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ABSTRACT 
Studies on strength delivery and related fields have so far concentrated on finding the 
locations in the mill where fibres are damaged and what the damages consist of. However, 
fibres will invariably encounter mechanical stresses along the fibreline and in this thesis a 
new concept is introduced; the vulnerability of fibres to mechanical treatment. It is 
hypothesised that fibres with different properties have different abilities to withstand the 
mechanical forces they endure as they are discharged from the digester and transported 
through valves, pumps and various washing and bleaching equipment.  

In the thesis, results are presented from trials where pulps with significantly different 
hemicellulose compositions were high-intensity mixed at pH 13, 70°C and 10% pulp 
consistency and pulp strength evaluated. By varying alkalinity and temperature, pulps with 
different carbohydrate composition could be obtained. High alkali concentration and low 
temperature resulted in high glucomannan content and low xylan content, whereas cooking at 
low alkali concentration and high temperature rendered a pulp with low glucomannan and 
high xylan content. The high alkalinity pulp was stronger, determined as tear index at given 
tensile index. The pulp viscosity was also higher for this pulp. However, when the pulps were 
subjected to high-intensity mixing, the high alkalinity pulp lost in tear strength and the re-
wetted zero-span tensile strength was substantially reduced. The pulp cooked at high 
alkalinity was thus interpreted as being more vulnerable to mechanical treatment than the pulp 
obtained by cooking at low alkalinity. 

Another pair of pulps was manufactured at high and low sodium ion concentrations, but 
otherwise with similar chemical charges. The pulp obtained by cooking at low sodium ion 
concentration became stronger, evaluated as tear index at a given tensile index and the curl 
index was substantially lower, 8% compared to 12% for the pulp cooked at a high sodium ion 
concentration. The viscosity was 170 ml/g higher for the pulp manufactured at low sodium 
ion concentration. When the pulps were subjected to high-intensity mixing, the tear strength 
of the pulp manufactured at high sodium ion concentration was reduced. The re-wetted zero-
span tensile index decreased also after mixing. The pulp obtained by cooking at higher 
sodium ion concentration was thus interpreted as being more vulnerable to mechanical 
treatment than the pulp manufactured at lower sodium ion concentration. 

In the thesis, two reasons for the low strength delivery of industrially produced pulps 
compared to laboratory-cooked pulps are put forward. Since the ionic strength of mill cooking 
liquor systems is much higher than is normally used in laboratory cooking, this can partly 
explain the difference in strength between mill- and laboratory-cooked pulp. A higher sodium 
ion concentration was shown in this thesis work to give a pulp of lower strength. Secondly, it 
is suggested that the difference in retention time of the black liquor in laboratory cooking and 
continuous mill cooking systems can explain the difference in tensile strength between 
laboratory-cooked and mill-produced pulp. The black liquor in a continuous digester has a 
longer retention time in the digester than the chips. This gives a longer time for the dissolved 
xylan to degrade and, as a consequence, the xylan deposited on the mill pulp fibres will be 
more degraded than the xylan deposited on the laboratory-cooked pulp fibres.   

In the thesis, results are also presented from studies using different strength-enhancing 
chemicals. The fibre surfaces of bleached never-dried and once-dried pulp were modified by 
the polyelectrolyte multilayer technique using cationic and anionic starch. Although the pulps 
absorbed the same amount of starch, the never-dried pulp reached a higher tensile index than 
the once-dried pulp. When the starch-treated never-dried pulp was dried and reslushed it still 
had higher tensile index than the never-dried untreated pulp. The starch layers were thus able 
to counteract part of the hornification effect. The never-dried starch treated pulps were 
subsequently dried, reslushed and beaten. Pulp with starch layers had a better beatability 
evaluated as the tensile index obtained after given number of PFI revolutions than dried 
untreated pulp. Hence, there is a potential to increase the tensile index of market pulp by 
utilising the polyelectrolyte multilayer technique before drying. Addition of CMC to bleached 
mill pulp and laboratory-cooked pulp increased the tensile strength to the same degree for 
both pulps. CMC addition had a straightening effect on the fibres, the shape factor increased 
and this increased the zero-span tensile strength also.  
 

     
 



  

Sammanfattning 
De undersökningar som gjorts för att utröna skillnaden i styrka mellan industriellt framställda 
massor och motsvarande laboratoriekokade massor har till största delen gått ut på att 
lokalisera var i fiberlinjen som de industriellt framställda massorna blir skadade och typen av 
skador som fibrerna åsamkas. Utgångspunkten för studierna i denna avhandling är dock den 
att fibrer oundvikligen kommer att utsättas för mekaniska påfrestningar vid t ex vid utmatning 
från kokaren, i pumpar och ventiler och att det gäller att identifiera vilka egenskaper hos 
fibrerna som gör dem stryktåliga så att de klarar av dessa påfrestningar utan att tappa i styrka. 

I avhandlingen redogörs för resultat från försök där två massor med mycket olika 
kolhydratsammansättning har utsatts för skjuvkrafter i en högintensitetsmixer. Ett kok 
genomfördes vid hög alkalihalt och låg temperatur, vilket resulterade i en massa med hög 
viskositet, hög glukomannanhalt och låg xylanhalt. En annan massa framställdes genom att 
koka med låg alkalihalt och hög temperatur. Denna massa fick lägre glukomannanhalt, högre 
xylanhalt och lägre viskositet. Massan framställd vid hög alkalihalt var starkare, bestämd som 
rivindex vid visst dragindex. Efter att massorna högintensitetsmixats tappade massan 
framställd vid hög alkalihalt i rivstyrka och den återvätta zero-span dragstyrkan minskade 
också. Styrkan hos massan framställd vid låg alkalihalt påverkades inte av mixningen, vilket 
togs som ett tecken på att den var mer stryktålig.  

I ett annat försök framställdes två massor vid hög och låg natriumjonkoncentration i koket, 
men i övrigt samma kemikaliesatsningar. Massan framställd vid låg natriumjonhalt blev 
starkare, mätt som rivindex vid viss dragindex, hade lägre curlindex och högre viskositet. 
Efter att massorna högintensitetsmixats tappade massan framställd vid hög 
natriumjonkoncentration i styrka och även det återvätta zero-span värdet minskade, medan 
styrkan hos massan framställd vid hög jonstyrka inte påverkades av mixningen. Detta 
indikerar att massan framställd vid lägre jonstyrka är mer stryktålig än massa framställd vid 
hög jonstyrka. 

I avhandlingen framförs två nya tänkbara förklaringar till skillnaden i styrka mellan 
industriellt framställd och laboratoriekokad massa. Eftersom jonstyrkan i industriella koklutar 
är mycket högre än vad som vanligtvis är fallet vid laboratoriekokning, kan skillnaden i 
massastyrka delvis kunna bero på detta. Resultat i avhandlingen visar att massa framställd vid 
högre natriumjonhalt ger en lägre massastyrka. För det andra föreslås det att olika 
uppehållstid för koklutar i satsvisa laboratoriekok och kontinuerliga kokare kan vara orsak till 
att massor från labkok får högre dragindex. Kokluten i kontinuerliga kokare har en längre 
uppehållstid än flisen i kokaren. Det medför att det finns längre tid för det utlösta xylanet i 
svartluten att brytas ned innan det återutfälls på fibrerna. Den industriellt framställda massan 
hade lägre ytladdning, vilket tyder på att xylanet på fibrerna var mer nedbrutet än xylanet på 
den laboratoriekokade massan. 

I avhandlingen presenteras också resultat från studier där olika styrkehöjande kemikalier 
använts. Fibrer i blekt otorkad och torkad massa blev ytmodifierade genom att de belades med 
lager av katjonisk och anjonisk stärkelse enligt polyelektrolytmultiskiktstekniken eller lager-
på-lager-tekniken. Fast bägge massorna absorberade samma mängd stärkelse fick den 
otorkade massan högre dragindex. Efter att den otorkade stärkelsebehandlade massan torkats 
och slagits upp igen, var den fortfarande starkare än den otorkade obehandlade massan. 
Stärkelsebehandling kan därmed upphäva en del av förhorningseffekterna. Den 
stärkelsebehandlade otorkade massan torkades innan den slogs upp och maldes i PFI-kvarn. 
Stärkelsebehandlad massa hade bättre malbarhet, mätt som dragindex efter visst antal PFI-
varv, än torkad obehandlad massa. Det finns därmed en potential att höja styrkan på 
avsalumassa genom att belägga den med stärkelseskikt innan torkning. Absorption av CMC 
på fabriksmassa och laboratoriekokad massa ökade dragstyrkan i lika hög grad för båda 
massorna. CMC hade en uträtande effekt på fibrerna, deras formfaktor ökade vilket också 
resulterade i högre zero-span dragindex. 
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1 Background 
Strength is an important property of most materials and strength scores high on the 

list of desirable paper properties as well. However, strength requirements can be of 

different kinds, depending on the product. It may be desirable for a paper to 

withstand strong tensile forces or resist tearing to proceed from an incision, to be 

strained without rupturing or be compressed without being damaged. In this thesis 

work, the strength properties used for pulp evaluation are tensile strength, tear 

strength and zero-span tensile strength. 

The thesis deals with three different aspects of pulp strength: 

Strength delivery, which relates the strength of industrially produced pulps to that of 

corresponding laboratory-cooked pulps. 

Vulnerability to mechanical treatment, which associates pulp properties with how 

well fibres can withstand mechanical treatment without losing pulp strength. 

Importance of surface modifications on pulp strength, which links the chemical 

properties of the fibre surface to tensile strength. 

Since the chemical composition of the pulp has a large impact on strength properties 

and since the chemical composition can be controlled by the conditions during 

pulping, a survey has also been made in order to relate kraft cooking conditions to 

pulp composition. 

As a background to the results and conclusions drawn, a brief introduction of the 

pulp fibre constituents is given below together with a presentation of the methods 

used to measure pulp strength. 

1.1 Chemical composition and pulp fibre electrostatics 

The main constituents of wood pulp fibres are carbohydrates and lignin. Cellulose 

makes up 40-45% of most wood species and it consists of glucose units linked 

together by glucosidic bonds. Native cellulose in wood consists of about 10.000 

glucose units (Sjöström 1993). The other carbohydrates are called hemicelluloses 

and they have a much lower degree of polymerisation than cellulose, around 100-

150 sugar units per molecule (Jacobs and Dahlman 2001). The hemicelluloses in 

softwood are mainly galactoglucomannan, ca. 20%, and arabinoglucuronoxylan, 5-
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10%. Lignin, 25-30% of the wood, is an infinitely large compound consisting of 

phenyl propane units linked together by a variety of bonds into a three-dimensional 

molecule (Sjöström 1993). Lignin is covalently linked to all the carbohydrates in 

wood and pulp (Lawoko et al. 2003). 

