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Abstract 
 
Stiffer fibres with improved resilience could lead to improvements for example in the fluff 
pulp area. Fluff pulp in absorbent products often collapse in a wet state at repeated insults. 
The products are also compressed for ease of handling and lowering the shipping costs. An 
increase in stiffness as well as spring back could solve the collapse problem and make the 
fibres spring back better after the compression, leading to better products. Two methods were 
used to improve these properties, crosslinking of the fibre wall using 
Butanetetracarboxylicacid (BTCA) and loading the lumen with TiO2. 
 
Wet stiffness was improved for unbeaten fibres, both from laboratory made sheets and 
machine made sheets, when BTCA was added. For the beaten pulp, the shape of the fibres 
may explain why these fibres did not exhibit improvements in wet stiffness. No improvements 
in spring back could be seen for any of the tested fibres. The lumen loaded fibres gained a 
higher density due to the TiO2 treatment and since the samples were tested on a weight basis, 
a good comparison could not be done.
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1 Introduction 
Today there is an ever increasing demand for a bulkier and more resilient fluff pulp. Creating 
a fluff pulp with more resilience would be a great leap forward for producing better products, 
e.g. diapers and incontinence products. One of today’s problems is the lack of resilience in the 
absorbent core of diapers, that are compressed in the packets for ease of handling as well as 
reducing shipping costs. The desired effect of the diaper regaining its bulkier shape on leaving 
the package does not often occur. An interesting application in diapers and incontinence 
products is the use of modified cellulose as an acquisition layer. The acquisition layer needs 
to quickly absorb and transport the fluid away from the application point, even with repeated 
insults, while still not collapsing. It is also predicted that there will be an increased use of 
airlaid material in different kind of wipes and as functional layers in absorption products. 
  
One possible way of solving this problem is by investigating whether stiffening the fibres 
would increase the resilience and would lower the fibre collapse in the dry or wet states. 
Stiffer fibres are not only relevant to the fluff pulp, but they could also be used to improve the 
bulk properties of the middle layer in paperboard.  
 
The aim of this work was to investigate whether the stiffening of fibres can be achieved and if 
this would improve characteristics of fluff pulp. Two possible ways of increasing the stiffness 
of the fibres were investigated, they were (a) crosslinking the fibre walls and (b) loading the 
lumen, or the inside of a fibre, hereafter called lumenloading. 
 
Crosslinking reactions are obtained by introducing covalent bridges between adjacent 
cellulose molecules. In the 1950s, Stamm et al. added a chemical covalent bond into the cell 
wall using formaldehyde to provide swelling restraints that prevent water from accessing the 
cell wall [1]. Chemicals containing formaldehyde, e.g. urea-formaldehyde (UF) and 
melamine-formaldehyde (MF), are suspected of being carcinogenic. This report deals with an 
alternative, viz. ester crosslinking using butanetetracarboxylic acid (BTCA). 
 
Lumenloading with filler particles has been known for many years. In 1936, Haslam and Steel 
found that after beating a mixture of filler and fibres, a minor part of the filler was observed in 
the lumen [2]. Lumenloading can be done in two different ways, mechanically or chemically. 
Mechanical deposition achieved by vigorous agitation of fibres and filler particles. Chemical 
precipitation is achieved in situ. In this work the mechanical deposition was carried out using 
TiO2. 
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2 Literature Survey 

2.1 Crosslinking 
In this section, a summary of the work that has been done earlier in the field of Crosslinking is 
presented and this will explain why some of the parameters used in this present work were 
chosen. 
 
To obtain a crosslinked cellulose material, at least two hydroxyl groups in a cellulose 
molecule or between adjacent cellulose molecules must be combined. Several patents have 
been issued for crosslinking cellulose to obtain improvements in fluid absorbency, fluid 
retention as well as in dry and wet resilience [3]. To be able to crosslink the two hydroxyl 
groups, the crosslinking agent must be difunctional with respect to cellulose. Formaldehyde is 
a frequently used crosslinking agent. It is monofunctional in many reactions but it is 
difunctional in reactions with cellulose. For a long time, formaldehyde has been the preferred 
crosslinking agent, because it is proportionately inexpensive and effective even when small 
doses are added. There are a number of ways in which cellulose can be crosslinked. Two of 
them are dry and wet crosslinking. These refer to the manner in which the crosslinking takes 
place [4]. 
 
Several reports and articles have previously been written in the field of crosslinking. A 
number of of them involve the textile industry and their main goal was to improve for 
example: 
 

• Wrinkle resistance 
• Wrinkle recovery 
• Dimensional stability 
• Crease retention 
 

These will also be mentioned in the Formaldehyde Crosslink section. Most of the articles, 
however, are concerned with increasing the wet tensile strength of paper, by introducing 
crosslinks into and between cellulose networks. This improves the wet stiffness of paper, by 
reducing the moisture sensitivity of the cellulose to swelling caused by water. By functioning 
as a swelling restraint, a larger fraction of the pre-existing hydrogen bonds are kept intact [5]. 
Figure 2-1 shows a segment of a water-swollen fibre cell wall, both in an uncrosslinked and 
crosslinked state. 
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Figure 2-1. A segment of water-swollen cell wall, uncrosslinked and crosslinked [6]. 
 
Since the main aim of this work is to produce a fibre that is individually stiffer, the 
maintained hydrogen bond between the cellulosic fibres, desirable in wet strength 
improvement, is unwanted here. 
 
A process for preparation of individualized crosslinked cellulosic fibres has been reported in 
the literature. The term “individualized crosslinked cellulosic fibres” refers to chemical 
crosslink appearing intrafiber, i.e. that the covalent crosslink bonds are between cellulose 
molecules in the same fibre and not between adjacent fibres. Individualized crosslinked 
cellulosic fibres are reported to exhibit an increased resilience in both wet and dry states, 
compared to uncrosslinked fibres. Dry and wet crosslinking fibres (described below) exhibit 
different properties. Dry crosslinked fibres are generally stiffer, compared to wet crosslinked 
fibres that are more flexible. The fluid retention value (FRV) is lower for dry crosslinked 
fibres than for the wet crosslinked, that also exhibit lower dry and wet resilience, compared to 
the dry crosslinked fibres [7]. 

2.1.1 Dry Crosslinking 
To obtain a dry crosslink, the cellulose needs to be in a collapsed state at the time of the 
crosslinking reaction. A collapsed state is obtained by removing most or all of the water 
present in the fibre. One known way is for the cellulose to react with a boric acid solution, the 
cellulose is passed through a boric acid solution, dried and then in presence of 
paraformaldehyde, heated in a sealed tube. The fibres are then washed to remove any 
unreacted material. A technique that appears more and more is that of applying the 
crosslinking agent and a catalyst to the cellulose in an aqueous bath, then removing the water, 
and causing the cellulose to react with the crosslinking agent in a curing step at an elevated 
temperature [4,8,9]. One disadvantage with the dry crosslinking reaction is that considerable 
problems arise in either the shredding or grinding steps. One problem with the dried product 
is the difficulty to disintegrate, which results in severe fibre breakage and a high ratio of fibre 
clumps and knots.  
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To try to solve this problem this present work aims at finding a way to defibre the treated, 
through not yet cured fibres, before the curing step actually takes place. Some work has 
already been done in this field, by disintegrating the fibres to a substantially individual form 
before the crosslinking reaction occurs. The post-cure is then initiated, so that crosslinking 
occurs. By doing this, crosslinking between the fibres was inhibited and the desirable 
intrafiber crosslinking was promoted [3]. Formalin was used as the crosslinking agent 
however and, today, using formaldehyde as a crosslinking agent is out of the question, 
because of the carcinogenic risks. In 1976, Caulfield showed in a report [10] that when the 
relative humidity (RH) increased, there was a definite trend towards increasing water-
exposable surface areas and fibre saturation point. At the time of crosslinking, the state of 
swelling is the most important factor in creating acetal crosslinks across the cellulose – 
cellulose interface. The mechanism, by which crosslinks function to increase the wet tensile 
strength of paper, was shown to be the swelling restraints that the crosslink presents. 

2.1.2 Wet Crosslinking 
To obtain a wet crosslink, the crosslinking agent reacts with the cellulose when the cellulose 
is still in a swollen state. Water, which is usually present during the reaction, causes the 
cellulose to swell, but some techniques have been established whereby the swollen state is 
maintained by the use of other solvents [4]. The advantage of wet crosslinking is that fibres, 
that have undergone reaction in a swollen state, tend to keep their distended structure even 
after drying. This distended structure exhibits high moisture regains and good wet resilience. 
The disadvantage is that the dry resilience is not improved to the same extent [3]. The 
characteristics of the wet crosslinked pulp, in a conditioned dry state, are essentially the same 
as that of an untreated pulp. When in the wet state, however, the wet crosslinked cellulose is 
more resilient than the untreated pulp. In 1966, Steiger [4] proposed that for cotton fibres, the 
difference between the dry crosslink and the wet crosslink is the distribution of the crosslink 
in the fibre. In the wet crosslinked cellulose fibres, the crosslink occurs in or on the surface of 
the microfibrils, compared to the dry crosslinked cellulose fibres, where the crosslink takes 
place between the lamellae. 

2.1.3 Crosslinks in the Presence of Formaldehyde 
As mentioned above, formaldehyde has been used in the cellulose industry for a long time. 
The low levels of addition and the relative inexpensive cost, compared to the crosslinking 
result, have made formaldehyde-containing agents well established.  
 
