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Abstract 
The purpose of this bachelor thesis was to investigate how charged groups within the 

pulp fibre affect the beatability and the strength of the papers. To obtain different 

levels of charges on the pulp it was carboxymethylated. The different pulp samples 

were beaten to different degrees to investigate how charges interact with the beating. 

A PFI-mill was used for the beating because of the relatively homogenous effect on 

the fibres and the low demand for pulp fibres for each beating. The influence of the 

amount of charged groups on the surface and bulk swelling, as a result of the beating 

process, was evaluated.  

 

The fibres were then analysed in a Fibre tester and using a microscope to see what had 

happened to the fibre structure.  The results showed that the PFI-mill mainly affects 

the surface of the fibres. The beatability, defined as the swelling obtain for a specific 

energy input, was greatly increased by the introduction of charges. It was also shown 

that there is a possibility to replace some of the energy input in the mill with the 

introduction of charges to obtain the same swelling and strength.  

 

Paper sheets were formed from the different samples and some mechanical properties 

were analyzed. It was shown that the strength was initially improved by the 

introduction of charges but the improvement was partially lost during the beating. At 

the highest rate of beating the difference in strength between the samples had 

disappeared. This can be explained by the fact that the fibres, from the sample with 

highest number of charges, were destroyed. Microscopic images showed that the fibre 

was delaminated and at some sites there were extreme balloon-like swellings. 
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Sammanfattning 
Syftet med detta examensarbete var att undersöka hur laddade grupper hos 

massafibrer påverkar malbarheten och styrkan hos de papper som tillverkats av dessa 

fibrer. För att skapa olika laddningsnivåer karboxymetylerades viss del av massan för 

att introducera laddade grupper, två delar av ursprungsmassan karboxymetylerades 

och en del användes som referensmassa.  

 

De olika massaproverna maldes i olika nivåer för att undersöka hur laddningarna och 

malningen interagerade. En PFI-kvarn användes för att mala fibrerna då det endast 

krävs små mängder fibrer och denna typ av kvarn påverkar fibrerna relativt homogent.  

 

Fibrerna analyserades sedan i en Fibre tester och med ett mikroskop för att se vad som 

hade hänt med fiberstrukturen. Resultaten visade att en PFI-kvarn till största delen 

påverkar fibrernas yta.  Malbarheten, som definierades som den svällning som 

åstadkoms vid en viss energiinsats i form av malvarv i kvarnen, ökades markant då 

ytterligare laddningar fanns närvarande i fibrerna. Det visades också att det går att 

ersätta en del av malningen med introduktion av laddningar till fibrerna för att uppnå 

samma svällning och styrka.  

 

Pappersark tillverkades därefter av de olika massatyperna och några mekaniska 

egenskaper testades. Det visades att styrkan ökades initialt av introduktionen av 

laddningar men denna förbättring minskade vid malningen. Vid den högsta malgraden 

hade skillnaden mellan de olika massorna försvunnit. Det kan förklaras av att fibrerna, 

från den massatyp med mest laddningar, hade förstörts. På vissa ställen hade fibern 

helt delaminerats och extrema ballonglika svällningar fanns.  
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1. Introduction 
Within papermaking beating of the pulp is an important process stage. The purpose is 

to increase the strength of the produced paper. However, the beating process also 

affects some pulp and paper properties negatively. The increase in fines content and 

the swelling of the pulp fibres decreases the drainability of the wet paper web. 

Additionally, beating uses a lot of electrical energy and therefore it is necessary to 

increase the knowledge about this process to be able to reduce the energy 

consumption and to understand how the strength can be increased without undesirable 

negative effects. The understanding of the process might enable modifications of the 

fibres to enhance paper strength or other wanted properties with less energy input.  

 

A decrease in electric energy usage does not only affect the economy, it is also 

important to remember that there is a correlation between the energy production and 

the use of nature’s resources. Thus there are more areas than just the economy that 

could profit from this improvement.  

1.1 Purpose 

The aim of this bachelor’s thesis is to investigate how the amount and location of 

carboxyl groups affect the beatability of bleached softwood kraft pulp. The beatability 

is defined as the swelling obtained for a specific energy input. A PFI-mill was used to 

beat the pulp to three different levels of beating. This document contains a 

comparison, between the reference pulp and pulps with two different content of 

carboxylic groups which is also known as degree of substitution (D.S.). There will 

also be an evaluation of the paper characteristics as a function of the specific energy 

input for all three types of pulp. 

 

Charged groups, carboxylic acid groups, were introduced to the fibres by 

carboxymethylation. After the carboxymethylation the fibres were beaten and the 

degree of swelling was measured with the Water Retention Value (WRV). The 

swelling was divided into surface swelling and bulk swelling. The different types of 

swelling were determined using a high molecular weight polymer, poly-

diallyldimethylammonium chloride, to block the surface charges. Paper sheets were 

also made and their mechanical properties were evaluated.  