For the manufacture of paper and board, the aim of the chemical pulping and the 

bleaching of chemical pulp is to degrade and dissolve the lignin, while keeping the 

carbohydrates as intact as possible. The first part, removal of lignin, is usually 

accomplished satisfactorily, since practically no lignin remains in a fully bleached 

pulp. The second part, protection of the carbohydrates, is trickier. The long and 

partly crystalline cellulose molecules are quite resistant to normal cooking 

conditions; most of the cellulose originally in wood is still present in the pulp 

(Sjöström 1993). However, under alkaline cooking conditions, as in kraft pulping, 

the peeling reaction reduces the length of the cellulose molecules by dissolving one 

glucose unit after another from the carbohydrate chain. A chemical reaction that 

more pronouncedly reduces the length of cellulose molecules is alkaline hydrolysis, 

which attacks the cellulose chain at a random position in the chain and cleaves the 

bond between two glucose units, leaving two shorter cellulose molecules. The 

reduction in length of cellulose molecules can lead to a loss of pulp strength, as 

strength-bearing fibrils in wood fibres consist of cellulose, and shorter cellulose 

chains are less able to take up load. The hemicelluloses suffer to a larger extent 

from the peeling reaction and alkaline hydrolysis. Around 60% of the 

hemicelluloses are completely lost, as they are degraded and dissolved, and the 

remaining hemicelluloses in the pulp have a reduced degree of polymerisation and 

degree of substitution of acid groups along the molecular backbone compared to the 

hemicelluloses in wood. Apart from being degraded, xylan can also be dissolved 

into the cooking liquor as a whole molecule and later during the pulping process be 

deposited back onto the fibres (Yllner and Enström 1956, Clayton and Stone 1963). 

The chemical constituents of kraft pulp fibres have functional groups attached to 

their molecular backbone. Hydroxyl groups are common, found both on 

carbohydrates and lignin. In lignin, the hydroxyl groups occur as phenolic and 

benzylic hydroxyl groups and the lignin structure also contains carbonyl groups. 

Carbonyl groups can be found in hemicelluloses, although the occurrence of 
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carboxylic groups is more frequent in this wood constituent. Especially xylan has a 

large amount of glucuronic acid groups attached. 

These acid groups give the fibres a negative charge if the corresponding hydrogen 

atoms are dissociated from the functional group. The strongest acid found on pulp 

fibres originates from the xylan part of the fibres, the methylglucuronic acid has pKa 

3.4 (Laine et al. 1994). A survey of the pKa values of guaiacyl and syringyl phenols 

in lignin showed large differences in acidity of different acidic substituents (Ragnar 

et al. 2000) Carboxylic substituents on the aliphatic part of the phenyl propane, the 

basic structural unit of lignin, have pKa values ranging from 2 to 8, whereas the 

phenolic hydroxyl groups have pKa values between 7 and 11. The alcoholic 

hydroxyl groups in carbohydarets are very weak acids and dissociate only in strong 

alkali, pH >13 (Sjöström 1989).  

The charges on the fibres are localised mainly to the xylan and lignin in the pulp 

and the amount of charges depends greatly on the degree of delignification. As a 

general rule, the amount of charges decrease the more the fibres are delignified, as 

removal of lignin leads to removal of xylan as well as degradation of the charged 

groups. The solubility of the xylan decreases with decreased degree of substitution, 

lower amount of uronic acid groups on the xylan will increase the amount of 

redeposited xylan (Walker 1965). Since the amount of xylan is lower in softwoods 

than in hardwoods, softwood pulps generally have a lower fibre charge than 

hardwood pulps (Sjöström 1989, Laine et al. 1996).  

Hexenuronic acid groups contribute to a large extent to the charges of kraft pulp 

fibres (Buchert et al. 1995, Laine 1997). Hexenuronic acid groups do not exist in 

native xylan; they are formed from the methylglucuronic acid groups on xylan 

during kraft pulping (Teleman et al. 1995). Simultaneously, both methylglucuronic 

and hexenuronic acid groups are degraded by hydroxide ions in the cooking liquor 

(Buchert et al. 1995, Gustavsson et al. 1999).  

When the acidic groups are dissociated, negative charges are created and the 

counter-ions released inside the fibre wall. These ions generate an osmotic pressure 

within the fibre wall, and water is drawn into the fibre wall to even out the pressure 

difference. The fibre wall swells, making the fibre more flexible as cross-links in 

the fibre wall are broken. Not only hydrogen ions, but a variety of metal ions can be 

present in a slurry of pulp fibres. Some are present already in the wood as the tree 
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has taken up metal ions from the soil. The fibreline processes are also sources of 

additional metal ion up-take. The counter-ion to the active cooking chemicals, 

hydroxide ions and hydrogen sulphide ions, is usually sodium. Calcium ions are part 

of the ballast in white liquor, as a consequence of incomplete reactions in the 

caustisation.  Metal ions may enter the mill with the process water used as well as 

from the process equipment. The amount of inorganic material in the process liquor 

increases as the degree of closure of the mill increases. 

The metal ions influence the electrostatics of the pulp charges. As they enter into 

the fibre wall, the negative charges will be shielded. The osmotic pressure, 

determining the degree of swelling of the fibre wall, depends on the number of ions 

and is highest for dissociated monovalent ions. In laboratory cooking, sodium ions 

are the principal counter-ions whereas in a mill for the same pulp and pH, calcium 

counter-ions originating from wood and natural water supplies often dominate 

inside the fibre wall. As a consequence, the fibre wall in industrial pulp will 

contains only half the number of counter-ions and has a proportionally lower level 

of swelling. The degree of swelling decreases with increasing metal ion 

concentration and increasing valency of the positive counter-ion (Lindström and 

Carlsson 1982). 

Depending on the pH, the concentration of the counter-ions, hydrogen as well as 

metal ions, within the fibre wall can differ from that in the bulk solution. Below pH 

2, the concentration of metal ions is similar in the solutions inside and outside the 

fibre wall, since the acid groups are not dissociated. As the pH increases, the 

difference in concentration increases and reaches a maximum at around pH 6. The 

Donnan theory is a useful tool to explain the interaction between metal ions and the 

negative charges on pulp (Towers and Scallan 1996). It was originally developed 

for semi-permeable membranes that permit the passage of certain ions but prevent 

others from passing through. The fibre wall network can be seen as consisting of 

immobile charges, the negative charges on the fibres, and the mobile counter ions. 

According to the Donnan theory, added salt ions are distributed in such a way as to 

reduce the difference in ion concentration and in osmotic pressure between the 

interior of the fibre wall and the bulk solution. The concentration of metal ions will 

therefore be higher in the solution in the fibre wall than in the outer solution. This is 

true also for the hydrogen ions; the pH is lower within the fibre wall than in the bulk 
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solution, as the concentration of hydrogen ions is higher inside the fibre wall. An 

increase in metal ion concentration has been shown to make the fibres more acidic, 

i.e. the pKa is decreased (Lindgren and Öhman 2000, Athley et al. 2001).  

Metals may also be present in pulp as precipitates, for example as carbonates, 

hydroxides and sulphates (Norberg et al. 2001).  

It is well-known that the amounts of charges and metal ions influence pulp 

properties. As mentioned earlier, they have an impact on swellability. It is for 

example possible to increase the strength of a pulp by changing the counter-ion 

from the divalent calcium to the monovalent sodium (Scallan and Grignon 1979). A 

higher amount of negative charges on the fibre surface has been shown to be 

beneficial for the tensile strength of the pulp (Laine and Stenius 1997, Laine et al. 

1997).  

It has been shown that a reduction in salt concentration enhances the removal of 

lignin from the fibre wall during washing (Andersson et al. 2003) or leaching 

(Sjöström et al. 2000). It was suggested that the reason is a joint effect of the 

repelling forces of the negative charges on the fibres on the anionic lignin residues 

and the opening of pores in the fibre wall. The latter is explained by the negative 

charges of the pulp fibrils repelling each other and thereby increasing the swelling 

of the fibre wall, allowing lignin molecules of larger sizes to be expelled. 

1.2  Influence of sodium ion concentration during pulping 

The ionic strength of a solution is a measure of the amount of electrostatic 

interaction between ions. A higher ionic strength in the cooking liquor, measured as 

the concentration of sodium ions, decreases the delignification (LéMon and Teder 

1973, Teder and Olm 1981, Lindgren and Lindström 1996, Sjödahl et al. 2004). The 

amount of the so-called residual phase lignin, i.e. the less reactive lignin, increases 

with increasing ionic strength (Lindgren and Lindström 1996).  

The ionic strength during cooking also affects the carbohydrate dissolution and 

degradation. The cellulose chain length is reduced as the sodium ion concentration 

increases (Sjöblom et al. 1988, Lindgren 1997, Sjöström 1999, Sjödahl et al. 2004). 

It has been reported that the dissolution of hemicelluloses is retarded by a higher 

ionic strength (Lindgren 1997). Another study showed that the rate of xylan 
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dissolution decreases, whereas the rate of degradation of glucomannan is unaffected 

(Gustavsson and Al-Dajani 2000). There are reports indicating that a higher sodium 

ion concentration in the pulping liquor gives a higher carbohydrate yield (Sjödahl et 

al. 2004, Lundqvist et al. 2006).  

Pulp manufactured with a higher ionic strength in the cooking liquor has a lower 

brightness, as the light absorption coefficient at a given kappa number is higher for 

pulp cooked at a higher sodium ion concentration (Sjöström 1999, Axelsson and 

Lindström 2004). A higher sodium ion concentration in the cooking stage gives a 

higher degree of delignification in the oxygen stage (Sjöström 1999, Axelsson and 

Lindström 2004).  

1.3 Tensile strength 

The tensile strength is defined as the maximum tensile force per unit-width that a 

test sample can endure. In practice, a test sample of specified width is fastened 

between two clamps and pulled until rupture. The paper is a network of fibres, held 

together by joints between fibres. When the tensile force starts acting on the strip of 

paper, curled fibres are straightened and some joints broken. This leads to an 

increase in length of the paper strip; i. e. the sample is strained. When the joints 

break, the applied load is distributed over fewer fibres. The process leading to 

rupture can be divided into two steps. First, there is a transfer to the active fibres of 

load from fibres no longer participating in the load-bearing, so that the fibres in the 

direction of the tensile force carry more and more load. Secondly, these fibres are 

strained until the force needed to break them is exceeded (Page 1969). According to 

Page, the tensile strength of a weakly bonded sheet depends on the bonding 

strength, whereas at a higher degree of bonding, the fibre strength is increasingly 

important. 70-80% of the fibres in the rupture zone of a well-bonded sheet are 

broken (van den Akker et al. 1958). 

In a tensile test, the strain to break is also recorded. If the stress is plotted versus the 

strain, a graph as in Fig. 1 is obtained. The shape of the curve shows that paper is a 

visco-elastic material. The stress-strain curve has an elastic and a plastic part. At 

first, paper under stress follows Hooke’s law; the strain being proportional to the 

stress applied. If the load would were removed the paper would resume its original 
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length as the deformation is elastic in this part. At higher load, the deformation is 

plastic and irreversible. 

