and 
cellulose by covalent bonds in the cell wall, forming lignin–carbohydrate complexes (LCCs) 
(Lawoko et al. 2005). The importance of LCCs to pulping is still under discussion (Bogren et al. 
2007).  
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Wood fibre morphology 

The chemical composition of wood is important when describing the fundamental reactions of 
kraft pulping. In wood, the fibres are held together by the middle lamella (ML), which mainly 
consists of lignin. In kraft pulping, the desired reactions degrade and dissolve lignin to liberate 
the wood fibres from each other without affecting strength-bearing carbohydrates, such as 
cellulose and hemicelluloses. The concentration of lignin in the middle lamella is high, but since 
the layer is thin, only 20–25% of the total lignin in wood is present here. The middle layer of the 
secondary cell wall (S2) is the thickest layer of the cell wall, making this the layer where at least 
70% of the total lignin is located (Sjöström 1993). In the S2 layer, the fibril bundles are well 

ordered and have the lowest microfibrillar angle (MFA) in the cell wall, i.e., 30–60°. It is essential 
that the papermaker preserve the S2 layer, since it has been demonstrated that the lower the 
MFA, the higher the tensile strength of fibre. Hemp fibres have an MFA of 2.3° of and display 
three times the tensile strength of wood fibres (Wainwright 1982).  

Wood chips and penetration of liquid 

The wood density varies between and within chips, depending on whether the wood matrix 
comes from earlywood or latewood. Earlywood fibres, synthesized during the rapid growth 
period in the spring, are thin walled with a high ability to transfer water, resulting in a lower-
density wood matrix. Latewood fibres, on the other hand, are synthesized in late summer to early 
autumn, depending on light, temperature, and soil conditions. These bulky fibres are thick walled 
and not easily collapsible when used in papermaking.  

The penetration and diffusion of cooking liquors into the fibre wall structure where the 
delignification reactions should take place is affected by the fibre morphology. The pores of the 
fibre walls differ between softwood species, and between latewood and earlywood fibres. The 
liquid transport between the fibres occurs through bordered pits, of which there are 
approximately 200 in earlywood tracheids and only 10–50 in latewood tracheids. The difference 
between pine and spruce fibre morphology is greatest in the half-bordered pits in the ray 
parenchyma cell wall: Scots pine has large window pores while spruce has small elliptical pits 
(Sjöström 1993). Liquid is transported from the tracheid to the parenchyma cell via these pores.  

The following factors are important determinants of liquid penetration: 

• chip dimensions  

• entrained air 

• chip moisture 

As early as 1962, Hartler & Onisko (1962) evaluated the importance of chip dimensions for 
pulping uniformity and reject content. They recommended using chips as thin as 2 mm, since the 
reject content was lowest for thin chips and the viscosity of the holocellulose was stable in the 2–
7-mm chip thickness interval.  

To achieve good liquor penetration, air must be removed from within the wood chips. This is 
done by pre-steaming, which also increases the temperature to 100–120 °C. The entrained air is 
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removed by the temperature increase in the chip followed by the expansion of the air. Steam 
diffuses into the chip capillaries, condenses, and evaporates again, displacing air from the chips. 
The original moisture/water in the chips is also heated by the steam, increasing the water 
pressure in the chips and affecting the air removal. If the original water is heated to sufficiently 
high temperature and pressures to cause boiling inside the capillaries the boiling water will 
displace the entrained air (Gullichsen and Fogelholm 2000). 

The pre-steaming also promotes the uniform penetration of cooking liquors into the chip during 
the following impregnation. The importance of steaming for pinewood has been evaluated, and it 
was concluded that cook uniformity was increased by steaming followed by black liquor 
impregnation (Malkov 2003). The pressure profile in the impregnation step affected the final 
kappa number (the higher the pressure, the lower the kappa number) of the pulp, though the 
reject content was unaffected.  

Cooking reactions 

The cooking reactions in the kraft pulp are both chemical and physical. The effect of the 
chemical reactions can be divided according to a) the kind of molecular structure affected and b) 
when the reaction occurs in the cook. The desired reactions in the kraft cook are lignin 
degradation and dissolution. The chemical reactions depend on concentrations of active cooking 
chemicals, time, and temperature. Chip porosity increases as delignification proceeds, enabling 
lignin fragments to diffuse into the bulk solution. Other inevitable reactions in the kraft cook are 
the degradation and dissolution of accessible carbohydrates, which significantly reduce the yield 
early in the cook (Aurell and Hartler 1965).  

The cooking liquor in kraft pulping is called white liquor and consists of sodium hydroxide 
(NaOH) and sodium sulphide (Na2S). The active ions are the hydroxide ions and hydrogen 
sulphide ions, since the components are dissolved in water, and the equilibrium (Eq. 1) is 
displaced to the right.  

−−−
+↔+ HSOHOHS 2

2
  Eq. 1 

 

The time and temperature dependence of the cooking reactions were modelled by Vroom (1957) 
in the H-factor model, which neglects the influence of the active cooking chemicals and 
expresses cooking times and temperatures as a single variable. The model is based on the 
Arrhenius equation (Eq. 2) integrated over time and assuming that the activation energy (EA) is 
134 kJ/mol for the whole delignification process and a defined relative rate of 1 at 373 K or 
100 °C. The H-factor is given in Eq. 3. 

 

RT

Ea

Aek

−

=     Eq. 2 

 

( )

dteH
Tt

t

16113
2.43

0

−

∫=    Eq. 3 
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Carbohydrate reactions 

The main carbohydrate reactions in the kraft cook are; the peeling reaction, the stopping reaction 
and alkaline hydrolysis (Sjöström 1993). 

The peeling reaction mainly affects cellulose and hemicelluloses, such as xylan and glucomannan, 
due to the alkaline environment. Peeling takes place at the reducing end group of the 
carbohydrate chain as shown in Figure 1. The peeled of carbohydrate material is converted into 
different hydroxy acids. In addition, formic and acetic acids are formed as well as some 
dicarboxylic acids. The peeling reaction is interrupted by the competing stopping reaction, which 
converts the reducing end group to a stable carboxylic acid group (Sjöström 1993). 

For every monosaccharide peeled off from the polysaccharide chain, 1.6 acid equivalents are 
formed (Sjöström, 1993). A substantial part of the alkali charged to the wood chips is consumed 
at the beginning of the cook when accessible carbohydrates are neutralized. Of the charged alkali, 
60–70% is consumed by neutralizing the peeled-off hydroxy acids and approximately 10% by 
neutralizing the uronic and acetic acids. Most of these reactions occur at the beginning of the 
cook before the cooking temperature is reached (Enkvist et al. 1957). When using a common 
alkali charge, 17% EA (170 kg/ton wood as NaOH), to calculate the consumption, 60% of the 
charged alkali adds up to 102 kg/ton wood. This is without considering the temperature 
dependence of the alkali consumption (Figure 4). 

   

O   O   

O   

OH 
-   

 

Figure 1. Primary peeling reaction in the early stages of kraft cooking. The reducing end group is attacked 
by the hydroxide ion; for every peeled off monosaccharide, a new end group is available for attack. 

The cutting reaction or alkaline hydrolysis affects mainly the more amorphous (accessible) part of 
the cellulose chain. The alkaline hydrolysis randomly cleaves the cellulose chain as a C-2 hydroxyl 
group is ionized and the C-1 carbon is attacked, expelling the anhydroglucose unit (Sjöström, 
1993, Gellerstedt 2004). The kinetics of cellulose depolymerisation (Eq. 4) was determined in 
1983 (Kubes et. al. 1983) and is of first order for the hydroxide ion concentration and zero order 
for cellulose and hydrogen sulphide ion concentrations. 

