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Abstract 

The effect of pH on fiber and paper properties, during beating and sheet formation, was investigated 

for three different pulps. The pulps were pH adjusted to four different pH levels between 3 and 9. 

Isotropic laboratory sheet were made of both unbeaten and beaten pulps. The beaten neutral sulfite 

semi-chemical pulp and bleached softwood kraft pulp were affected by changes in pH; bleached 

softwood kraft pulp in a minor extent due to less fiber surface charges. Compared to the other pH 

levels, pH 3 showed a lower fiber surface charge, water retention value, tensile index, tensile stiffness 

index, compressive index and edge crush resistance index. SEM pictures showed a denser network at 

pH 9 than for pH 3. This was seen for both neutral sulphite semi-chemical and softwood kraft pulp. 

The unbeaten pulps and beaten bleached hardwood kraft pulp were not affected by changes in pH. 

SEM pictures showed no difference in the fiber network for bleached hardwood kraft pulp. A mill 

trial, with neutral sulphite semi-chemical pulp, at pH levels between pH 4.8 and pH 5.6 was 

completed. No significant difference was seen for any mechanical property.  

 

  



Övergripande sammanfattning 

Syftet med avhandlingen var att undersöka effekten av pH, under malning och arkformning, på fiber- 

och pappersegenskaper. De viktigaste frågorna som skulle besvaras var: Hur påverkar olika pH-nivåer 

fibersvällning, fiberytladdning och pappersstyrka? Finns det ett samband mellan pH och styrka? 

 

En laboratoriestudie med tre olika massor: neutral sulfit halvkemisk (NSSC), blekt barrsulfat (BSW) 

och blekt lövsulfat (BHW), genomfördes. Massorna pH-justerades till fyra olika nivåer: pH 3, pH 5, 

pH 7 eller pH 9. Laboratorieark tillverkades av omald och mald massa (2000 eller 4000 varv i en PFI 

kvarn). De olika pH-nivåerna bibehölls under uppslagning, malning och arkformning. Fiberegenskaper 

som studerades var fiberytladdning (endast omalda massor), fibersvällning och avvattningsmotstånd. 

Testade pappersegenskaper var dragstyrkeindex, dragstyvhetsindex, kompressionsindex och 

kantkrossindex (endast NSSC). SEM-bilder av ark tillverkade vid pH 3 och 9, av både omald och mald 

(4000 varv) massa, användes för att få en visuell bekräftelse om hur pH påverkar fibernätverkets 

struktur. 

 

En provkörning utfördes med NSSC, med pH-nivåer mellan 4,8 och 5,6. Maskintillverkade ark 

testades för samma egenskaper som nämnts ovan. Både omald och mald massa plockades ut vid varje 

pH-nivå. Samma fiberkarakterisering som i laboratoriestudien genomfördes. Isotropa laboratorieark 

tillverkades och samma mekaniska egenskaper som tidigare testades. 

 

Laboratoriestudien visade att NSSC påverkades av förändringar i pH. NSSC som malts 2000 varv och 

vid ett pH högre än 3, visade signifikant högre fiberytladdning, fibersvällning, dragstyrkeindex, 

dragstyvhetsindex, kompressionsindex och kantkrossindex. Detta bekräftades med SEM-bilder, där pH 

9 visar ett tätare fibernätverk än pH 3. Dessa resultat stämmer väl överens med litteraturen, då laddade 

grupper dissocierar vid en högre pH-nivå. NSSC som malts 4000 varv visade ingen signifikant 

skillnad i mekaniska egenskaper mellan olika pH-nivåer. Detta beror antagligen på en alltför 

omfattande malning. 

 

BSW som malts 4000 varv var också påverkad av förändringar i pH, men i mindre utsträckning, på 

grund av ett mindre antal laddade grupper. pH 3 visade signifikant lägre värden för fiberytladdning, 

fibersvällning, dragindex, dragstyvhetsindex och kompressionsindex än de andra pH-nivåerna. Detta 

är liknande resultat som för NSSC. SEM-bilder visade att fibrerna vid pH 9 är mer kollapsade och 

bildade ett tätare fibernätverk, än fibrerna vid pH 3. 

 

BHW påverkas inte av förändringar i pH, oavsett malningsgrad. SEM-bilderna visade ingen skillnad i 

fibernätverket mellan olika pH-nivåer eller malningsgrad. Dessa resultat stämmer väl överens med 

litteraturen, som inte har hittat någon effekt av pH på blekta massor (Lindström & Carlsson 1982; 

Lindström & Kolman 1982). 

 

Omalda massor påverkades inte av förändringar i pH. Det verkar som att pH-justering i sig inte är 

tillräckligt för att påverka svällningen av fibern, men i kombination med malning tycks en additiv 

effekt finnas. Malning vid en högre pH-nivå gav en snabbare malgradsutveckling för både NSSC och 

BSW. 

 

Provkörningen visade ingen signifikant skillnad för fibersvällning, avvattningsmotstånd eller 

mekaniska egenskaper för vare sig omald eller mald massa, anisotropa eller isotropa papper. 

 



Dessa experiment visade att NSSC och BSW påverkades av förändringar i pH och att ändringen är 

proportionerlig mot mängden ytladdningar på fibern. BHW å andra sidan, med liknande antal 

ytladdningar som BSW, påverkades inte alls av förändringar i pH. Detta tros bero på en högre 

fiberstyvhet hos BHW, vilket kommer att motverka svällningen. Vid provkörningen sågs ingen 

skillnad eftersom båda pH-nivåerna ligger inom samma intervall, där ett likartat antal laddade grupper 

har dissocierat.  

 

 

 

 

 

 

 

  



Executive summary 

The aim of this thesis was to investigate the effect of pH, during beating and sheet formation, on fiber 

and paper properties. The main questions to be answered were: how do different pH levels affect fiber 

swelling, surface charge and paper strength? Is there a correlation between pH and strength?  

 

A laboratory study with three different pulps: neutral sulphite semi-chemical (NSSC), bleached 

softwood kraft (BSW) and bleached hardwood kraft (BHW), was completed. The pulps were pH 

adjusted to four levels: pH 3, pH 5, pH 7 or pH 9. Laboratory sheets were made of unbeaten and 

beaten pulp (2000 or 4000 revolutions in a PFI mill). Different pH levels were maintained during 

disintegration, beating and sheet formation. The fiber properties studied were fiber surface charge 

(only unbeaten pulps), swelling and drainability. Tested paper properties were tensile index, tensile 

stiffness index, compressive index and edge crush resistance index (only NSSC). SEM pictures of 

sheets produced at pH 3 and 9, both unbeaten and beaten (4000 revolutions), were used to get a visual 

conformation about how pH affects the network structure.   

 

A mill trial was performed with NSSC, at pH levels between 4.8 and 5.6. Machine made sheets were 

tested for the same properties as mentioned above. Pulp samples, both unbeaten and beaten, were 

collected at each pH level. The same fiber characterization as in the laboratory study was performed. 

Isotropic laboratory sheets were made and the mechanical properties, same as above, were tested.  

 

In the laboratory study NSSC turned out to be affected by changes in pH. NSSC beaten at 2000 

revolutions at a pH higher than 3 showed a significant higher fiber surface charge, water retention 

value, tensile index, tensile stiffness index, compressive index and edge crush resistance index. This 

was confirmed by the SEM pictures where pH 9 showed a denser fiber network than pH 3. These 

results are in good accordance with the literature as charged groups dissociate at higher pH levels. 

NSSC pulp beaten at 4000 revolutions showed no significant difference in mechanical properties 

probably due to too extensive beating.  

 

BSW beaten at 4000 revolutions was also affected by changes in pH but in a minor extent, due to the 

lower amount of acid groups. pH 3 showed a significantly lower fiber surface charge, water retention 

value, tensile index, tensile stiffness index and compressive index than the other pH levels. This is 

similar to the results for NSSC. SEM pictures showed that the fibers at pH 9 are more collapsed and 

formed a denser fiber network than fibers at pH 3.  

 

BHW was not affected by changes in pH, regardless of the degree of beating. The SEM pictures 

showed no difference in the fiber network between different pH levels or degree of beating. These 

findings are in accordance with the literature, which has not found any effect of pH on bleached pulps 

(Lindström & Carlsson 1982; Lindström & Kolman 1982).  

 

Unbeaten pulps were not affected by changes in pH. It seems like the pH adjustment itself is not 

enough to influence the swelling of fibers, but in combination with beating the effect appears to be 

additive. Beating at a higher pH level gave an increased rate of beating for both NSSC and BSW.  

 

The mill trial showed no significant difference for water retention value, drainability or any 

mechanical property for either unbeaten or beaten, anisotropic or isotropic papers.  

 



These experiments showed that NSSC and BSW were affected by changes in pH and that the change 

was related to the amount of fiber surface charges. BHW on the other hand, with similar amount of 

charges as BSW, was not affected at all by changes in pH. This is believed to be due to a higher fiber 

stiffness for BHW, which will counteract the swelling. No difference in the mill trial was seen as both 

pH levels are in the range when an equal amount of charged groups have dissociated.  

 

 

 

  



Abbreviations 

 A Area [m2] 

 b Width of the test piece [mm] 

 BCT Box compression test strength [N] 

 BHW Bleached hardwood kraft pulp 

 BSW Bleached softwood kraft pulp 

 CCT Corrugated crush test 

w
CCT30  Edge crush resistance index [Nm/g] 

 CD Cross direction  

 d Density [g/cm3] 

b
E  

Tensile stiffness [kN/m] 

w
E  Tensile stiffness index [MNm/kg] 

b
ECT  Edgewise compression strength [kN/m] 

CF  Mean maximum compressive force [N] 

TF  Mean maximum tensile force [N] 

 l Initial length of the test piece [mm] 

 m Mass [g] 

 MD Machine direction 

 NSSC Neutral sulphite semi-chemical pulp 

maxS  
Mean maximum slope of the force-elongation curve [N/mm] 

 SCT Short span compression test 

b

BS
 

Bending stiffness [Nm] 

 T Thickness of corrugated board [m] 

 w Grammage [g/m2] 

 WRV Water retention value [g/g] 

 Z Perimeter of the box [m] 

s  
Sheet thickness [µm] 

C
 

Compressive strength [kN/m] 

w

C
 

Compressive index [kNm/kg] 

w

T
 

Tensile index [kNm/kg] 

°SR Schopper-Riegler 
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1. Introduction  

1.1 Background 

Corrugated board is very often used as a packaging material for transportation and protection of 

various goods. It consists of two components, fluting and liner, which are made of NSSC and kraft 

pulp respectively. The demands on the corrugated board box are many. They need to resist high load 

and stress, varying climate and be able to do this during the whole life-cycle of the packaging, from 

the converting to the recycling. The value of the European market for fruit and vegetable is estimated 

to around EUR 100 billion. It is estimated that about 10 % of the products are damaged during 

transportation due to inferior packaging. A strong and durable corrugated board box can contribute to 

the possibility of reduced waste and damaged products, which contributes to a sustainable future 

(BillerudKorsnäs 2015).  

 

Previous trials at BillerudKorsnäs have indicated that a higher pH of NSSC gives superior paper 

properties. This is desirable since high tensile stiffness and compression strength are important 

properties of fluting. Higher pH levels govern the fibers ability to swell which in turn will affect the 

treatment during beating and subsequent the paper properties. It is debated whether bleached pulp is 

affected by a higher pH in the same manner or not.  