1.2 Delimitation 

The type of pulp used in this study was bleached softwood kraft pulp from Skärblacka 

paper mill. A PFI mill was chosen for beating the pulp mainly because of the low 

requirement of pulp compared to other laboratory refiners. After the beating the pulp 

suspension was analysed with Schopper-Riegler number and the Water Retention 

Value. The WRV was tested in two different ionic forms, H-form and Na-form, with 

fines present and without. Paper sheets were produced from pulp in Ca-form without 

fines and the tensile strength and density of the papers were tested.  
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The different levels of ionic content were chosen so that there would be a distinct 

difference between the samples, not to correspond to a realistic industrial use. The 

large amount of charges present at the 0.08-pulp made it difficult to handle. The 

dewatering of that sample took significantly longer than for the others for an example.  
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2. Background 
In this section there will be some theoretical background about the subject. Some 

theory about beating and charged groups will be presented here. Some definitions 

about different types of swelling is also included in this section.  

2.1 Beating 

The reason why the pulp is beaten is to accomplish certain wanted characteristics, 

mainly strength of the produced paper. Beating is a mechanical process where the 

fibres become flexible and the proportion of fines is increased. These changes 

increase the contact between the fibres and thus higher paper strength is obtained. 

During the refining the fibres are affected in many ways. They get straightened or 

curved, shortened, internal and external fibrillation occurs and fines are produced.  

 

In the PFI-mill, which is used in this thesis, the effect of beating on the fibres is rather 

homogenous. This is not the case in most of the industrial mills where refining may be 

considered as a rather inhomogeneous process on a fibre level. (STFI-message series 

B no. 585 1981)  

 

It has been shown by Lindström (1992) that the swelling of unbleached kraft pulp 

during beating is affected by different electrolytes that affect the swelling of the fibre 

cell wall. However, no significant effect was seen when using bleached kraft pulp 

because of the few carboxyl groups present in the fibre. Since the bleached pulp used 

in this work had carboxyl groups introduced to fibres, the same effect in beating can 

be expected as for the unbleached kraft pulp. 

2.2 Charged groups 

The cellulosic fibres consist of glucose units, as mentioned earlier. The hydroxyl 

groups, that are a part of the glucose unit, can be used to create additional charges in 

the cellulosic fibre (Fors 2000). During the carboxymethylation, chloroacetic acid is 

added to the fibres and the result is that the hydroxyl group is converted into a 

carboxylic acid group. It is worth mentioning that the fibres already contain a certain 

amount of these groups in their natural state. However, the majority of the charged 

groups are found in the lignin and hemicellulose (STFI-message series B no. 585 

1981). Since the pulp was never dried there were a lot of reactive sites in the cell wall 

and therefore the reaction of chloroacetic acid in the bulk should be favoured (Laine 

et al. 2003). 

 

The process to produce the pulp affects the pulp and the charges within the structure. 

In chemically produced pulp the lignin and some hemicelluloses have been removed 

from the fibre. Since there are a lot of charges present in the lignin and hemicelluloses 

the chemical pulp loses some charges. This is not the case for the mechanical pulp, 

where there is no removal of lignin or hemicelluloses.  

 

The carboxylic acid groups can, when they are attached to the cellulose or 

hemicellulose, act as a cationic ion-exchanger. Depending on the chemical 

surroundings the acid group in the fibres may be dissociated or not. The carboxylic 

groups have H
+
 attached as a counterion when the pulp is in its undissociated form. 

The hydrogen can be exchanged for metallic ions, and the absorption strength is 
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increased by increased valence of the metallic ion. The counter ions of the charged 

group affect the swelling properties of the fibres. It is therefore important for the 

studies that the fibres are in a given ionic form. (STFI-message series B no. 585 1981, 

Lindström 1992)  

 

The drainage and swelling of the pulp is affected by electrolytes present by interaction 

with the charged groups (Lindström 1992). The drainability increased with an 

increased concentration of electrolytes. Electrostatic repulsion by negatively charged 

groups is the cause of swelling according to the theory of charged electrolytic gels 

(Flory 1953). The minimum swelling is obtained when the pulp is in its hydrogen 

form and the maximum swelling when Na
+
 ions are present as counterions.  

 

The carboxyl groups that are introduced to the fibres are believed to provide 

additional intermolecular strength by hydrogen bonding (Bristow et al. 1992).  These 

groups could also contribute to increased pressure within the fibre by electrostatic 

repulsion. This repulsion could make the fibres more flexible but there is also the 

possibility of weakening the inner structure.  

2.3 Definitions of different types of swelling 

It was necessary to make some definitions of different types of swelling to be able to 

analyse the results. Firstly the maximum swelling is defined as the state when the pulp 

is in its Na-form and the minimum swelling is defined as pulp in its H-form. The 

charges are considered to have a minimum effect on the swelling for the fibres in the 

H-form. The bulk swelling was analysed as the WRV when the surface charges was 

blocked by poly-DADMAC, equation 2.1, and the surface swelling was calculated as 

the difference in WRV between the pulp in Na-form and when the surface was 

blocked, see eq. 2.2.  

 

polyNaBulk WRVWRV    (g H2O/g pulp)  [2.1] 

polyNaNaSurface WRVWRVWRV   (g H2O/g pulp)  [2.2] 

 

These swelling values include swelling caused by osmotic pressure as well as the 

ionic interactions. To interpret the effect of the charges on the swelling two new 

calculations were made. The first one, 2.3, is defined as the percentage of the bulk 

swelling caused by charges in relation to the total swelling caused by the charges 

present.  

