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Abstract  
Kraft pulping, also known as sulphate pulping is a complex process where the wood components are 

liberated from each other facilitated by chemical reactions. During the pulping process some 

dissolved and degraded compounds end up together with the spent cooking chemicals in the black 

liquor. In kraft pulping of hardwood, the black liquor contains substantial amounts of dissolved 

hemicellulose, especially xylan due to the wood composition. The xylan content is of high value due 

to its ability to re-deposit by adsorption on cellulose fibres and its tendency to increase pulp strength 

and yield. 

In this work, the possibility of introducing xylan rich, hardwood black liquor from the hardwood 

digester into the softwood digester at the process of SCA – Munksund was studied. The objective was 

to investigate if hardwood black liquor addition in a softwood cook can increase the yield and pulp 

strength. The theoretical feasibility of altering the process was investigated by a literature review and 

a brief process investigation. During the study a total of eight lab cooks were conducted to obtain 

information on how hardwood black liquor addition changes the pulp quality of regular softwood 

cooks. The wood chips, white liquor and hardwood black liquor used were collected at Munksund 

and the process conditions in the lab cooks were chosen to simulate the actual process in the 

Munksund mill. In addition to the cooking, chemical and physical evaluation on pulps, cooking liquors 

and wood chips were performed. 

The theoretical evaluation indicates that the process in Munksund is well suited for introducing the 

hardwood black liquor in to the softwood digester. The chemical analysis of the black liquors show a 

xylan content that is approximately four times higher in the hardwood black liquor compared to the 

softwood black liquor. In the kappa number range of approximately 80-90, a total yield increase of 

0.4%-units was obtained for two cooks with hardwood black liquor addition compared to their 

corresponding reference cooks. A carbohydrate analysis showed a higher xylan content in the pulp 

cooked with addition of hardwood black liquor compared to the corresponding reference pulp. One 

pulp with hardwood black liquor addition and its corresponding reference cook were refined in an 

Escher Wyss lab mill. The pulp with hardwood black liquor addition exhibits an increase or retained 

strength for all strength evaluation tests made on handmade pulp sheets. Strength increases of 

approximately 5% were obtained for tensile index and ISO-Z strength for a pulp with hardwood black 

liquor addition.   

The results conducted in this study shows that it can be possible to slightly increase both the yield 

and some pulp strength parameters when adding hardwood black liquor in to the softwood cook in 

lab scale. It is also shown that the increase in the total yield most likely depends on xylan adsorption 

on the cellulose fibres. The calculated increased revenue for this process change could be over 400 

000 Euro per year.  

 

 

  



 
 

Sammanfattning 
Sulfatmassatillverkning, även känt som kraftmassatillverkning är en komplex process där de olika 

vedkomponenterna separeras från varandra genom kemiska reaktioner. I massatillverknings-

processen uppstår utlösta och nedbrutna vedkomponenter som tillsammans med förbrukade 

kokkemikalier utgör svartlut. I kraftkokning av lövved innehåller svartluten en betydande mängd löst 

och nedbruten hemicellulosa, framförallt xylan. Xylan innehållet i svartluten är värdefullt då xylan har 

en tendens att öka utbyte och massastyrka genom att adsorbera på cellulosafibern. 

I detta arbete undersöks möjligheten att tillsätta svartlut med hög xylanhalt från lövvedskoket in i 

barrvedskoket för SCA-Munksunds process. Syftet är att undersöka om införande av svartlut från 

lövvedskoket i barrvedskoket kan resultera i ökat utbyte och ökad massastyrka. Den teoretiska 

möjligheten att genomföra detta undersöktes genom en litteraturstudie och en översiktlig 

processundersökning. Genomförandet av åtta laboratoriekok gav information om hur barrvedskok 

med lövvedssvartluttillsats skiljer sig från vanliga barrvedskok. Laboratoriekoken utfördes med flis, 

vitlut och svartlut hämtat i Munksund tillsammans med processparametrar valda för att simulera 

kokningsprocessen för barrvedskokaren i Munksund. Kemiska och fysiska analyser har utförts på 

massor, flis och kokvätskor.  

Den teoretiska utvärderingen visar på att processen i Munksund är väl passande för att tillsätta 

svartlut från lövvedskoket till barrvedskoket. De kemiska analyserna på svartlutar från Munksund 

visar att xylanhalten, mätt som xylos är cirka fyra gånger högre i lövvedsluten jämfört med 

barrvedsluten. I kappatalsintervallet 80-90 uppnådes en utbytesökning på 0.4%-enheter för två kok 

med lövlutstillsats jämfört med korresponderande referenskok. Kolhydratsanalys uppvisade högre 

xylanhalt i massan som hade lövlutstillsats jämfört med referenskokets massa. En lövlutstillsatsmassa 

och dess referensmassa raffinerades i en Echer Wyss laboratoriekvarn. Massan med lövlutstillsats 

uppvisar en ökad eller bibehållen styrka för alla styrkeutvärderings test på handgjorda massaark. För 

dragindex och ISO-Z index har en ökning med cirka 5 % uppnåtts för massa med lövlutstillsats. 

De utförda undersökningarna i denna studie visar att det är möjligt att öka utbyte och vissa 

styrkeparametrar när lövlut tillsätts i ett barrvedskok utfört i laboratorieskala. Resultaten visar också 

på att det ökade utbytet mest troligt hän hör från xylan som adsorberat på cellulosafiber. Intäkten 

för ett ökat utbyte beräknas att öka med drygt 400 000 Euro per år om denna processförändring 

införs.  
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1 Introduction 
SCA Munksund is located in Munksund, just south of Piteå, in the northern part of Sweden. SCA 

Munksund belongs to the container board part of the company and produces kraftliner of different 

qualities. The kraftliner is produced mainly from fresh softwood fibers and a small portion of recycled 

fibers. The white part of the, so called, whitetop liner is bleached kraft pulp from fresh hardwood 

(birch) fibers, also produced in Munksund. There are two separate, continuous pulp producing lines 

at the mill. The hardwood line produces approximately 10 ton low kappa pulp per hour. The 

softwood line produce high kappa pulp with three kappa qualities in the range of kappa number 60-

90, the production rate varies depending on produced quality. In the softwood digester both 

temperature and pressure are relatively high whereas the cooking time is relatively short. At kappa 

number 80 the production rate is approximately 28 ton/hour in the softwood digester.   

In the pulp and paper industry, development and efficiency improvements are of high importance. It 

is important to use the raw material in the most efficient way, recycle all side streams, and take care 

of all byproducts. Optimizing work is important in environmental, sustainable and economic point of 

view.  

In mills with two separate digesters, where one produces bleached pulp from hardwood and the 

other high kappa pulp from softwood, there is a great opportunity. Due to the high amount of 

hemicelluloses, mainly xylans in hardwood, together with the low kappa number of the produced 

hardwood pulp, the hardwood black liquor (HBL) contains large amounts of dissolved and degraded 

xylan. The xylan content in the HBL can be of high value due to the fact that it has been shown that 

xylan in HBL can increase both yield and pulp strength when added in a softwood cook (Danielsson, 

2006). Theoretically the HBL could be withdrawn from the hardwood digester and introduced in the 

softwood digester to increase yield and pulp strength.  A simplified, schematic illustration in Figure 1 

displays the fundamental theory part of this work.  

 

Figure 1. A simplified, schematic illustration of hardwood black liquor withdraw and addition in the two digesters in 
Munksund. 



 
 

2 Objective and purpose 
The main objective of this study was to theoretically and practically investigate if it is possible and 

economical justifiable to add hardwood black liquor into the softwood cook at the SCA Munksund’s 

mill. The theoretical part aimed to interlace earlier studies with the actual process conditions at 

Munksund to find the optimum theoretical way of executing this. The practical part aimed to 

investigate how well the theory applies with reality, together with how and if this is possible. 

One of the main parts was to investigate if the presented idea could be used to improve the process 

of Munksund by an increase in yield and strength of the pulp produced in the softwood digester. This 

leads to determining if an increase in yield and strength would increase the cost-effectiveness and 

competiveness of Munksund with a small investment cost.   