Today, however, the discussions about formaldehyde being carcinogenic have led to the 
search for new and safer materials. This section will try to explain the fundamental principle 
behind formaldehyde crosslinking, even though it is not seen as an option today. The 
crosslinking of cellulosic fibres has been extensively investigated in the past. In the textile 
industry, the crosslink introduced in the intermolecular structure of cellulosic textile fibres 
[11] provide: 
 

• Wrinkle resistance 
• Wrinkle recovery 
• Dimensional stability 
• Crease retention 
• Maintenance of appearance through machine washing and drying 
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It is proposed that the reaction as to how formaldehyde forms the desired crosslink essentially 
consists of two chemical steps, the first one being the formation of the hemiacetal (or O-
methylolcellulose) as shown in equation (2.1), and the second being the crosslink as a result 
of the formation of a formal (or oxymethylene) bridge, equation (2.2) [3,4,11]. 
 

OHOCHCellHCHOOHCell 2−⇔+−     (2.1) 
CellOOCHCellOHCellOHOCHCell −−⇔−+− 22   (2.2) 

 
The use of other compounds as crosslinking agents have also been reported in the literature. 
The formation of a crosslink, using dimethylolurea is shown in equation (2.3) [3]. 

 
 
        (2.3) 
 
 

Epichlorohydrin has also been used in the cellulose industry as a crosslinking agent. This 
agent is generally considered to be both monofunctional and difunctional, because of the 
reactive chlorine substituent, but a ring opening reaction may also take place. Some evidence 
shows that the reaction proceeds through the formation of a chlorohydrin ether, which is 
capable of forming a crosslink between the cellulose, as shown in equation (2.4) [3]. 
 

 
(2.4) 

 
 
 

This shows that crosslinks between cellulose chains can be achieved in several different ways, 
depending only on the crosslinking agent. Since the environmental and health concerns are on 
the increase, the crosslinking agents, described above, are no longer approved. Several 
attempts have been made to exchange these for more acceptable agents. Crosslinking with 
polycarboxylic acids, as described below, is one alternative. 

2.1.4 Polyfunctional Carboxylic Acids 
Since the formaldehyde containing crosslinks are no longer used, new substitutes are being 
looked for. Polyfunctional carboxylic acid is one alternative for introducing the desired 
crosslink between the cellulose molecules. In this section, the carboxylic acid, BTCA, will be 
presented. Other polycarboxylic acids will also be mentioned. 
 
2.1.4.1 Mechanism of Crosslinking with BTCA 
The reaction between a polycarboxylic acid and a cellulose hydroxyl group consists of a two-
stage reaction. The first stage is the formation of a five member cyclic anhydride 
intermediate. The second stage is the formation of the ester bond between the cyclic 
anhydride ring and the hydroxyl group on the cellulose. Multicarboxylic acids have been 
shown to be more effective as crosslinking agents than the more common dicarboxylic acids. 
The suggested reason for their increased effectiveness is the formation of the five-membered 
anhydride ring structure that occurs prior to the ester bond formation. In order to create one 
crosslink, two ester bonds must be formed between the agent and the cellulose. After the first 
ester bond has been formed, a minimum of two additional carboxylic groups must remain, in 
order to form a second intramolecular anhydride ring and the subsequent ester bond [12]. 
With this mechanism, dicarboxylic acids are incapable of crosslinking, due to the fact that at  
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Figure 2-2. Comparison of direct and step-wise reaction of 
BTCA with cellulose in the presence of NaH2PO4 [9]. 

 
least two or more intramolecular anhydride rings are required. These can be formed either 
simultaneously or sequentially, as seen in figure 2-2. 
 
Several reports state that the effectiveness is in the order tetrafunctional > trifunctional > 
difunctional. This sequence is a reflection of the ability of carboxylic acid to form the 
required intramolecular anhydride rings [8,9,12]. The tetrafunctional carboxylic acids can 
form the proposed anhydride rings simultaneously and, therefore, may be the more effective. 
In the case of difunctional and trifunctional crosslinking agents, such as succinic acid and 
tricarballylic acid, the reaction to form ester crosslinks is sequential. When it comes to 
succinic acid, the crosslink fails to appear and instead it only produces a reaction that leads to 
a substituted cellulose unit with a single carboxylic acid attached to it. This indicates that 
succinic acid is a poor crosslinking agent. 
 
2.1.4.2 Catalyst 
Inorganic acids containing phosphorous, based on alkali metal salts are the key to achieving a 
successful crosslinking of cellulose with polycarboxylic acids. Promising results, using BTCA 
and catalysts containing phosphorous to chemically modify cotton fabrics, have been 
achieved. Bertoniere [13] evaluated seven catalysis reactions by means of crosslinking cotton 
fibres with BTCA. Six reactions were performed with alkali metal salts of phosphorous acids 
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and one with sodium carbonate. The tested catalysts were: Na2HPO4, NaCO3, NaH2PO4*H2O, 
NaH2PO2*H2O, NaH2PO3*2.5H2O, Na2HPO3*5H2O and Na4P2O7. The BTCA add-on, 
retained by the seven treated cotton fabrics, was investigated using FTIR. The highest levels 
of permanent incorporation were achieved by NaH2PO3 (6.03%) and NaH2PO2 (5.62%). 
Na2CO3 (4.80%) achieved the lowest result. This only tells us that BTCA has been covalently 
attached to at least one hydroxyl group and would, therefore, be more resistant to removal 
during a single laundering. Textile performance was also tested to see the durable press 
appearance. The highest durable press appearance rating was achieved with NaH2PO2 
catalysis, while the Na2CO3 gave the lowest rating. Moisture related properties, such as water 
of imbibition (which differs from the water retention value in the time and speed of 
centrifugation), were also studied, showing that BTCA crosslinked samples ranged from 
15.7% to 19.3%. The lowest value occurred with NaH2PO2 as the catalyst. The highest values 
were shown for Na4P2O7 and Na2CO3. The water of imbibition values were lower for the 
BTCA-sodium dihydrogen than for the BTCA-disodium hydrogen phosphite/phosphate 
fabrics. Bertoniere et al. concluded that the fabric performance, after treatment with a 
crosslinking agent, is dependent on the amount of crosslinking agent retained in the fabric 
after laundering. Furthermore, since the BTCA add-on falls in a relatively narrow range (5.4 ± 
0.4%) and the drying and the curing conditions are the same, the differences in performance 
can be assigned to the effectiveness with which the catalyst effects the formation of the ester 
linkage to the cotton cellulose. Textile performance data suggests that NaH2PO2 is the most 
effective catalyst in enhancing resilience. This catalyst is also associated with a greater 
reduction in small and medium pores in the fibre. It is also notable that the NaH2-forms of 
phosphites and phosphates are more effective than the Na2H-forms of these alkali metal salts. 
Sodium hypophosphite (NaH2PO2) is unfortunately hazardous to work with, since thermal 
decomposition may produce toxic fumes of phosphorous oxides or the very toxic compound, 
phosphine (PH3). Earlier work has shown that the most effective catalysts are NaH2PO2 and 
NaH2PO4, see figure 2-3.  

 
Figure 2-3. Effect of catalysts on wet strength development at 1% BTCA.  
BTCA/Catalyst = 1 [8]. 

 
This also confirms that there is a need for a catalyst in order to achieve crosslinks and that 
dihydrogen phosphates work better compared to disodium phosphates. That work also found 
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that the most effective weight ratio of NaH2PO2-to-BTCA was reached at a value of 1:1 and 
no increase in wet strength was achieved at a higher addition. The exact chemical role of as to 
how the catalysis functions in the wet strength area is still uncertain, but it is proposed that the 
catalytic component affects the rate of anhydride formation from the polyfunctional 
carboxylic acid [9]. Since phosphite salt is toxic and could form phosphine and since 
dihydrogen phosphate exhibits almost the same good properties, sodium dihydrogen 
phosphate was used in this present work. The concentration of the catalyst used was 1:1 by 
weight of NaH2PO4 and BTCA, since no additional improvement is gained at higher levels. 
 
2.1.4.3 pH Values 
According to the proposed mechanism for the formation of the desired crosslink involving the 
ester bond and the intermediate anhydride ring, neutralization of one or more of the 
carboxylic acid groups in BTCA would drastically reduce the functionality of the system by 
the formation of inert carboxylate moieties. This decrease would lead to a lower functionality 
in creating the crosslink [8]. 
 
In 1993, Yang performed a FT-IR study [14] to investigate how the esterification of cotton 
cellulose and BTCA depends on different pH values. As shown in table 2-1, there is a large 
decrease in the carboxyl concentration when raising the pH above ~3. The use of a pH value 

of 5.45 would lower the efficiency of 
the carboxyl to about 50%. In figure 2-
4, Yang showed how the ester carbonyl 
band intensity was related to different 
pH values for cotton treated with 
BTCA/phosphate solution and cured at 
180°C. There appears to be an 
optimum in the pH range between 2 
and 2.8. This provides both the largest 
number of ester crosslinks and the 
highest crosslinking effectiveness. By 
raising the pH value above 3 and 
especially above 4, this would 
drastically lower the effectiveness. 
 