%100% 







HNa

HpolyNa

Bulk
WRVWRV

WRVWRV
WRV  (-)  [2.3] 

Equation 2.4 is calculating the surface swelling, caused by charges, in relation to the 

total swelling caused by charges. 

%100% 







HNa

polyNaNa

Surface
WRVWRV

WRVWRV
WRV  (-)  [2.4] 



 10 

3. Materials and methods 
In this section the methods that were used will be described as well as the materials 

used. There is also a list about which pulp samples that were analyzed in a 

microscope.  

3.1 Cellulosic fibres 

The pulp used in this experiment was industrially cooked bleached softwood, pine 

kraft pulp.  

3.2 Carboxymethylation 

To introduce charges to the fibres carboxymethylation was used. The methylation is 

based on a procedure outlined by Walecka (1956). The pulp was first disintegrated at 

10 000 revolutions, 30 grams of dry pulp in 2 litres. All of the quantities mentioned 

ahead correlates to 110 grams of dry pulp. After the disintegration, the pulp was 

solvent exchanged to ethanol by filtering off the water and then soaking the pulp in 1 

litre of ethanol. The pulp was left in the ethanol for 10 minutes during some 

occasional stirring and then filtered off. The same procedure of soaking the pulp in 

ethanol was repeated three more times. Following the last filtering, the pulp was 

soaked in a solution of monochloroacetic acid in 2-propanol for 30 minutes. For D.S. 

0.04, 36 mg chloroacetic acid/g pulp was used and it was solved in 500 ml of 2-

propanol. For D.S. 0.08, 73 mg chloroacetic acid/gram pulp was used and it was 

solved in the same volume of 2-propanol. Another solution was then prepared by 

solving 16.2 grams of NaOH in 500 ml methanol. That solution was then added to 

2000 ml of 2-propanol and the mix was heated to the boiling temperature. After 30 

minutes in the solution of chloroacetic acid and propanol the pulp and solvent were 

put together with the solvent mixture of 2-propanol, methanol and sodium hydroxide 

prior to reaction in this boiling mixture for one hour. After that treatment the pulp was 

washed first with approximately 20 litres of deionized water, so no metallic ions were 

introduced to the fibres, and then 2 litres of 0.1 M acetic acid followed by another 10 

litres of deionized water. A solution of 80 grams NaHCO3 in 2 litres of deionized 

water was made and the pulp was soaked in that solution for 60 minutes.  Finally, the 

last step involved washing of the pulp with approximately 15 litres of deionized 

water.   

 

The reference pulp was not treated as outlined above with the absence of chloroacetic 

acid because of both practical reasons and the fact that is has been shown that there 

was just a small difference in WRV between the heated pulp and the untreated pulp. 

(Duker 2007)  

3.3 Ion-exchange 

The importance of the ionic form of the pulp was earlier discussed in chapter 2. 

Therefore it is important to have all samples in the same form to be able to compare 

them.  

 

To transform the pulp into its hydrogen form, a slurry of 25-30 gram/litre was made. 

To this slurry hydrochloric acid was added so that the pH became 2. The pulp was left 

in that solution for 30 minutes, some controls were made to ensure that the pH always 

remained at 2, prior to washing with deionized water. The reason why deionized 
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water was used is to keep cationic ions away from the fibres in order to avoid ion 

exchange to undesired ionic forms. The pulp was washed until the conductivity of the 

filtrate was less than 5 µS/cm. The pulp had now been converted to its H-form.  

 

Transformation of the pulp to its sodium form is described in this section. The 

following steps are made with pulp in its H-form. The pulp was soaked in a solution 

of 1 mM NaHCO3. pH was measured after 10 minutes and then NaOH was added to 

bring pH to 9. Some controls were also performed here to ensure that pH remained at 

9. After 30 minutes of reaction the pulp was washed with deionized water until the 

conductivity of the filtrate was below 5 µS/cm. The pulp was then considered to be 

present in its Na-form. (Wågberg et al. 1985)  

 

The washing was performed in a Büchner funnel with MUNKTELL filter with quality 

number 3.  

3.4 Total charge 

To evaluate if the methylation had gone well a conductometric titration was 

performed on each D.S. and on the reference pulp (Katz el al. 1984). Prior to titration 

the pulp samples were transformed to their H-form according to the procedure 

mentioned above. 0.4 – 1 g dry fibre was added to 485 ml deionized water. 10 ml 0.01 

M NaCl and 5 ml 0.01 M HCl was added. 0.05 M NaOH was used as titrator and the 

conductivity was determined.  

3.5 Surface charge 

Polyelectrolyte titration was used to determine the surface charge of each type of pulp 

according to the procedure presented by Wågberg et al. (1985). The polymer used, 

poly-DADMAC, had an average molecular weight of 61047,0   g/mole.  

3.6 Beating 

The ionic form of the pulp is an important factor for the result during beating. 

Because of that all samples of the pulp was converted to the Na-form prior to beating. 