This work consists of both a literature study and lab exercises. The literature study covers parts that 

not are going to be performed practically. Within this subject, there are many interesting parameters 

to investigate; to be able to conduct this work in reasonable time, the main focus will be on following 

questions. 

 Is it possible to add HBL in the softwood digester at SCA Munksund? 

 Will an addition of HBL in the softwood digester result in yield and strength increases? 

 How do changes in different cooking parameters in a HBL addition cook affect yield and pulp 

strength? 

 Would an eventual strength and yield increase come from xylan adsorption or the changed 

cooking process? 

The purpose with this work is to investigate if it is possible to use the raw material more sustainably 

and economic by increasing the amount of pulp produced without an increase in the raw material 

feed. Increased sustainability is important for both the whole industry and the society. 

 

  



 
 

3 Literature 
The literature part is a review of the most fundamental parts relevant for this work. In this literature 

review, focus is on wood composition, reactions in the digester and xylan influence. 

3.1 Wood composition 
Wood is a raw material that grows around the world in different sizes, shapes, and species. In 

Sweden, the main species used in the pulp and paper industry are birch, a hardwood, along with pine 

and spruce, both softwoods. The main components in wood are cellulose, hemicellulose, lignin and 

extractives. 

3.1.1 Cellulose 

Cellulose constitutes the main part of the wood, approximately 40-45% of the wood by dry weight. It 

is a homopolysaccharide composed of β-D-glucopyranose units linked together by glyosidic bonds 

and is mainly found in the secondary cell wall. In a general sense, cellulose can be understood as a 

long string-like molecule, with a degree of polymerization (DP) of about 10 000, with high tensile 

strength (Brännvall, 2004). Cellulose molecules are often aggregated into larger molecules by 

formation of hydrogen bonds between the polymers. These bundles of cellulose polymers are called 

micro fibrils and consist of both crystalline and amorphous regions. Combination of several micro 

fibrils builds fibrils that combine to form the cellulose fibre. The fibre structure, together with the 

hydrogen bonds between fibres, provides the cellulose high tensile strength and makes it insoluble in 

most solutions. (Sjöström, 1993) 

3.1.2 Hemicellulose 

Hemicelluloses are heteropolysaccharides which constitute approximately 20-30 % of the wood dry 

weight. Most of the hemicelluloses are found in the cell wall, where they function as support 

material. D-glucose, D-mannose, D-galactose, D-xylose, L-arabinose, L-rhamanose, D-glucuronic acid, 

and 4-O-methyl-D-glucuronic acid are the monomeric components that are usually obtained when 

hemicellulose is hydrolysed (Sjöström, 1993). The degree of polymerization of hemicellulose is much 

lower than for cellulose, only 100 - 200 (Area & Popa, 2014). The hemicellulose composition varies 

with wood species; the main differences between softwood and hardwood are shown in Table 1. 

 

  

 

 

 

 

 

 

 Table 1. Main hemicelluloses found in softwood, hardwood and larch wood, respectively (Sjöström, 1993). 



 
 

 

 

 

In softwood, the main components are galactoglucomannan, arabinoglucuronoxylan and 

glucomannan, together with other polysaccharides in minor quantities. In hardwood, the 

corresponding components are glucuronoxylan and glucomannan, together with small amounts of 

miscellaneous polysaccharides. Figure 2 shows the primary structure of glucuronoxylan with the 

glucuronic acid side chain in 4-O methylated form at position 2 (Ebringerová, et al., 2005). The high 

amounts of xylan in hardwood, as well as the acetyl group found in hardwood xylan, are important 

differences between hardwood and softwood hemicellulose components (Sjöström, 1993). In the 

softwood xylan polymer the acid groups are uniformly distributed compared to the hardwood xylan 

polymer where the acid groups are unevenly distributed (Rosell & Svensson, 1975). 

 

Figure 2. The primary structure of 4-O-methyl-d-glucurono-d-xylan (Ebringerová, et al., 2005). 

3.1.3 Lignin 

Lignin is hydrophobic polymers that act as a glue between the cellulose micro fibrils and the 

hemicellulose in the wood. The fixation of cellulose and hemicellulose with lignin gives the cell wall 

its properties. Lignin is constructed of monomers connected by carbon-carbon bonds and ether 

bonds in a covalent structure. The lignin structure is very complex: a mix of naturally polymers 

together with aromatic and aliphatic moieties in a tree-dimensional matrix. Like the hemicellulose 

components, the lignin composition differs between hardwood and softwood. Guaiacyl lignin is 

present in softwood and in the vessels and middle lamella part of hardwood. Syringyl-guaiacyl lignin 

is present in the hardwood (Sjöström, 1993). 

3.1.4 Extractives 

A small part of the wood consists of several small nonstructural components, which are called 

extractives. They are extracellular and low weight molecules with lipophilic or hydrophilic 

characteristics (Sjöström, 1993). Different extractives have different responsibilities in the wood. 

Fatty acids work as energy source for the cells. Resin acids, lower terpenoids, and phenolic 

substances act as the wood’s defense against microbiology attacks and insects. The type and amount 

of extractives present in various parts of the wood differs a lot across wood species. For example, the 

heartwood of the pine contains more extractives than the sapwood (Sjöström, 1993). 

3.2 Sulphate cooking 
Sulphate cooking, also known as kraft cooking, was invented 1879 by Dahl (Ek, et al., 2009). 

Nowadays, it is the most common industrial process in chemical pulping. Kraft cooking is named from 

the Swedish and German word “Kraft”, meaning strength, because of the kraft pulp’s high strength 

properties. The purpose with the kraft process is to remove the lignin by chemical dissolution to 



 
 

release the cellulose fibres. The dissolution of lignin is called delignification, which is a very important 

step in the kraft process to achieve the accurate quality and yield (Ek, et al., 2009).  

3.2.1 Delignification 

The delignification process starts in the digester when a combination of hydroxide ions, 

hydrosulphide ions and temperature makes the lignin water soluble. The delignification grade 

depends on the process parameters. Delignification selectivity is important; it roughly relates how 

much of the lignin and the carbohydrates that are dissolved. In the beginning of the cook the 

selectivity is low, this is called the initial phase. During the initial phase, approximately equal 

amounts lignin and carbohydrates are dissolved. When approximately 20% of the total carbohydrate 

content has gone into solution, the kinetics of the cook change and the selectivity becomes higher; 

this is called the bulk phase. The bulk phase continues until roughly 90% of the lignin is dissolved. The 

final phase that follows is where the remaining lignin can be removed with the expense of high 

carbohydrate degradation in the pulping step. These three phases are shown in Figure 3. How far the 

delignification process in the digester is continued depends on the required quality of the final 

product. Generally the cook is terminated when 90% of the lignin is dissolved, when producing pulp 

that is to be bleached. The delignification can later be continued in a bleaching process (Ek, et al., 

2009). 

 

Figure 3. The graph to the left shows the ratio of dissolved lignin and carbohydrates in the different phases during the 
sulphate cook. The graph to the right shows the inversed graph of the left graph (Ek, et al., 2009). 

3.2.2 Carbohydrate reactions 

During the kraft cooking process, carbohydrates are degraded in various extents depending on the 

type of carbohydrate and process parameters. The peeling reaction and alkaline reaction are the two 

main carbohydrate reactions in kraft pulping (Ek, et al., 2009).  An illustration of the peeling reaction 

is displayed in Figure 4. The peeling reaction starts when the wood chips come in contact with the 

alkaline white liquor and occurs rapidly already at low temperatures. In the peeling reaction the 

reducing end group of the carbohydrate polymer is attacked and the sugar unit it cleaved off. The 

last sugar unit transforms into a new reducing end group which makes it possible for the peeling 

reaction to continue. A so called stopping reaction can stop the peeling reaction by a transformation 

of the end group to a more alkali resistant structure by stabilisation and formation of a 

metasaccharinic acid. Depolymerisation of the polysaccharides is the main effect of the peeling 



 
 

reaction. For cellulose with high degree of polymerisation (DP) the peeling reaction does not result in 

a significant degree of dissolution. The situation for glucomannans and xylans with a lot lower DP are 

different. Glucomannans can be completely degraded and dissolved by this reaction. Xylans are 

though less affected by the peeling reaction due to its content of substituents. The entire xylan 

polymer can instead directly be dissolved into the pulping liquor due to sufficient solubility of the 

polymer at high alkali charge. (Ek, et al., 2009) 

 

Figure 4. Illustration of the peeling reaction (Ek, et al., 2009). 

