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Preface 
This research describes some more fundamental aspects of several large 
research and development projects conducted at Innventia/RISE during the 
last 10 years that I was involved in. All projects had a focus on the production 
and use of fibre-based strength additives produced with conventional stock 
preparation equipment, such as refiners and screens. For the present thesis, 
studies on improving the process efficiency and separation efficiency when 
producing the strength additives, and the application of the fibre-based 
strength additives in CTMP based paperboard were selected. 

Stockholm, October 2020 
Elisabeth Björk 
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Abstract 
For all kinds of paperboard packages, the bending stiffness of the paperboard 
is a crucial property. In multi-ply folding boxboard (FBB) grades, this is 
obtained by placing different stocks in the outer and centre plies of the board. 
In the outer plies, a stock with a high tensile stiffness is used, typically made 
from refined kraft pulp fibres. In the middle ply/plies a stock with more bulky 
properties is placed, typically comprising of a high proportion of CTMP 
(chemi-thermomechanical pulp). CTMP fibres are stiffer and more inflexible 
with poor bonding abilities resulting in low strength properties. To increase 
the bonding strength in the middle ply, broke, containing chemical pulp is 
added, and sometimes refined chemical kraft pulp as well. Both fibres and 
fines, i.e. smaller fibre fragments, in a pulp have a significant contribution to 
the properties of the product. Fines produced during refining of chemical 
pulp are especially beneficial for increasing the strength.  
To achieve pulp fraction with higher fines content the pulp can be fractionated 
with a micro-perforated screen basket; a fine fraction produced from a screen 
with very small holes will contain a large proportion of fines. By adding such 
a fine fraction to a middle ply stock, the bulk properties of the main pulp, for 
example a CTMP, can be conserved as less refining of this pulp is required to 
achieve the targeted strength properties. However, a drawback is that the fine 
fraction usually has a very low mass concentration after the screening process 
as a lot of water pass through the screen together with the fines and fibre 
fragments. The excess water must be removed to maintain the water balance 
of the papermaking process. Further, the larger volumes require extra 
pumping capacity. A resource-efficient production of a fine fraction must 
target a high fine fraction mass concentration and a high content of fines and 
short fibre fragments in order to be implemented industrially. 
The focus of the present work was on separation efficiency (i.e. the difference 
in fibre length distribution caused by screening) and process efficiency (i.e. 
the concentration of the fine fraction) for production of a fine fraction of 
chemical pulp by screening, and the utilisation of the fine fraction as strength 
agent. 
Pilot-scale fractionation trials with a pressure screen with different micro-
perforated screen baskets were performed in order to evaluate how the 
separation efficiency and process efficiency were affected by parameters such 
as feed concentration, pulp type (hardwood or softwood kraft pulp), hole size 
of the screen, and refining treatment prior to screening. The trials were 
evaluated using fibre length distributions, flow rates and concentrations of 
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the feed flow and the fractions. Here, two complementary quantitative 
measures, Proportion in fine fraction (for process efficiency) and Fine fraction 
enrichment (for separation efficiency), were developed. To evaluate the 
strength enhancing effect of the obtained fine fraction, a lab scale study was 
performed where the fine fraction of a highly refined pulp was compared with 
the highly refined pulp as strength agent for a CTMP. The results of this study 
were verified in a pilot paper machine trial. In a second pilot paper machine 
trial, sheets with different CTMP proportions in the middle ply were studied 
in order to find out if the bulk could be increased while maintaining strength, 
by using a fine fraction made from refined chemical pulp. 
Regarding process efficiency, it was found that the most important parameter 
to obtain a high fine fraction concentration was a high feed concentration. 
Further, a higher fine fraction concentration for a given screening process was 
also obtained when using hardwood pulp and refining the pulp prior to the 
screening process. A higher feed concentration also had a positive effect on 
the separation efficiency. Small holes and a smooth surface of the screen 
basket were also important to improve the separation efficiency.  
It was shown that, when used as a strength agent in a CTMP pulp, the fine 
fraction of highly refined kraft pulp was twice as efficient as the highly refined 
kraft pulp, when added at equal mass proportion. However, both in the lab 
and pilot trial the strength increase was accompanied by a decreased bulk. 
This was expected, and to avoid this the proportion of the bulky CTMP had 
to be increased. The pilot paper machine trial with an increased CTMP 
proportion in the middle ply and a fine fraction of refined kraft pulp as 
strength agent demonstrated that it was possible to produce sheets with an 
increased bulk and maintained z-strength. 
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Summary in Swedish 
Böjstyvheten är en viktig egenskap för alla sorters hårda förpackningar. I 
flerskiktskartong får man böjstyvhet genom att ha ytterskikt med hög 
dragstyvhet tillverkade av fibrer från kemisk massa och ett mittskikt med hög 
bulk från styva fibrer, ofta med en stor andel CTMP (kemitermomekanisk 
massa). CTMP-fibrer är styva men ger lägre styrka i arket. För att öka styrkan 
i mittskiktet tillsätter man utskott (kasserad kartong) som delvis innehåller 
kemisk massa, och ibland även ren högmald kemisk massa. Både fibrer och 
finmaterial (fines) har stor betydelse för slutproduktens egenskaper. Fines 
som skapas vid malning av kemisk massa är särskilt effektiva för att öka 
styrkan.  
Genom att fraktionera massa med en mikroperforerad sil kan man få en 
finfraktion med högt finesinnehåll. Mikroperforerade silar är effektiva för 
längdfraktionering av massa; fines anrikas i den fraktionen som passerar silen 
medan långa fibrer stannar i den andra fraktionen. Genom att använda en 
sådan finfraktion i mittskiktet kan man få tillräcklig styrka och samtidigt 
behålla mer av bulken från CTMP:n genom att man inte behöver mala den för 
att få styrka. En nackdel är att finfraktionen vanligtvis har väldigt låg 
masskoncentration eftersom mycket vatten passerar silen tillsammans med 
fines och fiberfragment. Detta extra vatten måste tas bort för att 
vattenbalansen i papperstillverkningsprocessen ska bibehållas. Dessutom 
kräver den större volymen ökad pumpkapacitet. För att kunna använda en 
finfraktion industriellt behövs en effektiv produktion med hög koncentration 
och högt finesinnehåll. 
Fokus i det här arbetet lades på separationseffektivitet (skillnaden i 
fiberlängdsfördelning som resultat av silningen) och processeffektivitet 
(koncentrationen i finfraktionen) för tillverkning av en finfraktion av kemisk 
massa genom silning samt dess utnyttjande som styrkehöjande tillsats i ett 
mittskikt av kartong.  
För att utvärdera hur separationseffektiviteten och processeffektiviteten 
påverkas av parametrar som koncentrationen i flödet in till silen, typ av 
kemisk massa (gjord av lövved eller barrved), hålstorlek i silen samt 
malningen av massan, gjordes fraktioneringsförsök i pilotskala med en 
trycksil med olika mikroperforerade silkorgar. Resultatet av fraktioneringen 
utvärderades med hjälp av fiberlängdsfördelningar, flöden och 
koncentrationer i flödet till silen och de två fraktionerna efter silen. För 
utvärderingen togs två olika utvärderingsmetoder fram: Proportion i 
finfraktionen (för processeffektivitet) och Finfraktionsanrikning (för 
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separationseffektivitet). För att utvärdera hur effektiv en finfraktion av 
kemisk massa var som styrkeadditiv i ett CTMP-ark gjordes labbförsök där 
tillsats av högmald kemisk massa jämfördes med tillsats av enbart en 
finfraktion av den högmalda kemiska massan. Resultaten verifierades med ett 
försök på en pilotpappersmaskin. I ett följande försök på 
pilotpappersmaskinen tillverkades ark med ökat CTMP-innehåll för att öka 
bulken, och med en tillsats av en finfraktion av kemisk massa som 
styrkeadditiv.  
När det gäller processeffektivitet var hög koncentration i flödet till silen den 
viktigaste parametern för att få hög koncentration på finfraktionen. Detta var 
också positivt för separationseffektiviteten, färre av de längre partiklarna 
hamnade i finfraktionen. Vidare blev finfraktionens koncentration högre för 
lövvedsmassa. En finfraktion som ska användas som styrkeadditiv ska vara 
tillverkad av mald massa, malning av massan var också fördelaktigt för 
finfraktionens koncentration. Små hål och en slät yta på silkorgen var också 
positivt för separationseffektiviteten. 
Som styrkeadditiv i CTMP var finfraktionen av högmald kemisk massa 
dubbelt så effektiv som den högmalda kemiska massan vid lika stor tillsats. 
Men i både labbförsök och pilotförsök minskade bulken när styrkan ökade. 
Det var väntat eftersom att ersätta en del av originalmassan som har hög bulk, 
med en finfraktion eller högmald massa, som båda har mycket lägre bulk, 
alltid minskar bulken på arket. För att undvika en bulkförlust måste 
massasammansättningen i arket ändras. Försöket på pilotpappersmaskinen 
med ökat CTMP innehåll och en finfraktion av mald kemisk massa som 
styrkeadditiv visade att det är möjligt att tillverka ett ark med högre bulk och 
bibehållen styrka. 
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1 Background 
Paper and board are something we all encounter in daily life. They are mainly 
made of pulp fibres, and the properties of the pulp are important for the 
performance of the products. The pulp properties depend on both the fibre 
dimensions and the pulping process. The most important factor for fibre 
dimensions is the origin of the wood used. Pulps are very heterogeneous as 
the fibres even within individual trees have a quite large variability in width, 
length and wall thickness. During the pulping process the size distribution 
actually increases, so that the pulp will consist of fibres of different size and 
fines, i.e. smaller particles, often fibre fragments and fibrillar material 
(Ferritsius, Ferritsius, & Rundlöf, 2018). 