2.1.4.4 BTCA Concentration 
The best cost effectiveness would arise 
if it were possible to achieve large 
improvements with an extremely low 
addition of BTCA. Several previous 
studies have dealt with BTCA 
concentrations ranging up to ~10%. 
The addition of even more BTCA 
would make the possibility of creating 
desirable crosslinks even bigger. Since 
the price for BTCA is quite high, 
however, this present work aims at 
finding a point where good results and 
“reasonable” costs coincide. The 
BTCA concentration was set at four 
different levels, starting with 0.5% and 

Table 2-1. The relative concentration of carboxyl and 
carboxylate in the BTCA solutions with different pH 
values [14]. 

 

 
Figure 2-4. The ester carbonyl band intensity and carbonyl 
band intensity ratio (ester/carboxylate) for cotton treated 
with BTCA/phosphate solutions of different pH values and 
cured at 180°°°°C [14]. 
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going up to 6.0%, with 2.0% and 4.0% in between. As mentioned above, the catalyst and the 
BTCA concentrations were maintained at a ratio of 1:1.  
 
2.1.4.5 Curing Conditions 
Curing is necessary in order to obtain BTCA crosslinking and several temperatures have been 
compared in the literature. Luner et al. [8] compared three different temperatures (130°C, 
150°C and 180°C) and the effect they have on the wet strength. They concluded that when a 
higher temperature is used, a shorter curing time is needed to reach the same wet-to-dry 
relationship. Several other studies [12,14,15] have used curing times, much lower than those 
used by Luner et al. Temperatures ranging from 170°C to 180°C and periods between 90 
seconds and 2 minutes were used. For this present work, the curing time is set at 180°C so 
that a shorter curing period of 5 minutes can be used.  
 
2.1.4.6 Alternative Carboxylic Acids 
Since the suggested mechanism of the reaction between the carboxylic acid and the hydroxyl 
group goes through an anhydride ring, there will be a maximum of three ester crosslinks 
between BTCA and the cellulose. 
 

 
Figure 2-5. The effect of concentration on wet strength development for BTCA, citric acid 
and maleic acid [8]. 

 
 Other carboxylic acids, such as the tricarboxylic acids (citric acid and tricarballylic acid), are 
also capable of forming the desired crosslinks. As shown in figure 2-5, higher concentrations 
are needed, however, in order to reach the same wet-to-dry relationship (W/D). 
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Xu et al. [16] compared BTCA with two polymeric multifunctional carboxylic acids, a 
homopolymer of maleic acid (PMA) and a terpolymer of maleic acid, acrylic acid and vinyl 
alcohol (TPMA). They found that the BTCA and the PMA showed approximately the same 
effectiveness in improving wet strength, while TPMA was slightly less effective when 

looking at the wet-to-dry relationship. When comparing the wet 
stiffness, the BTCA showed better results than the other two acids. 
The conclusion was that the effectiveness of PMA was comparable 
with that of BTCA, while TPMA was less effective. Since the cost 
of PMA is just a fraction of that of BTCA, it should be considered 
as an alternative. Caulfield [12] has also studied and compared 
BTCA and citric acid. As seen in figure 2-6, the effects achieved 
with BTCA are much higher then those achieved with citric acid as 
the crosslinking agent. 

2.2 Lumen Loading 
Loading the interior (lumen) of a fibre has been known about for 
many years. In 1936, Haslam and Steel discovered that after beating 
a mixture of filler particles and pulp fibres, a minor part of the filler 
was found inside the fibre. Since then a lot of research has been 
done in the lumen loading area, mainly to increase two properties, 
opacity and brightness [2]. Lumen loading can be done in two 
different ways, mechanically or chemically. Mechanical deposition 
is achieved by vigorous agitation of fibres and filler particles. 
Chemical precipitation is achieved in situ. The two different 
methods will be described below, with mention of the chemicals 
most often used in these methods.   

2.2.1 Chemical Precipitation 
The method for chemical precipitation involves mixing and soaking 
the fibres in a soluble salt solution, before adding this mixture to 
another salt solution, so that a chemical reaction can take place. 
Particles are precipitated in situ within the fibre pores by a chemical 
reaction. The influencing factors in the chemical method are those 

associated with the precipitation reaction, such as salt concentration, pH level and temperature 
[17].  
 
Allan et al. [18] proposed a way of precipitating calcium carbonate within the cell wall of 
fibres. As seen in figure 2-7, the process goes through four major steps. The never-dried pulp 
is first impregnated with a solution of either soluble calcium or soluble carbonate salts, so that 
the micropores of the fibres are filled with the ionic solution. In the second step, the pulp 
suspension is thickened by filtration, to remove any excess solution. In step 3, the 
impregnated pulp is suspended in the second salt solution (carbonate or calcium), to form the 
insoluble precipitate (calcium carbonate) within the fibre cell wall. The final step is the 
washing step, where the excess of calcium carbonate is removed, so that the outer surface of 
the fibre is free from calcium carbonate. 
 
SCA Research AB [19] has been granted a patent for producing aluminum salt impregnated 
fibres. This patent involves chemical precipitation, but at the surface of the fibre. However, it 
is being mentioned here because it could be considered as an alternative to the calcium 
carbonate method. Impregnation takes places by first impregnating the pulp with sodium 
silicate for a certain time, before being dewatered. The second step involves the impregnation 

 
Figure 2-6. Wet properties 
as a percentage of the dry 
properties of ester-
crosslinked paperboard, 
plotted as a function of 
the crosslink reagent add-
on [12]. 
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of the pulp with polyaluminum sulphate to create fibres impregnated with aluminum salt. Two 
of the advantages mentioned in the patent, are increased absorption speed and increased fluid 
spreading in both the horizontal and vertical planes. The impregnation is especially favourable 
at a level of pH 9.  
 

 
Figure 2-7. General process steps for the in situ loading of filler into pulp fibres [18]. 

2.2.2 Mechanical Deposition 
Mechanical loading of the lumen is achieved by the agitation of filler particles with pulp 
fibres in solution. Several reports have dealt with the procedure of how to produce 
mechanically loaded fibres. In 1985, Scallan et al. [20] proposed a way for producing loaded 
fibres. The first stage was the agitation of the fibres in a concentrated filler solution. At high 
agitation, filler particles appeared to enter the lumen very rapidly and the rate of the uptake of 
filler particles by the lumen surface was predicted from a Langmuir adsorption-desorption 
mechanism [20]. At longer loading times, a plateau level of loading was reached and this was 
believed to be caused by the monolayer coverage of those lumen sites. The second stage of 
the preparation was the washing of the pulp, so that the externally attached filler particles 
were washed away.  
 
To load the interior of the fibre some properties between the filler and fibre must match. A 
requirement for the filler particle to pass through the pit apertures is, naturally, that the size of 
the filler particle is smaller than the pit aperture in the fibre. Filler particles as small as one 
tenth of the pit aperture have been recommended [21]. Since the pit apertures in softwood 
range from a few microns up to ten or more microns, the filler particles have to be at least 
smaller than the pit apertures, preferably as small as a few tenths of a micron. A second 
requirement is that the chemistry of the impregnation should favour the formation of a bond 
between the filler particles and the lumen surface. In creating a strong bond the use of 
electrostatic forces can be favourable. This will be discussed later in this report. 
 
In 1982, Green et al. [2] suggested that the mechanism for loading fibres with filler particles 
was not caused by diffusion, because the times involved in the impregnation step appeared to 
be too short. They therefore postulated that the agitation caused the fibres to flex and that this 
flexing caused the fibre lumen to collapse and reopen. This pumping action forced the filler 
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solution in and out of the pit apertures. However, a later report by Petlicki et al. [22] described 
the kinetics of lumen loading in a different way than that proposed by Green et al. Instead of 
assuming that the kinetics of lumen loading were caused by a flexing flow through the lumen, 
they proposed that the filler particles simply diffused into the lumen. As seen in figure 2-8, 
the ash content increased, as the rotor speed increased up to a level where it plateaued out 
(1000 RPM). Petlicki et al. suggested that, at higher stirring rates, the average number of filler 
particles that were attached to the outer surface was lower, due to the increased shear rate. 
This resulted in a higher concentration of filler particles in the suspension which, in turn, 
resulted in a larger concentration gradient between the inside and the outside of the fibre. This 
enhanced the rate of diffusion into the lumen. 
 

 
Figure 2-8. The effect of changing the rotor speed of the British 
disintegrator used for the impregnation step [2]. 

 
Some of the potential technical improvements with paper made from lumen loaded pulp are 
listed below [17]: 

• Increased brightness 
• Increased opacity 
• Increased mechanical strength 
• Improved pigment retention 
• Improved material distribution in the z-direction 

 
Since the use of lumen loaded pulp is mainly directed at making paper with improved optical 
properties, the issues that arise are focused on the problems of papermaking. The main 
disadvantage is: 

• Loss of sheet strength 
 
This is often the case when the filler particles are not thoroughly washed away from the fibre 
surface. Since the filler particles are left on the fibre surface, the desired fibre-to-fibre bond 
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cannot take place, producing a paper with a lower strength. In this work, the loss of sheet 
strength is not seen as a problem, since high interfiber bonds are not required.  