The alkaline hydrolyse reaction attacks and cleave a polymer chain at random bonds, Figure 5. It is 

the glucosidic linkage between two sugar units that are cleaved due to alkaline hydrolysis. This 

reaction mainly act in the end of the cook since it starts at temperatures above 130°C and the 

reaction rate increases with increased temperature. The result of alkaline hydrolyse is two shorter 

carbohydrate chains with reducing end groups. The new reducing end group enables the possibility 

for the peeling reaction to start. Peeling reaction on reducing end groups created by alkaline 

hydrolyse is called secondary peeling.  Both the peeling reaction and alkaline hydrolysis have impacts 

on yield, pulp viscosity, and degree of polymerisation (Brännvall, 2009; Ek,et al., 2009)  

 

Figure 5. Illustration of the alkaline hydrolyse reaction (Ek, et al., 2009). 

During sulphate pulping about 70% of the initially present glucomannan are dissolved. The main loss 

of glucomannan occurs due to the peeling reaction between temperatures of 100-130°C. At 

temperatures above 130°C the dissolution of glucomannan slows down. The initial alkali charge 

affects the dissolution rate of glucomannan but not the total dissolution. The initial alkali charge are 

highly important for the xylan dissolution, high alkali charge both increase the dissolution and 

prevent dissolved xylan to re-adsorb. The xylan dissolution rate increases with increased 

temperature, below temperatures of 130 °C the dissolution are slow. Xylan is dissolved by simple 

dissolution or degradation with the peeling reaction (Brännvall, 2004). 

 

3.2.3 Cooking parameters 

Cooking parameters in the digester vary depending on the raw material and which product is being 

produced. The cooking chemicals in the sulphate process are sodium hydroxide, NaOH, and sodium 



 
 

sulphide, Na2S (Ek, et al., 2009). The mixture of NaOH and Na2S in varied concentrations used in the 

cook is called white liquor. In the white liquor solution, NaOH and Na2S are dissolved into the active 

components OH- and HS-. The strength of the white liquor is important and measured/calculated as 

Effective alkali (EA) and sulphidity (Ek, et al., 2009). Effective alkali is often given as a weight 

percentage on wood, shown in equation 1. The sulphidity relates the alkali charge with the sulphide 

charge. Changes in one of these components would affect the charge of the other component. 

Expression of sulphidity is shown in equation 2 (Ek, et al., 2009).   

𝐸𝐴(%) = 100 ×
𝑚𝑁𝑎𝑂𝐻+

1

2
𝑚𝑁𝑎2𝑆∗

𝑚𝑤𝑜𝑜𝑑
   (1) 

𝑆𝑢𝑙𝑝ℎ𝑖𝑑𝑖𝑡𝑦 (%) = 100 ×
2[𝐻𝑆−]

[𝐻𝑆−]+[𝑂𝐻−]
   (2) 

Hydroxide ions act to neutralise acidic groups in the carbohydrates by being consumed and keep the 

degraded lignin in solution. The hydrogen sulphide ion’s main function is to degrade lignin in the 

digester. The concentration of hydroxide ions, alkali, highly affects the delignification rate. Both 

delignification rate and degradation rate of carbohydrates increase with increased alkali 

concentration. The main loss of carbohydrates due to alkali presence is in hemicellulose components. 

Only a small fraction of the cellulose components are degraded during the cook. Hydrogen sulphide 

ions act as the main delignifying agent and favour the carbohydrate preservation in the cook. 

Hydrogen sulphide ions mainly speed up the delignification rate in the bulk phase; as the 

concentration increases, so does the delignification rate. Due to the increased delignification rate, 

the cook can be terminated after shorter time which entails less time for degrading carbohydrate 

reactions. The delignification rate and carbohydrate degradation is also highly dependent on 

temperature. A temperature increase increases the delignification rate as well as the carbohydrate 

degradation. A 10 °C temperature increase doubles the delignification rate (Ek, et al., 2009).  

Meanwhile, the selectivity of the cook increases with lower temperature, this due to the different 

activation energies for carbohydrates and lignin (Ek, et al., 2009). Temperature and time are essential 

in sulphate pulping for the delignification process. Often the temperature fluctuates during the cook; 

therefore time and temperature are combined in one expression called the H-factor shown in 

equation 3. The H-factor is used to simplify the judgment of the delignification grade during the cook.   

𝐻 = ∫ 𝐴𝑒−
𝐸

𝑅𝑇𝑑𝑡
𝑡

𝑡0
    (3) 

𝐸 – Activation energy, 134 kJ/mole is assumed constant during the process 

𝑅 – Gas constant 

𝐴 – Reaction constant  

𝑡0, 𝑡 – Time 

(Brännvall, 2004; Ek et al., 2009) 

 

3.3 Xylan in kraft cooking 
Xylan is a valuable carbohydrate which is partly degraded and dissolved in the kraft cooking process 

by the reactions earlier mentioned. The value of xylan is mainly connected to the yield of the process 

but can also be an important pulp strength influencer. Multiple studies have been conducted 



 
 

focusing on how dissolution and adsorption of xylan onto cellulosic fibres during sulphate pulping 

occur, which conditions are favourable, and how xylan influence pulp strength.  

3.3.1 Xylan dissolution and adsorption  

Already in 1962 Axelsson et al. showed that >30% of the xylan in the sulphate pulping of birch wood 

is dissolved and removed from the wood in the beginning of the cook by deacetylation. The part of 

the xylan that is removed from the wood is removed due to alkaline degradation and dissolution of 

the degraded product and simple dissolution of the polymer. They also showed that about 40 % of 

the dissolved material contains xylan with a high DP. It was also found that the less branched 

structure of xylan, due to acidic degradation together with lower alkali concentration in the end of 

the cook, could not overcome the adsorption forces. This leads to re-adsorption of xylan on the pulp 

at the end of the cook (Axelsson, et al., 1962) (Yllner & Enström, 1957).  

When studying the dissolution of xylan in a hardwood cook it was discovered that the main 

dissolution of xylan occurs during the first hour. Continued cooking led to degradation of the 

dissolved xylan with a decrease in DP and the degree of substitution (DS) (Danielsson & Lindström, 

2005). Studies indicate that the presence of acetyl groups in the xylan polymer prevents xylan 

adsorption on cellulose (Kabel , et al., 2007). On the other hand it was found that even when both 

cellulose and xylan have a negative charge, xylan adsorb on cellulose (Paananen, et al., 2004). Studies 

propose that the uncharged part of the xylan chain adsorb on the cellulose surface while the charged 

parts have no attachment to the cellulose. Studies also indicate that only a part of the adsorbed xylan 

is attached to the cellulose surface.  Scientists presume that xylan chains aggregate in solution where 

after, uncharged parts of the aggregate adsorb to the cellulose molecule (Linder & Gatenholm, 2004). 

The aggregates forms and increases in size when the amount of glucuronic acids decreases which 

indicate that the adsorption of xylan on cellulose is favoured by xylan with low degree of substitution 

(Hartler, et al., 1962; Linder, et al., 2003; Saake, et al., 2001). Studies indicate that the xylan 

adsorption to a high extent depend on the DS rather than the DP. The DP is still important, a 

minimum DP of 15 is needed for the xylan chain to adsorb (Kabel , et al., 2007). It has been showed 

that the size of the xylan assembly increases in the presence of lignin, which indicated that xylan with 

substituents associates with lignin and the xylan without substituents associates with cellulose 

(Dammström, et al., 2009; Westbye, et al., 2007). Westbye et al, 2007 found that the xylan 

concentration in the solution is important for how the xylan aggregate. They presented that an 

increased xylan concentration in the solution entails increased xylan aggregate size while the xylan-

lignin aggregate size decreases. The interaction between xylan and cellulose are strong enough that 

no desorption occurs, studies propose that the adsorption of xylan is irreversible (Paananen, et al., 

2004; Yllner & Enström, 1956).The adsorption forces between both cellulose/xylan and xylan/xylan 

are hydrogen bonds and van der Waals forces (Hansson, 1970; Mora, et al., 1986). 