 
Figure 1 Fibre length distributions for hardwood and softwood kraft pulp. 

The pulping processes can be divided into mechanical pulping and chemical 
pulping. In mechanical pulping the wood chips or pulpwood logs are heated 
and defibrated by means of pressurized high consistency refiners or 
pressurized grinders. These processes have very high yield (>90%) and the 
pulps usually have lower strength compared to refined chemical pulps – 
typical examples are pressure groundwood (PGW) and thermo-mechanical 
pulp (TMP). In the case of chemi-thermomechanical pulp (CTMP), the wood 
chips are treated with chemicals (alkaline and sulfite or alkali and peroxide) 
before defibration in high consistency refiners. This type of pulp has nearly as 
high yield as TMP and PWG, but as it is possible to produce a shive free pulp 
at very low energy demand it is possible to achieve sheets with high bulk, 
which implies that a comparatively low amount of raw material is required to 
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obtain a thick and bulky structure. CTMP pulps have higher tensile strength 
than TMP and groundwood (GWD) and much higher than kraft pulp 
measured at same density (bulk), see Figure 2. Kraft pulps can, however, be 
refined to higher maximum tensile strength. 

 
Figure 2 Tensile index versus density (Höglund & Wilhelmsson, 1993). 

The most common process for chemical pulping is the kraft process (sulfate 
pulp). This process gives a low yield (45-65%) but highly refined kraft pulps 
give the strongest paper sheets. Microscopic images of CTMP and kraft pulp 
are shown in Figure 3. 

 
Figure 3 Microscopy images of CTMP (left) and kraft pulp (right) 

Paper and board properties are significantly influenced by the pulp’s fines 
content. Fines are usually defined as the cellulosic pulp fraction that passes 
through a mesh with apertures with a size of 76 µm (200 mesh screen) in a 
solid-liquid separation process (Tappi T261 cm-00; SCAN-M 6:69, ISO 
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10376:2011). For this, a Britt dynamic drainage jar (BDDJ) is often used (SCAN 
CM 66). In image-based fibre analysers, fines are usually defined as all objects 
with a particle length less than 0.2 mm (ISO 16065-2).  
Fines are produced in the different stages of the pulping and stock 
preparation process. For chemical pulps, the fines are classified as primary 
and secondary. Primary fines are formed during pulping and defibration 
while secondary fines are produced during mechanical treatment of the fibres, 
for example refining (Hyll, 2015). Secondary fines enhance the strength 
properties more than primary fines. The use of secondary fines from refined 
kraft pulp to enhance strength properties has been reported on many 
occasions (Bäckström, Kolar, & Htun, 2008; Lobben, 1977; Retulainen et al., 
2002; Retulainen, Nieminen, & Nurminen, 1993). Further, the same effect was 
reported in several studies on highly fibrillated fines such as microfibrillated 
cellulose (MFC) (Ankerfors, Lindström, & Söderberg, 2014; Fischer et al., 2017; 
Taipale, Österberg, Nykänen, Ruokolainen, & Laine, 2010). Mechanical pulp 
fines can be classified as flaky fines and fibrillar fines. It is generally assumed 
that the flaky fines contribute significantly to light scattering and opacity 
while the fibrillar fines contribute to strength (Ferluc, Lanouette, Bousquet, & 
Bussiere, 2010; Hyll, 2015). Fines from kraft pulp are more efficient for 
strength increase compared to fines from mechanical pulp (Retulainen et al., 
1993). One of the reasons for this may be attributed to the fact that fines from 
mechanical pulps normally contain extractives as fatty acids that reduce the 
adhesion between fibres and fines (Rundlöf, 2002). 
 

 
Figure 4 Microscopic image of fines from chemical pulp. The red line represents 300 µm. 

For all kinds of hard packaging products, the stiffness is one of the most 
critical product properties. Too low stiffness could result in a collapsed 
capsule, either during converting or filling operations or at retailers. The 
stiffness of the package is mainly defined by the bending stiffness of the 
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paperboard that the package is made of. Bending stiffness of the paperboard 
is a result of a combination of tensile stiffness and bulk (Engman, Fellers, Htun, 
Lundberg, & De Ruvo, 1978). In multi-ply folding boxboard (FBB) grades, this 
is obtained by outer plies with high tensile stiffness made from refined kraft 
pulp fibres, and a middle ply with a high bulk from stiff fibres, typically from 
a furnish with high CTMP content. As the CTMP fibres are stiff and inflexible 
they will also have poor bonding ability, which could cause delamination in 
converting or printing of the paperboard (Girlanda, 2006). To increase the 
bonding strength in the middle ply, broke containing chemical pulp is added. 
For an even higher strength highly refined kraft pulp, also called glue pulp 
(Gavelin, 1995), can be added. This pulp has a high fines content. To be able 
to control the strength properties selectively, a pulp with an even higher fines 
content would be desirable. By using such a pulp, the bulk properties of the 
main pulp, for example a CTMP, can be conserved as less refining of this pulp 
is required to achieve the targeted strength properties. 
A fractionation process gives the possibility to enrich certain fibre fractions of 
a given pulp, for example fines. Some key aspects on screening of chemical 
pulp to achieve a fine fraction were reviewed in Paper A. A fine fraction 
produced from a screen with very small holes will contain a large proportion 
of fines (Qazi, Mohamad, Olson, & Martinez, 2015). The most efficient and 
practical unit to achieve fibre length fractionation in industrial scale are 
pressure screens (Scott & Abubakr, 1994). When screening pulp, a single pulp 
stream is separated into two streams with different size distributions. Screen 
plate design and configuration have a greater influence on operation than any 
other controllable parameter. Smaller aperture size separates the fractions 
better. Furthermore, screen plates with holes fractionate better than slotted 
screens, even when the slots are narrower than the hole diameter (J. Olson, 
2001). Moreover, smooth screen plates are reported to be more efficient for 
fractionation than contoured screen plates, as contoured screen plates 
increase the fibre passage, and thus reduces the separation efficiency 
(Retulainen et al., 1993). 
In this work screens with a hole diameter less than 0.5 mm is called micro-
perforated screens. Historically, most studies on screens with holes are done 
with a hole diameter over 0.5 mm, as this is more relevant in most industrial 
processes. However, micro-perforated screen baskets are used in industry for 
fibre recovery, e.g. in water streams or black liquor filtration. In more recent 
studies, micro-perforated screens with hole size 0.2 and 0.25 mm have been 
used for fractionation of pulp in pilot-scale (Asikainen, Fuhrmann, & 
Robertsén, 2010; Ferluc et al., 2010; Kumar et al., 2014). These micro-
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perforated screens are very efficient for length fractionation; the fines are 
enriched in the accept fraction and the longer fibres stay in the reject fraction. 
One problem is that the fine fraction has a low concentration as a lot of water 
pass through the screen together with the fines and fibre fragments.  
If the fine fraction is to be used as strength agent in papermaking, the excess 
water must be removed to maintain the water balance of the papermaking 
process. Further, the larger volumes require extra pumping capacity. To be 
efficient and economically viable the mass concentration of the fine fraction 
must be as high as possible. At the same time the fine fraction should be as 
pure as possible, containing as few long fibres as possible. (To achieve this the 
screening process must be further investigated.) A methodology to achieve 
the combination a pure high fine fraction at high enough concentration is not 
earlier described in literature or in the form of open technical documentation. 
The first paper in this thesis describes the state of art related to this subject. 
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2 Research questions 
It has been shown in earlier studies that fines from refined chemical pulp can 
be used to increase the strength properties of paper products. It has also been 
shown that screens with small holes can be used to produce a fine fraction of 
a pulp. One problem is that the fine fraction has a low concentration. If the 
fine fraction is to be used as strength agent in papermaking the appropriate 
process conditions to not only optimise separation efficiency, but also achieve 
as high fine fraction concentration as possible must be found. The presented 
work focused on two questions that are central for the production and use of 
chemical pulp fines in the paperboard production: 