The pulp is highly swollen when in its Na-form and that improves the beatability 

according to Hammar et al. (2000).  

 

Prior to beating all of the three pulp batches were transformed to their Na-form. 30 g 

of dry pulp was then disintegrated for 10 000 revolutions in 2 litres deionized water. 

The pulp slurry was then filtered to reduce the amount of water so that the sample of 

pulp including water weighed 200-250 g. Deionized water was added until the weight 

was 300 g, the sample then contained the proper amount of water. Three different 

levels of beating was used; 1 000, 3 000 and 5 000 revolutions, in the PFI-mill. The 

pulp was again disintegrated and finally diluted to a concentration of 3 g/litre. The 

tests that would be performed demanded more than 30 g of dried pulp and therefore 

two beatings were performed for each type of pulp and rate of beating, the total mass 

became 60 g dried pulp.  
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3.7 Schopper-Riegler number 

This test was performed according to ISO 5267-1:1999 with some modifications. 

Within 30 minutes after the pulp had been beaten in the mill an analysis of the SR-

number was made. Two separate samples of 2 g dried pulp were taken out of the pulp 

suspension and disintegrated prior to the analysis. Deionized water was added so that 

the total volume of the sample was 1000 ml. The pulp suspension was cooled down to 

a temperature of 20.0 ± 0.5 ºC. The solution was then poured into the drainer. After 

using the apparatus the drained water was weighed and the pulp was filtered off and 

dried overnight in an oven prior to determination of the dry weight.  

3.8 Microscopy 

Microscopic images were used to analyze the effects of introduced charges to the 

single fibre. The microscope used was a Zeiss Axioplan, images taken using phase 

contrast technique. The different forms of pulp analyzed can be seen in the following 

list.  

 

Reference pulp 

- Na-form, unbeaten  - Na-form, 5000 revolutions 

0.04-pulp 

- Na-form, unbeaten  - Na-form, 5000 revolutions 

0.08-pulp 

- Na-form, unbeaten  - Na-form, 1000 revolutions   

- Na-form, 5000 revolutions - H-form, 5000 revolutions 

3.9 Removal of fines  

To remove the fines from the pulp an apparatus consisting of a nylon wire with 71 

mesh (~224 µm), a metal wire and a stirrer, spinning at 750 rpm, was used. For a 

schematic picture see appendix 2. Approximately 25 g of dry weight pulp was taken 

out. The pulp suspension was repeatedly soaked and washed five times, using a total 

of 65 litres deionized water. The fines were then considered to have been removed 

from the sample. The washing water went from grey to clear blue and it was only 

possible to see small amounts of fines in the water after the final wash.  

3.10 Water Retention Value 

The swelling was analysed with a WRV-test. It measures the ability of the pulp 

sample to retain water. To interpret whether the swelling took place at the bulk or at 

the surface different ionic forms of the pulp were tested. The poly-DADMAC was 

also used for this cause.  

 

The water retention value was determined according to SCAN-C 62:00. WRV was 

tested for pulp in H-form without fines and in Na-form with and without fines. Poly-

DADMAC, average Mw 61047,0  , was also added to some samples in Na-form prior 

to the determination of WRV.  



 13 

3.10.1 Blocking of surface charges by polymer 

A polymer, poly-DADMAC, was used to block the surface charges and prevent the 

surface from swelling (Fors 2000, Laine et al. 2003). Pulp without fines in the Na-

form was used in this process. This high molecular weight cationic polymer is large 

enough to not be able to penetrate the pores of the fibre. It attaches to the surface 

charges and deswells the fibre. The method of adding the polymer to the pulp sample 

followed the same procedure as for the polyelectrolytic titration. The pulp was 

immersed in a solution of 3101  M NaHCO3. Since the surface charge had been 

analysed a pulp sample that still contained fines that analysis was used as base for 

calculating the proper amount of polymer needed. An excess of 100 % was used to be 

certain that all charges was blocked. After the addition of polymer the solutions were 

left on a stirrer for 30 min prior to washing. The pulp was washed with deionized 

water until the conductivity of the filtrate was < 5 µS/cm.  

3.11 Fibre properties 

The Innventia Fibre tester from Lorentzon & Wettre was used to perform an analysis 

on the fibre suspension. This apparatus analysed the fibres, using a standardized 

method, and gave some information about the fibre properties, e.g. fibre length, width 

and shape factor.  

3.12 Paper sheet making 

The paper sheets were made according to SCAN-C26:76. This standard specifies the 

weight of the paper that has dried in a conditioned room, 23 ºC and 50 % RH, to 1.63-

1.85 g. Therefore approximately 1.63 g of dry weight pulp, in Na-form with fines 

removed, was used for each paper sheet. Tap water was used so the pulp was then 

transferred to Ca-form. After the dewatering the sheets were pressed first for 5.5 min 

at 3.65 bar and then again for 2 min at the same pressure. Finally the sheets were 

dried under restraint in a conditioned room, 23 ºC and 50 % RH, over night. The 

approximate weight of each paper in conditioned state was 1.8 gram. A total of six 

sheets were made for each type of pulp and rate of beating.  

3.13 Paper properties 

This section describes the methods to evaluate the properties of the paper sheet made. 

