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Sammanfattning 
Abstract 
The mechanical pulping industry has been developing throughout the years, due to competitive prices in the electricity market and good accessibility of wood. This has 
made it possible for such and “expensive” process to further develop.  Today, with increasing electricity prizes, it is of great interest to reduce electrical consumption in 
mechanical pulping industry, since the process consumes large amounts of electricity. Braviken paper mill is starting up a new thermomechanical pulping line, scheduled 
for start-up in August 2008, which aims to reduce electrical consumption. The new line will include chip pre-treatment equipment such as an impregnator,  an Andrtiz 
Impressafiner (Screw press), a high intensity primary stage refines double disc (DD), and a new low consistency refiner (LC), significantly bigger than those earlier 
available on the market. This master´s thesis is one out of three Master´s thesis made at Braviken paper mill during spring 2008. They all are connected, and are 
investigating the possibility to reduce electric energy consumption within TMP production. Master´s thesis concerning high consistency refining was done by Dino 
Muhić, “High consistency refining of mechanical pulps during varying refining conditions”, and low consistency refining written by Fredrik Johansson “Increased 

energy efficiency in low consistency refining”. 
 
Chip pre-treatment is to be used to reduce electrical consumption. Mechanical pre-treatment, such as using an Andrtiz Impressafiner demolishes the chips while also 
making it possible to impregnate the chips with chemicals, the later giving additional possibilities to reduce electricity consumption. Chemical chip pre-treatment 
decreases the lignin softening temperature, which benefits the refining process, yielding longer and less damaged fibers that will create a fibrous pulp with reduced 
electrical energy input.  
The goal for this study was to investigate the effect of alkaline-peroxide on chip pre-treatment by using a design of experiment method, in terms of electric energy 
consumption for the process, strength properties, opacity and ISO-brightness within the pulp/sheets. The trials were built up as a factorial experiment, with two factors, 
alkaline and peroxide, with two levels each (high and low). The high level for alkaline was 15 kg/t and 10 kg/t for the low level, and the high level for peroxide was 10 
kg/t and 5kg/t for the low level. This resulted in four trials with two zero-points, and two reference pulps, one normal TMP, thermomechanical pulp, and the other TMP 
with pressafiner and water. 
 
The trials showed that adding alkaline-peroxide clearly had an impact on pulp properties, such as increased strength properties, fiber length improvements and less shives 
could be found in the alkaline-peroxide treated pulps. The yield was highest for the normal TMP, about 99% and it decreased with increasing alkaline addition, the 
lowest value was achieved for the pulps containing the highest dose of alkaline, about 95%. The optical properties were more or less as expected. Opacity had the highest 
value for the pulps that had been made from chips with the highest total alkaline level. The ISO brightness was highest for pulps containing low level of alkaline. 
It could not be decided if the electricity demand had been reduced for the chemically treated pulps; it actually had the opposite effect as expected. The chemically treated 
pulps demanded a higher SEC, specific energy consumption, compared to the reference pulps. This result could have depended on the small pilot plant high consistency 
refiners at CTP, Centre technique du papier, Grenoble, France, due to the plate size and what kind of plats that were used. To do trials like this and to be able to draw 
correct conclusions relevant for a full scale plant, bigger refiners might give a more comparable result. 
It was clear that the fiber properties had improved, which could be the key to reduce electricity when LE- (low-energy) plates are used in the HC-refiner. A higher 
intensity could be used and electricity energy could be saved. 
 



 6 

 



 7 

Upphovsrätt 

Detta dokument hålls tillgängligt på Internet – eller dess framtida ersättare – under 25 år från 
publiceringsdatum under förutsättning att inga extraordinära omständigheter uppstår. 

Tillgång till dokumentet innebär tillstånd för var och en att läsa, ladda ner, skriva ut 
enstaka kopior för enskilt bruk och att använda det oförändrat för ickekommersiell forskning 
och för undervisning. Överföring av upphovsrätten vid en senare tidpunkt kan inte upphäva 
detta tillstånd. All annan användning av dokumentet kräver upphovsmannens medgivande. 
För att garantera äktheten, säkerheten och tillgängligheten finns lösningar av teknisk och 
administrativ art. 

Upphovsmannens ideella rätt innefattar rätt att bli nämnd som upphovsman i den 
omfattning som god sed kräver vid användning av dokumentet på ovan beskrivna sätt samt 
skydd mot att dokumentet ändras eller presenteras i sådan form eller i sådant sammanhang 
som är kränkande för upphovsmannens litterära eller konstnärliga anseende eller egenart. 

För ytterligare information om Linköping University Electronic Press se förlagets hemsida 
http://www.ep.liu.se/. 
 
Copyright 

The publishers will keep this document online on the Internet – or its possible replacement – 
for a period of 25 years starting from the date of publication barring exceptional 
circumstances. 

The online availability of the document implies permanent permission for anyone to read, 
to download, or to print out single copies for his/hers own use and to use it unchanged for 
non-commercial research and educational purpose. Subsequent transfers of copyright cannot 
revoke this permission. All other uses of the document are conditional upon the consent of the 
copyright owner. The publisher has taken technical and administrative measures to assure 
authenticity, security and accessibility. 

According to intellectual property law the author has the right to be mentioned when 
his/her work is accessed as described above and to be protected against infringement. 

For additional information about the Linköping University Electronic Press and its 
procedures for publication and for assurance of document integrity, please refer to its www 
home page: http://www.ep.liu.se/. 
 
  
© Malin Sjölin 

  



 8 



 9 

Abstract 
The mechanical pulping industry has been developing throughout the years, due to 
competitive prices in the electricity market and good accessibility of wood. This has made it 
possible for such and “expensive” process to further develop.  Today, with increasing 
electricity prizes, it is of great interest to reduce electrical consumption in mechanical pulping 
industry, since the process consumes large amounts of electricity. Braviken paper mill is 
starting up a new thermomechanical pulping line, scheduled for start-up in August 2008, 
which aims to reduce electrical consumption. The new line will include chip pre-treatment 
equipment such as an impregnator,  an Andrtiz Impressafiner (Screw press), a high intensity 
primary stage refines double disc (DD), and a new low consistency refiner (LC), significantly 
bigger than those earlier available on the market. This master´s thesis is one out of three 
Master´s thesis made at Braviken paper mill during spring 2008. They all are connected, and 
are investigating the possibility to reduce electric energy consumption within TMP 
production. Master´s thesis concerning high consistency refining was done by Dino Muhić, 
“High consistency refining of mechanical pulps during varying refining conditions”, and low 
consistency refining written by Fredrik Johansson “Increased energy efficiency in low 

consistency refining”. 
 