 
1 Optimization of process efficiency and separation efficiency 

How can the process efficiency and separation efficiency be evaluated? How do 
the process parameters affect the properties of the produced fine fraction? How 
shall the screening be done to get efficient fine fraction separation and at the 
same time an as high production as possible? 
In order to answer these questions screening trials in pilot scale were 
performed with a pressure screen with different micro-perforated 
screen baskets. The fractionation results were evaluated based on 
analysis of the changes in fibre length distributions, and two measures 
for quantifying the process efficiency and separation efficiency were 
developed in order to evaluate the fractionation process. 
 

2 Utilisation of a chemical pulp fine fraction as strength agent  
How effective is the fine fraction of a kraft pulp as strength agent in a CTMP 
sheet? How can the usage of chemical fines as a strength agent be implemented 
to obtain board products with a higher bulk? 
In order to answer these questions, lab-scale trials were performed 
where the addition of a fine fraction kraft pulp was compared with 
addition of highly refined pulp (glue pulp) as strength agent in a CTMP. 
The results of the lab-scale trials were verified in a pilot paper machine 
trial. In a second pilot paper machine trial, sheets with an increased 
CTMP proportion in the middle ply to increase the bulk and a fine 
fraction of chemical pulp as strength agent were produced.  
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3 Methods 
The following is a brief description of the methods used for the trials. More 
details can be found in the attached papers.  

3.1 Equipment 
An overview on the screening equipment is shown in Table 1. 
Table 1 Overview of screening equipment. 

Screen Screening surface Hole size [µm] 

Laboratory screen 
Metso TAP03 

Smooth 
200 

250 

Pilot pressure screen 
Voith MSS 04/03 Multiscreen. 

Profiled 150 

Smooth 

250 

300 

350 

 
For the laboratory scale screenings, the mass and volumetric fraction ratios 
were calculated based on concentrations measurements on manual samples 
from the feed and the fractions, and the entire volumes of the feed and the 
fractions. For the pilot-scale screenings, the mass and volumetric fraction 
ratios were calculated based on solid concentration measurements on manual 
samples from the feed and the fractions, and from flow rate readings from the 
control system. The pilot-scale screening process was operated in a flow-
controlled mode, i.e. the feed flow was controlled by a pump, and the fine 
fraction flow was controlled with a valve. To avoid plugging, the pressure 
difference was continuously checked. 
The main differences between the lab and pilot screening trials were that the 
lab screen is an atmospherics screen where the feed pulp is added manually 
10 litres at a time, and the mass concentration of the feed was always 5 g/l. 
The pilot screen is a pressure screen, the feed flow was between 500 and 3000 
l/min, and the mass concentration of the feed was between 1 and 40 g/l.  
The pilot-scale screen basket with profiled surface and 150 µm holes and the 
smooth screen basket with 250 µm holes are shown in Figure 5.  
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Figure 5. Images showing the profiled pilot-screen basket with a hole diameter of 150 µm 

and the smooth screen basket with a hole diameter of 250 µm. 
 

The first screening trials were performed with unrefined pulp to investigate 
the effect of feed concentration, feed flow, pulp type and volumetric fine 
fraction flow on the runnability of the screening system and the separation 
efficiency. 
In the following trials the pulp was refined prior to screening. An overview 
of the refining equipment is shown in Table 2. 
Table 2 Overview of refining equipment. 

Refiner Fillings Bar width 
[mm] 

Groove width 
[mm] 

Cutting edge 
length [km/rev] 

Lab Voith LR40 Conical 3-1.0-60  3.0 12.0   0.020 

Disc 2/3-1.46-40 2.0  3.0   0.088 

Pilot Voith TF2. Disc 2/3-312-40 2.0  3.0 18.7 

Pilot JC00 Conical SF  2.0  3.0   6.7 

Pilot JC01 Conical Microbar 1.2  1.8 20.4 

Conical SF 2.0  3.0 12.8 

Finebar fillings   56.0 

 
In the lab scale trials the refining and screening were always performed 
separately. This was also the case in the first pilot scale trials. However, if the 
fine fraction is to be used as strength agent in a papermaking process, the 
production must be continuous. Thus, we developed a process were refining 
is combined with a micro-perforated screen, see Figure 6.  

 

Ø 150 µm holes
profiled surface

Ø 250 µm holes
smooth screen
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Figure 6 Process layout for production of a fine fraction with partial recirculation in pilot 

scale. 

In this process the screening is done directly after the refining. The fine 
fraction passes the screen, and the remaining pulp is recirculated through the 
refiner until the pulp particles are so small and/or flexible that they pass the 
holes of the pressure screen. As the fine fraction after the screen has lower 
mass concentration water is added together with the unrefined pulp to keep 
the mass and water balance in the system. We call the fine fraction Fines-
Enriched pulp (FE-pulp) (Björk, Vomhoff, & Bouveng, 2013). The FE-pulp 
comprises of fines created in the refiner and flexible, fibrillated highly refined 
fibres or fibre fragments. This process was used when larger amounts of fine 
fraction was produced for the pilot paper machine trials.  
For the pilot-scale papermaking the pilot paper machine FEX was used, see 
layout in Figure 7. It is full size in length (it ends after the press section), but 
the paper width is only 0.25 m. The drying is done offline in a separate drying 
section. It has several forming possibilities and a closed white water 
circulation. The press section has one roll and two shoe presses. The machine 
speed can be up to 1500 m/min. 

 
Figure 7: A schematic view of the FEX machine configuration for the trials with the forming 

positions and headboxes emphasized that were used in the present pilot trials. 
  