1.2 Problem formulation 

The aim of this thesis was to investigate the effect of different pH levels during beating and sheet 

forming along with which influence this has on final fiber and paper properties. It is also investigated 

if the time of the pH adjustment has any effect on the properties. A review of literature concerning the 

effect of chemical environment for different pulps was completed.  

 

The experimental part of the thesis is limited to only address the effect of pH in the range between pH 

3 and pH 9. Ionic strength and type of counter ion are not considered, though reviewed in the theory.   

1.3 BillerudKorsnäs - Gruvön 

Billerud and Korsnäs merged into BillerudKorsnäs in November 2012 and is one of the world’s 

leading suppliers of fibre-based packaging material. BillerudKorsnäs mission is to challenge 

conventional packaging material and solutions to contribute to a sustainable future. They produces 

products in three business areas: packaging paper, consumer board and container board. There are 8 

production units and sales offices in 13 countries, with Europe as a main market.  

 

Gruvön mill, located in Grums, is one of the biggest production units and produces kraft and sack 

paper, container board (fluting and liner), liquid board, cup stock and market pulp. At Gruvön there is 

a laboratory called Box lab, were corrugated boxes can be customized and tested. It is possible to test 

the performance of the corrugated box over a period of time, with conditions that simulates real 

transport chains. This could be done with a method called CCT10, the box is subjected to a constant 

load, at 90 % humidity for ten days or until it collapses (BillerudKorsnäs 2015).  
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2. Theory 

2.1 Wood and fibers  

Wood fibers are divided into two groups; hardwood and softwood. Hardwood is from deciduous trees 

such as birch, eucalyptus and poplar. Softwood is from coniferous trees such as spruce and pine 

(Daniel 2009). Hardwood fibers, for example European birch, are usually 1-1.5 mm long and  

16-22 μm in diameter. Softwood fibers on the other hand, for example European spruce or pine, are 

2.5-3.6 mm long and 24-59 μm in diameter (Karlsson 2006).  

2.1.1 Components  

Fibers consist of three main components; cellulose, hemicellulose and lignin. 

2.1.1.1 Cellulose  

Cellulose is a polysaccharide (i.e. carbohydrate) built of long, straight chains of D-glucose units. They 

are bound together with 1→4 β-glycosidic bonds as shown in Fig. 1.  
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Figure 1. Cellulose chain of four D-glucose units bound together with 1→4 β-glycosidic bonds.  

Cellulose chains that are aligned are bound together with hydrogen bonds forming a cellulose sheet. 

The cellulose sheets are placed on top of each other and stabilized with van der Waals bonds. This 

creates elementary fibrils with a size of 3 x 3 nm, which in average contains 36 cellulose chains. 

Aggregated elementary fibrils forms microfibrils with a diameter of 10-20 nm and a length of at least 

40 μm. Microfibrils can be further aggregated into macrofibrils. Cellulose is a crystalline material with 

a highly structured order (Lennholm & Henriksson 2009; Daniel 2009). 

2.1.1.2 Hemicellulose 

Hemicellulose consists of several different types of polysaccharides; xylans, glucomannans and 

glucans. Contrary to cellulose, xylan can not form a network of chains by hydrogen bonds due to few 

hydrogen atoms. In the cell wall hemicellulose is mainly placed between and parallel to the cellulose 

microfibrils (Teleman 2009; Fengel & Wegener 1989). Xylan has a backbone of β-(1→4)-D-

xylopyranosyl residues, with side groups of 4-O-methyl-D-glucuronic acid shown in Fig. 2. The side 

group has a pKa value around 3. During kraft pulping the 4-O-methyl-D-glucuronic acid is degraded 

and converted to hexenuronic acid (Teleman 2009). 
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Figure 2. 4-O-methyl-D-glucuronic acid, a common side group in xylan.  
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Harwood and softwood contain different kinds of xylan. The secondary wall in hardwood fibers 

contains 15-35% glucuronoxylan and softwood contains 7-15% arabinoglucuronoxylan. 

Glucuronoxylan has acetyl side groups aside from the 4-O-methyl-D-glucuronic acid and 

arabinoglucuronoxylan has L-arabinose side groups. In addition to different side groups, hardwood 

and softwood have different amounts of 4-O-methyl-D-glucuronic acids. Hardwood contains one 4-O-

methyl-D-glucuronic acid per 8-20 xylopyranosyl residues and softwood one per 5-6 xylopyranosyl 

residues (Teleman 2009).  

 

Glucomannan is built of linear chains of β-D-mannopyranosyl and β-D-glucopyranosyl residues linked 

with (1→4) bonds. The side groups consist of α-D-galactopyranosyl linked by (1→6) to mannose. 

This bond breaks during alkaline extraction or kraft pulping. It can also be hydrolysed during acidic 

conditions. The secondary fiber wall in hardwood contains 2-5% glucomannan. Softwood contains  

10-15% glucomannan and 5-8% galactoglucomannan. The difference between glucomannan and 

galactoglucomannan is the relative amount of galactose units. Glucomannan is less soluble in water 

due to the lower content of galactose units (Teleman 2009).  

 

Xyloglucan consists of a backbone of β-(1→4)-D-glucopyranosyl with α-D-xylopyranosyl as side-

groups. The primary wall consists of about 20% dry weight of xyloglucan. It is closely associated with 

the cellulose fibrils. One xyloglucan can cross-link many fibrils thus it is up to 700 nm long (Teleman 

2009).  

2.1.1.3 Lignin  

Lignin is a hydrophobic polymer with a mix of aromatic and aliphatic components that forms a  

three-dimensional web. It has four main purposes; contribute to fiber stiffness, act as a glue between 

cellulose and hemicellulose with hydrogen bonds, make the fiber hydrophobic and protect against 

microorganisms. Hardwood contains around 20% lignin and softwood 25-35%. Lignin is built of three 

different monolignols: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol illustrated in Fig. 3.  
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OH

 

Figure 3. The structure of monolignols. From left: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol.  

Softwood lignin consists of mainly coniferyl alcohol and small amounts of p-coumaryl alcohol. 

Hardwood lignin on the other hand consists of coniferyl alcohol and sinapyl alcohol with a ratio of 1:1 

to 1:3 and very small amounts of p-coumaryl alcohol. This makes hardwood lignin less branched and 

easier to dissolve during kraft pulping (Henriksson 2009).  
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2.1.2 Wood cell wall structure 

A fiber consists of several cell wall layers, as illustrated in Fig. 4, which has various composition, 

thickness and microfibril angle. This gives the cell wall layers different properties. The outer layer is 

called middle lamella (M) and is a thin layer that contains almost only lignin (Henriksson 2009; Daniel 

2009; Fengel & Wegener 1989). This layer “glues” different fibers together with each other. Primary 

wall (P) is the first layer that is developed during the growth of a cell. The microfibrils are placed in an 

irregular crossing pattern, this gives the cell wall its ability to expand during further growth of the 

fiber (Daniel 2009; Fengel & Wegener 1989).  

 

 

Figure 4. Schematic picture of the fiber cell wall and its different layers. M = middle lamella, P = primary wall, S1 = outer secondary wall,  
S2 = main secondary wall and S3 = inner secondary wall. Redrawn from Salmén (2009). 

The secondary wall consists of three different layers with distinct differences in microfibril angle. 

When comparing layers, the outer layer, S1, has a higher lignin concentration than S2 and S3. The 

microfibril angle is high against the fiber direction, which gives the fiber transverse stiffness and 

resistance to compression (Daniel 2009; Salmén 2009; Fengel & Wegener 1989).  

 

The second layer, S2, is the thickest (80-90% of the cell wall) and contains larger amounts of cellulose 

and hemicellulose than S1 and S3 (Daniel 2009; Fengel & Wegener 1989). The microfibril angle is 

small and this gives the fiber its tensile strength and stiffness in the fiber direction. The inner layer of 

the secondary cell wall, S3, is similar to S1 with a high microfibril angle and small thickness of the 

layer (Daniel 2009; Salmén 2009; Fengel & Wegener 1989). Inside of the fibers there is a hollow 

space called lumen and is sometimes covered by a warty layer (Daniel 2009).  

 

There are different cell wall models. Some models, as seen above in Fig. 4, contain P, S1, S2 and S3 

layers. Other models contain P, S1, S2 and a tertiary cell wall instead of S3. This is because bamboo and 

parenchyma cells contain both three layers of the secondary wall and a tertiary cell wall (Daniel 2009; 

Fengel & Wegener 1989). This report will follow the first mentioned model.  

 

Fig. 5 shows the distribution between cellulose, hemicellulose and lignin within the cell wall layers, 

according to different models.  

 



5 

 

Figure 5. Different models for the distribution of cellulose, hemicellulose and lignin in the fiber cell wall. A) Model from Kerr and Goring B) 
Model from Fengel and Wegener C) Model from Salmén and Olsson. Redrawn from Daniel (2009). 

Daniel (2009) made an inventory of different models: Kerr and Goring’s model show that cellulose 

macrofibrils are enclosed in hemicellulose and embedded in a matrix of hemicellulose and lignin. 

Fengel and Wegner suggest that cellulose microfibrils are enclosed by hemicellulose forming 

macrofibrils, which are surrounded by hemicellulose and lignin. Salmén and Olsson have a different 

model that distinguish between the two hemicelluloses xylan and glucomannan. They suggest that 

glucomannan is aligned with cellulose and xylan is incorporated with lignin.  

2.1.3 Charged groups in pulp  

In native wood the only charged groups present are the carboxyl groups, mainly from 4-O-methyl-D-

glucuronic acids bound to xylan, but some carboxyl groups exist in lignin and the pectic substances.  

Many carboxyl groups are inaccessible due to location or because they are found in lactones or esters. 

These groups can be hydrolysed and thus increase the amount of charged groups in the pulp. Carboxyl 

groups have a pKa value between 3 and 5 (Sjöström 1989). In softwood, the concentration of xylan is 

higher in S1 and S3 than in S2. Hardwood fibers have the opposite composition with the highest 

concentration in S2 (Lindström 1992). A high concentration of xylan imply a high charge density.  

 

Mechanical pulping does not generate any new charged groups. During chemi-mechanical and 

chemical sulphite pulping sulfonic acid groups are introduced onto lignin. Softwood is more easily 

sulfonated than hardwood. Common for the latter mentioned pulp and kraft pulp is that during cooking 

the carboxyl group content decreases due to dissolution of xylan. Kraft pulp contains less carboxyl 

groups than sulphite pulp (Sjöström 1989). Alkaline kraft pulping introduces carboxyl groups onto 

lignin with an unknown mechanism. Despite this the content of charged groups decreases with 

decreasing yield, due to dissolution of xylan (Sjöström 1989; Lloyd & Horne 1993).  

 

Lignin contains phenol groups with a pKa value of 7-10.5 (Sjöström 1989). The amount of acid groups 

in unbleached sulphate pulp is approximately linearly related to the kappa number (Lindström & 

Carlsson 1982). Charged groups that are left in bleached kraft pulp are generally from 4-O-methyl-D-

glucuronic acids (Sjöström 1989).  

 

It has been investigated how beating affects both total as well as surface charges of bleached and 

unbleached softwood pulps. The amount of accessible surface charges increases with beating, but the 

total charge does not change with beating (Banavath et al. 2011; Bhardwaj et al. 2004; Horvath & 

Lindström 2007).  
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2.1.4 Charge determination 

Fiber surface charge can be measured with polyelectrolyte adsorption of an opposite charged high 

molecular weight polyelectrolyte, with streaming potential measurements as an indicator.  

A fixed amount of the anionic sample is put in a cell and a piston moves back and forth through a 

narrow gap as illustrated in Fig. 6. This creates a current that is measured and converted to a streaming 

potential value (Burke & Renaud 2003). 