 

[ ]0

4

−
=− OHk

dt

dC
  EA = 180 kJ/mol  Eq. 4 

 

Dissolved wood components, hydrogen sulphide ion concentration, and sodium ion 
concentration can be neglected when considering cellulose degradation. For every broken 
cellulose chain, a new reducing end group is available for secondary peeling.  
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Lignin reactions 

The delignification rate in the kraft cook has been modelled in different ways. Numerous 
publications on the subject divided the delignification into three distinct sequential phases, i.e.:: 
initial, bulk and residual (Wilder and Daleski 1965, Kleinert 1966, Lémon and Teder 1973; 
Gustafson et. al. 1983). The initial and bulk delignification phases are visualised in Figure 2, as 
carbohydrate yield on wood vs. lignin on wood (Axegård 1978).  

 

Figure 2. Carbohydrate yield plotted versus residual lignin yield for a kraft cook (Axegård 1978). 

Lindgren & Lindström (1996) proposed an alternative model in which the delignification 
reactions occur simultaneously. The lignin in this model is regarded as three different types of 
lignin, reacting according to Eq.s 5–7. The delignification rates in all three phases are of first 
order, meaning a delignification rate proportional to the concentration of lignin, here Li, Lb, and 
Lr. In the initial phase (Eq. 5), approximately 20% of lignin is removed and the low activation 
energy indicates reaction with the accessible lignin (Olm and Tistad 1979). The most selective 
phase is regarded as the bulk delignification phase, in which the dissolution rate of carbohydrates 
is lower than the delignification rate. Teder & Olm (1981) determined the bulk and residual phase 
equations in Eq.s 6–7 whereas the activation energies in Eq.s 6–7 were determined by Lindgren 
& Lindström (1996). 

 

[ ] [ ]
iLHSOHk

dt

dL 00

1

−−
=−   EA = 60 kJ/mol  Eq. 5 

 

[ ] [ ]
bLHSOHk

dt

dL 5.08.0

2

−−
=−  EA = 127 kJ/mol  Eq. 6 

 

[ ] [ ]
rLHSOHk

dt

dL 05.0

3

−−
=−  EA = 146 kJ/mol  Eq. 7 
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The slowly reacting residual-phase lignin in this model is regarded as already present in the wood 
or formed very early in the cook. 

The main chemical reaction in the degradation of lignin is the breaking of the phenolic β-O-4 
structure in lignin, as shown in Figure 3. 

 

Figure 3. This figure describes the cleavage of the β-O-4 structure in lignin. Side reactions are indicated, 
and the incorporation of sulphur into the lignin structure is shown, adapted from Gellerstedt (2004).  

Selective delignification 

The selectivity of delignification is determined by the ratio between lignin and carbohydrate 
dissolution. This is depicted in Figure 2, which shows that the most selective phase of lignin 
dissolution is the bulk phase. 

 Increasing the selectivity towards lignin dissolution involves favouring lignin degradation over 
carbohydrate reactions. Based mainly on equations (Eq.s 5–7), this can be achieved by: 

• keeping the hydrogen sulphide ion concentration as high as possible during the kraft cook – 
hydrogen sulphide ions only affect the lignin degradation and not the carbohydrate reactions; 

• keeping the cooking temperature as low as possible during the kraft cook – the differences in 
activation energy between bulk-phase delignification and cellulose degradation can be used to 
increase the pulp viscosity at a given kappa number by lowering the cooking temperature, 
which is done in modern kraft cooking systems; and 

• levelling out the hydroxide ion concentration, i.e., avoiding alkali peaks that dissolve 
hemicelluloses – the higher the alkali concentration is, the more of the hemicelluloses will be 
soluble (Sjöblom et. al. 1983). 

During the impregnation stage, increased liquor-to-wood ratio at high sulphidity increases the 
amount of available hydrogen sulphide ions and ensures the effective diffusion of hydrogen 
sulphide into the chips. It has been demonstrated that hydrogen sulphide ions diffuse into the 
saturated wood faster than do hydroxide ions, possibly because the hydrogen sulphide ions are 
prevented from entering some of the pores in the wood chip (Jacobson et al. 2006) due to charge 
exclusion. This is claimed to be reason why some parts of the wood chip are exposed to higher 
concentrations of alkali than are others. This could explain the importance of a high HS–/OH– 
ratio early in the cook (Jacobson et al. 2006). It has been suggested that high concentration of 
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hydrogen sulfide early in the cook is important for increasing the selectivity towards lignin 
degradation (Hartler 1978, Vikström et al. 1988). 

Homogenous delignification 

The uniform delignification of wood chips can also be described as homogenous delignification. 
This means delignifying all the wood chips to the same residual lignin level and all the fibres to a 
similar lignin content. Low cooking temperatures and thin chips should be used to achieve 
homogenous delignification (Hartler and Onisko 1962). Their investigation provided strong 
support of the diffusion theory, as opposed to the moving interface theory (Kulkarni and Nolan 
1955), of the liquid impregnation of wood chips. They concluded and recommended that as low 
a cooking temperature as possible should be used, since the wood substance is already completely 
penetrated at 130–140 °C. The cooking temperatures investigated in 1962 were 170 °C, 180 °C, 
and 190 °C (Hartler and Onisko 1962). Gullichsen et al. (1992) also demonstrated that pulping 
uniformity could only be achieved by using sufficiently thin chips (1.5–2 mm) under normal 
pulping conditions, which at that time was a cooking temperature of 175 °C.  

Temperature controls the rate of hydroxide ion consumption and the diffusion of cooking 
chemicals in the wood chip, according to Figure 4.  

 

 

Figure 4. The relative rate change versus temperature for the diffusion of cooking chemicals is described 
by Eq. 6, which describes the relationship between diffusivity and temperature, while Eq. 2 describes the 
consumption rate according the Arrhenius law, adapted from Gullichsen & Fogelholm (2000).  

To maintain a high enough alkali concentration to neutralize accessible carbohydrates and 
promote the diffusion of cooking chemicals into the chip, it is very important to reduce the 
temperature. The driving force for the transport process is favoured by the concentration 
difference between the outside and inside of the chip.  

The relative rate change versus temperature for the diffusion of cooking chemicals is described 
by Eq. 6, which describes the relationship between diffusivity and temperature: 
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Where k is a frequency constant, cm2/s  

 T the temperature, K 

 E the activation energy, 20.39 kJ/mol 

 R the general gas constant 
 

Pulping uniformity – kappa number distribution 

Some earlier described tools for estimating pulping uniformity are kappa number distributions on 
the single fibre level, determined by staining the fibres with acridine orange (Liu et al., 1999) or by 
making Fourier transform infrared (FTIR) spectroscopy measurements of pulped chips (Malkov 
et al. 2003). The energy required to defibrate pulps in a Sprout-Waldron refiner can also be 
considered a measure of the homogeneity of a cook in the high kappa-number region (Bäckström 
and Jensen 2001). This was studied for pulps delignified at 145 °C compared to 160 °C and 
175 °C. The energy consumption was 20% less for the pulps delignified at 145 °C. 