Chip pre-treatment is to be used to reduce electrical consumption. Mechanical pre-treatment, 
such as using an Andrtiz Impressafiner demolishes the chips while also making it possible to 
impregnate the chips with chemicals, the later giving additional possibilities to reduce 
electricity consumption. Chemical chip pre-treatment decreases the lignin softening 
temperature, which benefits the refining process, yielding longer and less damaged fibers that 
will create a fibrous pulp with reduced electrical energy input.  
 
The goal for this study was to investigate the effect of alkaline-peroxide on chip pre-treatment 
by using a design of experiment method, in terms of electric energy consumption for the 
process, strength properties, opacity and ISO-brightness within the pulp/sheets. The trials 
were built up as a factorial experiment, with two factors, alkaline and peroxide, with two 
levels each (high and low). The high level for alkaline was 15 kg/t and 10 kg/t for the low 
level, and the high level for peroxide was 10 kg/t and 5kg/t for the low level. This resulted in 
four trials with two zero-points, and two reference pulps, one normal TMP, thermomechanical 
pulp, and the other TMP with pressafiner and water. 
 
The trials showed that adding alkaline-peroxide clearly had an impact on pulp properties, such 
as increased strength properties, fiber length improvements and less shives could be found in 
the alkaline-peroxide treated pulps. The yield was highest for the normal TMP, about 99% 
and it decreased with increasing alkaline addition, the lowest value was achieved for the pulps 
containing the highest dose of alkaline, about 95%. The optical properties were more or less 
as expected. Opacity had the highest value for the pulps that had been made from chips with 
the highest total alkaline level. The ISO brightness was highest for pulps containing low level 
of alkaline. 
 
It could not be decided if the electricity demand had been reduced for the chemically treated 
pulps; it actually had the opposite effect as expected. The chemically treated pulps demanded 
a higher SEC, specific energy consumption, compared to the reference pulps. This result 
could have depended on the small pilot plant high consistency refiners at CTP, Centre 
technique du papier, Grenoble, France, due to the plate size and what kind of plats that were 
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used. To do trials like this and to be able to draw correct conclusions relevant for a full scale 
plant, bigger refiners might give a more comparable result. 
 
It was clear that the fiber properties had improved, which could be the key to reduce 
electricity when LE- (low-energy) plates are used in the HC-refiner. A higher intensity could 
be used and electricity energy could be saved. 
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Sammanfattning 
Den mekaniska massatillverkningen har utvecklats till följd av konkurrenskraftiga elpriser 
och god tillgång på passande råvara i Skandinavien och Finland. De ökande 
energikostnaderna, i synnerhet för elenergi, har gjort att den mekaniska massaindustrin 
fokuserar på att finna vägar att minska beroendet av elektrisk energi i processen. Bravikens 
pappersbruk kommer under augusti 2008 starta en ny TMP-linje som ska sänka 
elförbrukningen i processen. Den nya linjen kommer att inkludera ett flisförbehandlingssteg 
(skruvpress och impregnator), högintensitets förstastegsraffinering (dubbeldiskraffinör) och 
en ny lågkoncnetrations raffinör som andra steg. Den nya lågkoncentrations raffinör som 
Braviken ska använda i sin produktion är den största och första av sitt slag och är helt ny på 
marknaden. Detta examensarbete är ett av tre som genomfördes på Braviken pappersbruk 
under våren 2008. Alla tre undersöker möjligheten att sänka elförbrukningen för TMP 
processen. Examensarbete som berör högkoncentrations rafinering skrevs av Dino Muhić 
“High consistency refining of mechanical pulps during varying refining conditions” och 
examensarbetet som berör lågkoncentrations rafinering skrevs av Fredrik Johansson 
“Increased energy efficiency in low consistency refining”. 
 
Flisförbehandling kan användas för att minska elåtgången för mekanisk massaframställning. 
Den mekaniska åverkan på flisen bryter upp ved strukturen och utrustningen möjliggör även 
impregnering av flisen med kemikalier. Den kemiska flisförbehandlingen skapar ytligare 
möjligheter att påverka massaegenskaperna eller minska energiåtgången. Kemisk 
flisförbehandling kan användas för att sänka ligninets mjukningstemperatur, vilket senare 
kommer till nytta i själva raffineringen. Längre och mindre skadade fibrer kommer att 
erhållas, samtidigt som elförbrukningen minskar. Vid genomförda försök användes alkalisk 
peroxid och granflis som fiberråvara. Försöksserien var ett två-faktorförsök med två nivåer. 
Alkaliska nivån för hög respektive låg sattes till 15 kg/t och 10 kg/t. Peroxiden sattes till 10 
kg/t för den höga nivån respektive 5 kg/t för den låga. Detta resulterade i totalt fyra olika 
kombinationer, samt två noll-punkter, och två referensmassor (vanlig TMP respektive TMP 
med mekanisk förbehandling och vattenimpregnering). 
 
Målet för studien var att undersöka effekten från kemisk flisförbehandling med alkalisk 
peroxid, och utvärdera elförbrukning (SEC), styrkeegenskaper, opacitet och ISO ljushet hos 
massan. 
 
Försöken visade att flisförbehandling med alkalisk peroxid hade en tydlig påverkan på 
massaegenskaper som styrkeökning, fiberlängdsförbättring och minskad spethalt i massan. 
Utbytet var högst för TMP referensmassan,99%, och minskade med ökad alkalisk tillsats, och 
utbytet låg på95-97%. De optiska egenskaperna uppfyllde förväntningarna. ISO ljusheten var 
högst för massor med låg alkalidos och hög peroxiddos. 
 
Tesen att elförbrukningen skulle minska med flisförbehandling kunde inte bekräftas. Istället 
var SEC högre för de kemiskt behandlade massorna och referens massorna hade läger SEC. 
Detta resultat kan bero på pilotanläggningen som nyttjades på CTP och raffinerings-
betingelserna. 
 