Xylan addition enriches the fibre mainly on the surface layer but also in the inner layers of the fibre 

(Dahlman, et al., 2003). The surface attached xylan has been shown to have a higher molar mass and 

a lower content of uronic acid side groups and arabinose residues than the xylan attached in the 

inner part of the fibre (Dahlman, et al., 2003; Sjöberg, 2002). Köhnke et al. (2010) showed that the 

surface adsorbed amount of glucuronoxylan affect the fibre swelling and the water retention value. 

The xylan adsorption rate vary, it is fast in the beginning of a cook were after it decreases (Danielsson 

& Lindström, 2005). It was suggested that the surface adsorption are fast and the inner adsorption 



 
 

slower (Clayton & Phelps, 1965) due to slow diffusion to the inner parts of the fibre (Danielsson & 

Lindström, 2005; Hansson, 1970). 

3.3.2 Favourable conditions for xylan adsorption 

Degree of substitution, degree of polymerisation, alkali concentration, time, and temperature has 

been presented as important factors for adsorption of xylan. As mentioned earlier DP and especially 

DS together with the absence of acetyl groups and low uronic acid content are important factors for 

xylan adsorption. Favourable is therefore xylan polymers which has been substantially degraded in a 

kraft cook. It has also been showed that the xylan adsorption was favoured by low alkali 

concentration and that the major amount of xylan is adsorbed during the first hour (Croon & 

Enström, 1961; Danielsson & Lindström, 2005). Increased temperature increases the amount of 

precipitated xylan, probably due to increased degradation of the uronic acids at high temperature 

(Hartler, et al., 1962; Henriksson & Gatenholm, 2001).  

3.3.3 Xylan influence on pulp strength 

Multiple studies have investigated the possibility of enhancing pulp strength with the addition of 

xylan. It has been shown that dissolved hardwood xylan can increase pulp strength and yield when 

added to the sulphate cook of softwood (Danielsson, 2006; Ginting, 2009). Surface adsorbed xylan on 

unbleached softwood pulp increased properties that reflect the bonding strength between fibres 

compared to corresponding pulp without adsorbed xylan. The increase of the bonding strength 

properties are somewhat reduced for a corresponding pulp which has been ECF bleached (Dahlman, 

et al., 2003). Sjöberg (2002) concluded in his Doctoral Thesis that adsorption of xylan from HBL onto 

the fibres in a softwood kraft pulp mainly occurs on the fibre surface and improves the tensile 

strength of the pulp. The increase in tensile strength that is obtained with xylan enriched fibres 

depends on a denser paper due to increased fibre-swelling, higher specific fibre surface area and 

better wet fibre flexibility. 

3.4 Pulp properties 
Pulp quality is highly affected by raw material and process conditions, both process conditions in the 

digester and in the beating part. Pulp evaluation can include both physical and chemical analysis. In 

the physical analysis fibre dimensions are important, mainly fibre length and fines content but also 

parameters as fibre curl etcetera. Generally, long fibres enhance the pulp strength. Very long fibres 

can though contribute to poor sheet formation due to entangled fibres which affect the strength 

negatively. Fibre length varies a lot between different wood species; an average fibre length is about 

1 mm for hardwood and 3 mm for softwood (Ek, et al., 2009). Fines are the collection term for the 

fraction of the pulp that consists of much smaller material than the actual fibres (Ek, et al., 2009). The 

fines are divided into primary and secondary fines. Ray cells, pieces of broken fibres and thin sheets 

from the fibre surface are examples of the content in the primary fines fraction. Secondary fines are 

fibre parts which have been formed during the beating process. Both primary and secondary fines 

contribute to increased pulp strength and increased dewater resistance. Water retention and 

drainability are two measurements of pulps dewater resistance (Ek, et al., 2009). Water retention 

quantifies the swelling of the fibres by analysing how much water it can hold. Drainability is analysed 

through the Schopper-Riegel (SR) method which primary measures how hard the pulp is to dewater. 

The SR analysis mainly measures the effects of fines creation, the SR measurement have no clear 

relationship to the paper web dewatering (Ek, et al., 2009). MSR is a specific SR measurement for 



 
 

Munksund pulps, Munksund Schopper- Riegel. Chemical analysis of pulp is commonly carbohydrate 

analysis, Klason lignin and acid soluble lignin (Brännvall, 2005). 

3.4.1 Beating  

Beating and refining refers to the process where the pulp is treated mechanically to desired quality. 

The pulp has to be refined prior to the papermaking. The refining process makes the fibres more 

flexible and the pulp more even, it is a necessary process step to obtain a uniform paper with high 

strength. During the refining process; creation of fines, internal and external fibrillation, fibre cutting 

and fibre deformations occurs. The consequences of the refining can be both positive and negative 

depending on desired quality. Longer refining time creates shorter fibres and more fines. The 

beatability of a pulp often varies depending on factors as delignification grade and which wood that 

is used. Generally pulps with low kappa number needs less refining energy to obtain equal quality as 

a high kappa pulp (Brännvall, 2005). 

3.4.2 Carbohydrate and lignin content  

Mechanical properties of the pulp are highly influenced by the polymer length. Generally the 

strength increases with increased polymer length. The untreated cellulose molecule consists of 

thousands of glucose units. The hemicellulose molecules are significantly smaller and consist of 

approximately 100 glucose units. The relationship between polymer length and delignification grade 

are therefore important. Carbohydrate content and the ratio between cellulose and hemicellulose 

are important for both strength and beating. Higher cellulose content gives stronger pulp and 

increased hemicellulose content reduces the pulp strength. The hemicellulose component xylan is an 

exception (Ek, et al., 2009). Increased xylan content contributes to better bonding between the fibres 

which increase some strength parameters. The lignin content of the pulp can be analysed as Klason-

and acid soluble-lignin. The kappa number value are related to the Klason lignin content and are a 

faster prediction of the lignin content in the pulp (Brännvall, 2005).  

3.4.3 Strength properties 

Pulp strength is measured on hand made lab sheets of a specific grammage (g/m2) in a conditioned 

environment. Common strength measurement methods use pull, tear, burst, and compress strength. 

Tensile properties are important in the strength evaluation. The tensile strength is defined as the 

greatest stress, in longitudinal direction, a substance can handle without break. The tensile strength 

measurement method obtains results for both tensile strength (N/m) and tensile stiffness (N/m). 

Fibre length, fibre strength, specific bonding and bonded area are properties which influence the 

tensile strength, increased beating increases the tensile strength until it reaches a certain strength 

were it levels out (Ek, et al., 2009). The energy needed to extend a crack in the paper is called Tear 

strength. Tear strength informs about the papers ability to withstand tear. The tear strength are 

mainly influenced of the fibre length, long fibres increase the tear strength due to their natural ability 

to provide more bonding points. Tear strength can increase with low beating energies, with 

increased beating energy the tear strength is decreased due to shorter fibre length (Ek, et al., 2009). 

Bonding strength between the fibres can be defined as the tensile strength in z-direction, which can 

be evaluated by ISO-Z strength measurements. The bonding strength is influenced by the bonded 

area and the specific bonding strength between the fibres. Higher fines content results in a denser 

sheet and a larger bonded area which increases the bonding strength (Brännvall, 2005). Bursting 

strength measurement is a common strength evaluation test that combines the tensile strength and 

strain at break (Ek, et al., 2009). Folding endurance is the natural logarithm of the number of double 



 
 

folds one paper stripe can endure before it breaks. This is the only fatigue test for paper and can find 

brittleness in the paper (Ek, et al., 2009).  The raw data for strength evaluations are often divided 

with the sheet grammage (g/m2) to obtain an indexed value which facilitates the comparison.    

  



 
 

4 Experimental  
The experimental part of this work mainly consists of eight lab cooks, together with chemical and 

physical analysis of black liquors and pulps. All materials used in this project were collected at 

Munksund’s mill. Softwood wood chips were collected at the end of the wood chip transporter into 

the softwood digester top at free fall, approximately 20 kilos, six times. During the collection period 

the mix of sawmill wood chips was 60%. From the upper withdrawal 50 litres of hardwood black 

liquor was collected, together with small amounts of black liquor from both upper and lower 

withdrawal from the hardwood digester and the softwood digester before the addition of thick 

liquor. White liquor was also collected. Softwood pulp was withdrawn from the blow-line six times. 