The elasticity modulus of a material is the same as tensile stiffness of the material 

within the elastic domain. The tensile stiffness of the paper can be obtained from the 

tensile test, as shown in the figure. According to Page et al. (1979), the elastic 

modulus of paper depends on  

1) the elastic modulus of the fibre 

2) the transfer of load from an individual fibre to its closest neighbours, i.e. the 

degree of bonding 

3) dislocations in the fibre 

The maximum elastic modulus of an anisotropic well-bonded sheet of paper made 

of straight fibres with no fibre wall defects is 1/3 of the elastic modulus of an 

individual fibre. Weakly bonded papers have a lower elastic modulus, as well as 

papers of curled fibres and fibres with microcompressions. 

 
Figure 1. Schematic figure of stress vs. strain. 

An increase in bonding strength results in an increase in tensile strength, but in 

well-bonded sheets the fibre strength will be increasingly important (Page 1969).  

An increase in bonding strength is achieved by both more bonded area and stronger 

fibre-fibre joints. More flexible and conformable fibres provide more bonded area. 

Thus, thin-walled earlywood fibres have more bonded area than thick-walled, stiffer 

latewood fibres (Dinwoodie 1965, Paavilainen 1991, Paavilainen 1993, Paavilainen, 

1994). Beating has a flexibilising effect (Teder 1964, McIntosh 1967, Page and De 

Grace 1967) and also alters the physical appearance of the fibre surface through 

external fibrillation (Teder 1964, Page 1989). These effects increase the contact 
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possibilities between fibres and thereby increase the bonded area (Teder 1964, 

Dasgupta 1994). Not only has the flexibility of the fibre an influence, but a more 

flexible fibre surface also offers greater possibilities to create bonded area. Once-

dried fibres, for example, are not as able to form strong bonds as never-dried fibres, 

because drying creates a more compact surface (Gurnagul et al. 2001, Wang et al. 

2003). Although beating can to some extent open pores and fibrillate the surface, 

more refining energy is needed to reach a certain tensile index than when refining 

never-dried pulp (Teder 1964, Stone and Scallan 1965, Wang et al. 2003, Billosta et 

al. 2006). Some of the pores close and fibrils collapse irreversibly onto the fibre 

surface by drying.  

Fibre strength is determined to a great extent by the occurrence of fibre damage. 

Chemically induced damage such as dissolution or degradation of cellulose caused 

by alkaline or acidic hydrolysis can lead to decreased fibre strength. The fibre 

strength, measured as zero-span tensile strength, is proportional to the cellulose 

content of fibres, up to 80% cellulose (Page et al. 1985). A linear relationship 

between xylan content and fibre strength has been reported; decreased amount of 

xylan leads to a decrease in fibre strength (Leopold and McIntosh 1961). 

Mechanically induced damage, caused by mechanical stress and shear forces, also 

reduces the fibre strength. Mechanical impact encountered along the fibreline 

changes the form of the fibres, from naturally straight to curled. The changes are of 

different types, twist, compression, microcompression, knees or folds. 

The intrinsic fibre strength is partly predetermined by the morphology of the fibres. 

Tensile testing of individual fibres has shown that latewood fibres are stronger than 

earlywood fibres (Leopold and McIntosh 1961, McIntosh 1963, Leopold and 

Thorpe 1968). Spruce fibres generally have a greater individual tensile strength than 

pine fibres (Leopold 1966). The orientation of the fibrils in the S2-layer of the fibre 

influences the elasticity modulus and the tensile strength of the fibres (Page et al. 

1977).  

1.4 Tearing resistance 

Tearing resistance has been widely used and still is often employed for pulp 

characterisation together with tensile strength. Tear strength may be thought of as a 

rudimentary approach to fracture mechanics, which deals with the strength of 
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structures containing defects. When a load is applied to a structure, the highest 

stress will be concentrated to the place of the defect and this is also the place where 

failure will be initiated. More contemporary test methods are fracture toughness 

tests.  

The standard procedure for measuring tearing resistance is the Elmendorf method, 

which is an out-of-plane tearing mode.  An initial cut is made into four plies of 

paper and the work needed to continue the tear through the length of the test 

specimen is measured. The tear work is calculated according to 

dlFW
l

l∫=
0

      (1) 

where 

W = work of tearing 

F = tear force 

l = the length on which the tearing force acts 

Van den Akker put forward a theory that the tearing work consists of the work to 

stretch fibres until rupture and to pull fibres out from the network and that the work 

to rupture fibres is much smaller than the work to pull out fibres (van den Akker 

1944). However, Helle showed that not only the fibres in the line of rupture are 

involved; there is a zone of rupture, as the tearing force acts both in the direction of 

tearing and in the vicinity of the line of tearing (Helle 1979). The tearing force can 

therefore be summed up as: 

l
qWnWmW

F qrf

2
++

=     (2) 

Wf = work needed to pull out a fibre from the network 

m = number of fibres pulled out  

Wr = work needed to tear a fibre apart (proportional to the fibre strength) 

n = number of fibres torn apart 

Wq = work on fibres in the vicinity of the direction of tearing  

q = number of fibres in the vicinity of the tearing direction that consume energy 

l = tearing length 

In a weakly bonded sheet, tearing results in few fibres being torn apart and many 

pulled out and the area affected by tearing is quite extended. In a strongly bonded 
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sheet, most fibres are torn apart and the tearing force is concentrated to a much 

smaller area. In other words, Wq is much larger for a weakly bonded sheet than for a 

more strongly bonded sheet. This is nicely illustrated by Kettunen and Niskanen in 

their image analysis method used to assess the damage zone (area where de-bonding 

takes place) and pull-out width (the length of fibre ends extracted) (Kettunen and 

Niskanen 2000). In their case, the tear test is an in-plane tear mode, but the decrease 

in damage zone and pull out width with increasing degree of bonding can be used for 

the out-of-plane tear as well. Their images clearly show how the tear work acts on a 

much more concentrated area the more beaten the pulp is. As a consequence, fewer 

fibres participate in resisting against the work of tear, so the fibre strength becomes 

increasingly important, as has been shown earlier (Seth and Page 1988, Page 1994). 

Page wrote “According to this model, the drop in tear with increasing bonding arises 

from the smaller fibre span and smaller rupture zone” (Page 1994). 

The model explaining tear strength as depending on the size of the rupture zone 

agrees well with the observation that longer fibres give a higher tear strength (cf. 

Jayme 1958, Barefoot et al. 1964). Longer fibres will act on a larger area thus 

increasing the tear work (Kettunen et al. 2000).  

1.5 Zero-span tensile strength 

Zero-span tensile testing can be used to obtain an estimate of fibre strength, 

provided the fibres are straight and not curled (Mohlin and Alfredsson 1990, Seth 

and Chan 1999, Mohlin et al. 2003). When performing the zero-span tensile test, it 

is assumed that the clamps clutch the paper test strip closely, leaving no distance 

between them, so that they actually grip individual fibres, excluding the influence of 

bonding. In re-wetted zero-span testing, water enters the test sheet, breaking bonds 

and there is thus less possibility for stress distribution. If local damage is present in 

the fibre wall, this might not affect the dry zero-span tensile value but it invariably 

leads to a lower re-wetted zero-span tensile index (Mohlin and Alfredsson 1990). 

As a result, dry zero-span test results are generally higher than re-wetted zero-span 

values. 

Whether or not zero-span tensile strength can be said to give the fibre strength can 

be debated. The arguments opposed to using zero-span as a measure of fibre 

strength are that in dry zero-span tensile testing the distance is not quite zero and 
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bonds can play a role. It can be assumed that tensile stresses are distributed between 

and within fibres in the dry zero-span test. The fibre shape and alignment of the 

fibres in the sheet influence the zero-span tensile strength. Only straight fibres 

aligned in the direction of the stress applied take up the load. It has therefore been 

recommended that zero-span testing should be made on straight fibres; in practice 

this means that PFI beating of the pulp to be tested is required, as this has a 

straightening effect on the fibres (Seth and Chan 1999). Zero-span testing is also 

somewhat sensitive to fibre length; the shorter the fibres, the greater the numbers 

that do not cross the rupture zone and thereby do not participate in the load bearing. 

In the wet zero-span tensile test, the water has a plasticising effect on the fibres so it 

can not be assumed that this can be related to the strength of dry fibres (Gurnagul 

and Page 1989). However, the alternative test methods available are either fibre 

strength on single fibres or the single-fibre composite test. Pulling single fibres 

apart is time-consuming and always implies that the fibres are selected, thereby not 

giving a representative value of the fibres in the pulp. In the single fibre composite 

test, fibres are also selected from the pulp sample and the interaction between the 

fibres and matrix has an influence (Thuvander et al. 2001). So, taking this into 

account, the best and most practical method available for fibre strength 

measurements is zero-span tensile testing on beaten, i.e. straight, fibres. The dry 

zero-span tensile index gives the average dry fibre strength and the wet zero-span 

tensile index gives an indication of the amount of local fibre defects. 

1.6 Differences between industrial and laboratory pulping 

The ionic strengths and the compositions of the inorganic substances in industrial 

and laboratory pulping liquors differ. The white liquor used in laboratory cooking is 

prepared from sodium hydroxide and sodium disulphide. Consequently, laboratory 

cooking liquors contain hydroxide ions and hydrogen sulphide ions and the counter-

ion to the active cooking chemicals is sodium.  The concentration of sodium ions is 

equal to the sum of [OH-] and [HS-]. As deionised water usually is used for dilution 

purposes, the only other inorganic chemicals are those entering with the wood 

supply. 

Apart from the active cooking chemicals and inorganic substances from the chips, 

industrial cooking liquors carry ballast consisting of Na2SO4, Na2S2O3, and Na2CO3. 
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The amounts depend on the processes in the chemical recovery cycle. Carbonate in 

the white liquor stems from the causticisers and Na2SO4 from the recovery furnace. 

Thiosulphate originates mainly from air oxidation of green and white liquors. The 

chemical recovery cycle may also result in a build-up of inert compounds such as 

NaCl.  

The ionic strength of a solution is a measure of the amount of electrostatic 

interaction between ions and is defined as the weighted concentration of 

ions, ∑ ii cz2
2
1  where zi = the charge of species i, ci = concentration of species i. In 

industrial pulping, the ionic strength of the cooking liquors is higher than that of the 

cooking liquors normally used in the laboratory, 2-3 mol/l compared to around 1.5 

mol/l. 

In laboratory cooking, the retention time of the pulping liquor is equal to the 

retention time of the chips, since they are cooked in the same cooking vessel and 

they experience the same heating and cooking times. In mill systems, however, the 

velocity of the chips is not equal to the velocity of the free liquor through the 

continuous digester. Due to the so-called chip pressure and extraction rate of the 

liquor, the chips move faster through the digester than the liquor (Härkönen 1987, 

Michelsen and Foss 1996). As a consequence, the xylan dissolved in the cooking 

liquor will have a longer time for degradation than in the laboratory cooking.  