Det var tydligt att fiberegenskaperna hade förbättrats för de kemiskt behandlade massorna. 
Detta skulle kunna utnyttjas i syftet att minska elenergiförbrukningen i processen, om man 
använde så kallade LE- (låg energi) segment i högkoncentrations raffinör. 
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Acronyms used 
A 
APMP Alkaline-Peroxide mechanical pulping 
APTMP Alkaline-Peroxide Thermomechanical pulping 
C 
COD Chemical oxygen demand 
CSF Canadian standard freeness 
CTMP Chemimechanical pulping 
CTP Centre technique du papier, Grenoble, France 
D 
DD Double Disc refiner 
DCM Dichloromethan 
G 
GW Groundwood 
H 
HC High consistency 
L 
LWC Lightweight coated paper, coated magazine paper 
M 
MFA Micro fibril angle 
ML Middle lamella  
MP Mechanical Pulping 
P 
P Primary cell wall 
PGW  Pressure groundwood 
  
R 
RM Refined mechanical pulp 
RMP Refiner mechanical pulp 
S 
S1  First outer layer of the secondary cell wall 
S2 The dominating middle layer of the secondary cell wall 
S3 Inner layer of the secondary cell wall 
SC Supercalendered paper, uncoated magazine paper 
SD Single Disc refiner 
SEC Specific energy consumption 
SGW Stone groundwood 
T 
TMP Thermomechanical pulping 
 
NaOH Sodium hydroxide 
H2O2 Hydrogen peroxide 
 

  



 16 



 17 

Content 

 

1. INTRODUCTION ............................................................................................................................................ 21 

1.1 OBJECTIVES OF THE MASTER´S THESIS ........................................................................................................ 22 

1.2 CONSTRAINTS.............................................................................................................................................. 22 

2. THEORETICAL BACKGROUND ................................................................................................................ 23 

2.1 RAW MATERIAL FOR MECHANICAL PULPING PROCESSES ............................................................................. 23 

2.1.1 Wood ................................................................................................................................................... 23 

2.1.1.1 Softwood ...................................................................................................................................................... 24 

2.1.2Wood structure and its chemistry ........................................................................................................ 24 

2.1.2.1 Cellulose ....................................................................................................................................................... 25 

2.1.2.2 Hemicelluloses.............................................................................................................................................. 26 

2.1.2.3 Lignin ........................................................................................................................................................... 26 

2.1.2.4 Extractives and Ash ...................................................................................................................................... 26 

2.2 MECHANICAL PULPING ................................................................................................................................ 27 

2.2.1 Advantages of mechanically produced pulp ....................................................................................... 28 

2.2.2 The RMP processes ............................................................................................................................ 29 

2.2.1.1Process-steps in refined mechanical pulping ................................................................................................. 29 

2.2.1.2 TMP – Thermomechanical pulp ................................................................................................................... 30 

2.2.1.3 CTMP – Chemithermomechanical pulp and ................................................................................................. 30 

2.3 CHIP PRE-TREATMENT ................................................................................................................................. 31 

2.3.1 Mechanical pre-treatment .................................................................................................................. 31 

2.3.2 Sulfite .................................................................................................................................................. 32 

2.3.3 Alkaline-peroxide................................................................................................................................ 33 

2.4 MECHANISMS BEHIND STRENGTH PROPERTIES IN PAPER .............................................................................. 34 

2.4.1 Chemical bonding in papermaking ..................................................................................................... 34 

2.4.2 Bonding in paper ................................................................................................................................ 34 

2.4.2.1 Hydrogen-bonding ........................................................................................................................................ 35 

2.4.2.2 Van der Waal´s interaction ........................................................................................................................... 35 

2.4.3 Mechanisms behind the lignin softening ............................................................................................. 35 

2.4.3.1 Water and sulfite effect on glass transition state temperature ....................................................................... 36 

2.4.4 Extractives strength properties ........................................................................................................... 37 

3. MATERIAL AND METHODS ....................................................................................................................... 38 

3.1 MATERIAL ................................................................................................................................................... 38 

3.2 METHOD ...................................................................................................................................................... 38 

3.2.1 Design of experiments ........................................................................................................................ 38 

3.2.2 Design of trials ................................................................................................................................... 39 

3.2.3 Process description for impregnated chips......................................................................................... 41 

3.2.3.1 APTMP trial description ............................................................................................................................... 42 

3.2.4 Chips and Fiber properties ................................................................................................................. 45 

3.2.4.1 Screening of chips ........................................................................................................................................ 45 

3.2.4.2 Pulp sluching and dry matter content ............................................................................................................ 46 

3.2.4.3 Canadian Standard Freeness (CSF) method .................................................................................................. 46 

3.2.4.4 Fiber and shives measurements with PQM 1000 .......................................................................................... 46 

3.2.5 Sheet making ....................................................................................................................................... 46 

3.2.6 Sheet analyses ..................................................................................................................................... 46 

4. RESULTS AND DISCUSSION ...................................................................................................................... 48 

4.1 DESIGN OF EXPERIMENT EVALUATION ........................................................................................................ 48 

4.1.1 Tensile index ....................................................................................................................................... 48 

4.1.2 CSF ..................................................................................................................................................... 49 

4.1.3 Fiber length ........................................................................................................................................ 50 

4.1.4 Light scattering coefficient (s) ............................................................................................................ 50 

4.2 WOOD PROPERTIES ...................................................................................................................................... 51 

4.3 PULP PROPERTIES ........................................................................................................................................ 53 

4.3.1 Yield and chemical consumption ........................................................................................................ 53 

4.3.2 Strength properties ............................................................................................................................. 55 



 18 

4.3.3 Optical properties ............................................................................................................................... 60 

5. CONCLUSIONS AND RECOMMENDATIONS ......................................................................................... 64 

6. ACKNOWLEDGMENT ................................................................................................................................. 66 

7. REFERENCES ................................................................................................................................................. 67 

7.1 BOOKS ......................................................................................................................................................... 67 

7.2 THESES ........................................................................................................................................................ 67 

7.3 ARTICLES .................................................................................................................................................... 68 