The tensile strength was tested to evaluate the impact of the charges on the strength of 

the paper.  

3.13.1 Surface grammage 

The density of each paper was determined using the thickness and surface basis 

weight of the sheets. Firstly, all six sheets were weighed. The four with the smallest 

difference in weight was then used to calculate a mean weight for each paper. The 

area of each paper sheet was 0,027 m
2
 and it was used, together with the mean weight 

of the four sheets, to calculate the surface grammage of the papers, see eq. 3.5.  

A

m
msurface   (g/m

2
)    [3.5] 
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3.13.2 Paper density 

The density was calculated by dividing thickness of the paper by the surface 

grammage. Firstly the thickness of each paper was measured. 12 points on each 

bundle of paper, same papers which was used for the calculation of the surface 

grammage, was used to measure the thickness and finally the mean thickness was 

calculated from each of these 12 points. When the thickness, h, and surface 

grammage, msurface, was known the density of each paper was calculated using eq. 3.6.  

1000
surfacem

h
  (kg/m

3
)    [3.6] 

The density of the paper was later used to index the tensile strength of the sheets.    

3.13.3 Tensile strength 

The tensile strength of the manufactured papers was determined following ISO 1924-

2:2008. The method specifies 12 measurements for each type of paper so therefore 

three strips were cut out from the middle of each sheet. Every strip had a width of 15 

mm. The average tensile strength, S, was calculated from these 12 strips. It was then 

divided by the density of the paper, ρ, to give the tensile strength index, TI, see eq. 

3.7.  

 


S
TI   (Nm/g)    [3.7] 
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Figure 4.1 – The effect of the introduced charges on the swelling of the unrefined pulps. The 

WRV is for pulp without fines.  

 

4. Results 
In this section the results from the analyses will be presented. Some figures and some 

pictures can be seen in the appendices.    

4.1 Degree of substitution 

Both surface charge and total charge titrations were performed on the unbeaten pulp 

after the carboxymethylation. In table 4.1 the results are presented, the 

carboxymethylation clearly affected both the 

surface and total charge. There were three 

distinct levels of charges for the pulps. The total 

charge increased from 48 to 494 µeq/g. The 

percental increase in surface charge was the 

same as for the total charge, from 3.1 to 29.5 

µeq/g. It was a rather large increase in amount of 

charges and the difference between the pulps 

could be felt by hand. The pulp with highest 

charge felt very slippery, almost soap-like. When 

washing the pulps there was a big difference in 

the ability to dewater.  

 

The effect of the charges on the swelling of the unbeaten pulp, without fines, at the 

three different levels of total charges can be seen in figure 4.1. It can be noted that 

there was not a big difference in WRV for the different pulps in H-form. However, 

when the pulp was in Na-form the WRV increased from 139 to 195 % for the 

different levels of ionic content.    

 

 

Pulp type 

Total 
charge 
(µeq/g) 

Surface 
charge 
(µeq/g) 

Reference 
pulp 

48 3,1 

D.S. 0.04-
pulp 

214 10,3 

D.S. 0.08-
pulp 

494 29,5 

Table 4.1 – The total and surface 

charges of the different pulps. Fines 

are present in the fibres.  
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Mill revolutions 0 1000 3000 5000 

Ref. pulp 15 17 23 30 

0.04-pulp 15 21 39 59 

0.08-pulp 16 30 62 76 

Table 4.2 – The different SR-numbers of the pulps. 

4.2 SR-number 

The Schopper-Riegler number is a measurement on the refining level where an 

increased SR-number indicates increased swelling and fines generation. The result of 

the analysis can be seen in table 4.2, where the fibres have fines present. For a 

diagram of the different values see appendix 1, figure A1. No effect can be seen on 

the SR-number of the unrefined pulp by the introduction of ionic groups. The 

carboxylic groups increased, as expected, the SR-number at a given energy input 

during refining. The raise in SR-number was very large for the 0.08-pulp. The 

reference pulp required 5000 revolutions to obtain a SR of 30 while the 0.08-pulp 

only needed 1000 revolutions. This is a very large decrease in energy requirement.     

 

 

 

 

 

 

4.3 Swelling 

In table 4.3 the WRV’s, measured in H-form with no fines present, are shown. Pulps 

in H-form are undissociated and it is considered to be no electrostatic repulsion 

between the charged groups in the fibres. In this work the refining was performed in 

Na-form and the pulp was converted to H-form afterwards. As can be seen from the 

table the effects, produced by the additional charges, were small but the refined 0.08-

pulp had the highest WRV and the reference pulp had the lowest WRV.  

Mill revolutions 0 1000 3000 5000 

Ref. pulp 137 144 153 157 

0.04-pulp 141 147 158 165 

0.08-pulp 140 159 175 183 

Table 4.3 – The WRV of the pulp, in H-form, in % (g/g) of 

each pulp sample. 
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Figure 4.2 – WRV in Na-form as a function of the mill revolutions. Some samples had the fines 

removed prior to WRV-analysis.  