Polyelectrolyte multilayers (PEMs) 

Starch is a commonly used polyelectrolyte strength additive. Much research has been conducted 
to improve starch performance by using the multilayer technique (Brännvall et al. 2007, 
Eriksson et al. 2005a, Pettersson et al. 2006). It has been demonstrated that the multilayer 
technique results in more starch being adsorbed to the fibre surface than when a single layer of 
cationic starch is used. It was earlier demonstrated that paper strength is correlated with the 
amount of adsorbed starch (Eriksson et al. 2005a). This technique has been used for both fully 
bleached kraft fibres (Eriksson et al. 2005b) and treated unbleached kraft pulp mixed with semi-
mechanical pulps (Pettersson et al. 2006), positively affecting strength properties such as strain at 
break and tensile strength. None of these studies, however, used the technique on high-kappa-
number softwood pulps. These fibres possibly have higher stiffness, are less conformable, and 
have less bonding ability. Therefore, it would be valuable to investigate whether high-kappa-
number pulps can achieve good fibre-to-fibre bonding by means of surface modification.  

Objectives 

The main objective of this thesis was to investigate how to produce fibres with increased 
stiffness, enabling the manufacture of packaging materials with substantially improved stiffness, 
both in and out of plane. The strategy for accomplishing this was to liberate the wood fibres at 
substantially higher lignin contents without use of inline refining, i.e., moving the defibration 
point towards higher kappa numbers. Stiffness is thought to be negatively affected by inline 
refining operations due to induced kinks and curl. 

In addition, using a greater fraction of the raw material when producing kraft pulp is increasingly 
important, due to fears of increased competition for raw material. For the pulp and paper 
industry, the wood raw material can at times be scarce and the price difficult to predict due to 
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political decisions that may affect energy taxes and emissions trading. When competing on the 
world market as a pulp producer, it is crucial to use a cooking technique that produces pulp 
effectively. An effective pulping technique uniformly delignifies the wood chip, producing a pulp 
with a narrow kappa number distribution – the key to increasing the pulping kappa numbers.  

The concepts developed here combine ideas already published: 

• Maintaining a uniform hydroxide ion concentration throughout the cook to prevent 
carbohydrate losses and maintain a high pulp yield is the basis of modern modified kraft 
pulping, as suggested by Hartler (1978), Nordén & Teder (1979) and Sjöblom et al. (1983). 

• The rate of cooking chemical diffusion is slower than the rate of alkali consumption (Hartler 
and Onisko, 1962). 

• The reject content is affected by insufficient impregnation of the wood chips with cooking 
chemicals influenced by chip thickness and degree of penetration (Gullichsen et al. 1992, 
Gullichsen et al. 1995, Malkov et al. 2002). 

• Impregnation and cooking with black liquor have been demonstrated to reduce the reject 
content, shifting the defibration point towards higher kappa numbers for eucalypt pulps, a 
phenomenon attributed to dissolved wood components (mainly phenolic compounds) in the 
black liquor (Sjödahl, 2006). Earlier it was shown that absorption of HS- using sulfide 
containing liquors in the first phase of the cook result in improved selectivity, i.e. the pulp 
viscosity after the subsequent cook (Vikström et. al. 1988).  
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Experimental 

In this section of this thesis, the materials and methods described in detail in the appended 
papers are outlined briefly and referred to by the roman numerals of the relevant manuscripts 
(i.e., I, II, and III). Unpublished data are described in more detail below. 

Extended Impregnation kraft Cook (EIC) concept 

The EIC technique presented here combines the above ideas into a new concept: 

• achieving a levelled-out alkali profile by charging the effective cooking chemicals twice,  

• favouring NaOH diffusion over consumption by using a longer impregnation stage at a lower 
temperature,  

• developing an impregnation stage in which sufficient impregnation of the wood chips occurs 
before increasing the temperature,  

• using black liquor in the impregnation phase, and 

• increasing the available amounts of cooking chemicals in the impregnation stage by increasing 
the liquor-to-wood ratio to 7:1.  

Impregnation study 

Alkali consumption  

The objective of this study aimed to determine an impregnation time and temperature suited to 
producing a low-reject pulp with acceptable impregnation time and alkali consumption close to 
100 kg/ton wood. The background of this aim was a desire to neutralize accessible carbohydrates 
and uronic acids in the impregnation phase, before entering the cooking phase at an elevated 

temperature. The studied temperature range was 100 – 120 ºC. This impregnation study was 
conducted at a liquor-to-wood (l:w) ratio of 7:1 to increase the available amount of cooking 
chemicals and to ensure a more levelled-out alkali profile. The wood raw material used was 
manually debarked Norway spruce (Picea abies). The logs were chipped in a pilot chipper and 
screened over a Rader thickness screen. Chips with a thickness of 4–8 mm were accepted for use, 
after removing chips containing bark and knots. The industrial black liquor was from a process 
were 100% spruce was used and containing 49 g/L Klason lignin which was determined by 
sulphuric acid hydrolysis at 125 ºC 125oC in duplicates (6 ml black liquor + 3 ml 72% H2SO4  per 
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replicate). The Klason lignin was precipitated and gravimetrically determined after drying over-
night in 105 ºC. Mono-sugars are soluble under these acidic conditions in the filtrate and 
discarded.   

Air-dried chips, i.e., 100.0 ± 0.1 g oven dried (o.d.), were placed in steel autoclaves and evacuated 
for 30 min. The impregnation liquor consisting mainly of industrial spruce black liquor, adjusted 
by adding NaOH (technical grade) to 25 g/L, was then sucked into the autoclaves. The initial 
parameters were effective alkali of 17.5% and sulphidity of 52%. The autoclaves were placed into 
a polyethylene glycol bath at 100 ºC, 110 ºC and 120 ºC and then rotated. The first 10 min were 
not included in the impregnation time, but allowed the temperature to rise to the desired level. 
To determine the alkali consumption, measured as hydroxide ion concentration, the 
impregnation was terminated after 20, 40, 90, and 120 min by placing the autoclave in cold water. 
The spent impregnation liquors were withdrawn after cooling and stored at 4ºC until 
determination of hydroxide ion concentration and hydrogen sulphide ion concentration 
according to SCAN N 33:94 and SCAN N 31:94, respectively. Samples of the impregnated chips 
were broken in two, inspected with respect to softness and colour, and photographed.  

Reject and impregnation temperature (EIC) 

The impregnation was carried out at 110 °C as described in the above impregnation study, except 
that the black liquor was adjusted by adding white liquor. The autoclaves were placed in the 
polyethylene glycol bath and equalized for 10 min at 110 °C; this was done after the impregnation 
liquor had been replaced with white liquor to increase the alkali concentration to 35g/L as 
NaOH and changing the liquor-to-wood ratio from 7:1 to 4:1. The temperature was increased 
from 110 °C to the desired cooking temperature at a rate of 1 °C/min and then kept stable at this 
temperature for 4 h. Cooks were terminated by immersing the autoclaves in cold running water. 
The pulps were washed in deionized water for 12–15 h and defibrated at 2 bars (g) in a Nordiska 
Armatur Fabriken (NAF) water-jet defibrator with 1.5 mm perforations. Shives were collected 
for gravimetric reject content determination after being dried overnight at 105°C. Impregnation 
times of 90 min and 120 min followed by pulping at 150°C and 143°C were compared with 
regard to kappa number (ISO 302:2004), yield, and reject content. Additional cooking conditions 
are presented in Table 3.   

Table 3. Conditions and results for autoclave cooks comparing impregnation time at 110 °C followed by 
two cooking temperatures. Residual alkali after the impregnation was 0.30 ± 0.1 mol/L, as [OH–]res.  