7.4 PATENT ....................................................................................................................................................... 68 

 



 19 

Content of Figures, tables and formulas 
Figure 1 Wood cell anatomy with the different cell wall layers primary, P, and secondary, S, and the 

intercellularsubstance middle lamella, ML (Encyclopedia of science 2005) ......................................... 25 

Figure 2 Cellulose structure (Encyclopedia of science 2005) ........................................................................... 25 

Figure 3 The development of mechanical pulping into two different branches, stone-ground wood and 
refined mechanical pulping ....................................................................................................................... 27 

Figure 4 Wood cell structure, the picture describes the differences between the mechanical pulping 
technique were the fibers are cut when refined. (Sundholm 1999) ....................................................... 28 

Figure 5 Overview of the first steps in the SGW and RMP ............................................................................. 29 

Figure 6 Schematic picture over the last steps in TMP process ...................................................................... 30 

Figure 7 Schematic picture over the CTMP and its impregnation step ......................................................... 31 

Figure 8 Tensile index, Nm/g vs. Na2SO3 content (%) (Axelson and Simonson 1982) .................................. 32 

Figure 9 Energy input kWh/t vs. Na2SO3 content (%). (Axelson and Simonson 1982) ................................. 32 

Figure 10 Glass transiton stat temperature for cellulose, lignin and hemicellulose. (Olsson 1992) ............. 35 

Figure 11 Interchain-bond in lignin replaced with water. (Atack and Heitner 1979) ................................... 36 

Figure 12 Interchain-bond in lignin replaced by sulfonation. (Atack and Heitner 1979) ............................. 37 

Figure 13 Treatment of combination in 22 design; (1) = both factors at low level, a = factor A high level 
and factor B low level, b = factor A low level and factor B high level, ab = both factor A and B high 
level, Y = Different response parameters, such as; tensile index, SEC, fiber length, and light 
scattering coefficient (s)       = zero-point ................................................................................................. 39 

Figure 14 Pilot plant description for the process at CTP ................................................................................ 41 

Figure 15 Vessel for steaming, washing and impregnation, at CTP ............................................................... 42 

Figure 16 Andrtiz MSD 6" Pressafiner at CTP ................................................................................................ 43 

Figure 17 Schematic picture over the 2nd stage HC-refiner at CTP. (CTP information material, March 
2007) ............................................................................................................................................................ 44 

Figure 18 2nd stage HC-refiner at CTP ............................................................................................................ 45 

Figure 19 Metal content in the chips before and after transport to CTP, (evaluation provided by MoRe, 
Örnsköldsvik, Sweden) .............................................................................................................................. 52 

Figure 20 Extractive evaluation (evaluation provided by MoRe, Örnsköldsvik, Sweden) ........................... 52 

Figure 21 Fiber properties of the raw material befor and after transport to CTP (evaluation provided by 
MoRe, Örnsköldsvik, Sweden) ................................................................................................................. 53 

Figure 22 Yield (%) from COD evaluation, MSD2A stands for MSD pressafiner pulp 1, MSD2B is pulp 2, 
MSD2C is pulp 3, MSD2D is pulp 4, MSD2F is pulp 6, MSD2I is pulp 7 and MSD2H is 
T+W+M.(COD evaluation was performed by CTP) .............................................................................. 53 

Figure 23 Chemical residuals after impregnation in effluent analyses. (Evaluated by CTP)....................... 54 

Figure 24 Tensile index vs. SEC for each set of impregnation and reference pulps...................................... 55 

Figure 25 CSF vs SEC for each set of impregnation and reference pulps ..................................................... 56 

Figure 26 Tensile index vs. CSF for each set of impregnation and reference pulps ...................................... 56 

Figure 27 Tear index vs. CSF for each set of impregnations and reference pulps ........................................ 57 

Figure 28 Tear index vs. SEC for each set of impregnations and reference pulps ........................................ 57 

Figure 29 CSF vs. SEC for each set of impregnation and reference pulps .................................................... 58 

Figure 30 Fiber length vs. SEC for each set of impregnation and reference pulps ....................................... 58 

Figure 31 Fiber length vs. tensile index for each set of impregnations and reference pulps ........................ 59 

Figure 32 Density vs. CSF for each set of impregnations and reference pulps .............................................. 59 

Figure 33 Shive weight vs. CSF for each set of impregnations and reference pulps ..................................... 60 

Figure 34 Shive weight vs. density for each set of impregnations and reference pulps ................................ 60 

Figure 35 Light scattering coefficient, s, vs. density for each set of impregnation and reference pulps...... 61 

Figure 36 Light absorption coefficient, k, vs. density for each set of impregnations and reference pulps .. 61 

Figure 37 Light scattering coefficient, s, vs. tensile index for each set of impregnations and reference pulps
 ..................................................................................................................................................................... 62 

Figure 38 ISO brightness vs. SEC for each set of impregnations and reference pulps ................................. 63 

 
Table 1 Chemical manufacture, origin, and purity (%) .................................................................................. 38 

Table 2 Factors for trials .................................................................................................................................... 39 

Table 3 Design matrix ......................................................................................................................................... 40 

Table 4 Chemical doses, kg/t .............................................................................................................................. 40 

Table 5 Equipment data from the pilot plant at CTP ...................................................................................... 42 

Table 6 Chemical dosage calculated in g/l for each set of trail ........................................................................ 43 



 20 

Table 7 Screening data........................................................................................................................................ 45 

Table 8 Regression Analysis: Tensile index versus X1; X2; X1X2; U; V ....................................................... 48 

Table 9 Regression Analysis: Tensile index versus X2; V ............................................................................... 49 

Table 10 Regressino Analysis: CSF versus X1; X2; X1X2; U; V .................................................................... 49 

Table 11 Regression Analysis: Firber length versus X1; X2; X1X2; U, V ..................................................... 50 

Table 12 Regression Analysis: s versus X1; X2; U; V; X1X2 .......................................................................... 50 

Table 13 Result from chip-screening, which shows that the chips was normal since group number 3 and 4 
together comprises about 85% ................................................................................................................. 51 

Table 14 Explanation of size levels .................................................................................................................... 51 

 
Formula 1 Equation for the new regression model, which takes inconsideration of the extra predictors U - 

energy input and V - dummy variable ..................................................................................................... 48 

Formula 2 Model for the zero-point, for the new regression model ............................................................... 48 

 



 21 

1. Introduction 
Pulps produced through mechanical breakdown of spruce are commonly used for production 
of low grammage printing papers such as SC, supercalendered paper, LWC, lightweight 
coated paper, and newsprint, in Scandinavia. Mechanical pulping processes are in general 
characterized by very high yield but also by high electricity consumption. The mechanical 
pulping industry has evolved in Scandinavia as a result of competitive prices of electricity and 
good availability of the required wood. Since electricity was cheap, high consumption was not 
particularly an issue.  Furthermore, a significant part of the electrical energy is recovered as 
steam, which is used primarily in the drying section of the papermaking machine. In recent 
times, however, electricity cost has increased with the result that it is important to increase the 
energy efficiency of mechanical pulping processes. 
 