 

 

 

In figure 4.2, the WRV of different pulp samples in Na-form with and without fines 

can be seen as a function of the refining energy input. The difference in WRV, 

between fibres that still had fines present and those that did not, was increased as the 

beating energy was increased. Initially, the percentage of fines contribution to the 

total swelling was 3 % for the 0.04-pulp and when the pulp was refined at 5000 mill 

revolutions the contribution had changed to 24 %. This effect was even more 

distinguished for the 0.08-pulp. At a given energy input the swelling was higher for 

the pulps with higher ionic content, i.e. the beatability was improved by the 

carboxymethylation. The contribution of swelling from the fines was larger for the 

0.08-pulp than for the other pulp types. 

4.3.1. Bulk swelling 

The bulk swelling was calculated 

using equation 2.1 as the WRV 

when the surface charges were 

blocked by poly-DADMAC. The 

WRV for the bulk swelling can be 

seen in table 4.4.  These values 

represent fibres without fines. The 

table shows the contribution of bulk swelling that together with the surface add up to 

the total swelling. It is caused by ionic as well as non-ionic interactions. The values 

for the unbeaten pulps, in table 4.4, show together with fig. 4.2 that an extensive 

swelling took place in the bulk of the fibres; almost all of the total swelling comes 

from the bulk swelling. For example, the WRV for the unrefined 0.04-pulp without 

fines was 160 % and the bulk WRV was 155 % for the same pulp type.  

 

The contribution of the charges located in the bulk to the total swelling caused by 

charges was defined earlier.  

Mill revolutions 0 1000 3000 5000 

Ref. pulp 140 148 156 161 

0.04-pulp 155 169 183 191 

0.08-pulp 192 218 248 262 

Table 4.4 – The bulk WRV for the different pulps 

after beating. 
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Figure 4.3 – The percentage of bulk swelling to the total swelling caused by electrolytic interactions is 

shown in this figure. The reference pulp is left out due to the fact that it is difficult to make a 

conclusion about those results.  
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Using equation 2.3 the percentage of the bulk swelling, as the bulk swelling compared 

to the total ionic swelling defined as the difference between the WRV in Na-form and 

the WRV in H-form, was calculated and plotted in figure 4.3. When the pulp was 

unrefined, the charges situated in the bulk had a major part in the swelling due to 

ionic interactions. However, the contribution of the bulk charges to the total ionic 

swelling was decreased for both of the carboxymethylated pulps during the refining. 

The differences in WRV:s for the reference pulp were too small to be of significance.  

4.3.2 Surface swelling 

Equation 2.2 was used to calculate the surface swelling, which was defined as the 

difference in WRV for the pulp in Na-

form and WRV for the pulp where the 

surface was blocked by poly-DADMAC. 

The results from that calculation are 

shown in table 4.5. Again the values 

represent pulp that had the fines 

removed prior to analysis. The surface 

swelling was more or less unchanged for 

the reference pulp. Table 4.5 shows that the surfaces of the unbeaten pulps were not 

affected much by the carboxymethylation in terms of surface swelling. However, 

there was a very large increase in surface swelling for the 0.08-pulp during the 

beating and an intermediate increase for the 0.04-pulp.   

 

The percentage of surface swelling was calculated in a similar way as for the 

percentage of bulk swelling, see formula 2.4, and was plotted in figure 4.4.  

Mill revolutions 0 1000 3000 5000 

Ref. pulp -1 -2 0 -2 

0.04-pulp 5 6 12 20 

0.08-pulp 3 22 53 158 

Table 4.5 – The surface WRV for the different 

pulps after beating.  
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Figure 4.4 – The percentage of surface swelling to the total swelling that originates from the 

electrolytic interactions. The reference pulp is again left out. 

 

%100% 







HNa

polyNaNa

Surface
WRVWRV

WRVWRV
WRV  (-)  [2.4] 

This figure displays, together with figure 4.3, that the introduction of carboxylic acid 

groups locates most of the charges in the bulk of the fibres. The surface contribution 

to total swelling was 25 % for the 0.04-pulp but it was only 5 % for the 0.08-pulp. 

This suggests that the carboxymethylation reaction takes place in the bulk of the 

fibres thus increasing the bulk swelling.   
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Figure 4.5 – The different parts of swelling 

compared to the total ionic swelling for the 0.04-

pulp.  

 

 
Figure 4.6 – The different parts of swelling 

compared to the total ionic swelling for the 0.08-

pulp.  

 

 
Figure 4.7 – This graph shows the length weight fibre length of the different pulp types as a 

function of the rate of refining.  

Figures 4.5 and 4.6 illustrate the effect of bulk and surface swelling during refining in 

relation to the total swelling. Approximately 75 % of the total swelling derived from 

the bulk of the unbeaten 0.04-pulp. During the refining it was lowered to 55 % whilst 

the surface contribution was increased. The effects were even clearer for the 0.08-

pulp, initially the bulk contribution to the total swelling was approximately 95 % but 

it was lowered to 35 % for the highest number of revolutions. This shows that the 

PFI-refining increases the surface swelling and gives more accessible surfaces.  

4.4 Fibre properties 

The results of the Fibre tester analysis will be presented in this section along with the 

microscopic images taken of the pulps samples. There is no data from the Fibre tester 

analysis on the unrefined 0.04- and 0.08-pulp due to insufficient amounts of pulp 

samples. 