 

Figure 6. Schematic picture of the measuring cell, piston and sample in a particle charge detector. Redrawn from BTG Mütek GmbH 
(2003). 

The sample is titrated with a cationic polyelectrolyte with known concentration and charge density.  

When the streaming potential is zero, all anionic charges has been neutralized. The amount of added 

cationic polyelectrolyte is used to calculate the charge of the sample according to Eq. 1.   

wt

cV
q


       [1] 

Were q is the surface charge of the fiber [eq/g], V is the volume of the titrand [l], c is the concentration 

of the titrand [eq/l] and wt is the solids content in the sample [g] (BTG Mütek GmbH 2003). It should 

be noted that when both fibers and the liquid phase are used in the sample, the measurements could be 

uncertain. The charge ratio is not always one-to-one and the polyelectrolytes can diffuse into the pores 

in the fiber and thus reach more charged groups (Burke & Renaud 2003).  

 

Wågberg et al. (1989) studied the adsorption of cationic polymers on carboxymethylated softwood 

kraft pulp fibers at different pH levels. The adsorption occurred by an ion exchange reaction and the 

adsorbed amount could be used to determine the fiber charge. They emphasise the importance of 

constant ionic strength during charge measurements at different pH levels. If the ionic strength is 

increased the adsorbed amount of the high molecular mass polymer is increased. This is because an 

increased ionic strength decreases the radius of gyration of the polymer, thus it can diffuse into the 

fiber cell wall and reach more charged groups. They also show that a low molecular mass polymer is 

suitable to measure the change in total charge of cellulose at different pH levels.  

 

Horvath et al. (2006) showed similar results when they investigated how stoichiometry prevails for 

adsorption of poly-DADMAC (a commonly used titrant) on cellulose fibers. Adsorption with a high 

molecular mass polyelectrolyte is a good method to measure fiber surface charge when the electrolyte 

concentrations is low. These results correspond well with those from ESCA measurements.  
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Bulk and surface carboxymethylated fibers were used with poly-DADMAC as the cationic 

polyelectrolyte. The ratio between surface and bulk charges were found to be about 0.05. This is in 

good accordance with findings by Horvath and Lindström (2007). They investigated the correlation 

between surface and bulk charges of various pulps. They found that even though unbleached 

hardwood kraft pulp contains more charges than unbleached softwood kraft pulp, due to higher xylan 

content, the charge ratio is around 0.05 despite the difference in total amount of charges.  

2.2 Chemical environment  

Fibers can be seen as a cellulosic gel, with ionizable groups attached to the macromolecular network 

surrounded by a liquid phase. The gel contains bound acid groups that can not move and the counter 

ions to these groups must stay within the gel to obtain electrical neutrality. This leads to a higher 

concentration of ions inside the gel than in the surrounding liquid. This will create an osmotic effect, 

water will be drawn into the gel, which will lead to swelling of the fiber. The gel swells until the 

osmotic pressure difference is reduced and the cohesive forces of the fiber network counteract 

swelling (Proctor 1914, cited in Grignon & Scallan 1980). Both the amount of acid groups in the gel 

and the degree of dissociation contributes to the osmotic pressure (Scallan & Grignon 1979). It has 

been shown by Banavath et al. (2011) that a higher amount of surface charge leads to a higher fiber 

swelling. 

 

The distribution of ions between the gel and the liquid phase is described according to the Donnan 

theory. It is assumed that all mobile ions are present in both the gel and the liquid phase. This creates a 

chemical equilibrium and concentrations of each ion can be calculated. The excess concentration of 

ions in the gel is assumed to be proportional to the osmotic pressure difference, which in turn is 

assumed to be proportional to the swelling. From the definition of the distribution constant,  , the pH 

inside the gel and in the surrounding liquid phase can be calculated. As shown in Eq. 2, the pH inside 

the gel will always be lower than in the surrounding liquid (Grignon & Scallan 1980). 

10log gelliquid pHpH      [2] 

As the pH value in the solution is increased, the carboxylic acids will dissociate and the repulsive 

forces between the charged groups will lead to increased swelling. This is true until the amount of 

alkali added is the same as the amount of existing charged groups. When excess amounts of alkali are 

added they shield the charged groups and as a consequence the swelling decreases (Lindström & 

Carlsson 1978). It can also be seen as the distribution of ions starts to become equal in the gel and the 

liquid phase and the swelling is decreased since the osmotic pressure difference disappears (Grignon 

& Scallan 1980). The decrease in swelling at high pH values is a result of increased ionic strength. As 

the pH is increased with additives of alkali the ionic strength of the solution consequently increases 

(Lindström & Carlsson 1978). Addition of electrolytes will give the same effect. When the ionic 

strength is increased, the acid groups are shielded by the counter ions, which decreases the repulsive 

forces and thus the swelling will decrease over the entire pH range (Lindström & Carlsson 1982).  

 

As mentioned earlier it is not only the size of the osmotic pressure that governs the swelling. The 

fibers resistance to deformation, elastic modulus, is also of importance. Scallan and Tigerström (1992) 

examined the changes in elastic modulus of the fiber wall as a function of kraft pulping and beating. 

They found that the modulus decreased from 10 MPa to 2 MPa when the yield was decreased to 65%. 

No further decrease in modulus was seen even if the yield was decreased to 45%. This is explained by 

a possible increase in hydrogen bonds between the cellulose microfibrils. Beating increase the 

swelling of the pulp and decrease the modulus. Lindström and Carlsson (1978) claim that there are 
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two effects of increased pH that decrease the elastic modulus of the gel. Firstly an increased pH 

introduces charged groups and secondly it reduces the intermolecular hydrogen bonding. Increased 

charges will lead to increased swelling and the water uptake by the fiber will decrease intermolecular 

bonding since hydrogen bonds will be replaced by water molecules.  

2.2.1 Effect of counter ion 

Commercial chemical pulp usually contains a mixture of several metal ions such as calcium, 

magnesium, sodium and smaller amounts of aluminium, potassium and iron. The amount of metal ions 

in the pulp is in the same order as the amounts of acid groups. Therefore it is reasonable to believe that 

they mainly are present as counter ions to the acid groups (Scallan & Grignon 1979).  

 

It is not only the pH value that will influence the dissociation of the acid groups; the type of counter 

ion will too. The degree of dissociation of the salts has shown to be in the order of: Na+ > Li+ > Mg2+ > 

Ca2+ > H+. The valence of the counter ion is an important factor since it is the number of ions that 

affects the osmotic pressure (Scallan & Grignon 1979). A divalent ion will result in half the amount of 

counter ions compared to a monovalent ion. 

 

Several investigations have shown that if the ordinary mixture of ions in both unbleached and 

bleached pulp is replaced with one type, swelling increases according to H+<Ca2+<Na+ (Hammar et al. 

2000a; Bäckström & Hammar 2010; Laivins & Scallan 2000), which is in good accordance with 

earlier mentioned theories. The increased swelling obtained by ion exchange is accompanied with 

increased beatability and higher tensile index value at a certain level of beating (Hammar et al. 2000a; 

Bäckström & Hammar 2010; Laivins & Scallan 2000). This has been verified at pilot scale by 

Bäckström et al. (2009).  

 

Bäckström and Hammar (2010) also showed that ion exchange of bleached hardwood pulp into its 

sodium form prior to beating, improved the tensile index-density relationship. This improvement did 

not appear with bleached softwood pulp. This is explained by an additive effect of the osmotic 

pressure and the mechanical treatment during beating. The difference in the response to beating of the 

two pulps is thus dependent on the amount of charged groups. Refining of the sodium form had a 

lower tensile index at the same WRV value; this means that the increase in swelling was not 

accompanied by the same strength improvement. Bäckström et al. (2013) studied how ion exchange of 

carboxymethylated pulp affects refining. They found that an increased amount of charges increases 

swelling but not tensile index in the same extent; this is in accordance with Bäckström and Hammar’s 

(2010) results. The highly charged carboxymethylated pulps experienced more fiber shortening during 

beating than the reference pulp. 

 

Scallan and Grignon (1979) findings contradict these results. Chemical pulps that were converted from 

hydrogen form to sodium form got a higher tensile strength. The increase in strength was proportional 

to the increase in swelling. An increase in breaking length was obtained when sulfite pulp was ion 

exchanged from hydrogen from to sodium form. The same increase in breaking length could be 

obtained by beating. Compared at the same breaking length the ion exchanged pulp is much easier 

dewatered than the beaten pulp, which gives an advantage during dewatering.  

 

Forsström et al. (2005) investigated how the fiber flexibility and fiber/fiber joint strength of ion 

exchanged unbleached kraft pulp correlate to the sheet strength. The pulp was ion exchanged to either 

hydrogen, sodium or calcium form. Pulp in sodium form had the highest swelling and joint strength 

due to electrostatic interactions on the fiber surface. For undried pulps there was a good correlation 
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between joint strength and sheet tensile strength. Fiber flexibility was unaffected by the type of 

counter ion but increased with decreasing pulp yield.  

2.2.2 Effect of pH and ionic strength 

Grignon and Scallan (1980) studied the swelling behaviour of kraft and sulphite pulp at different pH 

levels, with or without the presence of salt. They used a mathematical model to calculate the swelling 

of the pulp for different pH levels and at different salt concentrations. To eliminate the effect of ion 

exchange, all pulps were converted to their hydrogen form. The experimental data coincide well with 

the calculated simulations. Swelling is increased when pH is increased and a plateau is reached 

between pH 4-5 and 10. When pH is further increased the swelling decreases, as predicted.  

 

Hammar et al. (2000b) investigated how different pH levels during beating affect unbleached kraft 

pulp. Best beatability was achieved at pH 9 which also had the highest form factor, thus straighter 

fibers, and the highest swelling and tensile index. Lindström and Kolman (1982) has shown that 

unbleached pulp beaten at different pH levels showed a linear relationship between tensile index and 

WRV. Sheets formed at different pH levels showed a linear relationship until pH reaches 9. Then the 

tensile index increased despite the decrease in swelling. This shows that the cell wall flexibility is not 

directly connected to the swelling. The sheet density of unbleached kraft pulps was not affected by 

changes in the chemical environment.  

 

Mohlin (2002) studied the effect of pH and refining intensity on pulp and sheet properties. A higher 

pH gave an improved refining efficiency (increase in WRV/energy input) at a certain power input. The 

tensile index of the laboratory sheets correlated well with the increase in WRV. No such relationship 

was found for the machine-made sheets.  

 

Lindström and Carlsson (1982) studied the effect of pH and electrolyte concentration on fiber 

swelling, with pulps of different yield. Bleached kraft pulp had a low content of acid groups and the 

results showed that the pulp is quite insensitive to changes in pH or electrolyte concentration. This is 

supported by findings from Lindström and Kolman (1982). High yield pulp did not get the biggest 

change in swelling despite the high amount of acid groups. This is explained by a higher fiber stiffness 

that limits the swelling. However, the pulps with intermediate yields were most sensitive to changed 

pH and electrolyte concentration. They also show that sulfite pulp reaches a plateau between pH 5 and 

pH 9, due to the sulfonate groups that are present in sulfite pulp.  

 

Both Lindström and Carlsson (1982), Grignon and Scallan (1980) as well as Lindström and Kolman 

(1982) showed that an increased ionic strength decreases the swelling, all in accordance to previous 

mentioned theories. A low ionic strength during beating gives a better beatability and a higher tensile 

index (Hammar et al. 2000b).  