Today, a typical thermo-mechanical pulping, TMP, process requires about 2500 kWh per 
produced ton dry pulp with the result that Braviken Paper Mill in Norrköping, Sweden, uses 
about 1% of all electricity produced in Sweden. Theoretically, the amount of electrical energy 
needed to break wood to fibres is 23 kWh/t (Sundström 1997), which is a very small number 
compared to the electricity consumption in existing industrial processes. In reality, 10-15%1 
of the energy input in mechanical pulping is required to convert wood to fibers. The main part 
of the electricity goes to stem-production from the refiners. 
 
One possible technique for reducing the electrical requirement in mechanical pulping is chip 
pre-treatment.. Mechanical pre-treatment of wood chips using screw presses, such as an 
Impressafiner (Andritz) or a Prex (Metso) has been reported to reduce the required refining 
energy. Screw presses also make it possible to impregnate the chips with chemicals, which 
give additional possibilities to control the pulp properties and reduce electricity consumption 
(this is referred to as chemical chip pre-treatment).  
 
Mechanically and chemically pre-treated chips also result in a more homogenous pulp, which 
benefits the subsequent process stages. Mechanical pre-treatment breaks up the wood 
structure in the chips, and the chips therefore absorb liquids more easily. Chemical treatment 
softens the lignin and increases flexibility. More flexible fibers lead to less fiber shortening. 
The refiner could probably also use a higher intensity level which would reduce the electricity 
energy consumption. Less maintenance and support is also needed, which leads to a more 
error-free and cost-effective process 
 
With chemical chip pre-treatment, where alkaline-peroxide solutions can be added to the 
chips, a cleaner pulp (with less extractive) will probably be obtained, generally improving the 
operability of the paper machine. Less extractive also increases the possibility for the pulp 
fibers to hydrogen bond with each other, which improves the strength properties of the paper. 
A cleaner pulp also reduces the chemical consumption at the paper machines and reduces 
deposits on process equipment. 
 
In chemical chip pre-treatment, chemicals such as alkaline-peroxide and sulfite are added in 
the lowest possible doses. Obviously, it is important to optimize the amount of these low-dose 
chemicals added, in order to reach the goal of reducing electricity consumption.  

                                                 
1 Göran Bryntse http://www.raddaroan.nu/pappersel,%20slutversion%5B1%5D.htm 2008-05-
29 
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Chemical chip pre-treatment, however, has some disadvantages. Primarily, the yield of the 
pulp tends to be significantly lower as a result of the chemical pre-treatment. If the amount of 
chemicals added is too high, the yield losses can ruin the overall economy of the process. 
While this is known conceptually, very little quantitative data is available and hence it is of 
great importance to find some kind of relationship between electricity savings through 
chemical chip pre-treatment and yield losses and pulp properties in order to optimize process 
economy. 
 
A new TMP (thermomechanical pulping) line, scheduled for start-up in August 2008, is under 
construction at Braviken Paper Mill. The new line will include chip pre-treatment equipment: 
an impregnator and an Andrtiz Impressafiner (Screw press), high intensity primary stage 
refines double disc (DD), and a new low consistency refiner (LC), significantly bigger than 
those earlier available at the market. 

1.1 Objectives of the Master´s thesis 

The objectives of this Master’s thesis is to investigate the effect of chip pre-treatment with 
alkaline-peroxide to see if a it is possible to reduce the energy consumption within the pulping 
process, and still have a good yield and pulp quality. This by using a design of experiment 
method, and evaluated due to electric energy consumption for the process, and evaluate 
strength properties, opacity and brightness within the pulp/sheets. 

1.2 Constraints 

This Master’s thesis will only concern the mechanical pulping processes such as thermo-
mechanical, chemithermo-mechanical (e.g. alkaline-peroxide thermomechanical) and 
alkaline-peroxidemechanical pulping processes.  
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2. Theoretical Background 
Generally, pulping is a process that converts a raw material, such as wood, into a fibrous pulp. 
Pulping can be carried out in two ways, mechanically or chemically, that are suitable for 
producing paper or paperboard products. The raw material contains cellulose fibers, 
hemicelluloses and lignin. Both soft wood and hardwood can be used as source of raw 
material. Softwood has, from an evolutionary point of view, older and less specialized wood 
anatomy, compared with hardwood. The cellulose fiber is the main component in the pulp and 
paper making process. Hemicelluloses form the tissue and help to fill out the fiber. (Gros 
1997) Lignin works as natural glue that keeps the fibers together. (Ince 2004) Chemical 
properties of lignin can be changed by using heat or chemicals in the pulping process. Lignin 
modification using chemicals could be one possible way to reduce electrical energy 
consumption in refining stage.  In mechanical pulping, the fibers are separated by refining 
chips or by grinding logs.  The chemical pulping process separates the fibers by treating chips 
with a cooking liquid consisting of sulfite or sulfate in a digester, which dissolves the lignin 
and hemicelluloses, and the cellulose fibers are separated.  
 