 

The fibre length and the shape factor were analyzed using the Fibre tester. Figure 4.7, 

see below, shows the dependence of the refining energy input on the fibre length.    
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Figure 4.8 – The shape factor, length weight, for the three types of pulp is shown in this figure.   

In figure 4.7 it can be seen that there was an extensive fibre shortening of the 0.08-

pulp during the refining. The trend was the same for the other carboxymethylated pulp 

sample but less distinct. The fibres from the reference pulp were lengthened during 

the beating because of fibre straightening, see figure 4.8.  

 

The shape factor of the three different types can be seen in figure 4.8. It seems that the 

refining was straightening the fibres from the reference pulp but the opposite took 

place for the 0.08-pulp.  
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Figure 4.9 – Unbeaten reference pulp.  

 

 
Figure 4.10 – Reference pulp refined at 

5000 mill revolutions.    

 

 
Figure 4.11 – Unbeaten 0.08-pulp.  

 

 
Figure 4.12 – 0.08-pulp refined at 1000 mill 

revolutions.  

 

 
Figure 4.13 – 0.08-pulp refined at 5000 mill 

revolutions.  

 

 
Figure 4.14 – 0.08-pulp refined at 5000 mill 

revolutions.  

 

All images are not shown in this section, the less interesting pictures can be found in 

appendix 3, figures A3-5. All images are representing pulp in Na-form if not 

otherwise specified.  
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Ref. pulp 
Grammage  

(g/m
2
) 

Mean thickness 

(µm) 
Density 
(kg/m

3
) 

Tensile index 
(Nm/g) 

 - Unrefined 65 441 585 32 

 - 1000 rev 65 392 663 64 

 - 3000 rev 62 360 693 84 

 - 5000 rev 64 356 723 94 

0.04-pulp         

 - Unrefined 65 465 560 36 

 - 1000 rev 66 409 642 63 

 - 3000 rev 64 371 694 83 

 - 5000 rev 65 359 723 90 

0.08-pulp         

 - Unrefined 64 422 607 60 

 - 1000 rev 65 389 671 74 

 - 3000 rev 65 353 735 87 

 - 5000 rev 64 331 774 97 

Table 4.6 – Results of the tests performed on the produced paper sheets 

 

It can be noted that, by introducing the charges, there seem to be a straightening of the 

fibres for the unrefined pulp. Similar observations have been made by Duker et al. 

(2007) for the introduction of charges on the surface of fibres. However the more the 

fibres were exposed to refining the more this effect was reversed. The fibres in figure 

4.11 seem to be straighter than those in fig. 4.9 but the fibres in fig. 4.10 seem to be 

straighter than those in fig. 4.13 and 4.14. This can also be seen in figure 4.8 where 

the shape factor of the fibres increased for the reference pulp but decreased for the 

carboxymethylated pulps during beating.   

 

The last two images, 4.13 and 4.14, show the 0.08-pulp. It can be seen that the 

refining made a great impact on the fibres. The beating together with the introduced 

charges promoted some extreme swelling, there were balloon like fibre explosions 

where the fibre structure was delaminated on some sites of the fibre.   

 

4.5 Paper properties 

The density and the tensile strength of the paper sheets were analysed to determine 

some characteristics of the produced sheets. The results are summarized in table 4.6.  
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Figure 4.15 – This graph shows the dependence of the refining on the tensile index.  

 
Figure 4.16 – The tensile index is shown in relation to the WRV in Na-form without fines.  

4.5.1 Tensile strength 

The effect of charges on the tensile index is illustrated in figure 4.15 to 4.17. The first 

one, fig. 4.15, shows the effect of refining on the different pulp types. The sheets were 

prepared with fibres in Ca-form with no fines present. Initially there was an 

enhancement of the strength of the 0.08-pulp when the fibres were not refined. 

However, during the beating this enhancement was lost. At the highest rate of beating 

the three different pulps had the same tensile strength. This result is somewhat 

surprising since WRV and tensile index usually is accompanied. However, this might 

be explained by the figures 4.13 and 4.14 which displays that the fibres from the 0.08-

pulp have been severely damaged which most probably affected the development of 

tensile index.  

 

Figure 4.16 shows how the tensile index as a function of the swelling. The WRV’s are 

for pulp in Na-form without fines. The 0.04-pulp behaved similarly as the reference 

pulp but was a little more swollen. Sheets made from the 0.08-pulp, where the fibres 

were unbeaten or refined at 1000 revolutions, had a higher tensile index and the 

swelling was larger than for the other two pulp types. When the fibres were 

additionally refined the increase in swelling was not reflected in the tensile strength.  
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5. Discussion 
Bleached softwood kraft pulp was carboxymethylated to two different levels to get 

large differences in the amount of carboxylic acid groups. The levels are not reflecting 

the amount of carboxylic groups that may be found in industrial pulps, but the study 

provides knowledge about the influence of charged groups on the beatability of pulp 

fibres.  

 

The carboxymethylation clearly increase both the total and the surface charge. The 

distribution of charges between the surface and bulk was relatively equal for all the 

pulps, the quotient between the surface and the total charge was in the range of 5-6.5 

% for the reference and the two carboxymethylated pulps.  