Fine 
fraction

Refiner Micro-
perforated

screen

Pulp 30-40 
g/l

Water

s s

s Sampling

Middle ply

Top ply
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3.2 Experimental conditions 
Table 3 Objectives, process parameters and evaluation method for the screening trials 
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Table 4 Objectives, process parameters and evaluation method for the pilot board making 
trials 
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The board making trials were performed both in laboratory and pilot scale. 
The laboratory sheets (SCAN-CM 64) were made with a closed white-water 
system to retain the fines in the sheets. The white water was produced by 
making 10 sheets that were disposed, thereby loading the white-water system 
with fines and fibre fragments. The first sheet made after the ten, and the last 
sheet of the entire series, were reslushed and tested for fines content as a 
retention control. The fines content was measured with FiberTester and Britt 
Dynamic Drainage Jar (BDDJ) (SCAN-CM 66, sieve openings 76 µm), for 
further information see Paper D. 
The pilot trials were performed at the pilot paper machine FEX. In the trial 
where FE-pulp and glue-pulp were compared as strength agent in a CTMP 
middle ply of board (Björk, Bouveng, & Vomhoff, 2018), only a middle ply 
was produced on the fourdrinier former. A model middle ply was created 
with fixed proportions of CTMP (64%) and filler (9%). Only the proportions 
of the HW/SW mixture and FE-pulp/glue pulp were changed. The amount of 
FE-pulp/glue pulp was 5 and 10% of the fibre material. The FE-pulp and glue 
pulp were produced with recirculating refining, for process layout see Figure 
6 and for equipment used see Table 4. The concentration in the chest was 40 
g/l and the volume 15 m³. First, the pulp was recirculated through the refiner 
without passing the screen until the fines content was around 20%. This took 
180 min, giving a specific refining energy of 400 kWh/ton. From this high-
refined pulp, 5 m³ were taken to be used as glue pulp, after which the screen 
was connected. Before starting the screen, the pulp was diluted to 26 g/l to 
avoid plugging. The fine fraction from the screen, the FE-pulp, was collected 
and unrefined pulp and water was added to keep the mass and water balance 
in the system. The feed flow rate to the screen was 500 l/min and the accept 
flow rate was 50 l/min. It took 5 hours of screening to reach the required 170 
kg of FE-pulp. The specific energy requirement to produce the FE-pulp 
(refining and screening) was 1900kWh/t. 
In the trial with increased CTMP proportion and addition of fibre-based 
strength agent (Björk, Bouveng, Holmqvist, & Vomhoff, 2019), only half a 
paper board was produced, as the configuration of the FEX machine only 
allowed making a 2-ply sheet, consisting of a top ply and a middle ply. Both 
single plies and two-ply sheets were produced. The top ply had the same 
composition throughout the trial; it was made of refined bleached hardwood 
kraft pulp with a small proportion of refined bleached softwood kraft to 
provide the runnability on the paper machine. The middle ply consisted of 
CTMP, strength agent (FE-pulp or highly refined pulp) and refined bleached 
hardwood pulp. The strength agents were made of bleached hardwood pulp, 
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for equipment used see Table 4. For the FE-pulp production, the flow rate 
through the refiner was 500 l/min at 40 g/l. The recirculation was 80% of the 
flow, thus the flow rate of the FE-pulp passing the screen was 100 l/min. The 
concentration of the produced FE-pulp was 16 g/l. In the process of making 
highly refined pulp, the flow rate through the refiner was 500 l/min at 40 g/l, 
and 75% of the pulp was recirculated over the refiner in a loop with a small 
volume. The volume withdrawn was replaced by fresh pulp from the pulp 
line. The highly refined pulp has the same concentration as the pulp in the 
chest. 

3.3 Evaluation 
3.3.1 Fibre morphology 
The evaluation of the screening results in this study is mainly based on the 
quantification of the changes in fibre length distributions. When comparing 
fibre length distributions measured with different equipment, it is important 
that the evaluation methods have the same criteria for defining a particle, the 
same histogram interval, as well as the same weighting method. Otherwise, a 
quantitative comparison is not possible. 

The fibre length and width distributions were measured with an image-based 
fibre analyser (L&W FiberTester) and the length-weighted fibre length 
distributions were used for evaluation. The fibre distributions provided by 
fibre length analysers are often determined using a fibre criterion, for example 
a certain length-to-width ratio, also called aspect ratio, in order to identify 
fibre-like particles. In the initial phase of the work, reported in Paper B, we 
used the FiberTester with its standard settings. Here, the fibre distributions 
from the FiberTester measurements only included objects classified as fibres 
according to the Tappi standard; the lower limit for objects classified as fibres 
was a length of 100 µm, and there was also a fibre criterion stating that an 
object must have an aspect ratio above 4.  

When fractionating with the objective of producing a fine fraction, however, 
also small particles not classified as fibres, due to shorter length or lower 
aspect ratio, are important. When we began to analyse the screening results, 
we realised that using these fibre criteria excludes the smallest particles from 
being part of the fibre length distribution. This leads to the fibre length 
distribution having a misleadingly low value in the shortest fibre length class 
(100 µm) as a lot of particles in this class will not be identified as fibres and 
thus not be included in the fibre length distribution. This causes the classical 
artefact often observed in fibre length distribution, where the shortest fibre 
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length class usually contains much less particles than the adjacent, second-
shortest class. Hence, to avoid giving the false impression that there were 
fewer objects in this fibre length class, the lowest fibre length class (0.1 mm) 
was excluded in the diagrams in Paper B. As the fine material is a very 
important part of the fine fraction, we removed the fibre criteria for the 
FiberTester measurements in the following trials and all measured particles 
were included in the fibre length distributions in Paper C and D. 
An additional observation related to the use of the fibre criteria was made. It 
mostly affects the shortest fibre length class, the class to which the main part 
of the excluded particles belong. Since the fibre length distributions are 
normalised (i.e. the sum of all classes is always the same, 100%) a lower value 
in one length class will lead to increased values in all other length classes. As 
the evaluation method excludes the fines, i.e. particles not fulfilling the fibre 
criteria, this upward shift due to the normalisation will be larger when there 
are more fines in the sample. The fine fraction contains more fines than the 
feed, thus the value of the first class in the fibre length distribution will 
decrease more for the fine fraction when using the fibre criteria, and the 
upward shift of the fibre length distribution will be greater. Therefore, using 
fibre criteria increases the difference in fibre length distribution between the 
fine fraction and the feed. This will affect all evaluation based on the fibre 
length distributions. Thus, it is important to be careful when comparing 
results calculated based on fibre length distributions. It is crucial that the fibre 
length distributions are based on the same criteria if they should be compared. 

3.3.2 Separation efficiency 
In the case of length fractionation, separation efficiency means to get enough 
difference in fibre length distribution between the accept and reject fractions, 
or the feed and one of the fractions. The estimations of fibre length 
distributions allow a quantitative evaluation of the change in “pulp 
morphology” that was achieved in the fractionation trial. The passage ratio 
P(l), which characterizes the length dependence on fibre passage, was 
introduced by Olson et al. (1998). The passage ratio was calculated as 

𝑃𝑃(𝑙𝑙) =  
𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓.�𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�

𝐶𝐶𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓.�𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�
 (1), 

where cfine is the concentration in the fine fraction, cfeed is the concentration in 
the feed. lfine is the value in each class of the fibre length distribution for the 
fine fraction, and lfeed is the value in each class of the fibre length distribution 
for the feed. 
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In this study, two complementary evaluation measures were used to quantify 
the fractionation result. For industrial process efficiency, fibre mass flows are 
crucial. To be able to evaluate quantitative changes in mass flow, the fibre 
distributions of the fine fractions were multiplied by their mass proportion. 
This modified passage ratio, Pf(l), here called the proportion in fine fraction, 
was calculated based on the length-weighted fibre length distributions of the 
feed and the fine fraction, and the fine fraction mass ratio, 

𝑃𝑃𝑓𝑓(𝑙𝑙) =  
𝑀𝑀𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓.�𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�

 �𝑙𝑙𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�
 (2), 

where Mfine is the fine fraction mass ratio, lfine is the value in each class of the 
fibre length distribution for the fine fraction, and lfeed is the value in each class 
of the fibre length distribution for the feed. P(l) and Pf(l) calculated from the 
same fibre length distributions are shown in Figure 8. 