2.2.3 Comparison Between Chemical and Mechanical Methods 
The most commonly used filler for lumen loading purposes is calcium carbonate (CaCO3), 
which is favoured because of its price. Using CaCO3 instead of pulp, the overall cost would 
decrease, due to the fact that CaCO3 is cheaper than pulp [23]. In 1992, Allan et al. [18] 
compared the two different methods (mechanical and chemical) to see whether any 
differences could be noticed. They concluded that the in situ method of fibre filling gave 
optical and physical properties that were better than the handsheets made from mechanical 
lumen loading pulp. They also found that the pulp should never be dried, because of the 
irreversible pore collapse upon drying. The in situ method was comparable, if not superior, to 
the mechanical lumen loaded pulp, when the strength properties were measured. However, no 
polymeric additive was used, which might raise the mechanical method results.  
 
Chang et al. [17] have also made a comparable investigation to see whether the mechanical or 
the chemical processes produce better sheet properties as well as to compare the ash content. 
They managed to load the lumen by both methods and concluded that, by using the 
mechanical method, a loading level of 10.8 % could be achieved. For the chemical method, a 
greater loading level was obtained by controlling the dosage levels of the precipitating 
chemicals. Here, a level of 13.0 % was reached. The lumen loaded pulp handsheets had a 
higher brightness and opacity, compared to direct addition handsheets at equivalent loading 
levels. A coarser surface structure was also obtained, however, giving a lower smoothness and 
gloss. Lumen loading significantly affected the strength properties of the handsheets. Since 
the filler particles do not block the interfiber bonding, lumen loaded pulp handsheets 
consistently have a greater tear resistance. Nonetheless, lumen loading can give reduced 
bursting or tensile strengths at higher loading levels. 

2.2.4 Filler Particles 
A lot of different filler particles have been looked into during the years. Two of them have 
been examined more than the other ones have. One of them is the former mentioned calcium 
carbonate (CaCO3) and the other one is titanium dioxide (TiO2). Green et al. [2] have 
successfully been able to load the lumen with several other chemicals. Since the main 
criterion for the particles is for them to be sufficiently small enough to enter the pit holes, 
Green and his co-workers have loaded the fibre interior with particles, such as titanium 
dioxide, precipitated calcium carbonate, levigated alumina, silica, zinc sulphide, colloidal 
carbon and polystyrene pigment. Clay is mentioned as a filler particle that is not suitable, 
because of the platelets form that is often of a greater width than the pit holes. Other particles, 
such as precipitated BaSO4 have also been looked at and compared with CaCO3. 
 
2.2.4.1 Deposition of TiO2 
In this work, focus will be put on titanium dioxide (TiO2) and how to load lumen in softwood 
kraft pulp effectively. A lot about titanium dioxide and how to lumen load pulp with this 
pigment can be found in the literature. A short summary will be given in order to try to 
explain why some parameters were set as they were. 
 
Middleton and Scallan [21,24] have written several reports on loading the lumen with 
titanium dioxide. In 1982, together with Green, [2] unbleached kraft pulp (black spruce) was 
loaded with TiO2. An optimum loading level was achieved by using 0.1 g/L alum as a 
retention aid. The conclusions drawn were that it appeared to be a better loading level, if the 
pulp was never-dried and that the unbleached fibres were loaded to a greater degree than the 
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bleached fibres. All the softwoods examined were found to be adaptable to the process. 
Chemical pulps from hardwoods, however, loaded to a much lower degree. It was also found 
that a beaten pulp loads to a lesser degree than an unbeaten one. To be able to load the lumen 
to a high level, the electrostatic forces have to be as advantageous as possible. A high level of 
loading of well-bonded filler was found to be associated with conditions leading to a positive 
charge on the filler surface [21]. 
 
Retention aids, used to bond the filler particles to the lumen surface, have been looked into. In 
order to find a retention chemical that can increase the lumen loading level, several potential 
acids have been tested during the last decades, e.g. by Middelton et al. [24] and Miller et al. 
[25]. The most common is alum (Al2(SO4)3), a widely used paper chemical. High levels of 
retention of a filler to the lumen surface have been found, using both polyethyleneimine and 
polyacrylamide. Polyacrylamide has produced better results in loading the lumen with 
titanium dioxide, when compared to polyethyleneimine. 
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3 Experimental Approach 

3.1 Sample Preparation 

3.1.1 Crosslinking the Fiberwall with BTCA 
 
Pulp 
In this work, northern bleached softwood kraft pulp has been used. The pulp was taken from 
the last bleaching step at Korsnäs. The bleaching sequence was (D-EO-D-D). Dried untreated 
fluff pulp was also taken directly from the drying machine. The pulp from the drying machine 
was not pre-treated before going to the BTCA treatment. The pulp from the bleaching step 
was pre-treated by (i) washing followed by (ii) centrifugation and (iii) granulation. The dry 
solids content of the granulated pulp was about 35%. To examine whether the beating affected 
the crosslinking reaction, one part of the granulated pulp was high-consistency (HC) beaten in 
a Sprout & Waldron disc refiner with a disc gap of 1.4 mm. 
 
Lab Sheet Production 
Sheets of 750 g/m2 were made of the HC-beaten and unbeaten pulp, according to the Korsnäs 
standard. The sheets were pressed at 240 kPa for 5 minutes and then dried on a drum dryer at 
105°C to a dry solids content of about 93%. 
 
BTCA Solution 
A butanetetracarboxylicacid (BTCA) solution was prepared by mixing the same amount of 
BTCA and catalyst (NaH2PO4) to the given concentrations (see table 3-1), i.e. 20 g o.d. 
BTCA and 20 g o.d. catalyst was added to 960 g of RO-water to produce a 2.0% by weight of 
BTCA solution. The pH of the aqueous solution was adjusted to 3, using HCl and NaOH 
during the mixing.  
 
Table 3-1. Listing of the variables and intervals used during the crosslinking reaction with BTCA. 

Variables Levels Intervals 
Beating 2 HC, none 
pH - 3 
Soaking time - 5 min 
Curing time - 5 min 
Curing Temp. - 180°C 
BTCA- conc. 4 0.5, 2.0, 4.0 and 6.0 weight-%
 
BTCA Treatment 
The dried laboratory sheets, made from the beaten or unbeaten pulp, and the sheets from the 
drying machine were treated with the BTCA solution at different levels (see table 3-1), by 
soaking the sheets in the aqueous solution of BTCA and NaH2PO4 for 5 minutes.  
 
The sheets were then pressed at 240 kPa for 5 minutes and dried on a drum dryer at 105°C to 
a dry solids content of about 90%. To be able to facilitate intrafiber bonding the sheets were 
dry defibered in a Kamas H-01 laboratory hammer mill to make individualized fibres. The 
purpose of doing this was to cause the preferred intrafiber bonding to take place, instead of a 
crosslink reaction between the fibres in the curing step. After the Kamas mill, the 
individualized “fluffed” fibres were placed on a plate and cured in an oven at 180°C for 5 
minutes. 
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Beaten and unbeaten reference sheets, without BTCA treatment, were soaked in RO-water 
(adjusted to pH=3) for 5 minutes before being pressed, dried, defibered and cured in the same 
way as the BTCA treated sheets. Reference sheets made of unbeaten and beaten pulp were 
also made while subjecting the sheets to neither soaking nor curing. 

3.1.2 Lumen Loading with TiO2 
 
Pulp 
Northern bleached softwood kraft pulp was taken from the last bleaching step and was then 
treated by (i) washing, (ii) centrifugation and last (iii) by granulation The dry solids content of 
the granulated pulp was about 35%. 
 
Table 3-2. Listing of the variables and intervals used during the lumen loading with TiO2. 

Variables Levels Intervals 
pH - 4 
Pulp conc. - 2.5% 
Retention aid - 0.3% EKA PL 1405  
Stirring speed - 3000 RPM 
Stirring time - 20 min 
Filler conc. - 0.8 g/g 
Washing - Washing 
Beating - Unbeaten 
 
Retention aid 
The retention aid used in this work was “Eka PL 1405” supplied by Eka Chemicals AB. The 
optimum value of retention was found when 0.3% by weight polymer was added to the pulp. 
 
Filler 
The filler used in this work was Titanium Dioxide filler supplied by DuPont. The trade name 
was “Ti-Pure R-795”. The TiO2 solutions were prepared by dispersing the pigment in 500 cm3 
of tap water while adjusting the pH-level to 4. The average particle size was 0.27 µm. 
 
TiO2 Treatment 
The preparation of a pulp with a 2.5% stock concentration, 37.5 g dry weight pulp was added 
to 1000 cm3 tap water. The pH was adjusted to 4 and the fiberization was carried out for 5 
minutes in a British disintegrator at a rotor speed of 3000 RPMs before the filler solution was 
added. The production of a 0.8 g/g filler solution, 30 grams of pigment was diluted in 500 cm3 
of tap water and the filler solution was poured into the stock. The mixture was subjected to 
agitation at 3000 RPMs for 20 minutes in a British disintegrator. The pulp was then poured 
into a wash basket and washed. The washing went on until the rinsing water was clear and no 
visual traces of the pigments were observed. All the variables used can be seen in table 3-2. 
 
Sheet Production 
Sheets of 750 g/m2 were made according to Korsnäs standard. The sheets were pressed at 240 
kPa for 5 minutes and dried on a drum dryer at 105°C to a dry solids content of about 93%. 
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3.2 Evaluation-methods 
The pulp was conditioned at 23ºC and 50% relative humidity (RH) before being tested.  
 
To test whether there was a significant difference between results achieved, a “t-Test: Two-
Sample Assuming Equal Variances” was used. Alpha was set to 0.1 and if it is mentioned that 
significant differences are found, it refers to this test.  