The time interval between wood chip and pulp sample collections were calculated to simulate one 

cooking cycle. Collected white liquor was analysed for alkali and sulphidity with method SCAN-N 30-

85. The black liquors were analysed for alkali content and HS- content using methods, SCAN-N 33-94 

and SCAN-N 31-94.   

The experimental lab cooks has been performed in a one vessel digester where continuous cooking is 

simulated with forced circulation with the opportunity to extract and add liquors during the cooking. 

Steaming and impregnation of the wood chips were also performed in the digesting vessel. A picture 

of the lab digester used is found in Figure A located in Appendix 1. The cooks were performed with a 

charge of 2000 grams dry wood and an initial liquor-to-wood (L:W) ratio of 3 (l/kg). The wood chips 

used were frozen in portion bags a´2000 grams and defrosted before each cook. The reference cooks 

were performed without any withdrawals or additions during the cooking process. For the cooks with 

HBL addition: Approximately 30 minutes before cooking closure, when the temperature is at its 

maximum and the alkali level is relatively low, the withdrawal of black liquor with a volume of 2.5 

litres was performed.  A total of 3.5 litres, pre heated hardwood black liquor was then charged to the 

digester creating a new L:W ratio of 4 (l/kg). Alkali and HS- content were analysed on the black 

liquors from the cook using the methods mentioned above. Cooking details such as steaming, time, 

temperature, pressure and alkali charge were chosen to simulate the softwood digester at 

Munksund’s mill and were adjusted for each kappa number level. The exact values of these 

parameters are proprietary to SCA.  

Eight cooks were performed as presented in Table 2. Cook 1.1 and 1.2 belong to group 1 which have 

the same cooking parameters and alkali charge. Cook 2.1 - 2.4 belong to group 2 which are cooked 

with the same cooking parameters but different initial alkali charge. Cook 3 and 4 have different 

cooking parameters. Parameter X and Y display the ratio between the alkali charges. X represents the 

alkali charge in cook 1.1 and 1.2. Y represents the alkali charge in remaining cooks, Y-0.3 illustrate a 

reduction of the initial alkali charge with 0.3 EA% units and Y-1.2 a reduction of 1.2 EA% units. X 

represents a smaller value than Y. 

 

 

 

 

 



 
 

Table 2. Summary of performed lab cooks. Y represents the alkali charge in remaining cooks, Y-0.3 illustrate a reduction 
of the initial alkali charge with 0.3 EA% units and Y-1,2 a reduction of 1.2 EA% units. X represents a smaller value than Y. 

HBL refers to cooks with hardwood black liquor addition and Ref refers to reference cooks.  

Cook number Type H-factor EA- on wood 
[%] 

Target Kappa number 

1.1 Ref 520 X 87 

1.2 HBL 520 X 87 

2.1 Ref 650 Y 75 

2.2 HBL 650 Y 79 

2.3 HBL 650 Y-0.3 79 

2.4 HBL 650 Y-1.2 79 

3 Ref 700 Y 65 

4 Ref 800 Y 65 

 

After terminating the cook, the remaining cooking liquor was washed off before the cooked wood 

chips were defibrated twice with a 0.12 mm refining gap in a lab defibrizer. The excess water was 

removed by centrifugation to arrive at an approximately dry content of the pulp of 25%. The actual 

dry content was determined with method SCAN-C 9-78. The yield was calculated with the dry pulp 

content. Kappa number determination was done according to ISO 302 with pulp defibrated another 

four times with a 0.04 mm refining gap. Strength evaluations on pulps were performed on lab sheets 

(ISO 5269-1) from pulp treated in the Escher Wyss (EW) lab mill. Strength evaluations were done by 

methods ISO 5270, ISO 1934-3, ISO 15754 and SCAN-P:17. 

Analyses of carbohydrate and lignin content were performed on upper and lower withdraw 

hardwood black liquor, softwood black liquor (SBL) and pulp from Munksund together with pulps 

from cook 1.1 and 1.2. Carbohydrate composition and lignin content were performed with method 

SCA-F C 29:91 and STFI AH 23-17. 

  



 
 

5 Results and discussion 
The literature review indicates that the process conditions in Munksund should be suitable for 

introducing HBL into the softwood digester. Due to the fact that the hardwood digester produces low 

kappa number pulp and the softwood digester high kappa number pulp the conditions are very 

beneficial. Theoretically the HBL should contain a large amount of dissolved gluconoxylan when 

producing a low kappa number pulp and the mentioned favourable condition of xylan should thus be 

achieved. The xylan introduced in the softwood digester should adsorb on to the cellulose without 

further extensive degradation if it is introduced in the second cooking zone in the digester were the 

alkali concentration is lower.  

The main results all derive from the eight cooks performed during this work; these are presented in 

Table 3 below. From these cooks, further analysis and calculations have been conducted and are 

divided and presented as five parts: Yield, Alkali consumption, Physical evaluation and Chemical 

evaluation, together with Visual and observed results. 

Table 3. Main results obtained for each cook, the abbreviation Ref considers reference cook which are without hardwood 
black liquor addition and HBL consider cooks with hardwood black liquor addition.   

Cook 
number 

Type 
H-

factor 
Yield 

Total (%) 
Yield 

Pulp (%) 
Kappa 

number 
Residual alkali (g/l) 
Withdraw         Final  

1.1 Ref 523 56.3 56.2 89.2  7.0 

1.2 HBL 520 56.2 56.1 85.4 10.6 9.1 

2.1 Ref 646 54.9 54.7 79.0  7.2 

2.2 HBL 648 54.2 54.2 70.7 11.5 9.9 

2.3 HBL 649 53.4 53.3 67.4 10.8 9.8 

2.4 HBL 648 55.3 55.2 78.7 9.1 7.0 

3 Ref 699 53.3 53.3 69.2  8.4 

4 Ref 804 54.0 54.0 69.8  6.1 

 



 
 

5.1 Yield 
Figure 6 contains graphs plotted from values of the total yields as a function of the kappa numbers 

for each cook presented in Table 3. The results in Figure 6 show a slight increase in the total yield for 

the cooks with the HBL addition. When comparing cook 2.1 and cook 2.4, it can be seen that cook 2.4 

with HBL addition obtained a 0.4 % increase in the total yield. In Figure 6, the trend line for the set of 

data with HBL addition is extended with a dashed line to approximately predict the yield of a HBL 

cook at a kappa number of 89. The predicted total yield of a HBL cook at kappa number 89 would be 

approximately 56.7 % which also would result in a yield increase of 0.4% on wood compared to the 

reference cook 1.1. Furthermore, the cooks with kappa number 70 or below did not reach their 

target kappa number and should be considered as more uncertain. The use of defrosted wood chips 

can increase the error margin of yield determination due to differences and variations in dry content 

of the wood chips.    

 

Figure 6. Graph of Total yield as a function of final kappa number. The abbreviation Ref considers reference cook which 
are without hardwood black liquor addition and HBL consider cooks with hardwood black liquor addition. 

5.2 Alkali consumption 
Table 3 above shows that generally for the reference cooks, the final residual alkali concentrations 

are at a reasonable level compared with the HBL cooks which in general show higher residual alkali 

levels. For the HBL cooks, the final residual alkali is, with margin, lowest for cook 2.4 which is 

expected as it also has the lowest initial alkali charge. In Table 4, the total alkali consumption during 

the cooks is presented, calculated from the data of initial alkali charge, alkali concentration in the 

withdrawal, the addition of alkali with the HBL addition, and the alkali concentration in the end of 

the cook together with the L:W ratio. The data in Table 4 shows a clear trend between the reference 

cooks and the HBL cooks. The alkali consumption is significantly higher, by approximately 10%, in the 

reference cooks than in the corresponding HBL cook. Data for cook 1.1 and 1.2 exhibit a decrease in 

total alkali consumption of approximately 10 units for cook 1.2. Corresponding data for cook 2.1 and 

2.2 exhibits a decrease of approximately 13 units for cook 2.2. An interesting result is that the total 
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alkali consumption is lower for all HBL addition cooks, regardless of initial alkali charge or obtained 

kappa number. The measurement of the residual alkali concentration in the black liquors should be 

considered as correct. However, the alkali concentration in the black liquor might not represent the 

total alkali amount in the digester at the time of the sample due to concentration differences within 

the wood chips and the black liquor. Another possible error could be wrongly estimated L:W ratio. 