Fibre shape is one apparent difference between laboratory-cooked and mill pulp. 

Mill pulp fibres are more curled, with more kinks and dislocations (MacLeod and 

Pelletier 1987, MacLeod et al. 1987, Mohlin and Alfredsson 1990, Hakanen and 

Hartler 1995, Mohlin et al. 1996). Such fibre deformations reduce the strength of 

the pulp (Page et al. 1985, Page and Seth 1988, Ellis et al. 1995, Mohlin et al. 1996, 

Trepanier 1998). Straight fibres can bear load along their entire length, whereas 

curled fibres are not as efficient in load transfer. Fibre deformations increase along 

the fibreline, from brown stock to bleached pulp (De Grace and Page 1976, 

Hornatowska et al. 1993, Mohlin et al. 1996).  

Strength delivery quantifies the strength of industrially produced pulps to the 

maximum pulp strength achievable by the pulping method used, stated as the 

strength of the corresponding laboratory pulp. Strength delivery is usually given as 

    12 
 



  

the ratio between tear strength at a given tensile strength for industrial and 

laboratory pulps.  

The strength delivery of softwood kraft pulps is reported to range from 65 to 85% 

(MacLeod 1987, MacLeod and Pelletier 1987, MacLeod et al. 1987, MacLeod 

1990a, MacLeod 1990b, Hakanen and Hartler 1995). In contrast to softwood, the 

strength delivery of hardwood kraft pulps is close to 100% (MacLeod 1987, 

MacLeod et al. 1987, MacLeod 1990a). Bisulphite cooking of softwood produces 

pulp with a strength delivery of 90% or better (MacLeod and McPhee, 1990). 

In the 1980s, the strength gap between laboratory and mill pulps attracted 

considerable attention (MacLeod 1987, MacLeod and Pelletier 1987, MacLeod et 

al. 1987). By hanging baskets inside digesters it was possible to assess the loss in 

strength caused by the removal of pulp from the digester, by comparing the strength 

of the pulp in the baskets with that of the discharged pulp. It was found that the 

strength of the pulp in the digester had close to 100% strength delivery, and it was 

suggested that the pulp fibres were mechanically damaged as they passed through 

blow line valves and pumps (MacLeod and Pelletier 1987, MacLeod et al. 1987, 

Cyr et al. 1989).  

An often cited reference showing the detrimental effect on pulp strength of 

mechanical treatment is the paper by Knutsson and Stockman (1958). They treated 

pulp excessively by mixing them in black liquor for up to 30 min, 2400 rpm, at 

temperatures between 110 and 170°C and pH 12.5 – 13.4. Not surprisingly, this 

reduced the tear and burst strength, as well as the fibre length. They suggested that 

the reduction in strength was caused by dissolution of hemicelluloses due to the 

chemical influence of the alkali in the black liquor in combination with mechanical 

treatment. However, the hemicellulose content (measured as γ-cellulose) was higher 

when the mechanical treatment was made in black liquor than in water. The 

beatability was decreased, measured as an increased number of beating revolutions 

required to reach a certain °SR for the mechanically treated pulps. The SR-value is 

highly dependent on the amount of fines in the pulp (Sandgren and Wahren 1960) 

and the mechanical treatment probably created a lot of fines, which were lost as the 

pulps were washed on a 100 μm mesh wire after treatment. Nevertheless, Knutsson 

and Stockman showed that a higher temperature during mechanical treatment led to 

a greater reduction in the strength properties of the pulp. The influence of 
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temperature was confirmed in a study by Annergren et al. (1963). Discharging pulp 

from a continuous digester at 145ºC led to a greater reduction in pulp strength than 

when discharging at 100ºC.  

However, damage occurs even when the discharge temperature is below 100ºC 

(MacLeod 1987). Chemically induced depolymerisation was ruled out as a cause of 

the strength loss, as it could not be related to losses in pulp viscosity (MacLeod et 

al. 1987). Somewhat similar results have been obtained in a later study where 

delignified chips were mechanically treated at the end of the cook at high 

temperature and high alkalinity (Joutsimo and Robertsén 2004). The fibre strength 

was decreased, measured as zero-span tensile strength, whereas the pulp viscosity, 

yield and carbohydrate composition were the same as for the untreated pulp. It was 

suggested that the reduction in fibre strength is due to destruction of the fibre wall 

(Joutsimo and Robertsén 2005). As the delignified porous fibre wall experiences 

mechanical stresses, the larger pores are further separated, increasing the pore size. 

As a consequence, the fibres are less able to transfer stresses when they form a 

network in a sheet of paper. The length and strength (measured as zero-span tensile 

strength) of mill pulp fibres has been shown to be somewhat inferior to that of 

corresponding laboratory pulps (Hakanen and Hartler 1995). A method utilising 

hydrochloric acid as a way to measure dislocations in fibres found that industrially 

produced fibres where more sensitive to HCl treatment, indicating that these fibres 

have more dislocations and weak points compared to corresponding laboratory pulp 

fibres (Ander et al. 2005). 

1.7 Outline of the thesis work 

Studies on strength delivery and related fields have so far concentrated on finding 

the locations in the mill where fibres are damaged and what the damage consists of. 

However, fibres will invariably encounter mechanical stresses along the fibreline 

and in this thesis the concept of vulnerability of fibres to mechanical treatment is 

used. It is hypothesised that fibres with different properties have different abilities 

to withstand the mechanical forces they endure as they are discharged from the 

digester and transported through valves, pumps and various washing and bleaching 

equipment. Additionally, part of the thesis work deals with ways to increase the 

strength by modifying the fibre surface using strength-enhancing chemicals. 
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2 Materials and methods 

2.1 Pulping at high and low [OH-] and [Na+] (II, III) 
Spruce chips from Holmen Paper Hallsta, Hallstavik, were air-dried before 

screening on a laboratory chip screen and the fraction with a thickness between 2 

and 6 mm was used for pulping. The chips were further screened by hand, to 

remove over-thick chips and chips with knots and bark. 

The cooks were performed at a high liquor-to-wood ratio, 30 l/kg, so as to have 

relatively constant chemical concentrations in the pulping liquor. Each cooking 

batch contained 700 g OD chips. For chemical charges, cooking temperatures, and 

H-factors, see Table 1.  

Table 1. Conditions in the cooks. 
 High [Na+] Low [Na+] High  [OH–] Low  [OH–] 
[OH-] mol/l 1.0 1.0 1.0 0.3 

[HS-] mol/l 0.2 0.2 0.2 0.2 

[Na+] mol/l 2.0 1.2 2.0 2.0 

Temperature, ºC 147 146 147 164 

Cooking time, h 4 4 4 4 

H-factor 520 470 520 2500 

[OH-]end mol/l 0.90 0.82 0.90 0.15 

[HS-]end mol/l 0.19 0.17 0.19 0.17 

 
Throughout this study, the ionic strength has been approximated by the sodium ion 

concentration. The chloride ion is the most common counter-ion to sodium when 

the effect of ionic strength has been investigated. Other choices are the sulphate, 

carbonate or acetate ion. Carbonate can, at lower alkalinity and higher temperature, 

affect the alkalinity as it can be hydrolysed to hydroxide (Gustafsson and Teder 

1969) and enhances delignification rate (Lundqvist et al. 2006). In a study on the 

equilibrium between hydrogen peroxide and peroxide ion, the ionic strength was 

varied by the addition of NaCl, Na2SO4, or NaCOOCH3 and it was found that the 

relevant ionic strength could be calculated from the sodium concentration only 

(Teder and Tormund 1980).   

Pulping was performed in a circulation laboratory digester. The circulation of the 

cooking liquor was started after steaming for 5 min. The increase in temperature 
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was 1ºC/min until the desired cooking temperature was reached. Emptying the 

digester of the black liquor and cooling it with deionised water terminated the 

cooking. The delignified chips were washed in the digester for about 12 h with 

deionised water and thereafter defibrated in a water-jet NAF defibrator. The pulp 

was centrifuged to a dry solids content of between 25 and 30%.  

Standard procedures for kappa number and viscosity are described in SCAN-C1 and 

ISO 5351, respectively. Significant differences are ±1 kappa number unit and ± 50 

ml/g for pulp viscosity. 

2.2 Pulping according to industrial conditions (I) 

Spruce chips from the Södra Mönsterås Pulp Mill, Mönsterås, Sweden, were 

employed in the study. The chips were air-dried before screening by hand to remove 

over-thick chips, chips with knots, and bark. An industrially produced unbleached 

pulp was obtained from the mill, cooked from the same batch of chips in a 

continuous digester. The industrial pulp, obtained by ITC (IsoThermal Cooking) 

had a kappa number of 27 and a viscosity of 1250 ml/g. The laboratory cooking 

simulated the industrial process with regard to time, temperature, and chemical 

charges, the conditions used are given in Table 2. The ionic strength of the 

laboratory cook was increased by adding NaCl. Kappa number and viscosity 

reached were 27 and 1260 ml/g. The strength tests presented in Paper I were 

performed on unbleached pulp. 

Table 2. Conditions in the laboratory cook. 
[OH-] mol/l 1.2  
[HS-] mol/l 0.26  
[Na+] mol/l 2.0  
Liquor-to-wood, l/kg 4:1  
Temperature, ºC 155  
Cooking time, h 5  
H-factor 1375  
[OH-]end mol/l 0.13  
[HS-]end mol/l 0.13  

 

2.3 High-intensity mixing (I, II, III) 

The high-intensity mixing was performed in a Quantum mixer. Samples of 160 g 

OD pulp were disintegrated in a laboratory disintegrator for 10,000 revolutions. The 
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pH of the pulp to be mixed was adjusted to 13 by adding NaOH and the consistency 

was 10%. The pulp samples were placed in plastic bags and kept for 10 min in a 

water bath holding a temperature of 70ºC. Thereafter, they were mixed for 60 sec at 

2100 rpm and subsequently washed with deionised water until neutral pH was 

achieved. 

2.4 Bleaching (II, III, V) 

The conditions in the oxygen stage were; consistency 12%, NaOH charge 2.7 

weight percentage, MgSO4 charge 0.5 weight percentage, oxygen charge at room 

temperature 6 bar, temperature 100ºC, time 10 + 100 min (warming + reaction 

time). The oxygen delignification was performed in Teflon-coated steel autoclaves 

rotating in a glycol bath. The pH of the residual liquor was between 11 and 12, the 

high-intensity mixed pulp had higher pH than the reference pulps.  

The oxygen-delignified pulps were bleached according to (DQ)(EP)D under 

conditions as presented in Table 3. The bleaching was performed in plastic bags and 

the pulps were washed between the stages.  