 

Fält and Wågberg (2003) investigated how different electrolytes (NaCl, Na2SO4, and CaCl2) and ionic 

strengths affect unbleached kraft pulp. They found somewhat different results in the response of 

swelling to changed ionic strength than previous authors. In the beginning swelling increased and 

reached a maximum before decreasing with higher ionic strengths. This is explained by the difference 

in pH between the gel and surrounding liquid phase. At very low ionic strengths the pH inside the 

fiber is low, which means that the charged groups are not dissociated. With increasing ionic strengths 

the pH inside the fiber increases and consequently the charged groups dissociate, which leads to 

increased swelling. Contrary to previous authors they found no relationship between fiber swelling and 

tensile strength.  
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To summarize previous literature, the swelling of pulps has been reported to depend on:  

 Amount of acid groups  

 The dissociation constant of the acid groups 

 The type of counter ion 

 pH of the surrounding liquid 

 Ionic concentration of the surrounding liquid 

 The elastic modulus/flexibility of the fiber wall   

 Degree of beating  

 

2.3 The process 

This chapter will cover the processes from pulping, both the NSSC and kraft process, followed by a 

quick overview of the paper machine and papermaking process. Focus lies on the NSSC pulping 

process since it is not as well-known as the kraft pulping process.   

2.3.1 NSSC pulping 

NSSC is manufactured with a gentle chemical treatment to make it easier to separate the fibers during 

the subsequent mechanical treatment. An overview of the process is shown in Fig. 7. The NSSC 

process gives a pulp with high yield between 65-85%. NSSC is usually made of hardwood, more 

specifically birch, because of its high hemicellulose content. The pulp contains 20-25% xylan. This 

makes it very suitable for corrugated board, since fiber stiffness is an essential property (Gullichbsen 

& Fogelholm 2000; Rydholm 1985a; Dahlgren et al. 1980). Normally 10-20% of kraft softwood pulp 

is mixed with the NSSC to enhance the wet strength and improve runability (Dahlgren et al. 1980).  

 

Figure 7. An overview of the NSSC process.  

To enhance the impregnation the wood chips are thin and short. They are steamed with water vapour 

to eliminate air from the inside of the fibers. The chips are usually impregnated in sodium sulfite and 

carbonate or bicarbonate for 5-15 minutes at 100°C (Gullichbsen & Fogelholm 2000; Rydholm 

1985a). The purpose of the impregnation is to make the distribution of chemicals more even. 

Otherwise, more energy is required in both the defibration and refining stage and the pulp gets a lower 

brightness (Dahlgren et al. 1980).   
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The pH during the cook is initially, as revealed by the name, between 7 and 10. It drops to 5-6 during 

the process. Due to the high pH value sodium is a very suitable base (Gullichbsen & Fogelholm 2000; 

Rydholm 1985a; Dahlgren et al. 1980). The neutral pH value in the process is chosen to preserve as 

much hemicellulose as possible, as it contributes to the fiber stiffness (Gullichbsen & Fogelholm 

2000; Rydholm 1985a).  

 

In the case when sodium is used as the base, the cooking liquor consists of either sodium carbonate or 

sodium hydroxide, that reacts with sulfur dioxide and creates sodium sulfite as well as carbon dioxide 

or water, as shown in Eq. 3 and 4 (Dahlgren et al. 1980).  

232232 COSONaSOCONa      [3] 

OHSONaSONaOH 23222      [4] 

A common chemical charge is 7-10% sodium sulfite and 2-4% sodium hydroxide, based on dry wood 

(Dahlgren et al. 1980). The cooking time is varied from 5 to 60 minutes and with temperatures 

between 160 and 200°C. Half the amount of lignin in the fibers is dissolved up to yields of 75%, while 

a third of the amount of hemicellulose is lost. Because acid groups are dissolved during the cook a 

cooking liquor with a buffering effect is required (Gullichbsen & Fogelholm 2000; Rydholm 1985a; 

Dahlgren et al. 1980).  

 

The defibration stage, also called primary refining, is used to separate the fibers from each other. 

Separation occurs at the middle lamella or primary cell wall since the chemical treatment has broken 

bonds that simplify the defibration. To reduce the energy consumption and keep the fibers intact, the 

defibration occurs during high temperatures and high pressures (Gullichbsen & Fogelholm 2000; 

Dahlgren et al. 1980).  

 

After the defibration the pulp is washed and the brown stock is separated and incorporated in the 

chemical recovery system in the kraft process (Rydholm 1985a). The purpose of the pulp wash stage 

is: chemicals recover, purify the pulp, collect dissolved substances to combustion and decrease the 

discharge from the mill (Dahlgren et al. 1980).  

 

Beating of the pulp, sometimes called secondary refining, is done during low or medium stock 

concentration. The purpose of the treatment is to increase strength properties and create 

internal/external fibrillation. Secondary refining also acts as disintegration since the pulp has been 

washed and thickened (Dahlgren et al. 1980). After the secondary refining the pulp can be either dried 

or fed to the paper machine.  

2.3.2 Kraft pulping   

Kraft pulping or sulphate pulping is today the most used pulping process (Gullichbsen & Fogelholm 

2000; Rydholm 1985a; Brännvall 2009). During the cooking process, when lignin and hemicellulose is 

dissolved from the fiber wall, pores are created. The size of the pores are from 5 to 15-20 nm in 

diameter. These pores give the fibers their flexibility and compressibility, which is necessary to create 

strong fiber-fiber bonds. This will result in a strong paper (Salmén 2009).  

 

The kraft process gives a pulp with a yield around 50 % (Brännvall 2009). Both softwood and 

hardwood can be used as a raw material (Gullichbsen & Fogelholm 2000). The cooking liquor is 

called white liquor and the active cooking chemicals are sodium hydroxide and sodium sulfide. pH 

during the cook is initially 14 and drops to 10-12. Temperatures between 160-180°C and a cooking 
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time of 1-2 hours is normal (Gullichbsen & Fogelholm 2000; Rydholm 1985a). The pulp may be 

further treated by bleaching and/or beating. Remaining lignin in the pulp is removed during bleaching 

to minimise loss of carbohydrates (Brännvall 2009). Finally it can be either dried or fed to the paper 

machine.  

 

The kraft pulping process has an efficient chemical recovery system that also generates energy. Spent 

cooking liquor, i.e. black liquor, is evaporated and incinerated in the recovery boiler. The smelt is 

dissolved and is called green liquor. Green liquor is mixed with calcium hydroxide to regenerate 

sodium hydroxide and calcium carbonate is formed as a by-product. The calcium carbonate is 

separated and reburnt in the lime kiln and slaked to form calcium hydroxide again (Gullichbsen and 

Fogelholm 2000).  

2.3.3 The paper machine  

Pulp is diluted and sometimes mixed with additives, such as fillers, dyes and pigments, retention aid 

and wet and dry strength additives, to create the stock. The stock concentration is normally around 

0.6% (Brännvall 2009). In the beginning of the machine, to the left in Fig. 8, the headbox dispenses 

the stock even on the forming fabric. The forming fabric is an endless moving belt formed by a woven 

cloth, which exists in different design regarding mesh and count, pattern, thread diameter and number 

of layers. The purpose of the forming fabric is to transport and support the wet fiber web until it is 

strong enough to support itself. Dewatering occurs by foils element and wet and dry suction boxes 

(Norman 2009a). At the end of the wire section the webs solids content is about 20% and  

self-supporting (Norman 2009b).  

 

Figure 8. A simplified picture of a Fourdrinier paper machine. With permission from BillerudKorsnäs.  

The web enters the press section, where the web is compressed in one/several press nips. By letting the 

web pass between two metal rolls a press nip is created. There are different kinds of press nips, either 

in a single-felted press or double-felted press. After the press section the paper web has a solids 

content of 40-50%. A high solids content is desired to save energy in the drying section; too extensive 

pressing decreases the sheet thickness which increases density (Norman 2009b).  

 

Remaining moisture in the web is dried over a multi-cylinder dryer where the cylinders are heated 

with condensing steam. The paper web is supported by a drying-fabric and is lead over several 

cylinders. When the paper web is in contact with the cylinders it is heated and evaporation takes place 

in the free draws between the cylinders (Stenström 2009). Finally the dried paper, is usually subjected 

to calendering by heated steel rolls. The purpose of calendering is to smoothen the paper surface and 

even out grammage variations (Brännvall 2009).   
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2.4 Mechanical properties 

A corrugated board box consists of two different types of paper, fluting and liner, which are glued 

together as illustrated in Fig. 9. Fluting is the corrugated middle layer and is made of NSSC.  

Liner is the outer surface layer and often made of unbleached/bleached softwood kraft pulp. This gives 

a corrugated board with high bending stiffness, due to the high total thickness, and with low 

grammage compared to solid board (Markström 2005; Söremark & Tryding 2009).  

 

 

Figure 9. Corrugated board consisting of one layer of fluting and two layers of liner. With permission from BillerudKorsnäs.  

The compression strength of a corrugated board box depends on the strength of the two components. 

Box compression test strength gives a measure of the boxes stackability and is an important property. 

It can be calculated according to McKee’s formula, Eq. 5.  

    5.0
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Where BCT is the box compression test strength [N], k1 is a constant, 
b

ECT is the edgewise 

compression value of the corrugated board [kN/m], 
b

BS is the bending stiffness of the corrugated board 

in each direction [Nm] and Z the perimeter of the box [m]. Both the ECT-value and bending stiffness 

can be calculated with Eq. 6 and Eq. 7.  
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Where C is the compressive strength [kN/m] of both the fluting and liner layers and k is a constant. 

The compressive strength of the fluting layer is multiplied with a fluting take-up factor.
b

E is the 

tensile stiffness [kN/m] and T is the thickness of the corrugated board [m] (Markström 2005).  

 

For fluting, important properties are compression strength (measured as both SCT and CCT) and 

tensile stiffness (Fellers 2009; Markström 2005). Important properties of liner are high tensile strength 

and stiffness, compression strength and a surface adequate for printing when it is desired. The tensile 

stiffness of liner is important to give the corrugated board a high bending stiffness (Karlsson 2006; 

Markström 2005), which in turn is an important property to prevent buckling of the corrugated board 

box. The compression strength of both fluting and liner contributes to the stackability of boxes (Fellers 

2009).  

 

Compression strength measures the maximum stress that the board can support in compression. The 

measurement is done over a very small region to prevent buckling (Fellers 2009; Markström 2005) 

and the compressive failure occurs when the fiber wall collapse (Fellers 2009). Tensile strength is the 

maximum stress until the fiber network breaks and tensile stiffness is the maximum slope of the stress-

strain curve. Both properties are dependent on the degree of fiber-fiber bonding. Usually the board is 

stronger in MD than CD, in both tension and compression (Fellers 2009).  
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2.5 Differences between laboratory and industrial papermaking 

There are several important differences between laboratory and industrial papermaking that influence 

the final paper properties.  

2.5.1 Beating 

Beating of pulp is a mechanical treatment that subjects the fibers to tensile, compressive and shear 

forces. This damages or removes parts of the primary cell wall and the outer secondary cell wall, S1 

(Rydholm 1985b).  

 

Beating has several effects on fibers:  

 Straightening  

 Internal and external fibrillation 

 Increased flexibility 

 Fines creation 

 Cutting  

 Deformation: curl, kinks and micro compressions 

 

Fibrillation leads to an increased bonding area and more flexible fibers which makes it easier for the 

fibers to form strong fiber-fiber bonds. This results in paper with a higher tensile strength and 

increased density. Too extensive beating decreases tensile strength, due to fiber cutting and 

deformations on the fiber (Annergren & Hagen 2009). The drainage resistance increases due to fines 

production and external fibrillation (Wang & Paulapuro 2005). A more swollen fiber makes the 

beating process proceed faster (Annergren & Hagen 2009).  