 

The introduction of the carboxylic acid groups did affect the swelling properties of the 

fibres. The swelling, measured as WRV, was considerably increased by the 

introduction of charges, which also have been shown by others, see e.g. Fors (2000). 

In figure 4.1 it can be seen that there was a large increase in swelling for the unbeaten 

pulp, WRV for the reference pulp was 144 % and for the 0.08-pulp it was 208 % 

when the pulp was in Na-form.  

 

Figure 4.2 displays the WRV’s of the pulp samples in Na-form and it was shown that 

the beatability, i.e. energy required to reach a given WRV, was strongly affected by 

the content of charged groups. The pulp with the highest amount of charged groups 

required substantially less numbers of revolutions in the mill to reach a given WRV. 

During the beating the fines generation was larger for the 0.08-pulp than for the other 

pulps. This can be seen in figure 4.2 as the difference in WRV of pulp with and 

without fines. The percentage of swelling caused by fines in relation to the total 

swelling was increased during the refining. The increase was largest for the pulp with 

highest content of ionic groups. Electrostatic repulsion may be the cause of this effect.  

 

Figures 4.3-4.6 display what happens with the fibres during beating. The two 

carboxymethylated pulp types behave in a similar way during refining. Initially the 

major part of the swelling takes place in the bulk of the fibre; the 0.08-pulp had 95 % 

of the total swelling as bulk swelling which can be seen in fig. 4.6. During the beating 

process the total swelling was increased, which was expected. During the refining of 

the fibres, the surface swelling in relation to the total swelling was increased, see 

figures 4.5 and 4.6 for illustration. This suggests that the beating in a laboratory mill 

act on the fibre surface and increase the surface swelling by increasing the accessible 

surface area. It is not directly possible to conclude how an industrial refining would 

affect the ratio between surface and bulk swelling.  

 

A structure analysis was performed by taking pictures of the fibres using a 

microscope. Some of the pictures can be seen in the figures 4.9-4.14. These images 

together with figure 4.7 and 4.8 show that there seemed to be a straightening of the 

fibres during beating for the reference pulp. The effect was opposite for the 

carboxymethylated pulps. The fibres also seemed to be straightened by the 

introduction of charges which is supported by the trends in the figures 4.7 and 4.8. It 

has earlier been shown by Duker et al. (2007) that surface carboxymethylation 

straightens the fibres. It is believed that the carboxyl group ionic repulsion is the 

cause of the increase in shape factor. The two last images, fig. 4.13 and 4.14, show the 

0.08-pulp with the highest rate of refining. There it can be seen that the fibre had 
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collapsed at some sites, almost explosive-like. The combined effect of ionic groups 

and beating destroyed the fibre structure. This also explains why the strength 

properties did not increase as the swelling would imply. It has been shown by 

Gellerstedt et al. (2000) that it is possible to delaminate the fibre cell wall just by the 

introduction of charges.  

 

Data presented in table 4.6 displays that the introduced carboxylic groups initially 

promoted an increase in density and tensile strength compared to the reference pulp. 

This difference was decreased during the refining most probably since the combined 

effect of increased ionic content, which increase the osmotic pressure, and the 

mechanical energy made the fibre weaker and the fibre structure to collapse.   

 

Figure 4.15 shows that the sheets made from the 0.08-pulp were initially stronger but 

during the beating process this difference was decreased. The sheets reach a 

maximum in strength that was almost equal for the three different pulp types. The 

reason for lesser improvement in strength during the refining for the sheets produced 

from carboxymethylated pulps is perhaps that the fibres are swollen to a maximum 

and further refining has a negative effect on the fibres; figures 4.13 and 4.14 display 

the extreme swelling that took place at some sites.  
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6. Conclusions 

By the introduction of ionic groups into the fibres, their ability to retain water was 

improved, i.e. the beatability was increased. The tensile strength of the paper sheets 

produced from the carboxymethylated pulp was also improved by the introduction. 

This indicates that it is possible to replace part of the refining process by the adding of 

these ionic groups, thus reducing the energy input at the mill.  

 

The PFI-mill seems to mostly affect the surface of the fibres, creating fines and 

increasing the surface swelling. The carboxylic groups aid in the production of fines 

and the increase in swelling, especially at the surface. The ionic groups also help in 

the straightening of the fibres.   
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Figure A1 – The SR-number as a function of the revolutions in the PFI-mill 

 

 
Figure A2 – Schematic picture of the apparatus used to remove the fines from 

the pulp.  
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Appendices 

Appendix 1 – Schopper-Riegler number 

 

Appendix 2 – Decrilling equipment 
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Figure A5 – Refined 0.08-pulp at 5000 mill 

 revolutions. Pulp in H-form.  

 

 
Figure A3 – Unbeaten 0.04-pulp.     

 

 
Figure A4 – 0.04-pulp refined at 5000 mill 

revolutions.    

 

Appendix 3 – Microscopy images of the fibres 

The two first figures A3 and A4 show fibres in Na-form. The last one, A5, shows the 

0.08-pulp in H-form.  

 

 