Table 3. Bleaching conditions. 
 D0 Q EP D1 

Pulp consistency, % 10 4 10 10 
ClO2 charge, % a Cl 2.8   2.0 

H2O2 charge, %   0.3  
EDTA, %  0.2   

MgSO4, %   0.05  
Buffer, % of total weight 

sodium acetate/acetic acid 
   10 

 
NaOH, %  Start-

pH>4.8 
1.5  

Temperature, ºC 70 90 70 70 
Time, minutes 30 60 60 120 

End-pH 2.2-2.6 6.2-7.0 12.6-12.8 4.6 

 

2.5 CMC addition to pulp (V) 

The industrial pulp used in this study was the same as that used in papers I and IV. 

The laboratory-cooked pulp was prepared according to section 2.2 and both pulps 

were bleached according to D(EP)DD. The charges in the bleaching stages were 

same as in Table 3. The chlorine dioxide charge in D2 was 1.0% a Cl, all other 

conditions similar as in D1 according to Table 3. 
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Prior to surface carboxymethylation both the industrial and the laboratory-produced 

pulp were washed. Metals were removed from the pulp by an acid wash; HCl was 

added to adjust to pH 2 and kept for 30 minutes. Subsequently, the pulps were 

washed with deionised water until the conductivity of the filtrates was < 5μS/cm. 

Subsequently, water soluble substances, e.g. lignin and hemicelluloses, were 

removed from the pulps by adjusting the pH with NaOH to pH 9 and 1 mmol/l 

NaHCO3 added to revert the pulps to Na-form. After 30 minutes, the pulps were 

washed with deionised water to a conductivity < 5 µS/cm. Finally, the pulps were 

transferred to their Ca-form, adjusting the CaCl2-concentration to 0.05 mol/l. After 

15 minutes, the pulps were washed with deionised water until the conductivity of 

the filtrates was < 5 µS/cm.  

Surface carboxymethylation was carried out in accordance with the method 

developed by Laine et al. (2000). Pulps and CMC-solution were placed in a two-

litre autoclaves. CaCl2 was added and the pH was adjusted, the conditions used are 

shown in Table 4. The autoclave was placed in a pre-heated glycol-bath in order to 

stabilise the temperature and achieve a certain amount of stirring. After CMC 

treatment, the pulps were washed with cold deionised water to a conductivity < 5 

µS/cm.  

Table 4. Conditions during surface carboxymethylation  

CMC addition, mg/g fibres 20  
Pulp consistency, % 2.1 
Temperature, oC 120  
Exposure time, h 2  
pH 8 
Electrolyte concentration(CaCl2),  mol/l  0.05  

A reference sample of both the industrial and the laboratory-cooked pulp was 

treated under the same conditions, but without CMC addition.  

In order to compare the effects of CMC addition with beating, the untreated 

industrial reference pulp was beaten in a PFI refiner. The pulp was washed to its 

calcium form and then beaten in accordance with SCAN-C 24:96 using 0, 1000 and 

3000 revolutions.  

The fibre curl was measured as shape factor using the STFI FiberMaster. Finally, 

handsheets were made in accordance with the standard SCAN-C26:76, although 

with some modifications. All the sheets were made in deionised water, with the pulp 

in its Ca2+-form. The grammage of the handsheets was 80 g/m2 and dried under 
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restraint in a conditioned room (50% RH and 23 ˚C). The physical properties of the 

sheets were tested according to the following standards: grammage ISO 536:1995, 

structure thickness and sheet density SCAN-P 88:01, tensile strength SCAN-P 

67:93, and zero-span tensile strength ISO 15361:2000. 

2.6 PolyElectrolyte Multilayers of starch (IV) 

The fibre raw material used in this investigation of layer-by-layer starch-treatment 

was a never-dried, fully bleached (Q(OP)(TQ)(PO)) softwood kraft pulp from the 

Södra Pulp mill, Mönsterås, Sweden. For the studies on once-dried pulp, part of the 

pulp was dried at the laboratory. 

Two different types of starches from Lyckeby Industrial AB (Kristianstad, Sweden) 

were used, one cationic potato starch (CS) and one anionic potato starch (AS). The 

starches were cooked by heating 1,00 g/l starch slurry to 95°C and maintaining this 

temperature for 30 minutes before allowing the starch solution to cool under 

ambient conditions. The degree of starch gelatinisation was checked by light 

microscopy. Fresh solutions of starch were prepared each day to avoid the influence 

of starch degradation on the starch properties. The charges of the starches were 

determined using polyelectrolyte titration and the degree of substitution was 

calculated to be around 0.065 for both the anionic and the cationic starch (Eriksson 

et al. 2005). 

 The hydrochloric acid, sodium hydroxide, and sodium chloride used in the 

investigation were all of analytical grade and supplied by Merck. 

Pulps were dried by preparing pulp sheets with a grammage of approximately 200 

g/m2 in a Büchner funnel. The pulp sheets were pressed at 400 kPa for 5 minutes 

and thereafter left to dry in an oven at 50ºC for 12 hrs to a dry solids content of 

approximately 90%. 

The never-dried fibres were treated consecutively with CS and AS using a 

procedure described elsewhere (Eriksson et al. 2005) with a slight modification; in 

the present work no rinsing steps were performed between the starch treatments. 

The starch was added to the fibre suspension (0.3 %) at a level of 10 mg starch/g 

fibre and was allowed to adsorb for 10 minutes before the next starch addition. The 

pH was adjusted to 7 and the salt concentration was 0.01 mol/l NaCl (ca 2.5 
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mS/cm). The slurry was continuously stirred with a RW 20 (Janke Kunkel) 

mechanically controlled stirrer at a rotation speed of approx. 200 rpm. After each 

treatment, 30 g of O.D. pulp was removed from the suspension, in order to monitor 

the changes in pulp characteristics achieved by the treatment. The remaining fibre 

suspension was treated with the next starch solution. The same procedure was used 

for starch treatment of once-dried pulp. Before treatment, the dried pulp was soaked 

in deionised water for 4 hours and disintegrated for 30,000 revolutions according to 

ISO 5263:1995. 

2.7 Strength testing (I-V) 

Strength tests were performed on  

• unbleached pulps in publication I  

• bleached pulps in publications II, III, IV and V.  

PFI refining between 0 and 4000 revolutions was carried out according to ISO 

5264-2:2002, and sheets were made according to ISO 5269-1:1998. Structure 

thickness and apparent sheet density were measured according to ISO 534. The tear 

and tensile strengths were analysed according to ISO 1974:1990 and ISO 1924-

2:1994, respectively. Tear strength values are based on measurements on four test 

samples, consisting of four plies from four different handsheets. Significant 

differences in tear index values are ±3 Nm2/kg. Tensile strength values are an 

average of twelve test samples. The error bars for tensile index values in the figures 

are at a 95% level of confidence. The zero-span tensile tests were conducted on 

sheets made of pulp beaten for 4000 revolutions in the PFI mill and with a 

grammage of 45 g/m2. The zero-span values are an average of 24 test samples. Curl 

and fibre length were measured with a FiberLab3TM.  
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3 Results and discussion 

3.1 Cooking parameters and chemical composition of pulp 

3.1.1 The influence of [OH ], [HS ] and temperature- -  (III) 
A survey was made in order to relate kraft cooking conditions to pulp composition, 

since the chemical composition has an impact on the strength properties. Kraft 

cooking is by no means a novel technology and numerous studies have been made 

over the years to assess the impact of cooking conditions on pulp properties. 

However, kraft cooking is also quite complex; a change in any of the in-put data 

(charges of active cooking chemicals, ionic strength, cooking temperature and time) 

affects the out-put data (total yield, carbohydrate composition, kappa number, pulp 

viscosity). The results of the survey are helpful in keeping track of how the cooking 

conditions have affected the pulp properties. 

In a series of constant-composition cooks, the concentration of hydroxide ions, 

hydrogen sulphide ions and cooking temperature were varied and the influence on 

delignification and carbohydrate yield was monitored. In Fig. 2, the kappa number 

of the pulp obtained after cooking to different H-factors is plotted. Increasing the 

[OH ] from 0.5 mol/l to 1.0 ml/l had a large effect on delignification rate, as well as 

increasing [HS ] from 0.2 to 0.4 mol/l, well in accordance with common knowledge 

(cf. Aurell and Hartler 1965, Kleinert 1966, LéMon and Teder 1973).

-

-

15

20

25

30

35

40

45

800 1000 1200 1400 1600 1800 2000 2200 2400
H-factor

Kappa number

0.5 / 0.2 / 155
1.0 / 0.2 / 165
0.5 / 0.4 / 155
1.0 / 0.2 / 155

[OH-]/[HS-]/temp°C

 
Figure 2. The delignification rate in constant-composition cooks (liquor-to-wood 
ratio 30:1 l/kg) at varied [OH ], [HS ] and temperature. - -
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In Fig. 3, the total yield is given as a function of degree of delignification. In line 

with common knowledge, an increase in hydrogen sulphide concentration and a 

decrease in temperature led to a higher yield in the cook. Judging from the total 

yield measurements, the alkali charge seemed not to have a noticeable effect, as a 

consequence of the longer cooking time for the low alkalinity cook. 
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Figure 3. The total yield in constant-composition cooks (liquor-to-wood ratio 30:1 
l/kg) at varied [OH ], [HS ] and temperature.  - -

However, the different cooking variables affect not only the total yield but also the 

composition of the carbohydrates in the pulp.  

In the following figures showing the yield of specific carbohydrates, the yields were 

calculated as: 

 (Relative amount of the specific carbohydrate in pulp) x (Lignin-free yield)     (3) 

As seen in Fig. 4, the yield of cellulose was affected by all the variables. The most 

beneficial effect on cellulose yield was obtained by increasing the hydrogen 

sulphide concentration from 0.2 mol/l ( ) to 0.4 ( ), which resulted in a yield 

increment of nearly 1 percent unit, thanks to the favourable effect of increased 

hydrogen sulphide ion concentration on delignification rate (LéMon and Teder 

1973). Increasing the temperature from 155°C ( ) to 165°C ( ) led to a slight 

decrease in cellulose yield at a given kappa number, since an increase in 

temperature has a larger effect on the rate of alkaline hydrolysis than it has on the 
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delignification rate (Kubes et al. 1983, Lindgren 1997). An increase in hydroxide 

ion concentration, from 0.5 mol/l ( ) to 1.0 mol/l ( ) actually increased the 

cellulose yield as a consequence of the much shorter cooking time needed to reach a 

given kappa number. 
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Cellulose yield, % on wood
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Figure 4. The cellulose yield in constant-composition cooks (liquor-to-wood ratio 
30:1 l/kg) at varied [OH ], [HS ] and temperature. - -

The xylan yield, shown in Fig. 5, could be almost entirely controlled by the 

hydroxide ion concentration. The increase from 0.5 mol OH-/l ( ) to 1.0 mol OH-/l 

( ) decreased the xylan yield on wood by approximately one third, in accordance 

with earlier investigations (Aurell and Hartler 1965, Gustavsson and Al-Dajani 

2000).  

There was a slight tendency that the higher hydrogen sulphide ion concentration, 0.4 

mol/l ( ) compared to 0.2 mol/l ( ), resulted in a higher xylan yield. In the study 

by Gustavsson and Al-Dajani, the hydrogen sulphide ion concentration span was 

larger, 0 – 0.57 mol/l and positive influence of increased hydrogen sulphide 

concentration on xylan yield was observed.  