3.2.1 Dry and Wet Spring Back 
The spring back as well as fibre stiffness, in both dry and wet state was tested using a 
“Quality Press”. Korsnäs developed a method for testing spring back and stiffness of fluff 
pulp using this apparatus (UM 141/2001), since there is no standardized method for testing 
these fluff properties. A fluff pad, 10.0 g, was made. The pad was placed in a cylinder shaped 
container (the Quality Press), and a hydraulic press loaded the cushion under high pressure 
(6.0 bar) for 30 seconds. The pressure was released and the bulk before releasing the pressure 
and up to 30 seconds after the release was measured. The bulk before releasing the pressure 
gives a good value of how stiff the fibres are. The spring back is measured as the difference 
between the bulk before releasing the pressure and after 30 seconds divided by the bulk before 
releasing the pressure. This gives a value of how well the fibres spring back after being 
subjected to high pressure. 

3.2.2 Sheet and Fluff Properties 
 
Water Retention Value (WRV) 
The water retention value (WRV) is a measurement of the ability of a test piece to maintain 
water. This was done according to SCAN–C 62:00. The test piece is soaked in water and then 
subjected to centrifugation under specified conditions. The water retention value is given as 
the weight of water (g) per weight of dry pulp (g). 
 
Defibering Energy 
The defibering was conducted in a Hamas H-01 laboratory hammer mill according to Korsnäs 
standard (UM 121/95). Stripes with a width of 5 centimetres are weighted and then defibered. 
The hammer mill gives a value of how much energy was used for a certain amount of the 
stripe. The defibering energy is then calculated and given in the unit kJ/kg. 
 
Knot Content 
The knot content is the amount of undefibered fibre clumps (%). The method used was a 
modified SCAN method, SCAN-CM 37:85. Fluff fibres of 3 grams are subjected to an 
oscillating air stream in a tube with wire sealed ends, with a certain mesh size. The test is 
carried on for 10 minutes and during this time the knots are kept in the tube while the 
individualized fibres pass through the wire. 
 
Network Strength 
The network strength was tested according to a Korsnäs method (UM 120/95), based on a 
PFI-method. Fluff pads of 1.0 gram are made. The pad is placed in a cylinder before being 
pressed for 30 seconds. The pad is then subjected to a piston, which is pressed vertically 
through the fluff pad. The force needed to break the fibre network is given as the network 
strength, in Newton (N). 
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Bulk and Absorption properties 
The evaluation of dry and wet bulk as well as absorption properties are conducted according 
to a modified method of SCAN-C 33:80. Fluff pulp fibres, 3.0 g, are prepared as a fluff pad. 
The test is conducted in a machine called “ABEL”. The height of the fluff pad is measured 
before letting water be absorbed by the pad. The time it takes for the water to be absorbed 
from the bottom to the top of the pad is measured. The dry and wet bulk (cm3/g) as well as 
absorption capacity (g/g) and absorption time (s) is calculated according to SCAN-C 33:80. 



 19 
 

 

4 Results and Discussion 

4.1 Fibre Properties Influencing the Stiffness 
Since the aim of this investigation was to produce fluff pulp fibres that are stiffer than 
normally untreated fluff pulp fibres, a lot of the results achieved will be discussed in order to 
see whether a stiffening has taken place or not. Improvements in fluff properties will be 
discussed later on. 

4.1.1 Spring Back 
In figure 4-1, describing the dry spring back of fluff pulp made of unbeaten pulp, it can be 
seen that the Existing Crosslinked Fibres (a crosslinked fibre already on the market), heron 
after called ECLF have a superior stiffness compared the other tested fibres. 
 

 
Figure 4-1. Spring back of dry, unbeaten fluff pulp with different levels of BTCA additions; two references 
with different pH values, one existing crosslinked fibre and one loaded with TiO2. 
 
The ECLF exhibits both a higher initial dry bulk and a higher end bulk, than the other tested 
fibres. A high initial dry bulk, measured before the pressure is released, gives a good value of 
how stiff the fibres are. If the spring back, given as the difference between the end value (at 
30 seconds) and the initial value (0 seconds) divided by the initial value, increases to a high 
level, a high spring back is achieved.  
 
Notable in figure 4-1 is that there is no trend towards higher stiffness when more BTCA is 
added to the fibres. The spring back slightly increases when more BTCA is added. This can 
be seen, since the 6.0% BTCA treated fibres exhibit a better spring back than the reference 
fibres. The difference, however, is not significant. 
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The lumen loaded pulp exhibits a much lower stiffness, compared to the other fibres. This 
may have something to do with the fact that the lumen loaded fibres have a much higher 
density because of the filler content, compared to the other tested fibres. Since the fibres are 
tested by weight, the overall fibre content in the fluff pad is lower for the lumen loaded fibres 
than for the other tested fibres. Even though the stiffness is lower for the lumen loaded fibres, 
the spring back is comparable to that achieved with the reference fibres. 
  
It is notable that there is no significant difference between the pH 3 reference and the 
untreated reference fibres. 
 

 
Figure 4-2. The dry spring back of beaten fluff pulp with different levels of BTCA additions; two references 
with different pH values, one existing crosslinked fibre and one loaded with TiO2. 
 
There is a difference between the beaten fibres (in figure 4-2) compared to the unbeaten fibres 
(shown in figure 4-1). The most striking effect for the beaten fibres is that there is a 
significant difference in stiffness between the 4.0% and 6.0% BTCA treated fibres compared 
to the 0.5% and 2.0% BTCA treated fibres, as well as the reference fibres, especially for the 
6.0% BTCA treated fibres, which exhibit a lower stiffness. 
 
Why this is the case, is not yet fully understood. An explanation is that the fibres take on 
another shape, due to the way they are beaten and this, in turn, may lower the stiffness. The 
BTCA treated fibres, 4.0% and 6.0%, seems to spring back more than the other BTCA treated 
fibres. This spring back, however, is not significant. 
 
The beating seems to have affected the references in a way that was not observed in the 
unbeaten fibres. For the beaten references, the pH 3 reference is significantly stiffer than the 
untreated reference. 
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It should be mentioned that the lumen loaded fibres and the ECLF are still the same, as in 
figure 4-1, and they will be used in all of the spring back figures, with the ECLF as an upper 
reference. 
 

 
Figure 4-3. The wet spring back of unbeaten fluff pulp with different levels of BTCA additions; two references 
with different pH values, one existing crosslinked fibre and one loaded with TiO2. 
 
Figure 4-3, clearly shows that the ECLF exhibit superior results in stiffness as well as spring 
back, compared to the other tested fibres. What is most interesting is that there is a trend 
towards a higher wet stiffness when more BTCA is added to the fibres, but only the 6.0% 
BTCA treated fibres are significantly stiffer than the reference fibres. This may have 
something to do with the fact that the BTCA treated fibres do not swell to the same degree as 
untreated fibres do and this causes the fibres to maintain a more compact shape. The wet 
spring back differs among the BTCA treated fibres, but there is no significant difference 
showing that the spring back increases with a higher BTCA addition. 
 
No significant difference in wet stiffness as well as wet spring back between the pH 3 
reference and the untreated reference can be found. 
 
The method of testing the spring back of the fibres involves a step, where the fibres are 
compressed at a high pressure, 6.0 bar. This high pressure causes the fibres to collapse, at 
least to a certain degree, when being subjected to the pressure. Since both the ECLF and the 
6.0% BTCA treated fibres exhibit a better wet stiffness, compared to the references, one may 
conclude that the BTCA treatment (at least at a high level of dosage), has contributed to an 
increase in wet stiffness, when testing the fibres at this high pressure. 
 
The lumen loaded fibres have a lower wet stiffness, compared to the other tested fibres. This 
indicates that lumen loading does not contribute to an increase in the wet stiffness of the 
fibres. 
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Figure 4-4. The wet spring back of beaten fluff pulp with different levels of BTCA additions; two references 
with different pH values, one existing crosslinked fibre and one loaded with TiO2. 
 
In figure 4-4, there is no trend towards a wet stiffening of the beaten fibres, when more BTCA 
is added. No improvement in wet spring back for the beaten BTCA fibres can be seen. 
 
As seen in figure 4-3, the pH 3 reference, does not exhibit any better spring back or stiffness, 
compared to the untreated reference. This is also the case for the beaten reference fibres in 
figure 4-4.  
 
The beaten BTCA treated fibres (figure 4-4) are not affected in the same way as the unbeaten 
BTCA treated fibres (figure 4-3) are. Since the unbeaten 6.0% BTCA treated fibres are 
significantly stiffer than the references, these fibres seem to have gained an improvement in 
wet stiffness, due to the crosslinking of the fibre wall. This conclusion, however, is not as 
easily drawn for the beaten BTCA treated fibres. As explained before, the crosslinks leads to 
stiffer fibres in a wet state, but the beating may have affected the shape of the fibres in a 
negative way and this may lead to difficulties when making conclusions about whether 
stiffening has occurred for the beaten fibres or not. 
 
As explained earlier, the lumen loaded fibres exhibit lower results than the other tested fibres. 
 
Appendices 1 and 2 show the dry spring back as well as the wet spring back for machine 
made BTCA treated fibres. These figures are shown in the appendix section, since they are 
not able to be compared like the unbeaten and beaten BTCA treated fibres are. 
 