The calculated values are calculated with the assumption of ideal mixing in the digester. Therefore, 

the calculated consumption should be considered with some caution.  

Table 4. Calculated total alkali consumption for each cook. The abbreviation Ref considers reference cook which are 
without hardwood black liquor addition and HBL consider cooks with hardwood black liquor addition.   

Cook 
number 

Type 
Total alkali consumption 

(g/kg) 

1.1 Ref 147.9 

1.2 HBL 137.2 

2.1 Ref 151.3 

2.2 HBL 138.6 

2.3 HBL 137.6 

2.4 HBL 137.1 

3 Ref 147.8 

4 Ref 154.7 



 
 

5.3 Physical evaluation   
Figure 7 to 10 below show the results from the different strength tests on the pulp produced at the 

Munksund mill with kappa number 87, together with pulp from cook 1.1 and 1.2. Strength evaluation 

data of the Munksund pulp is presented mainly to compare how the strengths of the lab-made pulps 

relate to the actual mill pulp. Complete strength evaluation data is shown in Tables A-C in Appendix 

2. Figure 7-Figure 10 shows results for tensile index, ISO Z- strength, tear index and tear vs tensile 

index.  In general, the pulp with the HBL addition exhibits a slight increase or retained strength. 

These strengths are perhaps the most important ones, however also the strain at break-, tensile 

stiffness, SCT- and burst strength were evaluated for the same samples, see figures B-E in Appendix 

3. The results obtained in these tests were very similar to the ones presented here, with somewhat 

higher or retained strength for the pulp with HBL added to the cook.  

The tensile strength results as afunction of sheet density are displayed in Figure 7 below. The tensile 

strength shows an overall strength increase up to a density of approximately 700 kg/m3. At higher 

density, the strength values exhibit unexpected development in the data points for the second 

highest density for both cook 1.1 and cook 1.2. The tensile index values for the pulp from Munksund 

are located approximately in between the datat points for the pulps from cook 1.1 and 1.2 with the 

same increasing trend. In Table B and Table C located in Appendix 2, the tensile strength index at a 

density of 650 kg/m3 shows an increase from 90.2 to 95.2 kNm/kg between cook 1.1 and 1.2. This 

increase is approximately a 5% strength increase for the pulp from cook 1.2. In the figure, the dashed 

lines show at which densities a tensile index of 90 kNm/kg is reached for each cook.The 5% strength 

increase could be used in multiple ways. It could be used to lower the sheet density of the produced 

paper and still obtain equally high strength as paper from pulp without HBL addition which would be 

economical beneficial. It also could be used to narrow down the number of produced qualities which 

would result in a more stable and effective production rate.    

 

Figure 7. Tensile index as a function of sheet density. The pulp from Munksund were sampled from the blow line, cook 
1.1 and 1.2 are lab cooks performed without and with hardwood black liquor addition (HBL). 
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Figure 8 shows the ISO-Z strength as a function of sheet density. The pulp with HBL addition shows a 

slightly higher ISO-Z strength compared to the reference pulp up to a density of approximately 700 

kg/m3. At the comparison point at a density of 650 kg/m3 the difference is approximately 5% when 

calculated using values from Table B and Table C in Appendix 2. For the Munksund pulp the ISO-Z 

strength displays the same increasing trend as the lab made pulps, lower strength values for the 

lower sheet densities.  

 

Figure 8 ISO-Z strength as a function of sheet density. The pulp from Munksund were sampled from the blow-line, cook 
1.1 and 1.2 are lab cooks performed without and with hardwood black liquor addition (HBL). 

Figure 9 shows the tear index as a function of sheet density. The tear index decreases with increased 

sheet density; this is as expected according to the literature presented in section 3.4.3. In the figure, 

it is seen that at low densities the tear strength is lower for the pulp with HBL addition. At the 

comparison points at densities of 650 and 700 kg/m3 the tear strengths are almost equal. Once again 

a decrease in the strength is observed at the last point for cook 1.2 where the density is the highest. 

The Munksund pulp follows the declining trend in the same regions as the lab made pulps.   
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Figure 9. Tear index as a function of the sheet density. The pulp from Munksund were sampled from the blow-line, cook 
1.1 and 1.2 are lab cooks performed without and with hardwood black liquor addition (HBL). 

The unexpected strength values observed at high sheet densities for several of the measurements 

are hard to interpret. These deviations can be errors from the measurements, errors introduced from 

the EW mill, or actual correct values. To be able to interpret these results more accurately more 

strength measurements and sample characterization would be needed. Nevertheless, overall there 

seem to be a difference between the samples, in general, higher strength properties for the sample 

with HBL added to the cook. Figure 10 shows the tear index as a function of tensile index, plotting 

the data this way allows for a slightly better assessment than the separate graphs. At tensile index 

higher than approximately 90 kNm/kg, the pulp with HBL addition shows higher tear index than the 

pulp without any HBL added during the cook. Pulps with higher xylan content are less affected and 

vulnerable when exposed for mechanical stress (Paavilainen, 1989), which may be the reason that 

the pulp with HBL addition exhibit higher strength. 
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Figure 10. Tear index as a function of tensile index. The pulp from Munksund were sampled from the blow-line, cook 1.1 
and 1.2 are lab cooks performed without and with hardwood black liquor addition (HBL). 

The energy consumption during beating and the drainability resistance measured as MSR are shown 

as a function of sheet density in Figure 11 and Figure 12, respectively. According to the literature in 

section 3.4 the increase in MSR with increased sheet density are expected. The energy consumption 

during beating can be referred to the beatability of the pulp. The pulp which obtain highest sheet 

density of two pulps with equal energy input, are easier to beat and can be said to have higher 

beatability. The measurements for these parameters do not show any significant differences 

between the pulp from cook 1.1 and 1.2 at the higher densities. The differences in the initial sheet 

densities for the untreated points with zero energy consumption are probably a result from the 

differenced in the shives content. In Appendix 2 the shives content are presented, in Table A-C, as a 

percentage unit from the Pulmac analysis. The Munksund pulp had a shives content of 5.57%, pulp 

from cook 1.1 0.79% and pulp from cook 1.2 3.0%. An increase in the shives content can causes more 

irregularities and less bonding which could be the main cause to lower density and strength for the 

untreated point. It is though obvious that the Munksund pulp needs more energy to obtain sheet 

densities in the same region as the lab made pulps. The drainability measurement show similar 

behaviour for the lab made pulps as the Munksund pulp.  
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Figure 11. Obtained sheet densities after a certain energy input indicating how easy the pulp is to beat. The pulp from 
Munksund were sampled from the blow-line, cook 1.1 and 1.2 are lab cooks performed without and with hardwood 

black liquor addition (HBL). 

 

Figure 12. Dewatering resistance measured as MSR as a function of sheet density. The pulp from Munksund were 
sampled from the blow-line, cook 1.1 and 1.2 are lab cooks performed without and with hardwood black liquor addition 

(HBL). 

5.4 Chemical evaluation  
Table 5 shows the result from the carbohydrate analysis on the black liquors withdrawn from the 

Munksund mill. There is a significant difference in the carbohydrate composition between the three 

black liquors. It is obvious that the hardwood black liquors contain higher amounts of mainly xylan, 

measured as xylose, and that the softwood black liquors contains more arabinose, mannose and 

galactose, as expected according to wood composition, see section 3.1 above. The xylose 
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concentration in the HBL from the upper withdrawal is more than three times higher than in the SBL. 

One interesting result is that the concentration of xylose is approximately 1 500 mg/l higher in the 

HBL from the lower withdrawal than the upper withdrawal. This is logical due to the fact that the 

lower withdraw is located further down in the digester which gives the hemicellulose components in 

the wood further time to dissolve and degrade from the wood chips into the black liquor. The values 

presented indicate that it could be beneficial to use black liquor from the lower withdrawal instead 

of the upper withdrawal. The liquor from the lower withdrawal is however believed to contain some 

wash liquor which is introduced in the bottom of the digester due to its higher residual alkali.   