Cooking at a higher temperature decreased the xylan yield marginally. 
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Figure 5. The xylan yield in constant-composition cooks (liquor-to-wood ratio 30:1 
l/kg) at varied [OH ], [HS ] and temperature.- -  

Contrary to the xylan yield, Fig. 6, higher [OH-] resulted in a higher glucomannan 

yield, in agreement with what is known (Aurell and Hartler 1965, Gustavsson and 

Al-Dajani 2000). As in the case of the xylan yield, an increase in cooking 

temperature slightly reduced the glucomannan yield. 
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Figure 6. The glucomannan yield in constant-composition cooks (liquor-to-wood 
ratio 30:1 l/kg) at varied [OH-], [HS-] and temperature. 
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The yields of the minor hemicellulose components, arabinan and galactan, are 

shown in Fig. 7. Increasing the hydrogen sulphide ion concentration resulted in a 

higher yield and increasing the hydroxide ion concentration gave a lower yield.   
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Figure 7. The yield of arabinan and galactoman in constant-composition cooks 
(liquor-to-wood ratio 30:1 l/kg) at varied [OH-], [HS-] and temperature. 

The total hemicellulose yield at a given kappa number is shown in Fig. 8. As the 

cooking advanced to lower kappa number, more hemicelluloses were lost.  A higher 

hydroxide ion concentration and a higher temperature led to a lower content of 

hemicelluloses in the pulp. 
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Figure 8. The total amount of hemicelluloses in pulp in constant-composition cooks 
(liquor-to-wood ratio 30:1 l/kg) at varied [OH-], [HS-] and temperature.  

As a result of the reduced amount of hemicelluloses, the relative cellulose content in 

the pulp increased as the degree of delignification increased, Fig. 9. With respect to 

high cellulose content in pulp, it was beneficial to have both a high hydroxide ion 

concentration and a higher temperature.  
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Figure 8. The relative cellulose content in pulp obtained by constant-composition 
cooking (liquor-to-wood ratio 30:1 l/kg) at varied [OH-], [HS-] and temperature. 
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The viscosity reflects the length of carbohydrate chains, mainly the length of the 

cellulose chains. The length of the chains is reduced by two chemical reactions, to a 

large extent by alkaline hydrolysis and to a minor extent by peeling. Both these 

reactions involve hydroxide ions so, as seen in Fig. 10, an increase in hydroxide ion 

concentration led to a lower viscosity level. Increasing the time available for these 

reactions to take place also led to a reduction in the viscosity. The viscosity 

decreased steadily as the cooking time was increased.  
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Figure 10. Pulp viscosity in constant-composition cooks (liquor-to-wood ratio 30:1 
l/kg) at varied [OH-], [HS-] and temperature.  

As a final aspect on the influence of cooking conditions, the selectivity is shown in 

Fig. 11, i.e. the viscosity at different degrees of delignification. The hydroxide ion 

concentration has practically no influence on selectivity; an increase in the alkali 

concentration gave faster delignification, balancing the increased rate of 

carbohydrate degradation. An increase in temperature increased the rate of alkaline 

hydrolysis, which is illustrated by the reduction in viscosity level. The well-known 

favourable effect on selectivity of increasing the sulphidity was also registered, as 

the viscosity level increased markedly (Sjöblom et al. 1983). Although the hydrogen 

sulphide ion concentration has no effect on carbohydrate reactions, a higher 

hydrogen sulphide concentration increases the rate of delignification, thus reducing 
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the cooking time, which is favourable with respect to carbohydrate degradation and 

dissolution. 
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Figure 11. Carbohydrate degradation in relation to delignification, i.e. pulp 
viscosity vs. kappa number in constant-composition cooks (liquor-to-wood ratio 
30:1 l/kg) at different [OH-], [HS-] and temperature. 

3.1.2 The influence of [Na+] on chemical composition (II) 
In order to study the impact of ionic strength during pulping, cooks were performed 

at two ionic strength levels, 1.2 and 2 mol/l of sodium ions in the pulping liquor. 

The cooking time was the same in both cases. In order to reach the same kappa 

number for the two pulps, the slower delignification rate due to the higher ionic 

strength was compensated for by a somewhat higher temperature, 147ºC compared 

to 146ºC.  

An increase in the ionic strength has been shown to result in a higher carbohydrate 

yield due to a retardation of the hemicellulose dissolution (Lindgren 1997). Table 5 

shows the carbohydrate compositions obtained in the present study. Cooking at high 

ionic strength resulted in a higher relative content of glucomannan in pulp and 

lower cellulose content. This cannot be explained by the difference in cooking 

temperature. A higher temperature did not affect the glucomannan yield as shown 

earlier in Fig. 6, and actually caused an increase in the cellulose content in pulp, 
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Fig. 8. It can be hypothesised that an increase in the concentration of sodium ions 

slows down the peeling reaction, hence the higher hemicellulose content.  

Table 5. Carbohydrate composition of bleached pulp. High sodium ion 
concentration was 2 mol/l and low 1.2 mol/l, cooking temperature 147 and 146°C, 
respectively.  

 Relative carbohydrate composition, % High [Na+] Low [Na+] 
Cellulose 83.9 84.4 
Glucomannan 9.5 8.8 
Galactan+arabinan 0.9 1.0 
Xylan 5.7 5.8 
Total amount of hemicellulose 16.1 15.6 
Ratio 

Xylan
nGlucomanna  1.67 1.62 

 

 

 

 

The difference in cooking temperature is also too small to account for the large 

difference in viscosity, 1110 ml/g for the pulp manufactured at high sodium ion 

concentration and 1280 ml/g for the pulp manufactured at low sodium ion 

concentration. It has been shown earlier that an increase in ionic strength during 

kraft pulping results in a lower pulp viscosity (Sjöblom et al. 1988). The increased 

ionic strength increased the rate of hydrolysis of the glucosidic bonds (Lindgren 

1997). Since the hemicellulose content was somewhat higher for the pulp cooked at 

high ionic strength, the viscosity value was re-calculated to reflect only the cellulose 

part, by making the assumption according to Eq. 4.  

ηpulp= ηcell xcell + ηhemi xhemi     (4) 

The viscosity of hemicellulose, ηhemi, was set to 70 and the cellulose fractions of the 

pulp, xcell, and hemicellulose, xhemi, where taken from the carbohydrate analysis of 

the pulp. As seen in Fig. 12, cooking at higher ionic strength seemed to reduce the 

average molecular weight of the cellulose molecules, determined as pulp viscosity.  
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Figure 12. The pulp viscosity of pulps obtained by cooking at high (2 mol/l) and low 
(1.2 mol/l) sodium ion concentration, cooking temperature 147 and 146°C, 
respectively.  The viscosity is recalculated to represent only the cellulose fraction. 

3.2 Factors affecting pulp strength and vulnerability 
Much research has been devoted to finding the positions and types of mechanical 

damage inflicted upon fibres. This has led to the development of, for example, less 

harmful pulp discharge systems; pumping instead of blowing for batch digesters and 

a heat lock for continuous digesters. These modifications result in a stronger pulp, 

but it is not possible to completely avoid mechanical stresses, and even mild 

mechanical stresses affect pulp fibres. One important aim of the research presented 

in this thesis was to identify the characteristics of a fibre that can withstand 

mechanical stresses without losing strength. It was proposed that different fibres 

have different abilities to retain their inherent strength and the goal was to identify 

the characteristics of these fibres. 

3.2.1 Influence of carbohydrate composition (III) 
The carbohydrate composition in pulp can be controlled by the hydroxide ion 

concentration in the cook so, to obtain pulps with different composition, two pulps 

cooks at high, [OH-] = 1.0 mol/l, and low, [OH-] = 0.3 mol/l, alkali charge, were 

performed.  In order to have the same cooking time for the two cooks, the 

temperature was manoeuvred to reach the same kappa number. The cooking 
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temperature was 147ºC in the cook with high hydroxide ion concentration 164ºC in 

the cook with low hydroxide ion concentration. The kappa number of the pulp 

cooked at high alkalinity was 32.7 and the viscosity was 1110 ml/g, which 

decreased to 890 ml/g after bleaching. The pulp cooked at the low alkalinity had 

kappa number 31.5, and the viscosity was 850 ml/g for the unbleached pulp and 720 

ml/g for the bleached pulp. The relative carbohydrate composition in bleached pulp 

is shown in Table 6. The two cooks resulted in pulps of very different carbohydrate 

composition. The pulp manufactured at high alkalinity has a higher content of 

glucomannan and lower xylan than the low alkalinity cook.  

Table 6. The carbohydrate composition in bleached pulps produced at different 
levels of hydroxide ion concentration and temperature in the cook.  

Relative carbohydrate composition, % [OH–]=1.0, T=147ºC [OH–]=0.3, T=164ºC 
Cellulose 83.9 84.6 

Glucomannan 9.5 7.0 
Galactan+arabinan 0.9 0.7 

Xylan 5.7 7.6 
Total amount of hemicellulose 16.1 15.4 

Ratio 
Xylan

nGlucomanna 1.67 0.92 

 

The pulp strength, evaluated as tear index vs. tensile index, was higher for the high 

alkalinity pulp, Fig. 13, in accordance with earlier studies (Aurell and Hartler 1965). 

There was no difference in curl index for the two pulps; both unbleached pulps had 

a curl index of approximately 12%.  
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Figure 13. The tear vs. tensile index for pulps manufactured at different alkalinities 
and temperatures. Strength testing performed on bleached and PFI beaten pulps.  

The organisation and role of xylan and glucomannan in the fibre wall differs. It has 

been shown that glucomannan is oriented parallel to the fibre direction and the main 

direction of the cellulose microfibrils, whereas xylan has no direct mechanical 

interaction with cellulose (Åkerholm and Salmén 2001). Glucomannan probably 

participates in the load-transfer together with cellulose. This is a probable 

explanation of the higher tear strength at given tensile index of the pulp 

manufactured at high alkalinity and lower temperature. It is also probable that 

higher temperature and lower alkalinity led to more inhomogeneous chemical 

degradation of the fibres compared to cooking at the lower temperature. 

Inhomogeneous degradation is more detrimental to pulp strength than homogeneous 

attack (Gurnagul et al. 1992, Page 1994, Berggren et al. 2001).  

The density gives a rough estimate of the amount of bonded area in the sheet, the 

higher the density, the more tightly consolidated are the fibres. As Fig. 14 shows, 

the two pulps had a similar tensile index at a given sheet density, implying that the 

pulps had similar bonding abilities. Both xylan and glucomannan have been 

proposed to be important for the interactions between the polymers in fibre-fibre 

joints (Åkerholm and Salmén 2001). 
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Figure 14. The tensile index as a function of apparent sheet density for bleached 
and PFI beaten pulps, manufactured a different alkalinities and temperatures.  