Pulp ID Impregnation 
time 
(min) 

Cooking 
temperature 

(ºC) 

[OH–]res 
4-h cook 
(mol/L) 

Kappa 
number 
(±1 Stdev) 

Total 
yield 
(%) 

Reject 
(NAF) 
(%) 

A1 90 150 0.44 33.0 ± 0.4 49.7 - 
A2 120 150 0.45 33.2 ± 0.4 49.6 - 
B1 90 143 0.52 63.3 ± 0.5 55.0 2.1 
B2 120 143 0.54 59.9 ± 0.3 53.4 0.6 
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Due to the small amount of reject material for the B2 pulp at kappa number 59.9, the following 
cooks were conducted using a 120-min impregnation time. Two more autoclave cooks were 
conducted at cooking temperatures of 139 °C (C2) and 137 °C (D2), but otherwise in the same 
manner as pulp A2 and B2. The defibration of the C2 pulp was done in three steps, as follows.  

1) More than half of the pulp was thoroughly defibrated using only the NAF defibrator at 
2 bars (g).  

2) The reject material was defibrated by disintegration in a laboratory disintegrator, specified in 

ISO 5263-1:2004, for 3 × 3 min (approximately 30,000 revolutions) in deionized water with 
decreasing pulp consistency after each disintegration. 

3) The disintegrated pulp was then screened in the NAF defibrator at 2 bars (g).  

The D2 pulp was disintegrated for 15 min (50,000 revolutions) followed by NAF defibration as 
above. ISO brightness was determined according to ISO 2470:1999. Some cooking conditions 
and pulp characteristics are presented in Table 4.  

Table 4. Conditions and results for autoclave cooks to high-kappa-numbers after impregnation for 120 
minutes at 110 °C. Rejects (NAF-DIS) means rejects after disintegration and NAF-screening. 

Pulp ID [OH–]res 
impregnation 
(mol/L) 

Cooking 
temperature 

(ºC) 

[OH–]res 
4-h cook 
(mol/L) 

Kappa 
number 
(±1 Stdev) 

Total 
yield 
(%) 

Reject 
(NAF_DIS) 

(%) 

C2 0.31 139 0.57 74 ± 2 57.0 0.02 
D2 0.30 137 0.58 93 ± 2 59.1 0.30 

 

Circulation Cooks (I, II, bleachable grade) 

To produce a larger quantity of pulp, we used both the extended impregnation kraft cook (EIC) 
(I, II) technique and a conventional kraft cook (CK) technique in a laboratory digester with a 
capacity of 1–2 kg of dry chips. The cooking vessel volume was 16 L and the temperature was 
controlled by the forced circulation of steam at a flow rate of 12–16 L/min depending on the 
liquor-to-wood ratio and desired temperature.  

The wood raw materials for the different studies were are specified in  

Table 5. Air-dried chips, industrially chipped and screened, were hand sorted to remove chips 
containing bark and knots. Wood chips corresponding to 1 kg (o.d.) were pre-steamed at 15 bars 
steam pressure for 5 min. For EIC, pre-steaming was followed by the impregnation phase and 
for CK by the cooking phase.  
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Table 5. Wood raw material used in the circulation cooks. 

 Norway spruce 
Picea abies 

Scots pine 
Pinus sylvestris 

Chip fraction 
(mm) 

Paper I 100% - 2–6 
Paper II 80% 20% 2–8 
Bleachable grade 100% - 2–6 

 

Extended impregnation kraft cook (EIC) (I, II) and bleachable-grade pulps 

The pre-steaming was followed by the impregnation phase according to Table 6. The 
impregnation liquor consisted of industrial black liquor with a Klason lignin concentration of 
36.5 ± 3.5 g/L, adjusted by adding fresh white liquor prepared from technical-grade NaOH and 
Na2S. The impregnation phase was terminated by withdrawing 5 litres per kg charged wood of 
spent impregnation liquor and charging with white liquor to increase the hydroxide ion 
concentration (for further details, see Table 6 below and papers I–II). The temperature in the 
cooking phase was varied depending on the target kappa number. 

Table 6. Impregnation and cooking conditions for EIC pulps with target kappa numbers between 60–95, 
and corresponding H-factors between 220-115 (I, II). Initial impregnation phase sulphidity was 60%. 

 L:W 
(L/kg) 

[OH–]initial 
(mol/L) 

Time 
(min) 

Temperature 
(°C) 

[OH–]res 
(mol/L) 

[HS–]res 
(mol/L) 

Impregnation 7 0.625 120 110 0.24 0.19 
Cook, Part 1 4 0.875 120 138–132 0.56 0.30 
Cook, Part 2 3 0.56 120 138–132 0.46 0.25 

 

A series of cooks for bleachable-grade pulps was conducted with target kappa numbers of 30, 50, 
and 60. The impregnation temperature was 110 ± 0.3°C, the residual alkali after the 2-h 
impregnation phase was 0.24 mol/L, and the residual hydrogen sulphide ion concentration was 
0.21 mol/L for all pulps. Cooking temperatures, residual alkali, hydrogen sulphide ion 
concentrations in the black liquors, and resulting H-factors are stated in Table 7. 

Table 7. Cooking conditions for bleachable-grade spruce pulps. 

Target 
kappa 
number 

Cooking 
temperature 

(ºC) 

[OH-] res  
Part 1 

(mol/L ) 

[HS-] res  
Part 1 

(mol/L ) 

[OH-] res  
Part 2 

(mol/L ) 

[HS-] res  
Part 2 

(mol/L ) 

H-factors 
 

30 146.6 0.50 0.29 0.39 0.27 453.4 
50 140.3 0.54 0.29 0.45 0.26 254.1 
60 138.2 0.54 0.30 0.48 0.29 208.3 
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Conventional kraft cook (CK) (I) 

The pre-steaming was followed by pumping pre-heated white liquor into the system, which 
rapidly increased the temperature to the desired cooking temperature. The time to reach cooking 
temperature for all cooks was 11 min. The white liquor was prepared from technical-grade 
NaOH and Na2S, with the addition of sodium chloride (puriss) to simulate the ionic strength in 
industrial conditions. The liquor-to-wood ratio was 3.5:1. Additional cooking parameters are 
specified in Table 8. 

Table 8. Cooking conditions for conventional circulation cooks (CK), all with 35% sulphidity and 3.0 
mol/L sodium chloride. 

Pulp ID EA 
(%) 

Temperature 
(ºC) 

Time 
(min) 

H-factors [OH-]res  
(mol/L )   

[HS-]res  
(mol/L )   

Kappa 
number 

CK66 17 160.3 90 556 0.25 0.16 66.3 
CK82 17 160.4 70 450 0.21 0.15 82.5 
CK84 17 161.2 70 442 0.26 0.15 83.7 
CK94 16 159.4 70 414 0.17 0.15 93.9 

 

Defibration and pulp analysis (I) (II) and bleachable-grade pulps  

After terminating the cook, the pulp was washed in the digester with deionized water at a flow 
rate of 2 L/min for 12–15 h at room temperature. Pulps with target kappa numbers below 65 
were defibrated and screened in an NAF water-jet defibrator with 1.5-mm perforations at 2 bars 
(g) water pressure. Pulps with target kappa numbers above 65 were defibrated and screened in 
two steps. First, the pulped chips were disintegrated in deionized water for 15 min at 1.2% 
consistency and then further defibrated and screened in an NAF water-jet defibrator as above. 
NAF reject material was collected; after drying overnight at 105°C, the reject content was 
determined.  