 

 
Figure 8: Example of passage ratio P(l) (A) and the proportion in fine fraction Pf(l) (B). SBK 

with feed flow rate 500 l/min and 10 g/l at different volumetric fine fractions. 
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Both methods give similar results. The difference is that the highest value of 
the passage ratio will be 100%, this is when the concentration of a certain fibre 
length class is the same in the feed as in the fine fraction (i.e. when all material 
in a length class that can pass the screen passes). The passage ratio is 
independent of the volumetric fine fraction, while the maximum value of the 
proportion in fine fraction is the same as the volumetric fine fraction, since it 
takes into account that not all of the mass feed flow passes the screen. The 
maximum mass proportion of a certain fibre length class passing the screen 
cannot be higher than the volumetric flow passing the screen. At an 80% 
volumetric fine fraction, 80% of the flow passes the screen and the maximal 
mass proportion of a fibre length class passing the screen can consequently be 
80% at the most.  
This is an important aspect when evaluating industrial screening. When using 
proportion in fine fraction, it can be directly seen that more of the mass passed 
the screen at higher volumetric fine fraction. By calculating the proportion of 
different fibre length classes that passed the screen, the importance of 
different running parameters on the fibre passage can be evaluated, including 
the effect of volumetric fine fraction ratio. This makes it possible to evaluate 
the quantitative effect on production capacity. 
To quantify the separation efficiency, i.e. the difference in fibre length 
distribution between feed and fine fraction, a fine fraction enrichment (Fe) for 
each fibre length class was calculated: 
𝑭𝑭𝒆𝒆(𝒍𝒍) =  

�𝒍𝒍𝒇𝒇𝒇𝒇𝒇𝒇𝒆𝒆−𝒍𝒍𝒇𝒇𝒆𝒆𝒆𝒆𝒇𝒇�

�𝒍𝒍𝒇𝒇𝒆𝒆𝒆𝒆𝒇𝒇�
 (3), 

where lfine is the value in each class of the fibre length distribution for the fine 
fraction, and lfeed is the value in each class of the fibre length distribution for 
the feed. This way of presenting the results visualizes the change in each fibre 
length class. An example is shown in Figure 9. 
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Figure 9: The fine fraction enrichment Fe for SBK. Feed flow rate 500 l/min at 10 g/l 

concentration, different volumetric fine fractions. 

At the fibre length class where Fe is equal to 0, no fractionation, and therefore 
no enrichment occurs. In this fibre length class, feed lfeed, fine fraction lfine and 
coarse fraction are identical. For fibre length classes with a positive 
enrichment value, more fibres of this particular length class are in the fine 
fraction than in the feed, while for fibre length classes with negative 
enrichment values, fewer particles of this length class are in the fine fraction. 
Further information can be found in a Paper B. 
The fine fraction enrichment values depend on how much material there is in 
that fibre length class in the feed. If the feed already has a high fines content 
the maximal fine fraction enrichment will be lower. The best achievable fine 
fraction enrichment is when the lowest fibre length class of the fine fraction 
contains 100% of the fibre length distribution. For a feed pulp with 10% in the 
first fibre length class, the maximal fine fraction enrichment is 9, while for a 
feed pulp with 50% in the first fibre length class the maximal fine fraction 
enrichment is 1. Therefore, when comparing the enrichment for different feed 
pulps, one has to take into account the difference in the absolute content of a 
certain fibre fraction. 
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4 Results and discussion 

4.1 Screening with micro-perforated screen 
An efficient production of a large amount of fine fraction in a given screen in 
an industrial scale requires that the mass concentration of the fine fraction is 
as high as possible. At the same time the fine fraction should be as pure as 
possible, containing as few long fibres as possible. To investigate how the fine 
fraction from screening with micro-perforated screen baskets was affected by 
the process parameters, several screening trials were performed.  
First, trials were performed with unrefined bleached chemical pulp, of both 
hardwood and softwood, to find the fundamental parameters governing the 
screening results. A pilot pressure screen with a micro-perforated screen 
basket with a 150 µm hole size was used, and the effect of feed concentration, 
feed flow rate, pulp type and volumetric fine fraction flow rate on the 
runnability of the screening system and the separation efficiency was studied 
(Paper B). To evaluate the separation efficiency, two complementary 
measures were calculated, the proportion in fine fraction Pf(l) and fine fraction 
enrichment Fe. 
When screening with a micro-perforated screen with a hole size of 150 µm, 
most of the feed pulp will not pass the screen. In these screening trials with 
unrefined softwood and hardwood pulp, the mass fraction passing the screen 
was between 3% and 12%. The highest fine fraction mass ratio was achieved 
with hardwood pulp, a low feed concentration and high volumetric fine 
fraction. However, a high fine fraction mass ratio is not the same as a high fine 
fraction concentration. At low feed concentration and high volumetric fine 
fraction, the fine fraction concentration was low, see Figure 10. 
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Figure 10: Concentration in the fine fraction versus volumetric fine fraction for the screening 

of unrefined HBK (A) and SBK (B) as a function of feed concentration and flow 
rate. 

The most important parameter for the obtained fine fraction concentration 
was the feed concentration. Higher feed concentration gave higher fine 
fraction concentration, the feed flow rate and the volumetric fine fraction had 
only a minor influence. A difference between hardwood and softwood pulp 
can be seen; at the same feed concentration, the concentration in the fine 
fraction was much higher for hardwood pulp. This is explained by the 
morphological difference in fibre length distribution between the original 
hardwood and softwood pulp. A hardwood pulp has shorter fibres and a 
narrower fibre length distribution. Thus, a larger share of the hardwood fibres 
can pass the screen holes. 
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4.1.1 Effect of feed concentration and pulp type 
A higher fine fraction concentration is not the only effect of higher feed 
concentration; it also affects the separation efficiency. The fibre length 
distributions for the feed and fine fractions for softwood and hardwood pulp, 
at two different feed concentrations, are shown in Figure 11. For both 
hardwood and softwood pulp, the fine fraction achieved at higher feed 
concentration contained more short material. 

 
Figure 11: Fibre length distributions (length-weighted) for the feed and fine fractions at 

different feed concentrations, for SBK (A) and HBK (B) at 60% volumetric fine 
fraction. 

The proportion in fine fraction for the same screenings can be seen in Figure 
12. The effect of concentration was clear; at the lower concentration, more of 
the material in the feed passed the screen, both for softwood and hardwood 
pulp. The proportion in fine fraction ratio is nearly the same for softwood and 
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hardwood pulp – the fraction of fibres in each fibre length class passing the 
screen was similar. However, it must be considered that the amount of fibres 
in each fibre length class in the feed flow is different for hardwood and 
softwood pulp, and many more hardwood fibres in the fibre length classes 
passed the screen. Consequently, a larger proportion of the mass feed flow 
will pass the holes of the screen. This also leads to the higher fine fraction 
concentration for hardwood pulp.  

 
Figure 12: The proportion in fine fraction for SBK and HBK at different feed concentrations. 

Feed flow rate 500 l/min, 60% volumetric fine fraction. 

A higher feed concentration was also positive for the separation efficiency. In 
Figure 13, the fine fraction enrichment is plotted for the same screening trial 
as the results for the proportion in fine fraction in Figure 12. Shorter fibres 
were enriched in the fine fraction, while longer fibres were enriched in the 
reject fraction. For both softwood and hardwood pulp, a greater difference 
between feed and fine fraction in the shortest fibre length classes was 
observed at a higher feed concentration. Fewer of the longer fibres passed the 
screen. An explanation could be that the fibres have more difficulties to move 
freely in the suspension in order to follow the flow to the screening aperture 
when the concentration inside the screen is higher. The fibre length classes 
where no enrichment occurred, i.e. Fe = 0, were around 0.9 mm and 0.7 mm 
for softwood and hardwood pulp, respectively. The fibre length classes below 
these lengths were enriched in the fine fraction, with a larger enrichment at 
lower fibre length. At the lower feed concentration, the fibre length for zero 
enrichment was a little bit higher, and more of the longer fibre length classes 
were enriched in the fine fraction.  
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Figure 13: The fine fraction enrichment for SBK (A) and HBK (B) at two feed concentrations. 