The pulps were subsequently subjected to high-intensity mixing at pulp consistency 

10%, pH 13 and 70°C in order to induce mechanical damage. The high-intensity 

mixing was used as a means to simulate the mechanical stresses encountered by 

fibres in, for example, pumps and valves along the fibreline. Mechanical damage 

can be of many kinds, both the type that alters the direction of the fibre such as 

kinks and knees and thereby increase the curl index, and other types such as 

compression of the fibre wall, which do not affecting the curl index. Nevertheless, 

curl index was considered to be a sufficiently good indication of the effect of the 

mechanical impact on the fibres. As can be seen in Table 11, both pulps responded 

similarly to the high-intensity mixing.  

Table 11. The initial curl index and after high-intensity mixing of unbleached pulps.  

Curl index, % [OH–]=0.3, T=164ºC [OH–]=1.0, T=147ºC 
Reference 11.9 11.7 
High-intensity mixed 16.6 16.4 

The fibre strength, measured as dry zero-span tensile index, was also quite similar 

initially for the pulps cooked at high and low alkalinities, Table 12. The rewetted 

zero-span tensile index was, however, significantly lower for the pulp cooked at low 

hydroxide ion concentration.  
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High-intensity mixing did not affect the dry zero-span index, whereas the rewetted 

zero-span tensile index was notably lower in the pulp cooked at high hydroxide ion 

concentration. The rewetted zero-span tensile index of the pulp cooked at low 

hydroxide ion concentration remained at the same value after high-intensity mixing. 

This was an indication that the high-intensity mixing induced local fibre wall 

defects to the fibres manufactured at high alkalinity, and was interpreted as being a 

sign that this pulp was more vulnerable to mechanical stresses.  

Table 12. The zero-span tensile index values for bleached pulps before and after 
high-intensity mixing. 

Zero-span tensile index,  Nm/g [OH–]=1.0, T=147ºC [OH–]=0.3, T=164ºC 
Dry 193 ± 4 190 ± 5 Reference 
Rewetted 193 ± 5 174 ± 5 
Dry 200 ± 3 196 ± 4 High-intensity 

mixed Rewetted  178 ± 3 172 ± 4 

When evaluating the effect on the tear- tensile index relationship, it was obvious 

that the strength of the pulp cooked at high alkalinity deteriorated while the strength 

of the pulp cooked at low alkalinity was not affected by the high-intensity mixing, 

Fig. 15. This again was taken as an indication that the pulp cooked at high alkalinity 

was more vulnerable to mechanical stresses while the pulp cooked at low alkalinity 

seemed to be more resilient, as its strength was not affected. The pulp manufactured 

at low alkalinity had a higher xylan content and Paavilainen has shown that pulps 

with a higher xylan content are less vulnerable to mechanical stresses (Paavilainen 

1989). In her study, pulps manufactured at different alkalinities were beaten in a PFI 

mill and the fibre length was measured. The reduction in fibre length after beating 

was greater the lower the xylan content. The wet fibre flexibility also correletad 

with the xylan content; fibres with a higher xylan content were more flexible.  

It can be hypothesised that the higher xylan content of the pulp manufactured at low 

alkalinity somehow has a protective function when the fibres experience mechanical 

stresses. Maybe fibres with higher xylan content are more flexible and therefore can 

transfer the mechanical stresses more evenly, which prevent the fibres from being 

damaged. 
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Figure 15. The effect of high-intensity mixing on the tear-tensile index relationship 
of bleached pulps manufactured at different alkalinities and temperatures.  

As seen in Fig. 16, the tensile stiffness was somewhat higher for the pulp obtained 

by cooking at low alkalinity. High-intensity mixing reduced the tensile stiffness, as 

the fibres in the sheet became more curled and kinked. After prolonged PFI beating, 

which has a straightening effect on the fibres, the tensile stiffness approached the 

same level as the pulps not subjected to high-intensity mixing. 
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Figure 16. The effect of high-intensity mixing on the tensile stiffness index-sheet 
density relationship of bleached pulps manufactured at different alkalinities and 
temperatures. 
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3.2.2 The influence of ionic strength on pulp strength (II) 
The concentration of sodium ions had a slight effect on the carbohydrate 

composition. As seen in section 3.1.2, pulping at low sodium ion concentration 

resulted in 0.5%-unit higher relative cellulose content. The effect on the degree of 

polymerisation was larger, the pulp cooked at low sodium ion concentration had a 

viscosity of 1280 ml/g and the pulp cooked at high sodium ion concentration was 

1110 ml/g. Bleaching reduced the viscosity to 1150 and 990 ml/g, respectively. 

The sodium ion concentration during cooking influenced the strength of the pulp 

obtained, as seen in Fig. 17. The pulp manufactured at low sodium ion 

concentration had a tear index between 1.5 and 2 units higher than that of the pulp 

manufactured at high ionic strength. The curl index was significantly affected. For 

the unbleached, unbeaten pulps it was approximately 8% for the low ionic strength 

cook and 12% for the high ionic strength cook. Curled fibres are known to give 

sheets with higher tear index than straight fibres (Page et al. 1985, Miller 1989, 

McKenzie and Tercelli 1993), although, in the present study, the pulp with the 

lowest curl had the highest tear index.  
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Figure 17. The tear vs. tensile index for pulps manufactured at low sodium ion 
concentration, 1.2 mol Na+/l and high concentrations, 2 mol Na+/l. Strength testing 
was performed on bleached and PFI beaten pulps. 
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It seems that the pulp manufactured at low sodium ion concentration was able to 

form stronger fibre-fibre joints as the tensile index was higher at a given sheet 

density, Fig. 18.  
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Figure 18. The tensile index-sheet density relationship for bleached and PFI beaten 
pulps, manufactured at low sodium ion concentrations, 1.2 mol Na+/l and high 
concentration, 2 mol Na+/l.  

The pulps were subjected to high-intensity mixing in order to induce mechanical 

damage. As shown in Table 13, the high-intensity mixing increased the curl index 

for both pulps. It is, however, noteworthy that the laboratory bleaching procedure 

generated the same amount of curl to the reference pulps as the high-intensity 

mixing. This shows that even the alleged mild laboratory handling of pulp 

introduces fibre deformations through the kneading and pressing of the pulps in the 

course of bleaching. The curl index remained higher after bleaching for the fibres 

produced at high sodium ion concentration in the cook than for fibres produced at 

low sodium ion concentration. 

Table 13. The unbleached pulps were subjected to high-intensity mixing and the 
curl index was measured on unbleached pulp and after bleaching.  

Curl index, %  [Na+]=1.2 mol/l, T=146°C [Na+]=2 mol/l, T=147°C 
 Unbleached Bleached Unbleached Bleached 
Reference 7.9 13.6 11.7 16.1 
High-intensity mixed 13.6 16.6 16.4 17.9 
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The fibre strength, measured as dry zero-span tensile index, was somewhat higher 

for the pulp cooked at low ionic strength and was hardly affected by high-intensity 

mixing, Table 14. The rewetted zero-span tensile index was initially similar for the 

two pulps, but the value was significantly decreased during high-intensity mixing of 

the pulp cooked at high ionic strength, while it remained unaffected for the pulp 

cooked at low ionic strength. This implied that the pulp cooked at high ionic 

strength was less resilient towards mechanical stresses as high-intensity mixing 

seemed to induce more local defects to the fibre wall. 

Table 14. The zero-span tensile index values for bleached pulps before and after 
high-intensity mixing. 

Zero-span tensile index,  Nm/g [Na+]=1.2 mol/l, T=146°C [Na+]=2 mol/l, T=147°C 
Dry 207 ± 5 193 ± 4 Reference 
Rewetted 194 ± 6 193 ± 6 
Dry 205 ± 5 200 ± 2 High-intensity 

mixed Rewetted  193 ± 6 178 ± 4 

In the evaluation of the effect on the tear-tensile index relationship, the strength of 

the pulp cooked at high sodium ion concentration fell to an even lower strength 

level, while the pulp cooked at low sodium ion concentration was not affected by 

the high-intensity mixing, Fig. 19. This was yet another indication that the pulp 

cooked at high sodium ion concentration was more vulnerable to mechanical 

stresses than the pulp cooked at low sodium ion concentration. 
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Figure 19. The effect of high-intensity mixing on the tear-tensile index relationship 
of bleached pulps manufactured at different sodium ion concentrations. 

The tensile stiffness is shown as a function of sheet density in Fig. 20. The pulp 

obtained by cooking at low sodium ion concentration had a higher tensile stiffness 

index, which can be explained by the lower curl index of this pulp. 
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Figure 20. The effect of high-intensity mixing on the tensile stiffness index-sheet 
density relationship of bleached pulps manufactured at different sodium ion 
concentration. 
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3.2.3 The influence of fibre surface modifications (I,IV,V) 
Fibre strength is not the only factor determining pulp strength. Especially with 

regard to tensile index, the number of fibre-fibre joints and the individual strengths 

of these joints have even higher impact.  

Difference between mill and laboratory-cooked pulp.  

The mill pulp had lower tensile index at a certain degree of beating than the 

corresponding laboratory-cooked pulp, as shown in Fig. 21.  
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Figure 21. Tensile strength development upon beating for unbleached laboratory-
cooked and mil- manufactured pulps. 

The lower tensile strength of industrially produced pulp compared to laboratory-

cooked pulp could not be attributed to fibre form, evaluated as curl index. Even 

when the laboratory-cooked pulp was subjected to high-intensity mixing, which 

increased the curl, it still had a higher tensile index than the mill pulp, Fig. 22. 
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Figure 22. Effect of high-intensity mixing on tensile and curl index of unbleached 
laboratory-cooked and mill manufactured pulp. 

The carbohydrate composition of the pulp manufactured in the mill and in the 

laboratory were quite similar, Table 15. The only significant difference was the 

hexenuronic acid content on the fibre surface. Although the content of xylan was 

slightly higher for the mill pulp, the laboratory-cooked pulp had a higher content of 

hexenuronic acid.  

Table 15. Carbohydrate composition of the entire fibre and of the fibre surface of 
unbleached pulps. 