Appendix 1 indicates that no improvements in dry spring back have been achieved for the 
BTCA treated fibres. There seems to be, instead, a lowering in the dry spring back when more 
BTCA is added. As explained under figure 4-2, the shape of the fibres may explain the 
lowering of the dry spring back. It is possible that the crosslink affects the shape of the fibres. 
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As seen in the other spring back figures, the ECLF exhibit a much better stiffness. The lumen 
loaded fibres are not as stiffer, compared to the other fibres present in the test. 
 
When looking at the wet spring back, as seen in Appendix 2, the BTCA treated fibres show 
signs of being stiffer than the references. The pattern is not as clear as seen in figure 4-3, but 
improvements have been achieved for all of the BTCA treated fibres, except for the 0.5%. 
This most certainly has something to do with the fact that the crosslink affects the degree of 
swelling, so a lower degree of swelling makes the fibres compacter and stiffer. 

4.1.2 Bulk 

 
Figure 4-5. The dry bulk for fluff pulp with different levels of BTCA additions; two references with different 
pH values, one existing crosslinked fibre and one loaded with TiO2. 
 
Figure 4-5, describes the dry bulk for unbeaten and beaten fluff pulp made on a laboratory 
scale and machine made fluff pulp, at different BTCA levels. The unbeaten and machine 
made BTCA treated fibres decrease their dry bulk, when subjected to higher BTCA additions, 
since the 0.5% and 2.0% BTCA treated fibres have a significantly higher dry bulk compared 
to the 4.0% and 6.0% BTCA treated fibres. For the beaten pulp, there is a trend only towards 
lower dry bulk, when subjected to higher BTCA additions. 
 
One thing that may affect the dry bulk is the shape of the fibres. Since the pressure on the 
fluff pad is only 2.5 kPa, the shape of the fibres probably has an effect on the bulk. The fibres 
have unfortunately not been tested to see whether different shapes could affect and explain the 
properties achieved in this present work. For the ECLF, which exhibit a low dry bulk, a 
reasonably good wet bulk (see figure 4-6) and yet resist a high pressure during the spring back 
test (see figure 4-1), the shape may have affected the results obtained. 
 
There is a trend towards a higher dry bulk for the pH 3 treated reference fibres than for the 
untreated references, but only significant for beaten and machine made fibres. This difference 
could be explained by the lower repulsion of the acidic groups in the pH 3 references. A 
stiffening of the pH 3 fibres has most certainly occurred, however.  
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The lumen loaded fibres are much heavier than the other fibres, due to the amount of filler 
that is present in the lumen and on the fibre surface. The filler particles have a higher density 
than the fibres and hence contribute to the weight, so that there will be a low level of fibres 
present in the fluff pad, which, of course, results in a lower bulk when compared to the BTCA 
treated fibres.  
 
The ECLF were taken directly from an end-user product and have already been compressed. 
They will therefore not give an accurate result in this test. They were, however, prepared in 
the same way as the other tested fibres. Their dry bulk was commented on, above, when the 
form of the fibres was discussed. 
 

 
Figure 4-6. The wet bulk for fluff pulp with different levels of BTCA additions; two references with different 
pH values, one existing crosslinked fibre and one loaded with TiO2. 
 
The wet bulk, shown in figure 4-6, seems to increase for the beaten pulp, when more BTCA is 
added to the fibres. Since the fibres tend to absorb less water when more BTCA is added (as 
described below), stiffer fibres tend to keep a more open fibre network that can absorb more 
fluid. For the unbeaten and machine made fibres, the BTCA treated fibres have a significantly 
higher wet bulk compared to the references. There is no trend towards higher wet bulk when 
more BTCA is added, as seen for the beaten fibres, however. Since the wet bulk increases 
when the fibres are treated with BTCA, it can be concluded that the BTCA crosslinks the fibre 
wall, so that the fibre becomes stiffer or alters the shape of the fibres, resulting in fibres that 
do not collapse to the same extent as untreated fibres do.  
 
For the references, it is only the beaten fibres that have a significantly higher wet bulk when 
the reference is treated at a value of pH 3. For the unbeaten and machine made fibres, the 
references exhibit almost the same values. To say that improvement in dry bulk as well as wet 
bulk have been achieved by lowering the pH value, is very uncertain at this time, since the 
differences between the references are so small. 
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The lumen loaded fibres also exhibit lower results, when compared to the BTCA treated 
fibres. This most certainly has something to do with the density of the filler pigment, as 
described above in figure 4-5. 
 
The wet bulk of ECLF is larger than all of the references, although the ECLF were taken from 
an end-user product and can not be equally compared.  
 
The absorption capacity is closely linked to the wet bulk of the fluff pulp fibres; this can be 
seen in Appendix 3. When comparing Appendix 3 with figure 4-6, it is clearly seen that the 
BTCA histograms (unbeaten, beaten and machine made), are almost identical in structure for 
both the wet bulk and the absorption capacity. Since the wet bulk and the absorption capacity 
are closely linked, it is quite obvious that the wet bulk increases to the same extent, when 
more fluid is absorbed. This has something to do with the fact that, since they do not collapse, 
fibres that tend to keep an open fibre network structure can absorb more fluid. 

4.1.3 Water Retention Value (WRV) 

 
Figure 4-7. The water retention values for fluff pulp with different levels of BTCA additions; two references 
with different pH values. 
 
How the BTCA treatment influences the water retention value (WRV) is seen in figure 4-7. 
Since all of the fibres have been dried once, at least, low WRV values were achieved. The 
water retention value decreases when the pH value is lowered. Since the fibres have acidic 
groups attached to the fibre wall (in this case, mainly carboxyl groups) they will be protonated 
under acidic conditions and these acidic groups will not affect each other by repulsion or at a 
higher pH value, at least to a smaller degree. When this repulsion is increased by raising the 
pH value, the fibre tends to swell and a higher water retention value is achieved. 
 
There is a trend towards lower water retention values, when more BTCA is added to the 
fibres. Häggkvist et al. [26] suggested that, when the fibres are dried, the BTCA molecules 
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retained inside the fibres react with the cellulose surfaces of former pore walls during the 
curing step.  Since the crosslinks introduced between the hydroxyl groups is a covalent bond 
that holds the cellulose molecules together, these crosslinks function as a swelling restraint. 
Since the water retention value decreases as the BTCA levels are raised, crosslinking has most 
certainly been successful. 
 
The references also follow the assumed pattern, since the swelling is significantly higher for 
the untreated references, compared to the pH 3 references. The beating does not seem to affect 
the swelling. It is not fully understood why the beating did not affect the fibres so that they 
increased the degree of swelling. This might be a bit confusing, but it may also depend on the 
mild beating the pulp was subjected to. 

4.2 Fluff Characteristics 
In this section of the results and discussion chapter, the fluff pulp results, other than the 
resilience discussed under the “Fibre Properties Influencing the Stiffness” section, will be 
discussed, especially if improvements in the fluff properties have been achieved.  
 

  
Figure 4-8. The defibering energy for fluff pulp with 
different levels of BTCA additions; two references with 
different pH values, one existing crosslinked fibre and one 
loaded with TiO2. 

Figure 4-9. The knot content for fluff pulp with 
different levels of BTCA additions; two references with 
different pH values, one existing crosslinked fibre and 
one loaded with TiO2. 

 
When comparing the defibering energies, no differences can be seen between a high or a low 
BTCA addition, see figure 4-8. In contrary to earlier investigations at Korsnäs, the defibering 
energy for beaten fibres in this present work was lower than for the unbeaten fibres. This 
could indicate that the HC-beating did not give the assumed effect on the fibres. 
 
The knot content of fluff pulp treated with different levels of BTCA, shown in figure 4-9, 
seems to decrease when crosslinks are introduced into the fibre wall. This decrease is rather 
large since unbeaten fibres decrease as much as 50% over the tested range. Fluff pulp from 
the machine made sheets and the beaten fibres lose as much as 35% and 40%, respectively. 
 
What is notable here is that it is unusual for beaten pulp to exhibit a lower knot content than 
unbeaten pulp. Earlier investigations at Korsnäs have shown the opposite. When comparing 
the references, one can see that the beaten reference differs, when compared to the unbeaten 
and machine made sheets. It is only the beaten fibres that exhibit a lower knot content when 
the pH value is 3, compared to the untreated references. The ECLF fibres have a much higher 
knot content than the other tested fibres. 
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There is a clear trend towards lowering the network strength when higher levels of BTCA are 
added, see figure 4-10. Since it is desirable to have a high network strength, the BTCA 
addition affects the network strength in a negative way. The references, however, all exhibit a 
lower network strength, compared to the BTCA treated fibres at a low level of addition. Why 
this is the case is not fully understood.  
 

 
The network strength of the lumen loaded fibres is at the same level as for the references. The 
ECLF fibres are way below the rest of the tested fibres and this is probably caused by the fact 
that these fibres come directly from an end-user product, which most certainly affects the 
properties. 
 
The absorption time for unbeaten 4.0% and 6.0% BTCA treated fibres exhibit a significant 
lowering, when compared to the 0.5% and 2.0% BTCA treated fibres, seen in figure 4-11. A 
low absorption time is desired, so that fluid can be absorbed as quickly as possible. This trend 
can also be seen for the beaten fibres, but here only the 6.0% treated fibres are significantly 
lower. For the machine made fibres, the references exhibit better or, at least, as good values as 
the BTCA treated fibres. More samples should be tested in order to see whether there is an 
optimum in absorption time at about 2.0% BTCA. 
 