 

The laboratory PFI mill is a low intensity [kJ/kg/impact] refiner compared to industrial conical 

refiners. A PFI mill exposes the fibers for more compressive forces which causes a higher amount of 

internal fibrillation. Conical industrial refiners on the other hand creates more fines and external 

fibrillation due to shearing forces (Kerekes 2005; Wang & Paulapuro 2005). At the same dewatering 

resistance the PFI mill gives a higher tensile strength than the conical refiner. The relationship is 

reversed when compared at the same specific energy [kWt/ton] (Kerekes 2005).  

 

Wang and Paulapuro (2005) showed that a Lampén mill, which imposes compressive forces on the 

fibers like the PFI mill, straightens fibers more effectively than the rotation disc refiner compared at 

the same level of swelling. Similar results have been shown by Mohlin and Alfredsson (1990). Beating 

in a PFI mill straightens the fibers effectively, while industrial beating introduces more deformations.  

2.5.2 Forming 

Laboratory sheets have a random distribution of the fibers direction, which results in the same stiffness 

and strength equal in all directions of the sheet i.e. they are isotropic. Paper manufactured on a paper 

machine has more fibers oriented in the machine direction than in the cross direction. This means that 

the papers will have different properties in the machine and the cross direction. Fiber anisotropy is 

regulated by the jet to wire ratio and web tension (Norman 2009a). Fiber anisotropy is defined as the 

ratio between the number of fibers in the machine (nMD) and the number of fibers in the cross direction 

(nCD), according to Eq. 8 (Wahlström 2009).  

CD

MD
Fiber

n

n
A        [8] 
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2.5.3 Pressing 

Wet pressing contributes to tensile strength by pressing the fibers closer together and simplify bonding 

(Rydholm 1985b). The press impulse is determined by the area under the pressure-time curve. On a 

paper machine the press nip is created by two metal rolls and the paper is exposed to a high maximum 

pressure in a relatively short time (Norman 2009b). For a paper produced on a laboratory scale the 

paper is pressed in a plane press for a much longer time with a lower maximum pressure (ISO 5269-

1:2005).  

 

Fiber swelling is an important factor in press dry content (Norman 2009b). Increased swelling 

decreases the solids content after the press section for dynamic press conditions. During static pressing 

this is only true if the fibers are rigid enough to maintain the increased swelling during compression 

(Maloney et al. 1998).  

2.5.4 Drying 

During drying on a multi-cylinder dryer the paper web has a temperature around 80-90°C. In the free 

draws between the drying cylinders, the paper shrinks in the cross direction (Stenström 2009). This is 

dependent on the fiber anisotropy and the fact that fiber network shrinks at the bonding sites. A higher 

fiber anisotropy leads to a higher shrinkage in the cross direction. A larger shrinkage will give the 

paper a higher strain at break. The paper will also shrink more at the edges of the web than in the 

middle, which will give uneven properties in the cross direction.  

 

Laboratory sheets on the other hand are dried at room temperature and restrained, which prevents 

shrinkage of the fiber network. This means that when the bonding sites shrinks, the fibers are 

stretched, i.e. the network is activated. This gives the paper a higher tensile and tensile stiffness index 

(Wahlström 2009).  

2.6 Methodology  

This study investigated the effect of pH on fiber and paper properties of NSSC and bleached kraft 

pulps. This was done by changing the pH level of the pulp with hydrochloric acid or sodium hydroxide 

to four different levels. The different pH levels were maintained during disintegration, beating and 

sheet forming. Pulps were either unbeaten or beaten at 2000 or 4000 revolutions in a PFI mill. The 

levels of beating were selected to make it possible to compare the effect of different pH levels over a 

wide range of beating. Measurements of water retention value, drainability and fiber surface charge 

were used to characterize the fiber properties. Tensile index, tensile stiffness index, compressive index 

and edge crush resistance index were used to evaluate the paper properties.  

 

The time it took for the fibers to react on the pH adjustment was also studied. This was done by 

adjusting the pH of a sample of each pulp and measure fiber surface charge and water retention value 

after certain times, to study if and when stable conditions were reached.  
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3. Experimental  

3.1 Raw material 

NSSC, BSW and BHW were obtained from Gruvön mill. All pulps were unbeaten and never-dried. 

The pulps were characterized with Lorentzen & Wettre’s Fiber Tester according to ISO 16065-2:2014. 

The pulp properties are shown in Table 1. 

Table 1. Pulp properties for NSSC, BSW and BHW. Obtained from Gruvön mill.  

 Mean length Mean width pH 

  [mm] [μm]  [-] 

NSSC 1.10 29.5 5.2 

BSW 2.14 31.0 5.3 

BHW 0.91 22.0 3.5 

 

1 M sodium hydroxide, 1 M hydrochloric acid, 0.1 M sodium chloride and 0.75 M sulfuric acid were 

used. The cationic polyelectrolyte used was poly-DADMAC (polydimethyl diallyl ammonium 

chloride, 0.001 N) with a molecule weight between 40000 and 100000 g/mol (BTG Mütek GmbH 

2003). The anionic polyelectrolyte used was PES-Na (sodium polyethylene sulphonate, 0.001 N).  

 

In all experiments, tap water was used instead of deionized water since the pulp already contains tap 

water from the pulping process. Only in the fiber surface charge measurements deionized water was 

used to reduce the conductivity.  

3.2 Pre-study: Time-dependence of pH 

To investigate how long time it takes for the fibers to react to the pH adjustment, series of experiments 

were completed. A sample of each pulp was adjusted to pH 9 and measurement of fiber surface charge 

and water retention values were performed immediately. Fiber surface charge measurements were 

done every fifteenth minute, until three hours had passed. After that time measurements were done 

every half hour, until seven hours had passed. One measurement was done after 24 hours. WRV was 

measured after 3, 6 and 24 hours. The experimental design and times for measurements is illustrated in 

Fig. 10.  

 

Figure 10. Timeline [h] over the sampling procedure. Fiber surface charge measurements were done at each mark and WRV at the times 
marked “WRV”.  
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3.3 Laboratory study 

Fig. 11 shows the experimental design of the laboratory study.  

 

Figure 11. Experimental design of the laboratory study.  

WRV, drainability and fiber surface charge were measured on the untreated pulps to use as a reference 

value. Each pulp was adjusted to four different pH-levels: 3, 5, 7 and 9. The ionic strength was left 

unregulated. It should though be noted that it would differ between the different pH levels. Pulps were 

either unbeaten or beaten at 2000 or 4000 revolutions. This gives 36 experimental combinations when 

the reference pulps are left out. WRV and drainability were measured on all combinations and fiber 

surface charge only on the unbeaten pulps. Only unbeaten pulps were chosen due to time limitations. 

The physical properties of the laboratory sheets were tested. SEM pictures were taken of laboratory 

sheets formed from each pulp at pH 3 and pH 9, both beaten and unbeaten. This was done to get a 

visual confirmation about how different pH levels affect the network structure.  

3.3.1 Stock preparation 

Stock concentration was determined according to ISO 4119:1995. For NSSC the filter paper was 

exchanged to a nylon cloth. This was done because the NSSC had a high drainage resistance and the 

filter papers broke. Four determinations were made and the mean value with 95% confidence interval 

was reported.  

 

Pulps were adjusted to the different pH-levels by addition of hydrochloric acid or sodium hydroxide. 

The pulps were left overnight to let the fibers react to the changed pH. Even if the increase in fiber 

surface charge and swelling reaches a plateau in shorter time, this was done to simplify the 

experimental arrangement. 
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The NSSC was disintegrated according to ISO 5263-2:2004. Determination of the stock concentration 

followed the ISO-standard but the amount of oven dried pulp was different. BSW and BHW were 

disintegrated according to ISO 5263-1:2004. Beating was done in a PFI mill according to ISO 5264-

2:2011, except that tap water was used and beating was performed with different pH-levels of the 

stock. Two different levels of beating were used: 2000 and 4000 revolutions.  

3.3.2 Fiber properties 

Drainability, expressed in Schopper-Riegler numbers, was measured twice according to ISO 5267-

1:1999. Four measurements of WRV were done according to ISO 23714:2007. Values that differed 

more than 5% from the mean value were excluded. The mean value with 95% confidence interval was 

reported.  

 

Fiber surface charge was measured with a Mütek Particle Charge Detector according to the principle 

described in Section 2.1.4. Disintegrated pulp was diluted with deionized water to a concentration 

around 0.6%. The conductivity of the samples was adjusted with sodium chloride to the same value, 

approximately 500 μS/cm. One measurement was made at each pH-level on unbeaten pulps. This does 

not give the exact amount of charged groups, but it is judged good enough to identify changes that 

occurs with changed pH.  

3.3.3 Laboratory sheets 

Isotropic laboratory sheets were made for each combination of pH-level, beating and type of pulp. 11 

sheets from each combination of NSSC and 7 from bleached kraft pulps were made. ISO 5269-1:2005 

were followed with some exceptions: stock concentration was 1.5% (kraft pulp) and 2% (NSSC), tap 

water was used, sheet grammage was 140 g/m2 and the pressing was done at 2.8 bar for 5.5 minutes 

and secondly 2.8 bar for 2.2 minutes. The sheets were dried restrained and conditioned according to 

ISO 187:1990. A grammage of 140 g/m2, and not the standardized 60 g/m2, was chosen to be in the 

same range as the grammage of fluting and liner. 

3.3.4 Paper properties 

Grammage was determined according to ISO 536:2012 with some adjustments. The accuracy of the 

adjusted method was tested by making laboratory sheets with a grammage of 120 g/m2. Whole sheets 

were weighed and the grammage was calculated according to Eq. 9. The same sheets were cut into 1 

dm3 pieces according to ISO 536:2012, weighed and the grammage was calculated. The results were 

(118 ± 7) g/m2 respectively (118 ± 6) g/m2. Therefore grammage determinations were done according 

to the adjusted method to save time.  

A

m
w        [9] 

Where w is the grammage [g/m2], m is the mass of the sheet [g] and A is the area of the sample [m2]. 

The mean value with 95% confidence interval was reported.  

 

Single sheet thickness was measured with STFI Thickness Tester according to ISO 536:2012 with a 

sample length of 75 mm. Sheet density was calculated according to Eq. 10. The mean value and 95% 

confidence interval was reported.  

s

w
d


       [10] 

Where d is the density [g/cm3], w is the grammage [g/m2] and δs is sheet thickness [μm].  
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The mechanical properties of the sheet were tested. Tensile index and tensile stiffness index were 

tested with Lorentzen & Wettre Tensile Tester according to ISO 1924-3:2005. 10 measurements were 

made and the mean value with 95% confidence interval was reported according to Eq. 11 and 12  

bw

F Tw

T





1000
      [11] 

Where 
w

T  is the tensile index [kNm/kg], TF is mean maximum tensile force [N] and b is the width 

of the test piece [mm].  

bw

lS
E

w






max
      [12] 

Where
w

E is the tensile stiffness index [MNm/kg], maxS is the mean maximum slope of the force-

elongation curve [N/mm] and l is the initial length of the test piece [mm].  

 

Compressive index, SCT, was measured with Lorentzen & Wettre Compressive Strength Tester STFI 

according to ISO 9895:2008. 20 measurements were made and the mean value with 95% confidence 

interval was reported according to Eq. 13.  

bw

F Cw

C





1000
      [13] 

Where 
w

C is the compressive index [kNm/kg] and CF is the mean maximum compressive force [N].  