Pulps (I) were also screened over a vibrating flat screen with 0.35-mm slots to determine the 
screened reject content. All pulps were centrifuged to 25–30% dry content (SCAN C 3-78) and 
evaluated with respect to yield and kappa number (ISO 302:2004, with 5 min disintegration time 
for high-kappa-number pulps). Determining lignin content with the kappa number analysis is 
valid up to 100 units and therefore Klason lignin determinations were performed with sulphuric 
acid hydrolysis as for the black liquor (with use of 125 mg/replicate and 3 ml of sulphuric acid , 
see paragraph impregnation study and I–II) for pulps at 95 and above. ISO brightness was 
determined for unbeaten screened pulp according to ISO 2470:1999 (I).  

Kappa Number Distribution (I) 

To determine the delignification uniformity of the investigated pulping techniques, we developed 
a method to determine the kappa number distribution of high-kappa-number pulps (65–100), 
shown schematically in Figure 5 (for further details, see Paper I).  
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Figure 5. Schematic of the Kappa number distribution method. The first cycle is represented by water-jet 
defibration for 2 × 2 min. In the second cycle, the reject material from the first cycle (R1) is disintegrated 
for 1 min followed by water-jet defibration. The third and fourth cycles use 3-min and 10-min 
disintegration times, respectively. Reject material from the fourth cycle (R4) is collected and dried for 
further analysis. All fractions are analysed with respect to lignin content and weight percentage of pulp.  

Starch Polyelectrolyte Multilayers (I) (unpublished) 

To investigate how PFI-beaten high-kappa-number spruce (I) and softwood (continued from II) 
fibres, delignified using the EIC and CK pulping techniques, respond to treatment with starch 
multilayers at similar sheet densities, two pulps, namely, EIC95 (beaten for 3000 revolutions) and 
CK82 (beaten for 1500 revolutions) were chosen for comparison. In the softwood study 
continued from Paper I, the EIC75 pulp was fibre modified at PFI beating levels of 1000 and 
3000 PFI. Some results of this continued softwood study were presented earlier (Karlström and 
Lindström 2008).  

Starch polyelectrolyte multilayers (PEMs) 

Polyelectrolyte multilayers were built up on the beaten spruce fibres by the consecutive addition 
of cationic starch (CAS), anionic starch (AS), and cationic starch. Before the starch additions, 
NaCl was added to the fibre suspension to 0.01 mol/L to achieve optimum background 
electrolyte concentration. The pH was initially adjusted to pH 7.0, and adjusted as necessary 
during the adsorptions. Three consecutive additions were made, i.e., CAS/AS/CAS, each of 20 
mg starch/g fibre, and the polyelectrolytes were allowed adsorb to the fibres for 10 min after 
each addition (for further details and information on the starch gelatinization, see Paper I).   
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Results and discussion 

Impregnation study 

Impregnation conditions were optimized in the autoclave study to achieve alkali consumption 
close to 100 kg NaOH/ton wood at the lowest possible temperature within a reasonable 
treatment time. Figure 6 shows the temperature dependence of sodium hydroxide consumption. 
As can be seen, a temperature of 110 °C is needed to reach the required alkali consumption. It 
seems as though the decreasing consumption rate at 110 °C after 120 min of impregnation 
indicates that sufficient neutralization has taken place. If the temperature is lowered below 
110 °C, reaching an alkali consumption of 100 kg/ton wood might not be possible or might 
require a substantially longer impregnation time. 
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Figure 6. Consumption of NaOH when impregnating spruce wood chips in industrial black liquor at an 
initial Klason lignin content of 47 g/L. The initial NaOH concentration was 25 g/L at a liquor-to-wood 
ratio of 7:1. The residual hydrogen sulphide ion concentration was 0.20 mol/L. 

Figure 7 shows photographs of chips impregnated under different conditions. It is obvious that 
the shorter impregnation time at a higher temperature, 20 min at 120 ºC, which is common in 
industrial situations, will not result in complete chip impregnation. The cooking chemicals have 
not reached the centre of the chips, as indicated by the brighter colour contrasting with the much 
darker, well-impregnated parts of the chips. It can be expected that these unimpregnated parts 
will not be sufficiently delignified and will end up as reject material in the final pulps. 
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The effect of impregnation on reject content was investigated by varying the impregnation time 
and cooking temperature, as shown in Table 9. A reject content below 1% (on wood) is 
considered the limit for a completely defibrable pulp. 

Table 9. The pulp characteristics after impregnation for 90 and 120 min at 110 ºC are presented here to 
explain the choice of impregnation time in the following cooks. The pulping time is 4 h. 

Impregnation 
time  
(min) 

Cooking 
temperature 

(°C) 

Kappa 
number 

Reject 
material  

(% on wood ) 

Total 
yield  

(% on wood ) 

90 150 33 0 49.7 
90 143 63 2.1 55.0 
120 150 33 0 49.6 
120 143 60 0.6 53.4 
120 139 74  0 57.0 
120 137 93 0.3 59.1 

 

As can be seen, when using an impregnation time of 90 min, it is impossible to reduce the 
cooking temperature without obtaining too high an amount of reject material. However, by 
employing a longer impregnation time, 120 min, it was possible to perform the cook at a 
temperature as low as 137 ºC while keeping the reject level very low. As shown in the above 
table, the pulp cooked at this low temperature had a kappa number of 93 and a reject content of 
only 0.3%. This concept of longer impregnation time at lower temperature followed by low 
cooking temperature than generally used in the industry is denoted Extended Impregnation 
Cooking, EIC.  

 

 

Figure 7. Spruce chips broken in two after impregnation at 120 °C for 20 min (left) and at 110 °C for 
120 min (right) showing the difference in diffusion of the black liquor into the chip centres.  

Yield, reject, and brightness (I) (II) and bleachable-grade pulps 

The EIC concept was used to study its effect on pulp properties. It is evident from the 
impregnation study that the EIC technique can be used to produce a high-kappa-number pulp 
with a substantially lower reject content than pulp produced by conventional kraft pulping. 
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Figure 8 shows the reject content of pulps produced by conventional kraft pulping and by the 
EIC technique.   
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Figure 8. Reject content versus kappa number for Picea abies high-kappa-number kraft pulps produced in 
a forced-circulation digester using conventional kraft (CK) and extended impregnation (EIC) cooking 
techniques. The regression lines serve to guide the eye.  

If a reject content of 1% is considered to indicate a completely defibrated pulp, it can be seen 
that the defibration point is at a kappa number of approximately 65 for conventional kraft 
pulping and at a kappa number of approximately 85 for the EIC technique. Thus, it is possible to 
produce high-kappa-number pulps without having to use inline or hot stock refiners to defibrate 
the pulp. By pushing the defibration point to higher kappa numbers, it is also possible to obtain a 
higher unbleached yield (Figure 9). If delignification in the cooks were stopped at the defibration 
point, the total yield would be 53% for conventional kraft pulping and 56.5% for EIC.  
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Figure 9. Total and NAF-screened yield for Picea abies high-kappa-number kraft pulps showing the 
potential to use EIC pulps up to kappa number 90 while maintaining the yield without having to use high 
amounts of energy for defibration. The regression lines serve to guide the eye. 