When comparing the references, no differences between the pH 3 reference and the untreated 
reference can be stated. 
 
The lumen loaded fibres and ECLF fibres are both superior, compared to the BTCA treated 
fibres. 
 
 

  
Figure 4-10. The network strength for fluff pulp with 
different levels of BTCA additions; two references 
with different pH values, one existing crosslinked fibre 
and one loaded with TiO2. 

Figure 4-11. The absorption time for fluff pulp with 
different levels of BTCA additions; two references with 
different pH values, one existing crosslinked fibre and 
one loaded with TiO2. 
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5 Conclusions 
For the unbeaten BTCA treated fibres in this work, the BTCA treatment has most certainly 
resulted in stiffer fibres in a wet state. The stiffening of the fibres depends on the covalent 
bond introduced into the fibre wall, decreasing the degree of swelling. The stiffening of the 
fibres is observed in the wet spring back test. In the dry spring back test, no improvements 
have occurred. This may be explained by the fact that the covalent bond does not affect the 
fibre stiffness in a dry state or the differences in stiffness are not notable. The results of the 
wet and dry bulk tests are probably due to a combination of fibre stiffness and fibre shape. 
The dry bulk becomes lower when more BTCA is added, while the wet bulk is increased for 
the BTCA treated fibres. 
 
The beaten BTCA treated fibres do not exhibit an increase in fibre stiffness in neither the dry 
state nor in the wet state when, tested in the spring back test. The lowering of stiffness in the 
dry state is probably linked to the shape of the fibres. The increase in wet bulk has most 
certainly something to do with the stiffening that the fibres gain, due to the fact that the fibres 
have a lower degree of swelling. One speculation is that the beaten fibres gain stiffness, as do 
the unbeaten fibres, but that the beating affects the shape of the fibres in a negative way, 
resulting in no improvements in the tests. 
 
The machine made BTCA treated fibres ought to exhibit similar properties like the unbeaten 
fibres do, since the only difference is whether the fibres are laboratory made or machine 
made. It can be concluded that the machine made fibres have gained in fibre stiffness, just as 
the unbeaten fibres did. The dry spring back is not improved but the wet spring back is higher, 
when the fibres are treated with BTCA. Furthermore, the wet bulk indicates that the BTCA 
treated fibres do not collapse to the same extent as the references do. 
 
For the references, the differences between the pH 3 treated reference and the untreated 
reference are very small. It is only in the dry spring back test for beaten pulp and the dry bulk 
test, that the pH 3 reference fibres exhibit significantly better values. This may indicate that 
the pH 3 references are stiffer. Since these differences are so small, however, it is concluded 
that a lower pH value is not necessarily better, yet it may be preferred. 
 
The ECLF were used as an upper reference, since these fibres have documented good 
resilience properties. This was also seen in this present work, where the ECLF exhibit 
outstanding stiffness, compared to the other tested fibres. The ECLF, however, did not have 
superior properties in all of the tests. The knot content and the network strength were much 
lower for the ECLF. The knot content is high and this is probably due to the treatment the 
fibres are subjected to.  
 
In most of the tests, the lumen loaded fibres unfortunately showed poorer results, compared to 
the BTCA treated fibres. This is due to the fact that most of the test samples are tested, based 
on a weight and on fibre content. This produced fluff pads with a much lower fibre content, 
which affected the test results, of course. The lumen loaded fibres are not recommended for 
this purpose, since the TiO2 was deposited inside the hammer mill and this would probably 
cause wear on the hammer mill. 
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6 Recommendations for Future Work 
Since the shape of the fibres may explain some of the results achieved in this present work, 
the shape should be examined. This can be done in a “Fibre Master”. 
 
There should be a search for other alternative carboxylic acids that may be more cost effective 
and more environmentally friendly than BTCA. Perhaps a tricarboxylic acid, such as citric 
acid, is much more effective than BTCA, since a higher concentration can be used and citric 
acid may even be less expensive. Alternative crosslink treatment methods should be thought 
of, since it should be possible to treat the fibres from an industrial engineering point of view. 
Spray treatment could also be seen as an option. 
 
To make the fibres even more individualized during the curing step, the fibres could be cured 
in an oven with a hot air circulation. This may avoid the formation of any interfiber bonds that 
may occur during this treatment. By letting the fibres react in an individualized state, any 
possible twist and curl that may arise in the fibres may not be obstructed.  
 
Beating may affect the fibres in many different ways; the fibres can take on a more curved 
shape as well as being straightened out. These effects should be examined, in order to 
ascertain the kind of beating that would affect the fibres in the best way. In this present work, 
the beating may have come in conflict with the shape that the crosslinks represent.  
 
To lumen load fluff fibres is not seen as an option in the gaining of stiffness. Since the fluff 
fibres are used in products that are based on weight and not fibre content, a higher density, 
due to lumen loading, will not give good results. Using chemical precipitation could, 
however, be of interest. This may stiffen the fibre wall, since small particles may be 
precipitated in the wall and not only in the lumen. This would be especially interesting if the 
density does not increase to a high level as a result of the treatment. 
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9 Appendix 

9.1 Appendix 1. Dry Spring Back of Machine Made Fluff Pulp 

 
Appendix 1. The dry spring back of machine made fluff pulp with different levels of BTCA additions; two 
references with different pH values, one existing crosslinked fibre and one loaded with TiO2. 

9.2 Appendix 2. Wet Spring Back of Machine Made Fluff Pulp 

 
Appendix 2. The wet spring back of machine made fluff pulp with different levels of BTCA additions; two 
references with different pH values, one existing crosslinked fibre and one loaded with TiO2. 
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9.3 Appendix 3. Absorption Capacity 
 

 
Appendix 3. The absorption capacity for fluff pulp with different levels of BTCA additions; two references 
with different pH values, one existing crosslinked fibre and one loaded with TiO2. 
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9.4 Appendix 4.  Data 

 

 

Crosslinking with BTCA

Unbeat. 0.5% Unbeat. 2.0% Unbeat. 4.0% Unbeat. 6.0% Beaten 0.5% Beaten 2.0% Beaten 4.0%
Knot Content,%
Average 7,9 5,9 4,7 3,7 6,4 5,8 4,4
Standard deviation 0,84 1,01 0,33 0,33 0,38 0,96 0,51
Numbers 3 3 3 3 3 3 3
Network Strength,N
Average 8,33 7,83 7,23 6,85 8,36 7,48 7,58
Standard deviation 0,54 0,54 0,74 0,62 0,58 0,47 0,72
Numbers 10 10 10 10 10 10 10
Bulk,cm3/g (SCAN)Dry
Average 19,85 20,00 19,26 18,56 19,95 19,94 19,24
Standard deviation 0,08 0,33 0,44 0,81 0,56 0,29 0,58
Numbers 5 5 5 5 5 5 5
Bulk,cm3/g (SCAN)wet
Average 7,23 8,25 8,24 7,66 7,30 7,98 8,15
Standard deviation 0,15 0,13 0,26 0,47 0,17 0,54 0,67
Numbers 5 5 5 5 5 5 5
Absorption Capacity,g/g
Average 10,93 12,18 11,92 11,20 10,88 11,80 11,84
Standard deviation 0,17 0,12 0,34 0,70 0,12 0,70 0,84
Numbers 5 5 5 5 5 5 5

Absorpion Time,s
Average 2,55 2,58 2,19 2,11 2,41 2,46 2,35
Standard deviation 0,11 0,22 0,10 0,14 0,16 0,10 0,10
Numbers 5 5 5 5 5 5 5
Weight, g
Average 50,23 51,88 53,77 55,15 51,02 52,47 52,91
Standard deviation 0,22 0,48 0,30 0,20 0,38 0,30 0,39
Numbers 4 4 4 4 4 4 4
Thickness,mm
Average 1,33 1,39 1,41 1,42 1,35 1,40 1,37
Standard deviation 0,04 0,06 0,03 0,03 0,07 0,04 0,03
Numbers 10 10 10 10 10 10 10

Unbeat. 0.5% Unbeat. 2.0% Unbeat. 4.0% Unbeat. 6.0% Beaten 0.5% Beaten 2.0% Beaten 4.0%
Grammage,g/m2

Average 761,02 785,98 814,62 835,61 772,99 795,00 801,63
Standard deviation 3,35 7,34 4,51 3,07 5,69 4,56 5,89
Numbers 4 4 4 4 4 4 4
Density,kg/m3

Average 573,49 566,68 578,98 588,45 570,90 568,67 587,27
Standard deviation 2,52 5,29 3,20 2,16 4,20 3,26 4,31
Numbers 4 4 4 4 4 4 4
Defibering Energy,kJ/kg
Average 179,80 186,30 182,20 178,60 177,67 176,50 180,40
Standard deviation 6,23 4,64 2,86 2,99 7,23 5,28 6,82
Numbers 10 10 10 10 9 10 10