Feed flow rate 500 l/min, 60% volumetric fine fraction. 

 

4.1.2 Effect of refining 
It is known that fines from refined kraft pulp, secondary fines, enhance the 
strength properties more than primary fines. Thus, a fine fraction that will be 
used to increase strength in paperboard should be produced from refined 
pulp. The first trials to find the fundamental parameters governing the 
screening results, described in the previous section, were performed with 
unrefined bleached chemical pulp. Following this, trials were run with 
unrefined and refined SBK in order to see the effect of refining on the 
screening result. In these trials the same pilot pressure screen with the same 
micro-perforated screen basket with a 150 µm hole size was used, see Paper B. 
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The fine fraction concentrations for refined and unrefined softwood at two 
different feed concentrations are shown in Figure 14, where a distinct 
difference between refined and unrefined softwood can be seen. For refined 
pulp, twice as high concentration was obtained in the fine fraction at the same 
feed concentration. Just as seen earlier, the feed concentration was also 
important for the concentration of the fine fraction. A higher feed 
concentration resulted in a higher fine fraction concentration. The feed flow 
rate and the volumetric fine fraction had only a minor influence.  

 
Figure 14: Concentration in the fine fraction versus volumetric fine fraction for the screening 

of unrefined and refined SBK. 

A refining treatment of the feed pulp did not affect the fibre length 
distribution of the obtained fine fractions. However, there was a difference 
when the feed pulp was refined, which can be seen in the proportion in fine 
fraction, Figure 15 (A). The refined pulp had a much higher proportion in fine 
fraction, and more fibres passing the screen. Moreover, looking at the fine 
fraction enrichment, Figure 15 (B), there were no differences between refined 
and unrefined pulp. This means that the fibre length distribution for the fine 
fractions were the same for unrefined and refined pulp. This higher 
proportion in fine fraction together with the same fine fraction enrichment 
indicates that the refined fibres passed the screen more easily. Thus, the 
different fine fraction concentration was not an effect of shorter fibre length. 
The reason why more of the refined fibres passed the screen can be ascribed 
to refined fibres being more flexible and thus more easily passing through the 
small holes.  
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Figure 15: The proportion in fine fraction (A) and the fine fraction enrichment (B) for refined 

and unrefined softwood. Feed 10 g/l and feed flow rate 500 l/min. 

4.1.3 The effect of screen basket surface 
The smooth screen basket with 250 µm holes fractionated the unrefined pulp 
better than the profiled screen basket with 150 µm holes, despite the larger 
hole size. It was also easier to run, as we had less problems with plugging of 
the screen surface. Despite the smaller holes, more fibre fragments and short 
fibres passed the 150 µm screen, see Figure 16 (A). This can be an effect of the 
screen surface, which was profiled. This effect has been reported in other 
studies, where smooth screen surfaces have been shown to be better for 
fractionation as the difference between the fractions becomes larger. The 
difference between the screen baskets can also be seen in the fine fraction 
enrichment curve where the crossing of the zero level is at 0.7 mm for the 

B 
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smooth screen basket with large holes and 0.9 for the profiled screen basket 
with smaller holes, Figure 16 (B). The smooth screen basket had better 
separation efficiency. 

 
Figure 16: Pf (A) and Fe (B) for unrefined bleached softwood kraft pulp, screened with different 

screen basket surface and hole size in the pilot screen. Feed (10 g/l, 500 l/min), 
volumetric fine fraction 80%. Fibre length distributions analysed with fibre criteria. 

As a better fractionation result was achieved with the screen basket with 
smooth surface, it was decided to continue the trials using smooth screen 
baskets.  

4.1.4 The effect of hole size 
The first trials (Paper B) showed how the process parameters affected the 
screening result. It was shown that high feed concentration was beneficial not 
only for the fine fraction concentration, but also for the separation efficiency. 
It was also shown that refining the pulp before screening was beneficial for 
the concentration of the fine fraction concentration, this without detrimental 
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effect on the separation efficiency. This is beneficial for the production of a 
fine fraction, as fines from refined pulp are known to contribute more to the 
strength properties of paper and paperboard. In the following screening trials 
(Paper C), the pulp was refined before screening and higher feed 
concentrations were used, 25 – 40 g/l. The volumetric fine fraction was 
decreased to 10-20% to be able to run the screen at these higher feed 
concentrations without risking plugging the screen due to too high long 
fraction concentration. 
Comparing smooth surface screen baskets with different hole sizes showed 
that more longer particles passed the screen with larger holes, see Figure 17. 
The larger holes gave a higher fine fraction mass ratio and a higher 
concentration in the fine fraction. The fine fraction enrichment was also 
affected by hole size. The fine fraction enrichment (Fe) curve crossed the x-axis 
at a higher value for larger hole size. Furthermore, the slope of the fine fraction 
enrichment curve was steeper for the smaller holes. This implies that the 
difference between feed and fine fraction was larger and the separation 
efficiency was better with smaller holes. Interestingly, with the smooth screen 
baskets and under the chosen process conditions, it was possible to screen the 
pulp at a feed concentration of 40 g/l, a typical refining concentration, 
provided the volumetric fine fraction was not too high. The process could 
therefore be implemented directly after a refining stage. 
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Figure 17:  Pf (A) and Fe (B) for softwood kraft pulp, refined 270 kWh/t, screened with different 

hole sizes in the pilot screen. Feed (40 g/l, 500 l/min), volumetric fine fraction 10%. 
Fibre length distributions analysed without fibre criteria. 

4.1.5 The effect of refiner fillings 
The refining process of the pulp also proved to be important. With specially 
designed refiner fillings, more fines and fibre fragments can be produced at a 
lower specific refining energy. Pulp refined at 390 kWh/t with Microbar 
fillings passed the screen to a higher extent compared to the pulp refined at 
480 kWh/t with SF fillings, despite lower specific refining energy, see Figure 
18. This indicates that the key to an efficient production of fines and fibre 
fragments is the disintegration process of the fibres in the refiner.  
An interesting indication regarding the robustness of the process conditions 
was also found in this trial. Two trials were performed with pulp refined with 
SF fillings, the refined pulps were screened with different feed flow rate and 
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different process layout, batch and partial recirculation respectively. Still the 
proportion in fine fraction was the same; the passage of fibres was not affected 
by the flow speed nor the process layout. 

 
Figure 18: Proportion in fine fraction for unbleached softwood kraft pulp, differently refined 

(SF and Microbar fillings). Screened with the same hole size (250 µm) in the pilot 
screen. 10% volumetric fine fraction, 8% for batch SF. Fibre length distributions 
analysed without fibre criteria. 

 

4.2 Usage of fines enriched pulp to increase strength in 
CTMP 

In an earlier study, fines-enriched pulp (FE-pulp) was shown to improve the 
strength of a CTMP sheet more than the CTMP fines (Markiewicz, 2014). In 
this study fines-enriched pulp (FE-pulp) was benchmarked against glue pulp, 
both produced from unbleached softwood kraft pulp, as strength agent in 
eucalyptus CTMP. Equal amounts of the strength agents were added to the 
original CTMP, as well as to washed CTMP, where most of the CTMP fines 
had been removed. The effect of the two strength agents was compared using 
laboratory sheets. Further information can be found in paper D. 
The effect of refining and fractionation for the softwood and the effect of 
washing for the CTMP can be seen in the fines content. The refining increased 
the fines content and the fractionation increased it further. For the CTMP, the 
washing reduced the fines content from 17% to 3%, measured by FiberTester. 
Despite the different measurement methods, BDDJ and FiberTester gave 
similar fines content for most of the pulps, but for the FE-pulp, the BDDJ fines 
value was higher. This can be due to a certain amount of flexible fibres and 
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fibre fragments passing through the BDDJ screen as well as the fines particles, 
or that the particles were too small to detect with FiberTester. 