 

The edge crush resistance, CCT, was measured on the sheet made from NSSC with Lorentzen & 

Wettre Crush Tester according to ISO 16945:2014, with 30 minutes of reconditioning. Length of the 

test pieces were 100 mm instead of 152 mm, since the laboratory sheets were too small to cut longer 

test pieces of. 10 measurements were made and the mean value with 95% confidence interval was 

reported according to Eq. 14.  

lw

F
CCT Cw






1000
30

     [14]  

Where 
w

CCT30 is the edge crush resistance index [Nm/g].  
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3.4 Mill trial 

To verify and complement the results from the laboratory study a mill trial was performed. Fig. 12 

shows the experimental design of the mill trial. The pH level was changed with addition of 

concentrated sulfuric acid in the machine chest. During the trial the specific refining energy and other 

parameters were kept constant. Tensile properties, CCT and SCT were continuously tested on each 

jumbo reel during the trial. The testing was done at BillerudKorsnäs paper laboratory.  

 

Changes in pH were tracked by regular pH measurements at different positions along the line. When 

the pH level had reached the desired level, pulp samples were taken before and after the refiners. 

Samples were taken at two pH levels: 5.6 and 4.8. The original plan was to lower the pH until it 

reached a level of 3. Due to a high risk of formation of hydrogen sulfide gas at low pH levels, the 

lower level of pH was set to 4. The mill trial was discontinued at pH 4.8 due to formation of sulfur 

dioxide gas.  

 

Care was taken to maintain the pH level of the pulp during disintegration and sheet formation. 

Adjustments, when needed, were done with sulfuric acid. WRV, fiber surface charge and drainability 

were measured according to methods described in Section 3.3.2. Laboratory sheets were made 

according to previous mentioned methods and tested in the same manner as described in Section 3.3.4.  

 

 

Figure 12. Experimental design of the mill trial.  
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4. Results & Discussion 

The results from the different parts of the thesis will be presented and discussed in separate sections. 

All the data from the measurements can be found in Appendix. In this section “charge” is used to refer 

to the fiber surface charge.  

4.1 Pre-study: Time-dependence of pH 

Fig. 13 and Fig. 14 show the results of the fiber surface charge and WRV measurements. These were 

done at different times after the pH adjustment, as described in Section 3.2. 

 

Figure 13. Fiber surface charge at different times for NSSC.   

 

Figure 14. WRV at different times for NSSC, BSW and BHW. 

Fig. 13 shows that the charge of NSSC increased as time elapsed. From this data it is hard to 

determine were the plateau is reached. The charge for BSW and BHW did not show any tendency to 

change with time and are thus not showed here. Since only one measurement is done at each time, the 

uncertainty of the measurements has to be accounted. As mentioned earlier in Section 2.1.4, some 

reservations prevails. A more exact method has been described in the literature. An excess amount of 

polyelectrolyte was added, left for 30 minutes, then the pulp was filtered and the filtrate was titrated to 

determine the amount of polyelectrolyte that was adsorbed. The fibers were oven dried to determine 

the solids content in the sample (Wågberg et al. 1989; Horvath & Lindström 2007; Lloyd & Horne 

1993). Weaknesses in the method chosen in this study is both the certainty in the amount of solids as 

well as possible disturbances due to large fibers.  

 

It may be that BHW and BSW contain such a small amount of charges, that all of them dissociate in 

the short time from the pH adjustment until the first measurement. The variations that is seen at 

different times is believed to be due to uncertainties in the method.  

 

Fig. 14 shows an increase in WRV, as the time elapsed during the first 6 hours for all pulps. The 

original difference in WRV between the different pulps was maintained during the trial. It is though 

not sure that it was the pH adjustment that caused the increase in WRV. Olejnik (2012) has shown that 

70 minutes of free swelling of fibers in water causes a 4% increase of WRV.  
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4.2 Laboratory study  

The results from the laboratory study will be presented for each pulp in separate sections.  

4.2.1 NSSC  

The results from fiber surface charge and drainability measurements are shown in Table 2.  

Table 2. Drainability and fiber surface charge for all combinations of NSSC. 

pH Beating °SR Surface charge 

[-] [rev]   [µeq/g] 

5.2 0 11 81 

3 0 12 55 

5 0 12 81 

7 0 15 83 

9 0 13 103 

3 2000 23 - 

5 2000 38 - 

7 2000 41 - 

9 2000 45 - 

3 4000 63 - 

5 4000 66 - 

7 4000 76 - 

9 4000 72 - 

 

Drainability increases with beating regardless of pH level. A higher pH level gives a higher 

drainability value, compared at the same degree of beating. The charge increases with increasing pH 

level. This is in good accordance with the literature, as the charged groups dissociate with higher pH 

levels.  

 

In Fig. 15A-15D SEM pictures of both unbeaten and beaten pulps at pH 3 and pH 9 are shown. It 

should be noted that the resolution is not the same in all pictures. Comparing the unbeaten fibers,  

Fig. 15A and Fig. 15B, it seems like a higher pH generates a denser fiber network. For the beaten 

fibers, Fig. 15C and Fig. 15D, pH 3 show more separate fibers than pH 9. The effect of beating is 

displayed very clear when comparing Fig. 15A-15B with Fig. 15C-15D respectively.  

 

Results from the WRV measurements of the pulp are shown in Fig. 16. No significant difference 

between different pH levels were detected for unbeaten pulps. For the pulp beaten at 2000 revolutions, 

a correlation between increased pH level and increased WRV can be seen. A significant difference in 

WRV is seen between pH 3 and pH 7 as well as between pH 3 and pH 9. It should be noted that the 

small difference in WRV between pH 5 and pH 7 corresponds well with the small increase in charge 

between the levels.  

 

The trend for the pulps beaten at 4000 revolutions is reversed and contradicts the literature reviewed in 

Section 2.2. It may depend on that the pulp beaten at 4000 revolutions, regardless pH, looks like it is 

been beaten too extensively and a high amount of fines has been created, as can be seen in Fig. 15C 

and Fig. 15D. Because of this the analysis of NSSC will mainly address the pulps beaten at 2000 

revolutions. 
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Figure 15. SEM pictures for NSSC A) pH 3 unbeaten x100 B) pH 9 unbeaten x100 C) pH 3 beaten 4000 revolutions x75 D) pH 9 beaten 
4000 revolutions x75.  

 

 

Figure 16. WRV for NSSC at different pH levels and with different 
degree of beating.  

 

Figure 17. Tensile index for NSSC at different pH levels and with 
different degree of beating 
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Mechanical properties for laboratory sheets from NSSC are shown in Fig. 17-19. No trend is seen for 

either tensile index, tensile stiffness index, compressive index or edge crush resistance index for 

unbeaten pulps. There is also no significant difference in tensile index and compressive index between 

different pH levels for the pulps beaten at 4000 revolutions. For the pulps beaten at 4000 revolutions, 

pH 7 shows a significantly higher edge crush resistance index than for the other pH levels.  

 

The pulps beaten at 2000 revolutions has a significant lower tensile index and compressive index for 

pH 3 than the other pH levels. Tensile stiffness index show similar trends as for tensile and 

compressive index. Edge crush resistance index for the pulp beaten at 2000 revolutions show that pH 7 

gives a significant higher value than pH 3. 

 

Figure 18. Compressive index for NSSC at different pH levels and 
with different degree of beating. 

 

Figure 19. Edge crush resistance index for NSSC at different pH 
levels and with different degree of beating 

In general for the NSSC beaten at 4000 revolutions, no difference is seen between different pH levels. 

This could be, as mentioned before, due to too extensive beating that leads to damaged fibers and a 

high amount of fines. It has been shown by Wang and Paulapuro (2005) that a fines-free pulp has a 

lower tensile index at the same degree of beating, than the pulp that contains fines. Fines contribute to 

the paper strength, since they bond to the fibers and creates a denser and stronger network (Retulainen 

et al. 1998). This explains why the pulp beaten at 4000 revolutions, regardless pH level, shows higher 

strength properties than the pulp beaten at 2000 revolutions. The effect of pH on the mechanical 

properties, for the pulp beaten at 2000 revolutions, is due to creation of stronger fiber-fiber bonds. 

This is not shown for the pulp beaten at 4000 revolutions, due to the large amount of fines that 

diminishes the effect of stronger fiber-fiber bonds. The fiber-fiber bonds that would have been created 

due to the effect of pH do not affect the network strength, since such high amount of fines already 

contribute to the high network strength.  

 

For the pulps beaten 4000 revolutions, the drainability values is very high, which implies that a high 

amount of fines has been created during the beating. This could also be the explanation for the 

reversed trend for the WRV results. Maybe the pulp had a too high drainage resistance for the WRV 

testing method to be applicable.  
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4.2.2 BSW 

The results from fiber surface charge and drainability measurements are shown in Table 3.  

Table 3. Drainability and fiber surface charge for all combinations of BSW. 

pH Beating °SR Surface charge 

[-] [rev]   [µeq/g] 

5.3 0 14 2.4 

3 0 13 0.4 

5 0 14 1.9 

7 0 14 3.5 

9 0 14 3.3 

3 2000 17 - 

5 2000 16 - 

7 2000 19 - 

9 2000 18 - 

3 4000 23 - 

5 4000 22 - 

7 4000 26 - 

9 4000 25 - 

 

Drainability increases with beating regardless of pH level. There is no big difference in drainability 

between different pH levels compared at the same degree of beating. The charge increases with 

increasing pH level, even though the change is small. This is supported in the literature since a 

bleached pulp contains few charged groups (Sjöström 1989).  

 

In Fig. 20A-20D SEM pictures of both beaten and unbeaten pulps at pH 3 and pH 9 are shown. It 

should be noted that the resolution is not the same in all pictures. Comparing the unbeaten fibers,  

Fig. 20A and Fig. 20B, it seems like a higher pH gives a more collapsed fiber. For the beaten fibers, 

Fig. 20C and Fig. 20D, pH 9 shows a denser fiber network. The difference between the two pH levels 

are smaller than for beaten pulps. When comparing Fig. 20A-20B with Fig. 20C-20D respectively, the 

effect of beating is clearly displayed.  
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Figure 20. SEM pictures for BSW A) pH 3 unbeaten x200 B) pH 9 unbeaten x200 C) pH 3 beaten 4000 revolutions x150 D) pH 9 beaten 
4000 revolutions x150.  

Results from the WRV measurements of the pulp are shown in Fig. 21. No significant difference 

between different pH levels were detected for unbeaten pulps. The pulp beaten at 2000 revolutions 

show that WRV at pH 3 is significantly smaller than WRV at pH 9.  

 

Figure 21. WRV for BSW at different pH levels and with different degree of beating. 
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For the pulp beaten at 4000 revolutions a trend between pH and WRV can be seen. A significant 

difference in WRV is seen between pH 3 and pH 7 as well as between pH 3 and pH 9. The change in 

WRV between the different pH levels is smaller than for NSSC. This correlates well with the fact that 

the amount of charged groups is less in BSW, which is reflected by the smaller increase in WRV. 

Fewer charged groups gives a smaller contribution to the osmotic pressure difference which governs 

swelling (Scallan & Grignon 1979).  

 

Figure 22. Tensile index for BSW at different pH levels and with 
different degree of beating. 

 

Figure 23. Compressive index for BSW at different pH levels and 
with different degree of beating. 