An interesting feature of the EIC pulps was their higher brightness in the unbleached state, as 
presented in Table 10. Although the EIC pulps had higher kappa numbers than did the 
conventional kraft pulps, their brightness was higher. In an earlier study, the EIC technique was 
used for pulping industrial softwood chips (80% Scots pine, 20% Norway spruce) to kappa 
numbers of 60 and 75, and these pulps were compared with two industrial kraft liner pulps (II). 
The study found that the EIC pulps were significantly brighter at comparable kappa numbers 
than were the industrial kraft liner pulps. The cause of the greater brightness at a given kappa 
number for the EIC pulp is most likely the use of a higher alkali profile in the EIC technique, a 
possibility in line with earlier findings (II) (Axelsson and Lindström 2004). 

 

Table 10. ISO brightness of two EIC and one CK pulp. 

Pulp ID Kappa number ISO-brightness 
(%) 

EIC77 76.5 27.8 
EIC96 95.8 24.8 
CK82 82.5 21.9 

 

Terminating delignification at a higher kappa number will invariably result in higher yield, as less 
material has been dissolved. However, for bleachable-grade pulps, the interesting thing is the 
possibility of increased carbohydrate yield and not increased yield due to a higher lignin content. 
Figure 10 shows both the total yield and the calculated lignin-free yield at different degrees of 
delignification for some EIC-pulps. For the investigated kappa number range, the lignin-free 
yield reaches a maximum at a kappa number of approximately 50.  
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Figure 10. Yield vs. kappa number for EIC pulps. The lignin-free screened yield is based on calculated 
Klason lignin in the screened pulp, i.e., Klason lignin = 0.0015 × kappa number × screened yield (Tasman 
1959, Kyrklund and Strandell 1969). Lignin-free screened yield = screened yield – calculated Klason lignin.  

It has earlier been demonstrated that higher bleached yield can be obtained if the kraft cooking is 
terminated at a higher kappa number and that further delignification takes place in an oxygen 
stage (Jiang et al. 2002). Using the EIC technique, a defibrable and shives-free pulp can be 
obtained at a much higher kappa number than with conventional kraft pulping; by combining 
EIC pulping with an oxygen stage, it should be possible to obtain significantly higher bleached 
yield. According to Figure 10, a suitable unbleached kappa number with the EIC technique 
would be approximately 50, and it would be of interest to oxygen delignify this pulp for further 
bleaching to determine how much of the lignin-free yield is retained.  

Kappa number distribution (I) 

During the development of the EIC pulping technique, it was demonstrated that the defibration 
point had been shifted towards a higher average lignin content in the pulp. The cause of this shift 
is likely more homogenous chip impregnation in turn resulting in more homogenous wood chip 
delignification. This was evaluated using the kappa number distribution method, and the results 
are shown in Figure 11. The comparison was made between a conventional pulp with an average 
kappa number of 82 and an EIC pulp with an average kappa number of 77.  



 24 

CK82

0

20

40

60

80

100

120

0 20 40 60 80 100

Weight [% on pulp]

K
a

p
p

a
 n

u
m

b
e

r

78.2  81.3 98.2

average 120
reject 

EIC77

0

20

40

60

80

100

120

0 20 40 60 80 100

K
a

p
p

a
 n

u
m

b
e

r
78.3 80.4

average
89.2

CK82

0

20

40

60

80

100

120

0 20 40 60 80 100

Weight [% on pulp]

K
a

p
p

a
 n

u
m

b
e

r

78.2  81.3 98.2

average 120
reject 

EIC77

0

20

40

60

80

100

120

0 20 40 60 80 100

K
a

p
p

a
 n

u
m

b
e

r
78.3 80.4

average
89.2

 

Figure 11. Kappa number distributions of two pulps, the largest portions of which have the same kappa 
numbers as the weight percentages of the pulp. The high-kappa-number tail representing the reject 
material is also shown. 

A narrower lignin distribution between the EIC fibres can be seen, since 98.5% of the fibres had 
kappa numbers of 78–80. For the conventional pulp, 82% of the fibres had kappa numbers of 
78–81; however, a substantial part (10%) had kappa numbers of approximately 100 and the 
remaining 8% had kappa numbers of 120 and above. The lignin contents of the pulps were 
confirmed by Klason lignin determinations (I). It can also be noted that the conventional kraft 
pulp with a kappa number of 82 had not reached the defibration point, since the reject content 
was above 8%. 

Physical properties (I) (II) 

When shifting the defibration point towards higher kappa numbers using the EIC technique, 
there will be no need for inline or hot-stock refining to obtain liberated fibres up to kappa 
numbers of 85–90. In addition to reducing the energy demand in the pulping process, this might 
also affect the physical properties of the pulp. In theory, mechanically treating the fibres via inline 
refining will affect the fibres, resulting in higher curl and somewhat more flexible fibres (Page et 
al. 1979).  

When investigating the physical properties of EIC softwood fibres versus industrial kraft liner 
fibres (II), we demonstrated that the industrial fibres had significantly more kinks per mm than 
did the EIC fibres (laboratory pulps). The unbeaten EIC pulps were also straighter than the 
industrial pulps. Despite these findings, the apparent strain at break was slightly higher for the 
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EIC pulps (II: and Figure 12), possibly attributable to fibre damage occurring in the pulping or 
refining process of the industrial pulps. 
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Figure 12. The apparent strain at break is somewhat higher for the EIC-pulps. The figures after the 
abbreviations represent the kappa number. Error bars indicate a confidence interval of 95%. The lines 
serve to guide the eye. 

The influence of the industrial process was further investigated when comparing EIC and CK 
pulps, both of which were laboratory cooked and defibrated without inline refining (I). Figure 13 
shows tensile strength versus structural density for these pulps.  

Notably, the EIC pulp with a kappa number of 95 and the conventional kraft pulp with a kappa 
number of 82 have practically the same tensile strength–density relationship. This indicates that, 
although the EIC pulp contains significantly more lignin, it can develop a comparable number of 
fibre-to-fibre bonds. The EIC pulp with a kappa number of 77 has a somewhat higher tensile 
strength at a given sheet density.  

When applying the multilayer technique to build up strength-enhancing starch layers on the 
fibres, EIC and conventional kraft pulps respond similarly. Improved fibre-to-fibre bonding 
increases the tensile strength index, but has also been known to cause sheet densification. Both 
these effects are shown in Figure 13 for the conventional pulp at kappa 82 PFI beaten for 1500 
revolutions and the EIC pulp at kappa number 95 beaten for 3000 revolutions.   
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Figure 13. Tensile strength index versus structural density for Picea abies untreated and starch-multilayer-
treated pulps. Numbers in the pulp ID codes indicate the kappa number. The tensile index of the EIC 
pulps increases with decreasing lignin content. Fibre modification by applying starch multilayers positively 
affects the tensile index. The sheet densification is similar in both pulps, indicating a similar increase in 
fibre–fibre bonding. Error bars indicate a confidence interval of 95%. 
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Figure 14. Tensile stiffness index versus structural density for Picea abies pulps is negatively affected by 
starch multilayer treatment for both the EIC and CK pulps. The high-kappa-number tail of the CK pulp 
seems to affect the tensile stiffness, making the CK pulp resemble the EIC pulp with a kappa number of 
95. A slight densification of the sheets due to the starch treatment is also seen. Error bars indicate a 
confidence interval of 95%. 

Sheets made of EIC pulp with a kappa number of 77 have a slightly higher tensile stiffness than 
do sheets of conventional kraft pulp or EIC pulp with a kappa number of 95 (Figure 14). This 
can be explained by the lower lignin content and is in line with the results of the softwood study 
(II). Tensile stiffness is negatively affected by the starch multilayer treatment; this is not 
surprising, since the tensile stiffness of strong, high-density sheets is primarily determined by the 
fibre stiffness and not by the fibre–fibre joints (Page et al. 1979, Page and Seth 1980). However, 
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since both tensile strength index and strain at break (I) are positively affected by the treatment, it 
can be assumed that the multilayers are real surface modifiers. To affect the tensile stiffness of 
the fibres, one would have to treat the fibre wall, for example, with cross-linking agents (Horvath 
2008).  