 
Figure 19: The fines content measured with BDDJ and FiberTester. 

The drainability of the stocks before sheet making was measured as CSF 
(Canadian Standard Freeness), Figure 20. Removing the CTMP fines resulted 
in almost a doubling of the drainability, while adding strength agent 
decreased the drainability, both for original and washed CTMP. Still, the 
drainability of the washed CTMP was high also when the strength agents 
were added; washed CTMP with 10% FE-pulp had the same CSF as the 
original CTMP without any addition. The decrease in drainability was greater 
when the strength agent contained more fines; 5% glue pulp added to the 
original CTMP did not have any effect on the CSF value while 5% FE-pulp 
had. Further, the drainability at the addition of 5% FE-pulp was roughly the 
same as for 10% glue pulp. This was also the case for the washed CTMP; the 
addition of 10% glue pulp gave a CSF value almost equal to an addition of 5% 
FE-pulp.  
Fines measurements on the stocks showed that the fines content was the same 
for addition of 5% FE-pulp and addition of 10% glue pulp. Thus, since the 
fines content was the same in the stock at 10% glue pulp and 5% FE-pulp, this 
is an indication that it was the fines level in the strength agent that affected 
the drainability, not the degree of fibrillation or flexibility of the fibres. 
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Figure 20: Drainability (CSF) for stocks of original and washed CTMP. 

When analysing the sheet properties, it could be seen that FE-pulp was more 
effective than glue pulp, 5% FE-pulp gave the same strength increase as 10% 
glue pulp. This was the case for both tensile index and z-strength, see Figure 
21. 
For tensile index the increase was more than 50% compared to original CTMP, 
but at a quite large loss in bulk. The removal of fines from the CTMP resulted 
in total loss of strength, but addition of 5% FE-pulp or 10% glue pulp to the 
washed CTMP gave a higher tensile index at a slightly higher bulk, compared 
to the original CTMP without addition of strength agents. This shows that 
fines from chemical pulp contributed more to the strength than CTMP fines, 
5% FE-pulp gave the same strength as 15% CTMP fines.  
For z-strength the increase was even greater; the increase was more than 100% 
with addition of 5% FE-pulp or 10% glue pulp. Just as for tensile index, the 
strength loss for washed CTMP could be restored with 5% FE-pulp or 10% 
glue pulp. 
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Figure 21: Tensile index (A) and z-strength (B) versus bulk for original and washed CTMP with 

different amounts of added strength agents. 

In this study, FE-pulp proved to be a twice as effective strength agent as glue 
pulp in CTMP. The bulk of the sheets decreased, however, as well as the 
drainability, to the same extent at the same strength increase. The washed 
CTMP lost all strength when the CTMP-fines content was reduced from 17% 
to 3% through washing. The addition of 5% FE-pulp restored the strength 
values, and at a higher bulk. Further, the drainability in terms of CSF of that 
stock was much higher when compared to the original pulp. This result 
illustrates a possible approach to obtain more bulk out of a certain amount of 
fibres. By refining the CTMP less, the relative proportion of CTMP fines is 
reduced, resulting in a pulp with a higher bulk. The reduced strength 
properties could then be compensated for by the addition of chemical pulp 
fines that proved to be a much more efficient strength agent. 
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4.3 Pilot-scale board making with fines enriched pulp 
4.3.1 Comparison of fines enriched pulp and glue pulp 
In this study fines-enriched pulp (FE-pulp) was benchmarked against glue 
pulp as strength agent, in a CTMP-based middle ply of board produced on 
the FEX pilot paper machine. A CTMP middle ply of a folding box board (FBB) 
product usually consists of CTMP and broke, and sometimes smaller amounts 
of highly refined chemical pulp. As most of the available board grades are 
coated, the broke contains coating pigments, which will have a negative 
influence on the strength properties. In this trial, a model middle ply was 
created with fixed proportions of CTMP (64%) and filler (9%). Only the 
proportions of the hardwood pulp/softwood pulp mixture and FE-pulp/glue 
pulp were changed. The amount of FE-pulp/glue pulp was 5 and 10% of the 
fibre material. Details on the trial conditions can be found in (Björk et al., 2018). 
The FE-pulp and glue pulp were produced with batchwise recirculating 
refining; the fibre length distributions after different times of refining and 
after the screening are shown in Figure 22. 
 

 
Figure 22: The change in length-weighted fibre length distribution from unrefined HW to the 

glue pulp and the FE-pulp. The dotted vertical line shows the hole diameter of the 
screen basket, 250 µm. 

There was a radical change in fibre distribution during the refining; the 
amount of particles longer than 0.5 mm was reduced by almost 50%. After the 
screening, the reduction of longer particles was more than 80%, while the fines 
content has increased more than four times compared to the unrefined 
hardwood pulp. 
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During the FEX-trial, Canadian standard freeness was measured for the thick 
stock (in pulp line) and in the headbox (with filler added and diluted with 
white water). The results are shown in Figure 23. 

 
Figure 23: Canadian standard freeness for the pulp in pulp line (before addition of filler) and 

in headbox (including filler and diluted with white water). 

The freeness was, as expected, higher in the pulp line than in the headbox, 
and it decreased with the addition of glue pulp or FE-pulp. The decrease was 
most pronounced when adding FE-pulp. An addition of 5% FE-pulp or 10% 
glue pulp gave a similar freeness level in the pulp line. In the headbox, after 
diluting with white water and adding filler and chemicals, the CSF decreased 
even more at addition of FE-pulp compared to glue pulp.  
The press dryness before first press and after third press at different line loads 
is shown in Figure 24. 
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Figure 24: The difference in press dryness before the first press nip and after the third. 

Addition of 5% FE-pulp equals 10% glue pulp. 

Both the dryness after the wire and after the press section decreased with 
addition of FE-pulp and glue pulp. The decrease was more pronounced when 
FE-pulp was added. The dryness levels for an addition of 5% FE-pulp and 
10% glue pulp were approximately the same. Both the decreased freeness and 
the decreased press dryness showed that the addition of the strength agents 
decreased the dewatering ability. 
Tensile index versus bulk for the produced middle plies are plotted in Figure 
25. 

 
Figure 25 Tensile index (geometrical mean value) for the lowest and highest third press nip 

load. 
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The tensile index increased with addition of FE-pulp or glue pulp, and 5% FE-
pulp gave the same strength increase as 10% glue pulp. The bulk-strength 
relation followed a straight line. 
The results confirmed the results of earlier experiments with handsheets; FE-
pulp used as strength agent showed to be twice as efficient as glue pulp 
regarding strength properties. Further, the dewatering conditions and press 
drynesses on the paper machine were comparable at these additions. Thus, all 
these results imply that addition of FE-pulp can replace the double amount of 
glue pulp as strength agent. 