Important features for newsprint and related products are that the paper has to be strong and 
have good optical properties, not to lucent for good printing ability. The paper machine must 
be able to run 2000 m/min at a basis weight of less than 45 g/m2, which implies that pulp 
strength, plays an important role The fibers must be long but not too stiff, and a controlled 
process will provide enough long and flexible fibers, which will give strength to the paper. 
(Gros 1997) 
 
TMP is often used in magazine and newsprint paper, because of the strength properties of the 
fibers. The TMP process has small yield losses, which are only about 20-25 kg/t. This gives a 
rather small fiber-pollution problem from a paper mill. Drawbacks for using this pulping 
process are high specific energy consumption, SEC, fiber stiffness and low dry strength (high 
lignin content). (Gros 1997) 

2.1 Raw material for mechanical pulping processes 

Chip quality plays an important role in mechanical pulping. It is often desirable to minimize 
the time between forest and pulping. The main reason for this is to limit the drying-out of the 
wood. Dry wood is more difficult to debark, which might increase the amount of impurities in 
the pulp. The moisture content of the wood also affects chip quality and the refining and drier 
wood is normally more difficult to impregnate. When the chips are dried-out, the lignin within 
the chips darkens the chips, which later result in a darker pulp (Biermann 1996).  

2.1.1 Wood 
The difference in wood properties between trees of the same specie and within a single tree is 
considerable. Within wood species different parameters are important, such as genetic origin, 
environmental factors, tree age and quality variations within the stem, hence it is hard to make 
comparisons between trees. (Sundholm 1999) 
 
Wood consists of cellulose, hemicellulose, lignin and extractives, and is referred as a 
linginocellulosic material. Its functions are to support the crown and to transport water and 
minerals (nutrition) from the roots to the top/leaves of the tree. (Biermann 1996) The stem 
also transports photosynthesis products from the leaves/needles down to the root.  
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For MP, mechanical pulp, and TMP, the most suitable raw material is softwood, where 
Norway spruce (Picea abies) is mostly used (Gros 1997) because of the good characteristics 
of the fibers (length/cell wall thickness and fibril structure), low extractives content and high 
brightness of the wood.  (Sundholm 1999) 

2.1.1.1 Softwood 

Softwood has a relatively simple wood anatomy, consisting of 90-95% longitudinal tracheid 
cells, 2.5-7 mm long and 25-60µm wide and 5-10% ray cells (tracheids, epithelia and 
parechymatos), which go radially within a tree. All tracheid cells have almost the same 
structure and chemical features. (Biermann 1996) The tracheid cells are the major part of cells 
used in pulping (Gros 1997). The fiber (tracheid) length has the greatest variation among fiber 
properties. (Sundholm 1999) 
 
Trees grow in annual growth rings in a radial direction, which is characterized by cells with 
different cell wall thickness. Latewood has tight bands, which includes cells with a thick cell 
wall. This gives different mechanical properties, such as; stiffness and strength. (Gros 1997) 
Cells which have thinner cell walls are called earlywood, and are less resistant in the TMP 
process. (Gros 1997) 
 
The wood stem has different kinds of tissues with different functions. 
 

• Outer bark; Physical and biological protection 
• Phloem (inner bark); Conduct nutrition up and down the tree 
• Vascular cambium; Thin layer of cells were the stem grow outwards from. Provides 

with all wood and inner bark cells 
• Rays; Storage and lateral movement of nutrition from the phloem to the living cells 
• Pith; center of the tree 
• Growth ring; The ring that shows how much the tree has grown one year 

o Latewood; High density wood, gives support and strength 
o Earlywood; Low density wood, conduct water 

• Sapwood; Gives water and nutrition to the leaves 
• Heartwood; Provides support and strength to the crow, have a low moister content. 
• Juvenile wood; the first ~10 growth rings surrounding the pith. Have low density and 

short fibers. 
(Biermann 1996) 

2.1.2Wood structure and its chemistry 
Wood cells, (Figure 1), are comprise square channels and are attached to each other by the 
middle lamella (ML). The cell wall has a primary cell wall (P), and a secondary cell wall (S), 
which are divided into three different layers; S1, S2 and S3, where S2 is the dominating layer. 
(Gros 1997) The ML and P consist mostly of lignin (Gros 1997, Biermann 1996). Most of the 
lignin can however be found in the secondary cell wall, since this cell wall consists mostly of 
fibers (Biermann 1996). 
 
 
 



 25 

 
Figure 1 Wood cell anatomy with the different cell wall layers primary, P, and secondary, S, and the 
intercellularsubstance middle lamella, ML (Encyclopedia of science 2005) 

Fiber is built up of different layers where S2 is the thickest, comprising about 80% of the cell 
wall and contributes most to the features of the fiber.  
The cell wall is composed of cellulose, hemicellulose, lignin, extractives, and ashes, they all 
have different chemical properties. 

2.1.2.1 Cellulose 

Physically, cellulose is a white solid material (Biermann 1996). Cellulose is the most 
important compound of the fiber; it is almost 50% of the dry matter. The molecular structure 
of cellulose, (Figure 2), can be described as a amorphous, linear, mainly crystalline polymer 
that consists of anhydro-D glucopyranose units that are linked together by β-glucosidic bonds. 
(Gros 1997, Biermann 1996 and Fernando 2007) The degree of polymerization depends on 
the number (n) of glucose units liked together (Biermann 1996). 
 

 
Figure 2 Cellulose structure (Encyclopedia of science 2005) 

Since cellulose is a linear polymer it has the ability to form strong intra- and intermolecular 
hydrogen bonds, which retain the glucose molecule units straight. The glucose molecules 
form bundles of cellulose chains and aggregate into fibrils, micro-fibril structure. The main 
purpose for the micro-fibrils is to give strength to fibers and later to the tree, and they 
normally aggregate into macro-fibrils in the cell. (Fernando 2007) Celluloses crystalline form 
is very resistant to chemical attack and degradation, and is stable for temperatures below 
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200ºC (Gros 1997, Olsson 1992). The strength between the cellulose fibers is a result of the 
hydrogen bonding that exists between the cellulose fibers. The surface of the cellulose is 
hydrophilic because of its amorphous attribute and that it consists of only glucose units. The 
hydrophilic feature is important for papermaking, since pulp is an aqueous medium. (Gros 
1997) 

2.1.2.2 Hemicelluloses 

Hemicellulose is a white solid material that is seldom crystalline or fibrous in nature. It forms 
the tissue and helps to fill out the fiber. (Biermann1996). Hemicellulose is an amorphous 
polymer, which consists of several anhydro sugar units. (Gros 1997) It is a structural 
carbohydrate that forms 20-30% of the dry weight wood, and the task for hemicelluloses is to 
strengthen the fiber and fiber bonds in paper (Fernando 2007, Gros 1997 and Biermann 1996).  
Hemi cellulose has the ability to absorb water molecules, which affects the viscoelastic 
properties of the wood fiber (Gros 1997). 
 