Bulk QP (dry)
Standard deviation 0 sek 0,07 0,10 0,03 0,06 0,07 0,05 0,03
Average 0 sek 2,90 2,89 2,81 2,83 2,84 2,85 2,77
Average 5 sek 3,25 3,22 3,17 3,21 3,20 3,23 3,16
Average 10 sek 3,27 3,25 3,20 3,25 3,21 3,25 3,20
Average 15 sek 3,27 3,26 3,22 3,28 3,24 3,29 3,21
Average 20 sek 3,29 3,30 3,23 3,31 3,24 3,29 3,22
Average 25 sek 3,27 3,30 3,23 3,32 3,24 3,29 3,23
Average 30 sek 3,30 3,31 3,24 3,32 3,25 3,29 3,23

Bulk QP (wet)
Standard deviation 0 sek 0,02 0,09 0,08 0,00 0,06 0,06 0,08
Average 0 sek 1,58 1,66 1,64 1,75 1,64 1,68 1,62
Average 5 sek 1,83 1,88 1,91 1,97 1,82 1,88 1,90
Average 10 sek 1,87 1,89 1,92 1,98 1,84 1,90 1,91
Average 15 sek 1,85 1,89 1,92 1,99 1,86 1,89 1,92
Average 20 sek 1,87 1,91 1,92 2,01 1,85 1,91 1,93
Average 25 sek 1,87 1,91 1,92 2,01 1,86 1,90 1,92
Average 30 sek 1,87 1,91 1,92 2,02 1,85 1,91 1,93
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Beaten 6.0% Machine 0.5% Machine 2.0% Machine 4.0% Machine 6.0% Unbeat. ref. pH3 Unbeat. ref.
Knot Content,%
Average 4,1 18,4 15,0 12,7 11,9 6,8 6,0
Standard deviation 0,51 1,35 0,33 0,67 1,02 0,77 0,88
Numbers 3 3 3 3 3 3 3
Network Strength,N
Average 7,25 8,17 7,72 7,41 7,23 8,08 8,17
Standard deviation 0,69 0,48 0,70 0,50 0,52 0,36 0,46
Numbers 10 10 10 10 10 10 10
Bulk,cm3/g (SCAN)Dry
Average 19,51 20,00 19,99 19,28 19,03 20,41 20,13
Standard deviation 0,87 0,10 0,29 0,35 0,45 0,35 0,07
Numbers 5 5 5 5 5 5 5
Bulk,cm3/g (SCAN)wet
Average 8,87 7,11 7,96 7,57 7,81 7,05 7,00
Standard deviation 0,40 0,16 0,57 0,54 0,78 0,06 0,07
Numbers 5 5 5 5 5 5 5
Absorption Capacity,g/g
Average 12,74 10,71 11,87 11,22 11,43 10,85 10,67
Standard deviation 0,57 0,06 0,75 0,61 0,97 0,28 0,05
Numbers 5 5 5 5 5 5 5

Absorpion Time,s
Average 2,16 2,45 2,65 2,54 2,33 2,36 2,47
Standard deviation 0,09 0,10 0,14 0,21 0,09 0,13 0,15
Numbers 5 5 5 5 5 5 5
Weight, g
Average 54,12 49,49 50,17 51,74 53,00 49,28 50,58
Standard deviation 0,66 0,41 0,10 0,37 0,09 0,36 0,22
Numbers 4 4 4 4 4 4 4
Thickness,mm
Average 1,38 1,17 1,21 1,22 1,22 1,35 1,49
Standard deviation 0,03 0,03 0,02 0,04 0,03 0,08 0,05
Numbers 10 10 10 10 10 10 10

Beaten 6.0% Machine 0.5% Machine 2.0% Machine 4.0% Machine 6.0% Unbeat. ref. pH3 Unbeat. ref.
Grammage,g/m2

Average 819,92 749,81 760,11 783,86 803,07 746,59 766,29
Standard deviation 9,94 6,18 1,50 5,55 1,43 5,52 3,34
Numbers 4 4 4 4 4 4 4
Density,kg/m3

Average 595,88 638,68 630,80 642,51 657,71 553,15 514,63
Standard deviation 7,22 5,26 1,25 4,55 1,17 4,09 2,24
Numbers 4 4 4 4 4 4 4
Defibering Energy,kJ/kg
Average 174,50 163,70 166,40 174,10 162,60 173,20 180,78
Standard deviation 5,28 8,03 5,30 5,17 3,24 10,88 9,46
Numbers 10 10 10 10 10 10 9

Bulk QP (dry)
Standard deviation 0 sek 0,01 0,06 0,04 0,02 0,05 0,01 0,12
Average 0 sek 2,71 2,78 2,76 2,73 2,68 2,84 2,85
Average 5 sek 3,08 3,12 3,14 3,07 3,04 3,18 3,15
Average 10 sek 3,12 3,15 3,18 3,11 3,09 3,22 3,18
Average 15 sek 3,14 3,17 3,18 3,13 3,12 3,23 3,20
Average 20 sek 3,15 3,17 3,19 3,13 3,12 3,23 3,19
Average 25 sek 3,16 3,17 3,19 3,13 3,13 3,24 3,20
Average 30 sek 3,17 3,18 3,19 3,15 3,15 3,24 3,20

Bulk QP (wet)
Standard deviation 0 sek 0,05 0,02 0,03 0,04 0,04 0,00 0,06
Average 0 sek 1,67 1,57 1,69 1,65 1,65 1,50 1,57
Average 5 sek 1,92 1,81 1,91 1,92 2,03 1,84 1,82
Average 10 sek 1,92 1,83 1,94 1,94 2,05 1,84 1,84
Average 15 sek 1,92 1,85 1,95 1,97 2,06 1,85 1,84
Average 20 sek 1,96 1,87 1,94 1,96 2,07 1,84 1,85
Average 25 sek 1,96 1,87 1,94 1,96 2,08 1,85 1,85
Average 30 sek 1,98 1,87 1,94 1,97 2,09 1,85 1,85
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Beaten ref. pH3 Beaten ref. Machine ref. pH3 Machine ref. Lumen ECLF
Knot Content,%
Average 5,6 6,6 18,4 16,7 2,0 23,9
Standard deviation 0,38 1,35 0,19 1,15 0,30 0,75
Numbers 3 3 3 3 3 3
Network Strength,N
Average 7,78 7,61 7,46 7,55 7,54 1,81
Standard deviation 0,48 0,54 0,51 0,55 0,47 0,15
Numbers 10 10 10 10 10 10
Bulk,cm3/g (SCAN)Dry
Average 20,70 20,07 19,95 19,37 16,61 12,86
Standard deviation 0,21 0,33 0,27 0,16 0,31 0,39
Numbers 5 5 5 5 5 5
Bulk,cm3/g (SCAN)wet
Average 7,21 6,98 6,83 6,79 5,46 7,69
Standard deviation 0,08 0,11 0,05 0,10 0,14 0,27
Numbers 5 5 5 5 5 5
Absorption Capacity,g/g
Average 10,79 10,61 10,45 10,32 8,69 11,90
Standard deviation 0,07 0,15 0,11 0,05 0,25 0,13
Numbers 5 5 5 5 5 5

Absorpion Time,s
Average 2,49 2,45 2,36 2,31 1,68 1,81
Standard deviation 0,09 0,14 0,11 0,05 0,14 0,10
Numbers 5 5 5 5 5 5
Weight, g
Average 49,80 50,31 48,86 48,86 49,29
Standard deviation 0,27 0,50 0,17 0,13 0,33
Numbers 4 4 4 4 4
Thickness,mm
Average 1,32 1,40 1,20 1,21 1,41
Standard deviation 0,02 0,07 0,03 0,02 0,07
Numbers 10 10 10 10 10

Beaten ref. pH3 Beaten ref. Machine ref. pH3 Machine ref. Lumen ECLF
Grammage,g/m2

Average 754,58 762,23 740,27 740,30 746,82
Standard deviation 4,15 7,56 2,63 2,01 4,94
Numbers 4 4 4 4 4
Density,kg/m3

Average 571,22 546,01 616,89 610,81 531,17
Standard deviation 3,14 5,41 2,19 1,66 3,52
Numbers 4 4 4 4 4
Defibering Energy,kJ/kg
Average 177,33 184,40 154,80 170,50 115,10
Standard deviation 5,89 6,04 4,80 5,44 6,03
Numbers 9 10 10 10 10

Bulk QP (dry)
Standard deviation 0 sek 0,06 0,00 0,03 0,07 0,08 0,05
Average 0 sek 2,92 2,84 2,78 2,82 2,53 3,18
Average 5 sek 3,20 3,18 3,12 3,08 2,81 3,56
Average 10 sek 3,26 3,21 3,16 3,11 2,80 3,63
Average 15 sek 3,26 3,23 3,17 3,12 2,83 3,65
Average 20 sek 3,27 3,24 3,18 3,13 2,82 3,67
Average 25 sek 3,28 3,23 3,19 3,12 2,83 3,67
Average 30 sek 3,28 3,26 3,19 3,14 2,83 3,68

Bulk QP (wet)
Standard deviation 0 sek 0,08 0,07 0,01 0,00 0,07 0,05
Average 0 sek 1,60 1,58 1,50 1,61 1,43 2,12
Average 5 sek 1,84 1,81 1,81 1,81 1,65 2,50
Average 10 sek 1,85 1,83 1,82 1,83 1,66 2,55
Average 15 sek 1,85 1,84 1,83 1,86 1,68 2,57
Average 20 sek 1,87 1,85 1,85 1,86 1,69 2,58
Average 25 sek 1,89 1,86 1,85 1,87 1,69 2,60
Average 30 sek 1,89 1,86 1,85 1,88 1,69 2,60