4.3.2 Increased CTMP proportion and addition of fibre-based strength 
agent 

In this trial on the pilot paper machine FEX, the goal was to produce a board 
with increased bending stiffness at maintained z-strength. The approach 
aimed to increase the bulk in the middle ply by increasing the proportion of 
CTMP, and to add strength agents made from chemical pulp to maintain the 
z-strength. The strength agents were fines-enriched pulp (FE-pulp), and 
highly refined pulp (HR-pulp) produced in an alternative process without 
screening. Both strength agents were produced with partial recirculation; the 
FE-pulp was produced by refining with SF fillings and screening with a 
micro-perforated screen basket with 350 µm holes, while the HR-pulp was 
refined with Finebar fillings, a new filling design with much longer specific 
edge length, and no screening. Further information can be found in (Björk et 
al., 2019). 
The top ply composition was the same throughout the trial; it consisted of 
refined bleached kraft pulp, while the composition of the middle ply was 
changed. The proportion of CTMP was increased from 55% to 85%, FE-pulp 
was added with 5% and HR-pulp with 5% and 10%. The remaining part of the 
stock was refined HW. Both two-ply board and single plies, either only top or 
middle ply, were produced. 
The bulk for the single-ply sheets and the corresponding two-ply sheets is 
presented in Figure 26. The increase in bulk was linear for both the single-ply 
and two-ply, though the bulk was lower and the slope was less steep for the 
two-ply cases, as expected due to the much lower bulk of the top ply.  
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Figure 26 Bulk at low press load for the single-ply sheets (open symbols) and two-ply sheets 

(filled symbols), as a function of CTMP and strength agent fractions. The figures at 
the symbols show pulp composition in % (CTMP/strength agent) the remaining 
part was refined SW pulp. 

Tensile stiffness is important for the bending stiffness. The tensile stiffness 
index for the different two-ply sheets is shown in Figure 27. 

 
Figure 27 Tensile stiffness index (geometrical mean), for the two-ply sheets at low press 

load, as a function of CTMP and strength agent shares (A) and as a function of 
ISO-bulk (B). The error bars show the standard deviation in MD. 

At 5% fraction of strength agent (FE or HR pulp), there was a linear decrease 
in tensile stiffness index as the CTMP fraction was increased at the expense of 
the kraft pulp fraction. At the same time, the bulk increased linearly. There 
was only one trial point with 10% strength agent addition, 85% CTMP and 
10% HR-pulp. It gave lower bulk than 85% CTMP and 5% HR-pulp, despite 
the same proportions of CTMP and chemical pulp. This could perhaps be due 

A B 
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to an increased shrinkage in the z-direction during drying caused by the 
higher fraction of highly refined pulp, and/or more fines filling the voids in 
the fibre network rather than providing caliper at the higher HR-pulp 
addition level. 
In Figure 28, the z-strength for the two-ply sheets are shown. 

 
Figure 28: Z-strength, for the two-ply sheets at low press load, as a function of CTMP and 

strength agent shares (A) and as a function of ISO-bulk (B). The error bars show 
the standard deviation. 

Both z-strength and bulk increased compared to the reference for three of the 
compositions, 65% CTMP with 5% FE-pulp or 5% HR-pulp, and 85% CTMP 
with 10% HR-pulp. However, a higher proportion of CTMP with 5% strength 
agent lead to equal or lower z-strength compared to the reference, which 
meant that the share of strength agent was too low. 
In Figure 29, the geometric mean for the bending stiffness for the two-ply 
sheet is shown. 
  

A B 
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Figure 29 Bending stiffness, for the two-ply sheets at low press load, as a function of CTMP 

and strength agent proportions (A) and as a function of ISO-bulk (B). The error 
bars show the standard deviation. 

An increased proportion of CTMP in the middle ply, accompanied by a 
reduction in HW content, resulted in increased bending stiffness. For FE-pulp, 
the increase was significant. For HR-pulp the increase was less pronounced. 
The strength agents led to lower press dryness. A lower press dryness means 
that more water must be removed in the drying section, which leads to a 
higher cost for drying, and for drying limited board machines, a reduction in 
production speed. However, the lower press dryness can be compensated by 
a higher press load. A higher press load resulted in about 2 %-units higher 
press dryness for all sheet structures, while the z-strength and bulk were 
almost unaffected. 
HR-pulp is a new concept which, when optimized, has the potential to be an 
as efficient strength agent as FE-pulp. The advantage of HR-pulp is that no 
screen is necessary and thereby a higher production rate can be achieved in a 
less complex process. 
  

A B 
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5 Conclusions 
The first research question was about optimization of separation efficiency 
and process efficiency: 
How can the process efficiency and separation efficiency be evaluated? How do the 
process parameters affect the properties of the produced fine fraction? How shall the 
screening be done to get efficient fine fraction separation and at the same time an as 
high production as possible?  
In this work the process efficiency and separation efficiency were evaluated 
based on analysis of the changes in fibre length distributions. For industrial 
process efficiency, fibre mass flows are crucial. A modified passage ratio, Pf(l), 
here called the proportion in fine fraction, was calculated based on the length-
weighted fibre length distributions of the feed and the fine fraction, and the 
fine fraction mass ratio. By calculating the proportion of different fibre length 
classes that passed the screen, the importance of different running parameters 
on the fibre passage could be evaluated. This made it possible to evaluate the 
quantitative effect on production capacity. To quantify the separation 
efficiency, i.e. the difference in fibre length distribution between feed and fine 
fraction, a fine fraction enrichment (Fe) for each fibre length class was 
calculated. 
The most important parameter in order to obtain a high fine fraction 
concentration was high feed concentration, and this was also proved to be 
beneficial for the separation efficiency. At a higher feed concentration, fewer 
of the longer fibres passed through the screen plate, both for softwood and 
hardwood pulp. This could be explained by individual fibres, especially 
longer fibres, having lower mobility in a suspension with a higher 
concentration in order to follow the flow. Smaller holes and a smooth surface 
of the screen basket were also important parameters to improve the separation 
efficiency. A higher fine fraction concentration was also obtained when using 
hardwood pulp. This can be explained by the shorter fibre length.  
A fine fraction for increasing the strength in paperboard should be made of 
refined pulp, as fines from refined kraft pulp are known to better enhance the 
strength properties. Refining of the pulp before screening was also beneficial 
for the concentration of the fine fraction. In order to improve the effect of the 
refining process prior to screening, specially designed refiner fillings, which 
produce more fines and fibre fragments at a lower specific refining energy, 
should be used. This work showed that it was possible to produce a fine 
fraction made from chemical pulp with an acceptable concentration in an 
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industrial process using a partial recirculating process layout, with a refiner 
and a micro-perforated smooth screen basket. 
In the future, it would be interesting to evaluate how the refiner fillings can 
be modified to create even more fine material. Furthermore, as the screening 
process limits both production and results in a lower concentration of the fine 
fraction, modified refiner fillings should be tested to produce fine fractions 
with extremely high fines content without screening.  
The second research question was about utilisation of a chemical pulp fine 
fraction as strength agent:  
How effective is the fine fraction of a kraft pulp as strength agent in a CTMP sheet? 
How can the usage of chemical fines as a strength agent be implemented to obtain 
board products with a higher bulk?  
As a strength agent in a CTMP sheet, a fine fraction of refined kraft pulp was 
twice as efficient as highly refined kraft pulp. This was demonstrated in both 
lab-scale and pilot paper machine trials. But the strength increase was 
accompanied by a decrease in bulk. This is expected; replacing the bulkier 
original pulp with 5% to 10%, fine fraction, which has a much lower bulk, will 
always reduce the bulk of the entire sheet. However, as the fine fraction 
increases the strength properties, this opens up possibilities to change the 
fibre composition of the original pulp. Adding more CTMP in the sheet or 
using a coarser CTMP will increase the bulk, and the reduced strength 
properties can then be compensated for by the addition of chemical pulp fines. 
Sheets with an increased proportion of CTMP in the middle ply and a fine 
fraction of refined kraft pulp as strength agent were produced in a pilot paper 
machine trial – the result was sheets with an increased bulk and maintained 
z-strength. 
Using a fine fraction of chemical pulp as strength agent in CTMP was 
beneficial for the strength, but it reduced the bulk and the dewatering ability. 
A suggestion for further work is to find a way to modify the fines rich pulp to 
make it possible to keep the achieved strength without decreasing the bulk 
and the dewatering ability, through modification of the fibres or with 
chemical additives.  
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