Hemicellulose is much more soluble and labile than cellulose, which means it is more 
sensitive to chemical degradation, and increasing temperature (Biermann 1996) 

2.1.2.3 Lignin 

Lignin is a polymerized, high-molecular weight amorphous substance consisting of phenyl 
propane units, liked together by β-arylether bonds, which gives rise to a 3D-macromolecule. 
Lignin’s main task is to join the fibers together. (Gros 1997, Biermann 1996) Lignin is 
hydrophobic, as opposed to cellulose and hemicelluloses. This gives lignin a limited ability to 
absorb water. The softening properties for lignin, especially the glass transition temperature, 
play an important role for the separation of the fibers, and are seen as an important aspect in 
mechanical pulping, both TMP and CMP processes. (Gros 1997) The glass transition 
temperature is somewhere between 130-150ºC (Biermann 1996). 
 
Lignin, because it contains cromophores, is responsible for the yellow color in pulp, is the 
factor that later causes the paper to turn yellow, when it is exposed to air and light (Biermann 
1996, Xu 1999). 

2.1.2.4 Extractives and Ash 

Extractives are compounds of varying character that have a low to moderately high molecular 
weights. They are, by definition, soluble in organic solvents or water. They have attributes 
like odor, taste, and, sometimes, decay resistance to wood. Hundreds of different compounds 
of extractives can be found in one wood compound. The different compounds can be 
classified into different groups, such as 

• Terpenes 
• Triglycerides 
• Phenolic compounds 

(Biermann 1996) 
 
Ashes consists of metallic ions, such as sodium potassium, calcium, corresponding anions of 
carbonate, phosphate, silicate, sulfate, chloride etc. (Biermann 1996) 
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2.2 Mechanical pulping 

Mechanical pulp is pulp produced by using mechanical operations, such as refiners and 
grinders, to convert lignocellulosic material into pulp. In general, no additives are used in the 
pulping process, except for water and steam. Different kinds of technologies can be applied to 
produce mechanical pulp. The first known process was the stone-ground wood process, SGW, 
which was later developed to the pressure-ground wood, PGW, process. Mechanical pulp is 
today mostly produced using refiners, refined mechanical pulp, RMP, (Figure 3), and 
especially TMP. The RMP process developed into two different branches, thermomechanical 
pulping, TMP, and alkaline-peroxidemechanical pulping, APMP. In TMP, the chips are pre-
heated and the refining is preformed at higher temperature and pressure, and in APMP the 
chips are treated with chemicals, e.g. alkaline-peroxide before refining. Differences between 
the ground wood process (SGW and PGW) and refined mechanical pulp process (RMP) are 
that in stone-ground wood whole logs is ground to pulp by using rotating grinding stones, 
while in the refiner process chips are processed in a disc refiner between two steel discs. 
(Sundholm 1999, Biermann 1996) 
  

 
Figure 3 The development of mechanical pulping into two different branches, stone-ground wood and 
refined mechanical pulping 

 
TMP process was later developed to chemitheromomechanical pulping (CTMP) and alkaline-
peroxidemechanical pulping (APTMP), which both include chemicals. Development of the 
RMP resulted in the fiber wall being cut in different positions, (Figure 4). The RMP cuts 
straight through cell walls, which causes fiber damage and can result in fiber shortening, more 
shives, which leads to decreased strength. The TMP and CTMP preserves the fiber wall and 
the fiber have from the thermo and/or chemical pre-treatment became softer and swollen That 
result in less fiber shortening and less shives, which result in an improved fiber-bonding 
ability and increased strength for the pulp and later the paper-product. (Sundholm 1999) 
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Figure 4 Wood cell structure, the picture describes the differences between the mechanical pulping 
technique were the fibers are cut when refined. (Sundholm 1999) 

 
In mechanical pulping softwood is often the main fiber source and the total yield is 90-98%. 
A disadvantage with this process is that all the lignin stays within the pulp, e.g. on the fiber 
surface. This makes the pulp and later the paper weak because the lignin interferes with the 
hydrogen bonding between the cellulose fibers but the lignin also has a binding ability within 
the paper.  Lignin also makes the pulp yellow when it is exposed to air and light. Mechanical 
pulp is mainly used in newsprint, catalogue paper and as a middle ply in paperboard. 
(Biermann 1996)  

2.2.1 Advantages of mechanically produced pulp 
Mechanically produced pulp can be used in various ways, and advantages with this type of 
pulp are the low cost of the raw material due to the high yield, a fairly high brightness, high 
light-scattering properties, a high smoothness, a good formation, and a high bulk. (Sundholm 
1999) The yield in mechanical pulping is somewhere between 95-98%, in other words, almost 
all the raw material is converted into pulp, which is later made into paper (Biermann 
1996),compared to chemical pulping which has a yield of only about 50%. (Sundholm 1999) 
 
Advantages with mechanical pulping vs. chemical pulping, with respect to making newsprint 
and catalog paper, are that a low-grammage paper with good bulk, strength and opacity 
properties can be produced. It is hard to make such thin paper from chemical pulp, since the 
paper thickness and the opacity will be very low. The opacity depends on the high bulk 
properties that mechanical pulp possesses. Mechanical pulp includes all wood components; 
this leads to the surfaces of the cellulose fiber not being totally exposed to each other. This 
makes the fiber-bonding in the paper not so compact. In chemical pulp, the lignin is removed 
leaving a flexible cellulose fiber with a smooth surface, creating a very strong and compact 
paper with low opacity. 
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2.2.2 The RMP processes 
Two important features are considered in the refined mechanical pulping process: separation 
of the fibers from the wood matrix, defibration, and how to further treat the fibers to obtain 
suitable paper properties, fibrillation and creation of fines. (Gros 1997) To be able to separate 
the cellulose fibers without damage, the lignin and hemicellulose have to be softened. This 
can be carried out by softening the wood, either by using heat or chemicals or both in a 
combination. The structure of lignin can be modified, for example by adding water, or by 
using chemicals such as sodium sulfite and alkaline-peroxide, which result in the lignin and 
hemicelluloses being easier to be softened. Afterwards the wood fibers must be refined, 
beaten up, before they can be used in the papermaking process. (Sundholm 1999) The refiner 
turns the chips into pulp, by making the chips pass through a narrow gap between rotating 
metal discs, with a furrow pattern (Klinga 2007, Biermann 1996). 