Mechanical properties for laboratory sheets from BSW are shown in Fig. 22-23. No trend is seen for 

either tensile index, tensile stiffness index or compressive index for pulps that are unbeaten or beaten 

at 2000 revolutions. It seems like BSW pulp needs more beating for the pH adjustment to give an 

effect on the mechanical properties. This is reasonable since softwood requires a higher specific edge 

load [J/m] during refining (Annergren & Hagen 2009). This can also be seen by looking at the results 

from the drainability measurements. BSW beaten at 4000 revolutions reaches about the same level as 

NSSC beaten at 2000 revolutions.  

 

The pulp beaten at 4000 revolutions shows a trend that increased pH increases both tensile index and 

compressive index. For both indexes there is a significant difference between pH 3 and pH 9. There is 

no significant difference for tensile stiffness index between any pH levels, at any degree of beating. 
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4.2.3 BHW 

The results from fiber surface charge and drainability measurements are shown in Table 4.  

Table 4. Drainability and fiber surface charge for all combinations of BHW. 

pH Beating °SR Surface charge 

[-] [rev]   [µeq/g] 

3.5 0 15 3.2 

3 0 18 2.4 

5 0 17 6.4 

7 0 19 9.4 

9 0 19 15 

3 2000 28 - 

5 2000 26 - 

7 2000 27 - 

9 2000 27 - 

3 4000 39 - 

5 4000 39 - 

7 4000 38 - 

9 4000 40 - 

 

Drainability increases with beating regardless of pH level. There is no big difference in drainability 

between different pH levels, compared at the same degree of beating. The drainability values are 

higher than those for BSW, for all degrees of beating, which is natural since BHW is more easily 

beaten than BSW (Annergren & Hagen 2009).  

 

The charge increases with increasing pH level, even though the change is small. It should be noted that 

even though the results seem to show that BHW have more charges than BSW, this may not be the 

case. As mentioned earlier, the accuracy of the charge measurements is somewhat uncertain.  

 

The SEM pictures showed no difference between the fibers or network, regardless of pH or degree of 

beating, and are therefore not showed here.  

 

Results from the WRV measurements of the pulp is shown in Fig. 24. No significant difference 

between different pH levels was detected for unbeaten pulps. The WRV results for beaten pulps are 

somewhat inconsistent. There is no trend for how WRV changes with pH for either degree of beating. 

 

The results for the tensile index is shown in Fig. 25. Tensile stiffness index and compressive index 

show the same trends as for tensile index. There is no significant difference between different pH 

levels for neither degree of beating, for any of the mechanical properties. This is in accordance with 

findings from Lindström and Carlsson (1982) as well as Lindström and Kolman (1982), who also 

found no effect of pH on bleached pulp fibers. 
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Figure 24. WRV for BHW at different pH levels and with different 
degree of beating. 

 

Figure 25. Tensile index for BHW at different pH levels and with 
different degree of beating.

The obvious absence of effect from pH adjustments could be due to low amounts of charged groups.  

But this doesn’t explain why BSW, with a similar amount of charges, is affected by pH changes. 

Maybe this depends on the other component that governs swelling, the fibers elastic modulus, which 

creates the resistance towards swelling. There is a possibility that BHW fibers are stiffer, with a higher 

degree of cross-linking in the fiber wall than BSW. This would mean that they are less affected by the 

chemical environment (Lindström 1992). It has been shown by Neagu et al. (2006) that a mix of 

industrial pulped hardwood fibers has a higher fiber stiffness, than a mix of industrial pulped softwood 

fibers. This could be the reason why bleached hardwood fibers don’t get affected by the chemical 

environment compared to bleached softwood fibers. This was not investigated further in this work.   
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4.2.4 Comparison between pulps   

It is evident from the above presented results that, when significance exists, it is pH 3 that shows lower 

properties than the other pH levels. In some cases even pH 9 is required to show any significant 

difference. This could very much depend on, as Grignon and Scallan (1980) suggest, that the pH level 

inside the fiber is several units lower. Thus when the measurements show pH 9, the charged groups 

inside the fiber wall experience a lower pH. This is in good accordance with findings from Hammar et 

al. (2000b) that found the highest swelling and tensile index for pH 9. Since the pKa value of carboxyl 

groups are between 3 and 5 (Sjöström 1989), it is very reasonable to expect a change in WRV when 

the pH exceeds these levels, as described in Section 2.2.   

 

The amount of charges in the pulps is consistent with the literature. NSSC contains the highest amount 

of charges due to high yield and existence of sulfonic groups (Sjöström 1989; Rydholm 1985a). It is 

also evident that the amount of charges corresponds well with the magnitude of the effect on the 

properties. NSSC with a high amount of charges, gets a greater increase in both WRV and all strength 

properties than BSW with the lower amount of charges. This is consistent with findings from 

Banavath et al. (2011) and according to the literature reviewed in Section 2.2. 

 

None of the three pulps shows any effect of the pH adjustment on unbeaten pulps. The absence of 

effect can be explained by that the pH adjustment itself is not enough to create a change in swelling or 

mechanical properties. A theory is suggested by Bäckström and Hammar (2010) that the osmotic 

pressure caused by dissociation of charges and the mechanical treatment during beating works with an 

additive effect. It is thus needed to complement the effect of the osmotic pressure with beating of the 

pulp. Even though pH itself do not have any effect, beating at a higher pH level, gives a higher rate of 

beating. This can be seen in the drainability results for both NSSC and BSW. The increase in 

drainability, due to higher pH level, at the same degree of beating is higher for NSSC than for BSW. 

This can be correlated to the amount of charged groups in the pulps respectively.  
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4.3 Mill trial 

Results from the mill trial will be presented in two separate sections. One for machine made 

anisotropic paper and one for isotropic laboratory sheets.  

4.3.1 Anisotropic papers  

The results from the mechanical testing of the machine made anisotropic paper are shown in Fig. 26A-

26D. All strength properties are expressed as a function of pH, for both machine- and cross direction.  

 

 

 

 

 

Figure 26. Mechanical properties for anisotropic papers of NSSC at the same degree of beating but different pH levels. A) Tensile index for 
both MD and CD B) Tensile stiffness index for both MD and CD C) Compressive index for both MD and CD D) Edge crush resistance 
index. 

None of the mechanical properties shows any tendency to increase/decrease with changed pH. This is 

not surprising since the change in pH is relatively small: around one unit. With Henderson-

Hasselbalch equation (commonly called “Buffertformeln” in Swedish) and with the assumption of a 

pKa value of 4, the dissociation of carboxyl groups at the two different pH levels can be calculated. At 

pH 4.8 and 5.6 approximately 86% respectively 98% of the carboxyl groups are dissociated. Thus they 

are both in the approximately same region of amount of dissociated carboxyl groups, which furthers 

supports the absence of significant difference.  
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4.3.2 Isotropic papers  

The results from fiber surface charge, WRV and drainability measurements are shown in Table 5.  

Table 5. Drainability, WRV and fiber surface charge from the laboratory part of the mill trial.  

pH Beating Charge °SR WRV  

   [µeq/g]  [g/g] 

        Mean value +- 

4.8 Unbeaten 114 14 1.93 0.07 

5.6 Unbeaten 172 14 2.01 0.03 

4.8 Beaten 102 21 2.26 0.02 

5.6 Beaten 269 21 2.35 0.19 

 

Drainability is higher for beaten than unbeaten pulp. There is no difference in drainability between 

different pH levels compared at the same degree of beating. The charge is higher for the pulp with the 

highest pH level. For the pulp with pH 5.6, the charge increases with beating, which is consistent with 

earlier findings (Banavath et al. 2011; Bhardwaj et al. 2004; Horvath & Lindström 2007). There is no 

significant difference in WRV between different pH levels, for either unbeaten or beaten pulps. The 

results from the mechanical testing of the isotropic laboratory sheets are shown in Fig. 27A-27D. 

 

Figure 27. Mechanical properties for isotropic papers of NSSC at different pH levels and degree of beating. A) Tensile index B) Tensile 
stiffness index C) Compressive index D) Edge crush resistance index.  
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There is no significant difference in tensile index, tensile stiffness index and compressive index 

between the two different pH levels, for either unbeaten or beaten pulps. The only significant 

difference that is seen is the edge crush resistance index for beaten pulps. It is somewhat uncertain 

why only this strength property is affected by such a small change in pH.  

 

There are several reasons to why it is not possible to directly compare the results from the mill trial 

(isotropic sheets) with the laboratory study. Firstly, a comparison between sheets from unbeaten pulps 

is unnecessary, since none of the trials showed any significance difference between different pH 

levels. Comparing the beaten pulps is superfluous, since the degree of beating in the laboratory study 

differs from the mill trial. Secondly, the time after pH adjustment differs. In the laboratory study the 

pulps were left overnight before beating and sheet forming. In the mill trial the pulp were exposed to 

the new pH level only 10-20 minutes before beating, but left over night before sheet forming, WRV 

and charge measurements. This makes it impossible to compare the results from laboratory study with 

the mill trial.   

 

To enable a comparison between the mill trial and the laboratory study, sheet forming, WRV and 

charge measurements should have been done directly after the pulp sampling. This would have given a 

possibility to determine how different times that have elapsed since the pH adjustments affects the 

results. 10-20 minutes for the mill trial and 24 hours for the laboratory study. In this study this was not 

feasible since the experimental equipment were located at another location than the mill.  
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5. Conclusions 

5.1 Principal findings  

The main scope of this work was to determine the effect of pH on fiber and paper properties. From the 

laboratory and mill trial the following conclusions could be drawn:   

 The neutral sulfite semi-chemical pulp is affected by changes in pH. A higher pH level, for the 

pulp beaten at 2000 revolutions, increases the fiber surface charge, WRV, tensile index, tensile 

stiffness index, compressive index and edge crush resistance index. pH 3 has a significant 

lower level for all mentioned properties.  

 Bleached softwood pulp is affected by changes in pH but in a minor extent compared to 

NSSC. A higher pH level, for the pulp beaten at 4000 revolutions, increases the fiber surface 

charge, WRV, tensile index and compressive index. pH 3 has a significant lower level for all 

mentioned properties.  

 The magnitude of the effect of pH is dependent on the amount of fiber surface charged groups 

in the pulp. This was seen for the difference in effect on NSSC and BSW.  

 It was verified by SEM pictures, for both NSSC and BSW, that pH 9 give rise to a denser 

network and somewhat more collapsed fibers than pH 3.  

 A higher pH level during beating increases the rate of beating for NSSC and BSW. A smaller 

effect was seen for BSW than NSSC.   

 Bleached hardwood pulp was not affected by changes in pH.  

 Unbeaten pulps was not affected by changes in pH.  

 No significant difference was seen between pH 4.8 and pH 5.6 in the mill trial.  
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5.2 Future work  

Future work could be to expand the investigation to include more than mechanical properties, for 

example optical properties such as brightness. It would also be interesting to examine the effect of pH 

at more degrees of beating. At lower degrees of beating for NSSC and higher degrees of beating for 

BSW. The analysis could be complemented with characterization of fiber properties such as fiber 

length, thickness and deformations. This would give a more expanded explanation of what happens 

with the fibers during beating at different pH levels.  

 

Another point of view could be to examine the effect of different pH levels with varying amount of 

beating at a constant WRV level. Would less energy be needed at a higher pH level to obtain the same 

WRV value? Will the mechanical properties be the same?  

 

The laboratory part could be improved on several aspects. The pH adjustment could be performed at a 

lower concentration to facilitate stirring and enhance a more even distribution of pH. A reasonable 

suggestion would be at 1.5% or 2%, depending on type of pulp, to minimize the number of stages with 

dilutions. This would make it easier to maintain the correct pH during the whole experiment.  