Entire fibre Fibre surface Relative 
carbohydrate 
composition 

 
Mill pulp 

Laboratory-
cooked pulp 

 
Mill pulp 

Laboratory-
cooked pulp 

Xylose, % 9.1 9.0 10.9 10.3 
Glucose, % 82.3 82.8 82.7 82.4 
Mannose, % 7.0 6.7 5.4 5.5 
Arabinose, % 0.9 0.7 0.6 0.8 
Galactose, % 0.3 0.3 a 0.3 
HexA, μmol/g 0.4 0.6 0.4 0.7 

Hexenuronic acids are created from the methylglucuronic acids in xylan. The 

content of hexenuronic acid therefore increases at first until a certain point, after 

which the content starts to decrease as the hexenuronic acids are degraded faster 

than they are created. The hexenuronic content is therefore dependent on time rather 

than on xylan content. It can be assumed that the lower hexenuronic acid content in 

the mill pulp indicates that there has been more time for hexenuronic acid 
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degradation to take place in the mill than in the laboratory cooking. It is known that 

xylan dissolved in black liquor is degraded with time during cooking. The longer 

the retention time of xylan in black liquor, the shorter are the xylan chains. The 

lower hexenuronic acid content on the mill pulp fibres was thus interpreted as being 

an indication that the xylan deposited on the mill pulp was more degraded; it had 

lost more of its charged groups. This is supported by the surface charge 

measurements, which showed that the industrially manufactured pulp had 1.0 

μekv/g compared to 1.8 μekv/g for the laboratory-cooked pulp. In other words, the 

mill pulp and laboratory-cooked pulp had different surface characteristics, which 

led to differences in tensile strength. The more degraded xylan on the mill fibre 

surfaces was presumably less able to form strong fibre-fibre joints than the 

laboratory-cooked pulp fibres. 

Addition of xyloglucan 

The mill pulp fibres were modified by addition of a non-ionic polymer with a high 

molecular weight, xyloglucan. This polymer consists of a glucose backbone with 

xylose units attached and with a number of galactose units substituted on the xylose 

units. The addition of xyloglucan increased the tensile strength to the same extent as 

previously shown (Christiernin et al. 2003). The tensile index of the mill pulp 

increased to the level of the laboratory-cooked pulp, probably due to a strengthening 

of the fibre-fibre joints, Fig. 23. 

60

70

80

90

100

110

120

0 1000 2000 3000 4000
PFI revolutions

Lab

Xyloglucan to mill pulp

Mill

Tensile index, Nm/g

 
Figure 23. Tensile strength development upon beating for unbleached laboratory-
cooked pulp, mill-manufactured pulp and mill pulp with xyloglucan. 
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Multilayers of cationic and anionic strach 

The potential for increasing the tensile strength by fibre surface modifications is 

very high as illustrated in Fig. 24. A never-dried industrially manufactured bleached 

pulp had a tensile index of 28 Nm/g and, when anionic and cationic starch were 

added to build layer-by-layer of the polyelectrolytes onto the fibres, the tensile 

index could be increased up to 45 Nm/g. This method for surface modification is 

called the PolyElectrolyte Multilayer (PEM) technique. The importance of the fibre 

surface properties for the tensile properties is further demonstrated by the difference 

in strength between the never-dried and once-dried pulp. Hornification brought on 

by removal of water creates a more compact surface as pores are closed and fibrils 

irreversibly collapse onto the fibre surface (Stone and Scallan 1965, Wang et al. 

2003, Billosta et al. 2006). The untreated once-dried pulp had a tensile index of 22 

Nm/g and the effect on tensile strength of starch addition to this pulp was much less. 

Once-dried pulp with three starch layers had a tensile index no better than that of 

the untreated never-dried pulp. 
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Figure 24. Tensile index of bleached never-dried and once dried softwood pulp with 
increasing number of layers of cationic and anionic starch (CS and AS). 

The tensile index is shown vs. the adsorbed amount of starch in Fig. 25. The 

increase in tensile index seems to correlate well with the amount of starch adsorbed 

considering each pulp separately. Although the increase in tensile index was much 

less for the once-dried pulp, the adsorbed amount of starch after each addition was 

however quite similar. 
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Figure 25. Tensile index of bleached never-dried and once-dried softwood pulp 
with added layers of cationic and anionic starch (CS and AS) as a function of the 
adsorbed amount of starch. 

After the never-dried pulp was treated with starch by the PEM technique, it was 

subsequently dried. The tensile strength dropped, as shown in Fig. 26. Nevertheless, 

the layers of starch on the fibres seemed to be able to counteract part of the 

hornification effect of drying. The dried starch-treated pulps still had a higher 

tensile index than the never-dried untreated pulp.  
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Figure 26. The effect on tensile index of drying bleached never-dried softwood pulp 
with increasing number of layers of cationic and anionic starch (CS and AS). 
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This suggests that there is a potential to increase the tensile strength of market pulp 

by using the layer-by-layer technique with cationic and anionic starch prior to 

drying.  The dried starch-treated pulp was furthermore beaten. As seen in Fig. 27, 

the starch layers had a positive effect on the tensile index-sheet density relationship. 

This implies that starch may have a fibre-fibre joint-strength-enhancing effect. 
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Figure 27. The effect on tensile index-sheet density relationship of never-dried 
softwood pulp with increasing number of layers of cationic and anionic starch (CS 
and AS). The pulps were dried after starch addition and reslushed before being 
beaten for 0, 1000 and 4000 PFI revolutions. 

It can thus be concluded not only that surface modifications are important for 

increasing the tensile properties of pulp but also that the surface to be modified has 

an impact. 

CMC addition 

In a study on CMC addition to laboratory-cooked and industrially produced pulp, it 

was assumed that differences in surface characteristics of these pulps could result in 

different responses. However, the effect was quite similar, both in the amount 

adsorbed as well as the effect on tensile strength, Fig. 28. The tensile strength of the 

untreated laboratory-cooked pulp was about 10 Nm/g higher than that of the mill 

pulp and after CMC addition the difference had increased to 15 Nm/g. In the figure, 

the impact of beating is compared to the effect of CMC addition. Since high bulk is 
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desirable for many products, the most favourable is high tensile strength at low 

sheet density. CMC addition was far better in this respect, as it increased the tensile 

index more than it caused densification of the sheet. 
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Figure 28. The effect of CMC on tensile strength, when added to bleached, never-
dried mill and laboratory-cooked pulps. The effect of PFI beating of the untreated 
mill pulp is shown as a comparison. 

The fibre shape was affected when CMC was attached to the fibres. The increase in 

shape factor was large enough to have an effect also on the zero-span tensile 

strength, as seen in Fig. 29. The straightening effect obtained by CMC was 

paralleled by that obtained by beating. It can be assumed that the tensile index 

increase achieved by CMC addition increased the number of fibres actively bearing 

the load, owing to the straightening of fibres.  
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Figure 29. The relation between rewetted zero-span index and shape factor, when 
CMC is added to a bleached, never-dried mill and laboratory-cooked pulps. The 
effect of PFI beating of the untreated mill pulp is shown as a comparison. 

3.3 Process considerations 
In the past, it has been concluded that the harsher mechanical treatment of the fibres 

in mill systems reduces the strength of the mill produced pulp compared with that of 

a corresponding laboratory-manufactured pulp. In this thesis, two new reasons for 

the difference in strength between mill- and laboratory-produced pulp have been put 

forward, both pointing to differences in the chemical environment.   

3.3.1 Ionic strength (II) 
Industrially, the ionic strength of a pulping liquors is substantially higher than that 

normally used in laboratory cooking. Due to incomplete reactions in the recovery 

furnace and caustisation, the cooking liquor used in the mill has higher amounts of 

sodium and calcium ions. The normal range for the ionic strength in laboratory 

cooking is between 1 and 1.5 mol/l, whereas the ionic strength in a mill system is 2 

– 4 mol/l. As shown in section 3.2.2, a higher ionic strength in the cooking liquor 

resulted in a lower pulp strength, evaluated as tear index at a given tensile index. 

The higher ionic strength in mill pulping systems is thus a factor which can 

contribute to the low strength delivery of industrial pulps cooked pulp.  

    47 
 



  

3.3.2 Black liquor retention time in digester (I) 
In laboratory cooking, the retention times of the chips and the liquor in the digester 

are the same, whereas in industrial continuous pulping systems, the rate of the flow 

of the free liquor through the digester is slower than that of the chips. This means 

that chips in continuous digesters encounter “older” black liquor than the chips in a 

laboratory digester. The hexenuronic content of the mill pulp fibres in section 3.2.3 

was lower than for the corresponding laboratory-cooked pulp. Additionally, the 

surface charge was lower those of the mill produced pulp. This suggests that xylan 

molecules deposited on the fibre surfaces of mill pulps were more degraded. 

The difference in tensile strength between mill- and laboratory-cooked pulp may 

therefore be due partly to different fibre surface characteristics as a result of the 

different retention times of the cooking liquors. 
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4 Conclusions 
Cooking parameters and pulp composition 

An increase in the sodium ion concentration during pulping results in a pulp with 

lower viscosity, a lower amount of cellulose but somewhat a higher amount of 

glucomannan. 

Factors affecting pulp strength 

The combination of high alkalinity and lower temperature results in a stronger pulp. 

Fibres manufactured at low alkalinity and high temperature have more local defects. 

A higher sodium ion concentration during pulping results in a weaker pulp and a 

somewhat lower fibre strength. 

The surface characteristics of pulp fibres are crucial for obtaining high tensile 

strength. Industrially produced pulps with a more degraded xylan re-deposited on 

the fibre surfaces had a lower tensile index than a corresponding laboratory-cooked 

pulp.  

The tensile strength of bleached softwood pulp can be increased by applying the 

PolyElectrolyte Multilayer technique and adding layers of cationic and anionic 

starch onto the pulp fibres. The effect of starch layers was more pronounced when 

they were added to never-dried pulp fibres than to once-dried fibres.  

The tensile strength of bleached softwood pulp could also be enhanced by the 

addition of CMC. Industrially produced and laboratory-cooked pulps responded 

similarly to CMC addition. CMC had a straightening effect on the fibres and this 

can be assumed also to play a role in the tensile strength increase, as the number of 

fibres actively bearing load increased. 

Factors affecting vulnerability 

Pulps manufactured at high alkalinity, thereby obtaining a lower xylan content, are 

more vulnerable to mechanical treatment. The pulp strength dropped to a lower tear-

tensile strength level when subjected to high-intensity shear forces and the wet zero-

span tensile index was significantly reduced. The strength of the pulp manufactured 

at low alkalinity was not affected by high-intensity mixing. 

Pulps manufactured at a high ionic strength in the pulping liquor were more 

vulnerable to mechanical treatment. The tear strength at a given tensile strength was 
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reduced as well as the wet zero-span tensile index. The strength of pulp 

manufactured at a low ionic strength was not affected by mechanical treatment. 

Strength delivery 

Pulps produced at a high ionic strength have a lower tear strength at a given tensile 

strength, than pulps produced at a low ionic strength. Since mill systems have a 

higher ionic strength in the pulping liquor, this can explain part of the difference in 

strength between industrially produced and laboratory-cooked pulps. 

The retention time of the free pulping liquor in a continuous mill cooking systems is 

longer than the residence time of the chips. The retention time of the free liquor in a 

continuous mill pulping is thus longer than the residence time of the pulping liquor 

in a corresponding laboratory-cook. Consequently, mill systems offer a longer time 

for degradation reactions to occur for the dissolved xylan in the free liquor, leading 

to different characteristics of the xylan deposited on the fibre surfaces. The xylan 

deposited on the fibre surfaces in a mill system is more degraded than the xylan 

deposited on the laboratory-cooked fibres, and this may explain the lower tensile 

index of mill pulps. 
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