The spruce fibres (I) were also evaluated with respect to compression strength, and these results 
are shown in Figure 15. The lignin content of the pulps here seems to affect the SCT in a similar 
way as the tensile stiffness. The SCT level is slightly lower for spruce pulps than for softwood 
pulps. EIC spruce high-kappa-number pulps reach 30 kNm/kg after beating to 740 kg/m3, 
whereas the softwood EIC and industrial pulps reached 34 kNm/kg at a similar density. These 
levels have been reported earlier for pine pulps (Fellers et al. 1980). The SCT levels of pure spruce 
liner pulps have not been found in the literature. 
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Figure 15. Short-span compression test (SCT) index versus structural density for Picea abies pulps. Starch 
multilayer treatment has a negative effect on SCT index in both the EIC and CK pulps. Error bars 
indicate a confidence interval of 95%. 

Some results of an unpublished study, conducted concurrently with the study presented in Paper 
II, are shown in Table 11. The multilayer technique was used on a softwood EIC pulp with a 
kappa number of 75, essentially as described in Paper I, except that rinsing was done between 
PEM applications. The softwood fibres were treated for 3 min with 20 mg starch/g fibres and 
layer.  

A slight sheet densification was evident because of the starch multilayer treatment. These results 
are in line with those for the spruce pulps (I). Additional data presented here are the apparent 
strength (ASI) and strain at break (ASaB) values given for notched samples. In summary, the 
starch treatment increased the strainability, which is reflected by the increase in tensile index, 
strain at break, and tensile energy absorption (TEA).  
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Table 11. The effects of starch multilayer treatment (CAS/AS/CAS) of an EIC softwood pulp with a 
kappa number of 75. 

  Density Tensile 
index  

Strain 
at 

break 

Tensile 
stiffness 
index 

TEA ASI  ASaB SCT index 

 [kg/m3] [kNm/kg] [%] [MNm/kg] [ J/g] [kNm/kg] [%] [kNm/kg] 

Reference 
1000 PFI 

673 86.7 2.9 8.57 1665 39.8 0.965 29.5 

Reference 
3000 PFI 

731 98.3 3.4 8.58 2203 43.4 0.957 31.1 

Starch 
1000 PFI 

697 110.4 3.8 8.17 2617 42.6 1.1 31.5 

Starch 
3000 PFI 

737 114.8 3.9 8.18 2843 44.7 0.97 30.2 

 

The rewetted zero-span tensile strength was determined according to ISO 15361 and is shown in 
Figure 16. The rewetted zero-span is not a direct measure of the strength of the dry fibres, since 
the water has a plasticizing effect on the fibres (Gurnagul and Page 1989).  
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Figure 16. Rewetted zero-span tensile indexes were evaluated for EIC spruce pulp with a kappa number of 
95. Here the data are shown for 1000, 3000, 6000, and 9000 PFI revolutions, versus structural density and 
the mean shape factor shown on the right-hand axis. Error bars indicate a confidence interval of 95%. 

For softwood kraft pulps, the optimum beating level according to ISO 15361 is 4000 revolutions. 
This also seems to be valid for pulps made using the EIC technique. Shape factor was 
determined using the STFI FiberMaster, where the completely straight fibre has a shape factor of 
100% (Karlsson and Fransson 1994). The shape factor is very high for this pulp and only 
decreases slightly due to the PFI beating. The starch multilayer has very little effect on the shape 
factor.  
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Physical properties and moisture (II, III) 

The influence of moisture on sheet physical properties was evaluated for both liner qualities and 
bleached hardwood pulps. The studied properties were hygroexpansion, and mechano-sorptive 
creep. High safety factors of the kraftliner require high grammages in order to overcome the 
influence of mechano-sorptive creep. Mechano-sorptive or accelerated creep is the deformation 
that occurs with simultaneous loading and varying of relative humidity; it has been found to be 
significantly greater than in high constant humidity (Byrd 1972). 

Hygroexpansion was measured in a climate chamber according to ISO 8226-1:1994 were paper 
strips were mounted between clamps, one fixed and one movable. The hygroexpansion was 
measured between 33% relative humidity (rh) and 66% rh and the hygroexpansion coefficient 
was calculated by dividing the hygroexpansion with the difference in relative humidity. 

Isocyclic creep stiffness tests, for evaluating mechano-sorptive creep properties, were performed 
on test pieces with a width of 25 mm. The strain values at certain tensile loads were detected after 
three humidity cycles, starting and ending at 50% rh and reaching up to 90% rh. Using these 
values, isocyclic plots were constructed for three cycles and the isocyclic creep stiffness was 
determined by fitting linear curves to these results. An example of this can be seen in paper III 
figure 4.  

In Paper II the influence of the EIC pulping of softwood on kraft liner properties and moisture 
were compared to properties of industrial softwood pulps. The hygroexpansion was shown in 
this study to be highly related to the fibre shape, the straighter the fibre the less hygroexpansion. 
(Fig. 8, Paper II) and has also been shown by Salmén et al. (1987). Pulps beaten to 3000 PFI 
revolutions were chosen for isocyclic creep measurements since the influence on fibre shape is 
less as the pulps are straightened by beating. It was shown that the EIC pulps also have higher 
cellulose content at similar degree of delignification compared to CK pulps. The higher fibre 
shape and higher cellulose content are the most probable causes for the less mechano-soptive 
creep, measured as higher isocyclic creep stiffness.  

To study the influence of moisture on pulps and trying to determine their behaviour when 
subjected to cyclic humidity is time consuming. In paper III several bleached industrial hardwood 
kraft pulps were compared. Tensile stiffness and hygroexpansion was evaluated for refined and 
unrefined eucalypt, acacia and birch pulps. The results indicate significant differences in 
hygroexpansion but smaller differences in tensile stiffness index at comparable densities. 
However, correlation between hygroexpansion coefficient and the mechano–sorptive creep 
stiffness was observed in the studied pulps. We suggest that the hygroexpansion coefficient at a 
given tensile stiffness level can be used to rank pulps in terms of their mechano–sorptive creep 
properties. The differences in hygroexpansion coefficient between the investigated pulps cannot 
be explained by any single factor investigated here, such as hemicellulose content, fibre form, or 
fibre geometry. 
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Industrial process considerations 

To chemically defibrate wood fibres with a high residual lignin content it is crucial to maintain a 
uniform hydroxide ion concentration throughout the wood chip. The EIC technique described in 
this thesis utilizes the differences between a) the consumption rate of hydroxide ions to 
neutralize the wood acids and b) the diffusion rate of cooking chemicals into the chip in a 
prolonged impregnation step at a lower impregnation temperature than is commonly used in the 
industry. The rate differences are minimized by lowering the temperature from 130 °C to 110 °C 
in the impregnation phase, which reduces the consumption rate of hydroxide ions by 88% but 
reduces the diffusion rate of cooking chemicals by only 27%.  

The diffusion of unconsumed cooking chemicals into the chip is promoted before increasing the 
temperature. The available amounts of alkali can be increased and the concentration kept lower 
due to the use of a higher liquor-to-wood ratio. 