 

It would also be very interesting to examine the effect of pH on NSSC at mill scale, with the 

possibility to increase pH. Since the laboratory study show significant difference in both swelling and 

strength properties when pH is raised to levels above pH 5, it would be of great value to explore if this 

is true on mill scale and which consequences this have on dewatering and runability.   
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7. Appendix 

Table A1. Fiber surface charge at different times for all pulps from the pre-study: time-dependence of pH. 

Time Surface charge 

[min] [μeq/g] 

 NSSC BSW BHW 

0 102 3 6 

15 116 3 5 

30 118 3 6 

45 108 2  

60 106 4 4 

75 108 7 5 

90 109 3 6 

105 109 3 8 

120 112 3 5 

135 109 3 5 

150 114 3 5 

165 116 3 5 

180 117 4 6 

210 117 2 5 

240 118 3 6 

270 118 3 6 

300 120 3 6 

330 121 4 7 

360 122 3 7 

390 121 3 7 

420 127 3 7 

1440 125 4 7 

 
 

Table A2. WRV at different times for all pulps from the pre-study: time-dependence of pH. 

Time WRV WRV WRV 

[h] [g/g] [g/g] [g/g] 

 NSSC BSW BHW 

 Mean value +- Mean value +- Mean value +- 

0 1.91 0.02 1.61 0.02 1.8 0.02 

3 1.97 0.02 1.68 0.01 1.81 0.04 

6 2.04 0.03 1.73 0.02 1.84 0.01 

24 2.05 0.05 1.75 0.03 1.88 0.02 
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Table A3. WRV, grammage, thickness and density for NSSC from the laboratory study. 

pH Beating WRV Grammage Thickness Density 

  [g/g] [g/m2] [µm] [g/cm3] 

  Mean value +- Mean value +- Mean value +- Mean value +- 

5.22 0 2.00 0.07       

3 0 1.96 0.03 123 8 209 15 0.59 0.06 

3 2000 2.48 0.05 112 6 137 8 0.82 0.06 

3 4000 3.55 0.11 113 3 118 4 0.95 0.04 

5 0 1.99 0.07 136 7 240 23 0.57 0.06 

5 2000 2.67 0.16 132 5 153 4 0.86 0.04 

5 4000 3.31 0.18 147 3 149 4 0.98 0.03 

7 0 1.98 0.07 153 9 254 15 0.60 0.05 

7 2000 2.72 0.13 155 3 180 5 0.86 0.03 

7 4000 2.95 0.07 157 4 165 8 0.95 0.05 

9 0 1.99 0.00 137 6 242 15 0.56 0.04 

9 2000 2.90 0.18 137 5 158 6 0.87 0.05 

9 4000 3.18 0.08 160 4 163 4 0.98 0.03 

 
 

Table A4. Mechanical properties for NSSC from the laboratory study. 

pH Beating Tensile index Tensile stiffness index SCT CCT 

  [kNm/kg] [MNm/kg] [kNm/kg] [Nm/g] 

  Mean value +- Mean value +- Mean value +- Mean value +- 

5.22 0         

3 0 24.4 2.6 3.48 0.27 15.5 1.4 9.9 1.4 

3 2000 71.1 6.4 6.55 0.59 30.3 2.3 26.7 2.2 

3 4000 87.6 3.8 7.23 0.28 36.6 1.3 31.5 1.4 

5 0 22.3 2.2 3.37 0.24 15.5 1.0 10.9 0.9 

5 2000 86.3 5.5 7.60 0.44 35.2 1.8 29.7 1.9 

5 4000 93.4 5.8 7.76 0.29 39.3 1.5 33.5 1.1 

7 0 28.6 2.1 4.28 0.29 17.9 1.2 12.3 1.5 

7 2000 83.1 3.3 7.29 0.23 35.5 0.9 30.5 1.0 

7 4000 93.1 4.7 7.73 0.27 39.0 1.3 38.8 1.9 

9 0 24.5 2.4 4.03 0.26 16.0 1.1 12.0 0.6 

9 2000 81.6 3.7 7.35 0.37 34.8 1.4 29.7 2.0 

9 4000 92.3 4.7 7.75 0.35 39.0 1.5 34.9 1.7 
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Table A5. WRV, grammage, thickness and density for BSW from the laboratory study. 

pH Beating WRV Grammage Thickness Density 

  [g/g] [g/m2] [µm] [g/cm3] 

  Mean value +- Mean value +- Mean value +- Mean value +- 

5.32 0 1.61 0.03       

3 0 1.62 0.04 129 6 232 14 0.55 0.04 

3 2000 1.91 0.01 141 3 177 3 0.80 0.02 

3 4000 2.01 0.02 153 4 181 5 0.85 0.03 

5 0 1.62 0.03 138 4 246 17 0.56 0.04 

5 2000 1.94 0.02 134 5 171 4 0.79 0.03 

5 4000 2.07 0.06 146 3 173 4 0.84 0.03 

7 0 1.62 0.02 142 5 238 19 0.60 0.05 

7 2000 1.94 0.02 146 4 166 5 0.87 0.03 

7 4000 2.12 0.04 156 2 168 3 0.93 0.02 

9 0 1.60 0.03 146 4 249 20 0.58 0.05 

9 2000 1.95 0.03 155 7 179 10 0.87 0.06 

9 4000 2.13 0.03 148 1 160 2 0.93 0.02 

 
 

Table A6. Mechanical properties for BSW from the laboratory study. 

pH Beating Tensile index Tensile stiffness index SCT 

  [kNm/kg] [MNm/kg] [kNm/kg] 

  Mean value +- Mean value +- Mean value +- 

5.32 0       

3 0 26.0 3.2 3.38 0.34 15.5 1.1 

3 2000 84.9 3.4 7.25 0.23 28.0 0.7 

3 4000 90.6 7.3 7.51 0.46 30.5 1.1 

5 0 25.1 1.5 3.20 0.18 13.6 1.1 

5 2000 80.9 5.0 6.97 0.39 28.0 1.1 

5 4000 100.5 5.5 8.18 0.40 31.3 1.6 

7 0 29.2 2.3 3.70 0.26 15.4 1.3 

7 2000 91.7 6.1 7.44 0.55 29.2 1.0 

7 4000 95.5 4.5 7.71 0.25 30.8 0.6 

9 0 29.0 2.0 3.36 0.29 14.7 1.0 

9 2000 91.7 6.0 7.20 0.43 29.0 1.3 

9 4000 105.1 4.8 8.08 0.41 33.7 0.6 
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Table A7. WRV, grammage, thickness and density for BHW from the laboratory study. 

pH Beating WRV Grammage Thickness Density 

  [g/g] [g/m2] [µm] [g/cm3] 

  Mean value +- Mean value +- Mean value +- Mean value +- 

3.51 0 1.86 0.01       

3 0 1.85 0.02 121 4 181 9 0.67 0.04 

3 2000 2.30 0.05 138 1 162 3 0.86 0.02 

3 4000 2.30 0.01 179 3 196 5 0.92 0.03 

5 0 1.85 0.02 139 4 204 5 0.68 0.03 

5 2000 2.14 0.05 166 3 194 2 0.85 0.02 

5 4000 2.36 0.04 162 2 182 3 0.89 0.02 

7 0 1.85 0.03 176 10 264 24 0.66 0.07 

7 2000 2.10 0.02 193 2 224 4 0.86 0.02 

7 4000 2.20 0.01 209 9 227 9 0.92 0.05 

9 0 1.85 0.03 167 1 247 12 0.67 0.03 

9 2000 2.21 0.10 180 2 207 3 0.87 0.02 

9 4000 2.32 0.03 192 4 210 5 0.92 0.03 

 
 

Table A8. Mechanical properties for BHW from the laboratory study. 

pH Beating Tensile index Tensile stiffness index SCT 

  [kNm/kg] [MNm/kg] [kNm/kg] 

  Mean value +- Mean value +- Mean value +- 

3.51 0       

3 0 48.7 3.1 6.29 0.28 25.4 1.0 

3 2000 92.7 2.7 7.94 0.16 35.0 0.6 

3 4000 96.3 4.4 7.76 0.25 35.6 0.8 

5 0 49.2 2.4 6.02 0.29 25.7 1.0 

5 2000 96.1 6.1 8.46 0.38 34.5 1.1 

5 4000 96.5 4.1 8.37 0.14 36.4 0.7 

7 0 46.6 3.6 5.88 0.41 24.2 1.7 

7 2000 92.8 3.4 8.12 0.28 35.0 0.8 

7 4000 95.6 7.2 7.99 0.45 35.3 1.8 

9 0 46.8 2.1 5.91 0.21 24.7 1.1 

9 2000 95.6 3.7 8.13 0.22 35.7 0.7 

9 4000 95.4 5.0 8.19 0.28 36.4 0.9 
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Table A9. WRV, grammage, thickness and density from the laboratory part of the mill trial.  

pH Beating WRV  Grammage Thickness  Density  

    [g/g] [g/m2] [µm] [g/cm3] 

    Mean value +- Mean value +- Mean value +- Mean value +- 

4.8 Unbeaten 1.93 0.07 147 3 208 6 0.71 0.03 

4.8 Beaten 2.26 0.02 151 8 188 9 0.80 0.06 

5.6 Unbeaten 2.01 0.03 152 8 209 8 0.73 0.05 

5.6 Beaten 2.35 0.19 158 9 195 11 0.81 0.06 

 
 

Table A106. Mechanical properties from the laboratory part of the mill trial. 

pH Beating Tensile index  Tensile stiffness index  SCT  CCT  

    [kNm/kg] [MNm/kg] [kNm/kg] [Nm/g] 

    Mean value +- Mean value +- Mean value +- Mean value +- 

4.8 Unbeaten 33.6 4.2 4.67 0.21 20.7 1.2 15.1 0.6 

4.8 Beaten 72.0 6.1 6.58 0.44 28.8 2.0 21.8 1.5 

5.6 Unbeaten 35.6 2.0 4.61 0.25 20.7 1.3 15.8 0.9 

5.6 Beaten 77.3 5.3 7.27 0.48 26.0 1.9 26.3 1.7 

 
 

Table A11. Results from the testing of anisotropic papers in the mill trial. 

pH  Tensile index Tensile stiffness index  SCT CCT  

 [kNm/kg] [MNm/kg] [kNm/kg] [Nm/g] 

  MD CD MD CD MD CD   

4.4 118 36.2 10.2 3.30 47.8 24.5 20.5 

4.5 120 36.9 10.0 3.32 47.5 25.2 21.5 

4.6 118 35.4 10.1 3.33 48.7 25.6 22.3 

4.8 123 36.9 10.2 3.38 52.3 26.4 21.7 

4.9 119 36.9 9.77 3.29 47.6 24.4 21.3 

4.9 118 37.7 10.0 3.38 48.7 26.4 22.2 

5.0 127 37.7 10.3 3.32 49.7 25.3 21.8 

5.0 121 35.4 10.0 3.19 50.1 25.2 21.6 

5.0 124 38.5 10.0 3.45 48.9 24.9 21.5 

5.0 122 35.4 10.1 3.25 48.5 25.5 21.8 

5.0 119 36.9 9.52 3.35 47.6 26.2 21.8 

5.7 119 39.2 9.95 3.47 48.1 26.2 21.8 

5.7 114 36.2 9.74 3.36 48.2 24.7 21.7 

5.7 128 36.9 10.1 3.49 45.5 28.0 22.2 

 