Table 5. Results from carbohydrate analysis of black liquors from the Munksund mill. Carbohydrate detection limit is 30 
mg/l. 

 
Hardwood black liquor 

Upper withdraw    Lower Withdraw 
Softwood black liquor 

Before thick liquor 

Klason Lignin (%) 22 20 27 

Acid soluble lignin (%) 9.9 10 5.9 

Residual alkali (g/l) 8.2 9.3 5.6 

Arabinose (mg/l) 540 560 980 

Xylose (mg/l) 4800 6300 1300 

Mannose (mg/l) <30 <30 760 

Galactose (mg/l) 590 730 820 

Glucose (mg/l) 620 830 340 

Total (mg/l) 6600 8400 4200 

 

Table 6 shows the calculated relative carbohydrate composition and lignin content of the pulps from 

cook 1.1 and 1.2. Generally, the content of the different components are quite similar, however with 

some important differences. The higher lignin content in the pulp from cook 1.1 is probably due to 

the higher kappa value of cook 1.1. The lower content of lignin and lower kappa number in cook 1.2 

most likely depends on the high residual alkali in cook 1.2, shown in Table 3.  

The concentration of glucomannan is higher in the pulp from cook 1.1 than from cook 1.2, shown in 

Table 6, as well as the mannose content are higher in the SBL than in the HBL, shown in Table 5. The 

pulp from cook 1.2 contains 0.4 units higher xylan content than the pulp from cook 1.1. These results 

are in line with the theory of which components that are present in which wood, as presented in 

section 3.1 and the composition of the black liquor presented in Table 5.  

Table 6. Relative carbohydrate and lignin content as weight percentage for pulps from cook 1.1 and 1.2. The abbreviation 
Ref considers a reference cook without hardwood black liquor addition and HBL consider a cook with hardwood black 

liquor addition. 

 
Cook 1.1 

(Ref) 
Cook 1.2 

(HBL) 

Lignin (%) 13.4 12.8 

Cellulose (%) 70.0 70.5 

Glucomannan (%) 8.9 8.5 

Xylan (%) 7.8 8.2 

Total amount (%) 100.0 100.0 



 
 

 

The results presented in Table 5 and Table 6 is of high importance as they show that the yield and 

strength increases observed for the cook with HBL addition most likely depend on the HBL addition 

and a higher xylan content. Carbohydrate analysis is complex and difficult to execute which should be 

considered as a possible source of error. None of the experiments or analysis in this study were 

repeated which is also important to remember. The results obtained are however in line with earlier 

studies presented in the literature review above, although those studies were not conducted on pulp 

for unbleached kraftliner.  

5.5 Visual and observed results 
During the lab work, some visual, but not measured, information was obtained, these findings will be 

summarized here. During the lab cooking and defibration, it was observed that the pulps with HBL 

addition produced a lot of foam as shown in Figure 13. In picture 1, pulp from a lab cook with HBL 

addition has been defibrated and a lot of foam was produced during defibration. In picture 2, pulp 

from Munksund has been defibrated in the lab defibrizer without any noticeable formation of foam. 

The Munksund pulp was withdrawn in the blow-line and was well washed before being transported 

to the lab. Defibrated lab pulps without HBL addition show almost the same behaviour as the pulp 

from Munksund, without any or very little form formation. Picture 3 shows the amount of foam 

produced in the digester vessel during the HBL addition lab cook. Foam is produced also during the 

cooks without HBL addition, but to a much smaller degree than the amounts produced in the cooks 

with HBL addition.  

 

Figure 13. Images showing foam formed during refining and cooking of pulps in the lab. Picture 1 and 2 shows the 
differences in foam formation between pulps with and without hardwood black liquor addition. Picture 3 shows foam 

formation in the lab digester vessel after a cook with hardwood black liquor addition. 

Another observed parameter is the dewatering. During the EW mill performance, milled pulp and 

water from the MSR testing are dewatered in a vacuum funnel to determine the pulp concentration. 

During the dewatering in the vacuum funnel, it was observed that the pulps with the HBL addition 

dewater a lot slower than the pulps without HBL addition. The observed dewatering ability cannot be 

supported by the MSR results due to the fact that they do not show any significant differences 

between the pulps. This could be due to the xylan adsorption and that the xylan enriched fibres 

might be able to hold more water both within and between the fibres. According to Köhnke et al 

(2010) the amount of adsorbed glucuronoxylan affect the fibre swelling and the water retention 



 
 

value, this is most likely the reason for this observation. As presented in section 3.4 the MSR value 

does not have a clear relationship with the dewatering ability on the paper web, and probably 

neither in the vacuum funnel. 

  



 
 

6 Conclusions and economic evaluation 
The theoretical and experimental results presented in this report indicate that it appears to be 

possible, economic and environmentally favourable to introduce HBL into the softwood digester in 

Munksund. The experimental part shows that it is possible to obtain a 0.4% yield increase together 

with a strength increase of approximately 5% or retained strength for the pulp produced with HBL 

addition according to the lab scale experiments. The initial alkali charge has been found to be 

important to obtain the yield increase in the cooks with HBL addition. A lower initial alkali charge 

seems to be beneficial for xylan adsorption and the results show that the initial alkali charge has to 

be lowered for the HBL cooks to obtain the same kappa number as the reference cook when the 

remaining parameters are held constant. The total alkali consumption in the lab cooks is lower for 

the cooks with HBL addition. Extensive foaming and slow dewatering were visually identified as 

potential problems. The results obtained are promising but not repeated and thus more work should 

be conducted to verify the results and optimize the parameters. 

Since the strength of the paper increased when HBL was added to the cook, this could be used to 

decrease the sheet density in the products or the number of pulp qualities produced in the mill. If the 

qualities were reduced from three to two, the process could be run a lot smoother and more 

effective. A more effective process with smaller variations should also lead to a more cost effective 

process. The environmental advantages are obvious, less wood would be needed to produce the 

desired quantities.  

When adding yield and strength increase, lower initial alkali charge together with a potentially more 

effective process, the advantages of a HBL addition are obvious. Calculated on a; 0.4% yield increase 

at kappa number 80 and a production rate of 28 ton/hour, a kraftliner price of 550 Euro/ton and 

100% fresh fibres would generate an increased revenue of approximately 1 480 Euro per production 

day. During one year this revenue would correspond to over 400 000 Euro only due to the 0.4% yield 

increase. In addition to the yield revenues, the reduced alkali charge as fresh white liquor and a 

strength increase would also be economically beneficial.  

  



 
 

7 Further work 
The work presented in this report shows positive results with great opportunities. This should, 

however, only be considered as the start of further, more detailed studies. First of all, more cooks 

should be performed, ideally a minimum of two references and two HBL cooks on each kappa level 

(60, 75, 90). Pulps from successful cooks should be treated in the EW mill and the pulp strength 

should be evaluated again. Carbohydrate and lignin content analysis should be used as tools to prove 

or dismiss yield and strength results. It is important to be able to repeat the cooks with equal results 

and understand how changes in the feed of wood chips, alkali charge, and composition of the 

hardwood black liquor influence the results of the cook. It is especially important to investigate how 

the alkali and xylan content vary in the withdrawals from the hardwood digester and how the 

process conditions have to be adjusted in the softwood digester.  

As mentioned earlier, the chemical analysis of the black liquors showed that the lower withdraw 

contains a higher concentration of xylose. Further studies should investigate if black liquor from this 

position is more beneficial to use than the upper withdrawal position and if it can be used, from a 

practical point of view.  

It is also important, in a later stage of the further studies, to look at the balances of the mill. How the 

chemical recovery plant, steam, heat etcetera will be affected. A more detailed economic calculation 

and evaluation considering investment cost, heat and steam consumption, eventually capacity gain in 

the recovery boiler, economic revenue, benefits in reduced alkali charge etcetera has to be 

thoroughly examined.   