Some advantages of using black liquor impregnation are: 

• heat recovery, 

• high hydrogen sulphide ion concentration, and 

• a residual alkali of 15–20 g/L as NaOH after the cooking phase is optimal for drawing 
back to the impregnation phase 

The high alkali profile used in the present research produces a brighter kraft pulp. Using such a 
pulp in the base layer of a white top liner would be beneficial, since less of the more expensive 
bleached pulp can be used to achieve the same product whiteness. 

The process described here is a development of continuous cooking in combination with black 
liquor impregnation. The technique described here is not in use presently for high kappa number 
softwood pulping and would require installation of a larger impregnation vessel or using lower 
flow rate since the time required to impregnate the chips is 2 h. The favourable low temperature 
also requires longer time to reach the target kappa number but this be adjusted with a higher 
alkali profile. A rule of thumb is if lowering the temperature 10 °C increasing the alkali charge 
with 1 g/L as NaOH will be sufficient to maintain the same degree of delignification. 
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Conclusions 

This project has developed a novel sulphate pulping technique, extended impregnation kraft 
cooking (EIC), in which softwood fibres are chemically liberated at a high lignin content (kappa 
no. ≈90) without using mechanical treatment, such as inline refining. Fibres produced using this 
new technique are unaffected by the negative impacts of refining on the fibre shape and stiffness, 
since this step is not needed. 

This thesis has explored the features of the EIC technique for use with softwood. The following 
conclusions can be drawn from the study: 

1. Impregnation of softwood chips for 2 h at 110 ºC results in homogenously impregnated 
chips as well as alkali consumption presumably corresponding to the neutralization of 
acidic compounds in wood were a pre-requisite is steamed chips. 

2. Cooking at lower temperatures is enabled by withdrawing spent impregnation liquor and 
charging new cooking chemicals before increasing the temperature.  

3. Reject content is exceptionally low at high kappa numbers, i.e., the defibration point is 
shifted towards higher kappa numbers.  

4. The conditions described above result in a more homogenously delignified wood, 
expressed as a narrower kappa number distribution. 

5. The screened unbleached yield is increased.  

6. For bleachable-grade Norway spruce pulps, the maximum theoretical lignin-free yield 
seems to be at a kappa number close to 50. 

7. The physical properties of Norway spruce EIC pulps with a kappa number of 95 largely 
resemble those of conventional laboratory kraft pulps with a kappa number of 82, with 
respect to tensile index, tensile stiffness, and SCT at a given density.  

8. The higher alkali profile used in the EIC cooks results in brighter pulp sheets 

9. In high kappa number pulps, lower lignin content results in hand sheets with increased 
tensile stiffness, lower hygroexpansion, and lower mechano-sorptive creep.  

10. When comparing EIC softwood pulps with industrial pulps at similar lignin content the 
EIC pulps sheets displayed less mechano-sorptive creep and is proposed to be due to 
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straighter fibres and the higher cellulose yield at given degree of delignification, measured 
as Klason lignin for the EIC pulps. 

11. For hardwood pulps we suggest that the hygroexpansion coefficient at a given tensile 
stiffness level can be used to rank hardwood pulps in terms of their mechano–sorptive 
creep properties.  
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Suggestions for further research 

The use of black liquor in the impregnation phase should be further studied regarding the 
influence of dissolved wood components on the delignification rate and suspected buffering 
ability.  

An optimization study of the starch multilayer technique for high-kappa-number pulps would be 
of interest. Specifically, the absence of rinsing between layer applications could reduce the 
amount of modified starch that needs to be applied. 

The possibility of increasing the cooking kappa number in the oxygen stage for fully bleached 
pulp grades from softwood should be investigated, including optimizing the oxygen 
delignification for pulp with a higher lignin content. This may involve charging alkali more than 
once to ensure a levelled-out sodium hydroxide concentration. The focus of the investigation 
should be on evaluating the amount and type of retained carbohydrate yield after the oxygen and 
bleaching stages. It would also be of interest to analyse the localisation of the carbohydrates since 
the strength development and beatability is highly influenced by localisation. 

For liner qualities, the mechanism of the reduced hygroexpansion and mechanosorptive creep for 
pulps produced with the EIC technique should be further evaluated. Is this difference due to the 
higher cellulose yield and/or the localisation of the retained hemicelluloses? Are they mainly 
located on the fibre surface or in the fibre wall? 

A suggestion for cross-disciplinary scientific work would be to study the likely economic and 
environmental benefits of using the EIC technique. 
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List of  definitions and abbreviations 

AS Anionic starch 

ASaB Apparent strain at break  

ASI Apparent strength index 

Black liquor Spent cooking liquor (black) at the end of the cook consisting of degraded 
and dissolved wood components and unreacted cooking chemicals  

CAS Cationic starch 

CK Conventional kraft cooking 

DP Degree of polymerization 

EA (%) Effective alkali, a measure of the effective amount of hydroxide ions in the 
white liquor. 

For example, 17.5% EA = 175 kg NaOH/ton of wood, meaning the liquor 
to wood ratio must be noted to calculate the concentration 

EIC Extended Impregnation kraft Cooking 

FAO Food and Agriculture Organization of the United Nations 

FTIR Fourier transform infrared (spectroscopy) 

H-factor A means of expressing cooking times and temperatures as a single variable, 
based on the Arrhenius equation integrated over time and assuming that 
the activation energy is EA = 134 kJ/mol; the relative rate is defined as 1 at 
100 °C 

( )

dteH
Tt

t

16113
2.43

0

−

∫=  

ISO International Organization for Standardization 

Kappa number A measure of the lignin content of a pulp, determined by the consumption 
of potassium permanganate according to ISO 302:2004 

Klason lignin Lignin content determined after sulphuric acid hydrolysis at 125 ºC. The 
Klason lignin is precipitated and gravimetrically determined after drying 
over-night in 105 ºC. Mono-sugars are soluble in the filtrate under these 
acidic conditions and discarded. 

l:w, L:W 
(L/kg) 

Liquor-to-wood ratio  

The cooking liquor volume (L) per charged dry wood (kg) 

Lb Bulk-phase lignin 
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LCC Lignin carbohydrate complex 

Li Initial-phase lignin 

Lignin  
(% on wood) 

Lignin content in the pulp determined as kappa number or Klason lignin 
and related to the amount of charged wood 

Lr Residual-phase lignin 

MFA Microfibrillar angle 

ML Middle lamella 

NAF Nordiska Armatur Fabriken 

o.d. Oven dried 

PEM Polyelectrolyte multilayer 

Pulp viscosity Can be used to estimate the extent of cellulose degradation in cooking and 
bleaching. Determined on pulps with low lignin content as intrinsic 
viscosity or limiting viscosity number according to SCAN-CM 15:99. The 
term is used to describe pulping selectivity since the lower the pulp 
viscosity , the larger amount of cellulose chains have been degraded. Pulp 
viscosity can be used to estimate the cellulose chain length. 

S2 Secondary cell wall layer #2 of a wood fibre 

SCT Short-span compression test 

Sulphidity (%) A measure of the hydrogen sulphide ion concentration related to the 
concentration of active alkali in white liquor 
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HS
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TEA Tensile energy absorption; represented by the area under the stress–strain 
curve in a tensile test 

Tensile Strength Definition: The maximum tensile force per unit width developed in a test 
specimen at rupture under conditions described in ISO 1924-3:2005  

Total yield (%) Defibrated pulp + reject material expressed as weight on wood (%) 

White liquor  Cooking liquor containing active cooking chemicals and salts  
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