Due to the fact that we do not know how the xylan attaches to the fibres, it should be investigated if 

the extra xylan actually remains attached on/in the fibres after the refining in the EW mill. This can 

be studied using carbohydrate analysis on pulp treated in the EW mill compared with carbohydrate 

analysis performed on the same pulp without refining. Dewatering and foaming are other 

parameters to investigate further. The dewatering could for example be investigated by 

measurements of the water retention value and a paper web dewatering simulation. The foaming 

should also be further considered, if identified as a problem a defoaming agent could be tested. 
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Appendix 1 

 

Figure A. The figure show the lab digester used for the lab cook performance. 

 



 
 

Appendix 2 
Table A. Complete strength evaluation data for blow-line pulp from Munksund 

Pulp from Munksund 
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Kappa number         

Pulmac 0,10 slits (%) 5.57 
      

 

E-W refining 
       

 

Refining time (s) 0 400 550 700 800 738 612  

Energy consumption (kWh/t) 0.0 193.0 269.0 351.0 409.0 372.6 302.2  

MSR 18.5 23.5 26.8 34.5 41.3 37.0 30.4  

ISO Brightness (C2) C:11 (%) 21.2 
      

 

Fibre dimension, Pulp Eye >> 
      

 

Grammage (g/m²) 150 150 152 150 148 
  

 

Thickness (µm) 331 252 238 225 216 
  

 

Density (kg/m³) 452 595 637 668 686 675 650  

Tensile strength (kN/m) 7.72 12.11 13.70 14.13 14.16 
  

 

Tensile index (kNm/kg) 51.6 81.0 90.3 94.0 95.5 94.8 91.4  

Elongation (%) 2.04 2.54 2.74 2.85 2.81 2.82 2.76  

Strain at break(J/m²) 106.1 198.0 243.4 259.7 257.2 
  

 

Strain at break index (J/kg) 709 1324 1605 1728 1734 1725 1620  

Tensile stiffness (kN/m) 906 1133 1222 1233 1255 
  

 

Tensile stiffness index (MNm/kg) 6,06 7.58 8.06 8.20 8.46 8.34 8.12  

E-module (GN/m²) 2.74 4.51 5.14 5.48 5.80 5.63 5.27  

Tear strength (mN) 3007 2616 2642 2422 2267 
  

 

Tear index (Nm²/kg) 20.10 17.50 17.42 16.11 15.29 15.85 16.67  

SCT (kN/m) 2.53 3,62 4.11 4.35 4.44 
  

 

SCT-index (kNm/kg) 16.9 24,2 27.1 28.9 30.0 29.3 27.7  

Z-strength ISO (kN/m²) 178 352 472 546 656 596 498  

Burst strength (kPa) 488 876 1003 1058 1055 
  

 

Burst index (kPam²/g) 3.26 5.86 6.61 7.04 7.11 7.06 6.76  

Log fold number 20%RH (log10) 2.42 2.59 2.61 2.59 2.57 2.58 2.60  

 

 

 

 

 

 

 

 



 
 

 

Table B. Complete strength evaluation data for pulp from lab cook 1.1 

Cook 1.1, without HBL 
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Kappa number                 

Pulmac 0,10 slits (%) 0.79 
       

E-W refining 
        

Refining time (s) 0 400 550 700 800 524 399 612 

Energy consumption (kWh/t) 0.0 224.0 313.0 409.0 477,0 297.1 223.2 351.8 

MSR 20.0 29.3 38.8 52.5 63,5 37.0 29.0 44.1 

Fibre dimension, Pulp Eye >> 
       

Grammage (g/m²) 151 150 151 150 
    

Thickness (µm) 299 231 220 209 
    

Density (kg/m³) 505 650 686 719 
 

680 650 700 

Tensile strength (kN/m) 9.15 13.36 14.71 14.64 
    

Tensile index (kNm/kg) 60.5 88.9 97.6 97.3 
 

95.0 90.2 97.0 

Elongation (%) 2.31 2.60 2.95 2.77 
 

2.78 2.71 2.81 

Strain at break(J/m²) 140.2 223.0 278.7 266.1 
    

Strain at break index (J/kg) 928 1484 1850 1769 
 

1699 1571 1768 

Tensile stiffness (kN/m) 985 1220 1265 1322 
    

Tensile stiffness index (MNm/kg) 6,52 8.12 8.40 8.79 
 

8.37 8.10 8.57 

E-module (GN/m²) 3.29 5.28 5.76 6.32 
 

5.68 5.28 5.98 

Tear strength (mN) 3162 2535 2368 2209 
    

Tear index (Nm²/kg) 20.93 16.87 15.72 14.68 
 

15.91 16.88 15.27 

SCT (kN/m) 2.86 4.17 4.19 4.58 
    

SCT-index (kNm/kg) 19.0 27.8 27.8 30.4 
 

28,4 27.3 29.2 

Z-strength ISO (kN/m²) 234 534 607 676 
 

594 533 636 

Burst strength (kPa) 691 1033 1067 1023 
    

Burst index (kPam²/g) 4.57 6.87 7.08 6.80 
 

7.05 6.89 7.00 

Log fold number 20%RH (log10) 2.56 2.58 2.60 2.55 
 

2.59 2.60 2.57 
 
 

 

 

 

 

 

 

 

 



 
 

 

 

Table C. Complete strength evaluation data for lab cook 1.2 with hardwood black liquor addition 

Cook 1.2, with HBL 
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Kappa number                 

Pulmac 0,10 slits (%) 2.60 
       

E-W refining 
        

Refining time (s) 0 400 550 650 700 483 394 621 

Energy consumption (kWh/t) 0.0 224.0 313.0 376.0 410.0 272.1 220.8 357.3 

MSR 18.8 31.0 43.3 50.3 56.5 37.0 31.1 48.4 

Fibre dimension, Pulp Eye >> 
       

Grammage (g/m²) 152 152 153 149 
    

Thickness (µm) 330 234 220 212 
    

Density (kg/m³) 462 649 694 701 
 

674 650 700 

Tensile strength (kN/m) 8.66 14.53 15.11 15.24 
    

Tensile index (kNm/kg) 56.8 95.8 98.9 102.5 
 

97.9 95.2 101.4 

Elongation (%) 2.18 2.69 2.64 3.01 
 

2.71 2.61 2.89 

Strain at break(J/m²) 124.9 249.9 259.2 295.1 
    

Strain at break index (J/kg) 820 1647 1697 1983 
 

1703 1594 1890 

Tensile stiffness (kN/m) 968 1299 1358 1286 
    

Tensile stiffness index (MNm/kg) 6.35 8.56 8.89 8.64 
 

8.76 8.61 8.74 

E-module (GN/m²) 2.94 5,55 6.17 6.06 
 

5.89 5.61 6.11 

Tear strength (mN) 3117 2517 2396 2188 
    

Tear index (Nm²/kg) 20.46 16.59 15.69 14.71 
 

16.07 16.68 15.01 

SCT (kN/m) 2.67 4.22 4.53 4.27 
    

SCT-index (kNm/kg) 17.5 27.8 29.7 28.7 
 

28.9 28.0 29.1 

Z-strength ISO (kN/m²) 182 546 654 629 
 

602 558 641 

Burst strength (kPa) 602 1061 1135 1077 
    

Burst index (kPam²/g) 3.95 6.99 7.43 7.24 
 

7.26 7.02 7.32 

Log fold number 20%RH (log10) 2.49 2.62 2.59 2.63 
 

2.61 2.61 2.62 

 

  



 
 

Appendix 3 

 

Figure B. The graphs shows the strain at break strength VS sheet density. The pulp from Munksund were sampled from 
the blow-line, cook 1.1 and 1.2 are lab cooks performed without and with hardwood black liquor addition (HBL). 

 

Figure C. The graphs shows the Tensile stiffness strength VS sheet density. The pulp from Munksund were sampled from 
the blow-line, cook 1.1 and 1.2 are lab cooks performed without and with hardwood black liquor addition (HBL). 
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Figure D. The graphs shows the SCT strength VS sheet density. The pulp from Munksund were sampled from the blow-
line, cook 1.1 and 1.2 are lab cooks performed without and with hardwood black liquor addition (HBL). 

 
Figure E. The graphs show the Burst strength VS sheet density. The pulp from Munksund were sampled from the blow-

line, cook 1.1 and 1.2 are lab cooks performed without and with hardwood black liquor addition (HBL). 
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