2.2.1.1Process-steps in refined mechanical pulping 

The pulping process for  the different RMP processes starts with debarking the logs at the 
paper mill, (Figure 5), which are cut down to smaller pieces, chips, in the wood-house 
(Sundholm 1999, Klinga 2007) Sawmill chips can also be used as raw material for RMP 
processes (Gros 1997). In the SGW process the logs goes directly to the grinders for pulp 
production. 

 

 
Figure 5 Overview of the first steps in the SGW and RMP 

 
The chips are treated with steam to get warmed up before they are washed in hot water. The 
air within the chips is removed, and an under-pressure is created, which under-pressure makes 
the chips more willingly to absorb water during the washing. Chip-wash removes 
contaminations such as sand, sawdust, bark, stone and metal. (Gros 1997, Sundholm 1999) 
The chip-washing and pre-steaming contribute to a more homogenous moisture level within 
the chips, and an increased temperature of the chips, which leads to softer chips. (Sundholm 
1999) 
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2.2.1.2 TMP – Thermomechanical pulp 

The thermomechanical pulping process (TMP) is today one of the most commonly used ways 
to produce mechanical pulp. The difference between TMP and RMP is that in TMP the chips 
are pre-heated and the refining is done at higher temperature and pressure. This treatment 
together with the heating of the chips makes the lignin and hemicellulose softer and the 
cellulose fibers easier to separate in the refiners. (Sundholm 1999) The yield of fibers after 
refining is about 97.5 % (Sundholm 1999). An overview of the TMP-process in general after 
debarking and washing is given in Figure 5 and Figure 6. 
 

 
Figure 6 Schematic picture over the last steps in TMP process 

2.2.1.3 CTMP – Chemithermomechanical pulp and  

CTMP, chemithermomechanical pulping was developed from the chemicalmechanical 
pulping, CMP, process, which converts wood raw material into pulp by using mechanical and 
chemical features. The earliest technology was CCS, (Cold Caustic Soda), process in which 
the pre-treatment was carried out in cold caustic soda. Later, the use of sulfite pre-treatment 
often together with pressurized refining (TMP) systems was used, that are already known as 
CTMP, chemithermomechanical pulping. (Xu 2005) The CTMP process for softwood 
produces a pulp with sufficient high yield, a cleaner pulp, with high strength and adsorption 
properties than mechanical pulp. (Sundholm 1999) 
 
In the late 1980s and early 1990s a new, more energy efficient mechanical pulping process 
was developed, called APMP, alkaline-peroxidemechanical pulping process. The APMP 
process not only reduced the energy consumption in the refiners, but it also increased the 
strength properties of the pulp and combines this with a bleaching effect in the same time with 
addition of peroxide. (Xu 2005, Xu 2003, Xu and Sabourin 1999)  
 
Chemithermomechanical pulp (CTMP) is similar to TMP processes, despite a chemical chip 
pre-treatment prior to the refining (Figure 7). The doses of pre-treatment chemicals are often 
low and the yield is approximately 90%. (Sundholm 1999) Liquid penetration of the chips are 
often carried out in a system that compresses the wood chips into a liquid-tight plug that is 
later fed into a impregnation vessel.  The chips expand in the vessel and absorb the liquid. 
(Biermann 1996) The CTMP and APMP processes consist of two primary components 
impregnation and refining. In the impregnation step the chips are pre-steamed, compressed, 
chemically impregnated, and retained in the reaction bin. This allows the chemical reactions 
to be carried out to a maximum. Fiberization and fibrillation are completed within the 
refiners. (Xu 1999)  
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Figure 7 Schematic picture over the CTMP and its impregnation step 

 
Different chemicals can be used for pre-treatment of the chips. The dominating chemical for 
CTMP is sodium-sulfite but alkaline-peroxide can also be used for softwood (Sundholm 
1999, Biermann 1996). The treatment time for the chips in the CTMP is in general short. 
Chemicals weaken the cell-walls and the middle lamella, ML, which leads to rupture in 
defibration. Most of the rupture occurs in the cell-wall’s primary layer, P, and in the middle 
lamella, this result in long undamaged fibers, which later can be further developed in the 
refiners. (Sundholm 1999) Treatment with chemicals decreases the glass transition 
temperature (softening temperature) of lignin. Thereby the lignin becomes plasticized (softer 
and more movable) to a lower temperature, less energy will therefore be used during fiber 
separation (Gros 1997, Klinga 2007).  
 
Since CTMP is considered to be an intermediate between mechanical pulp and chemical pulp, 
the CTMP pulp can be used to replace either mechanical or chemical pulps, or in different 
combinations to create the right paper properties. CTMP pulps made from softwood are 
normally used in newsprint to replace mechanical or Kraft pulp (chemical pulp), but also in 
hygiene paper, fluff and as middle lamella in multy-ply board (Vesterlind 2006). APMP has 
grown and have became a fast growing alternative for CTMP when to produce bleached 
chemimechanical pulp, for brighter products, and it works well on softwood. (Sundholm 
1999)  

2.3 Chip pre-treatment 

Chip pre-treatment can be carried out by using combinations of mechanical and chemical 
treatments. The mechanical chip pre-treatment breaks down the chip by shearing and 
compression and the chemical pre-treatment changes the chemical properties within the wood. 
This makes it easier for the chip to absorb liquid that will lead to a more homogenized and 
softer chip. The lignin within the chip gain a reduced glass transition temperature and energy 
can be saved in the preheating and refining steps during the pulping process. (Moldenius 
1984). A chemical chip pre-treatment will modify the pulp properties, both trough changing 
the fiber size and distribution and by changing specific properties for the individual fibers. 
Chemical pulping compared with mechanical pulping shows that the amount of shives and 
fines decrease and the amount of long fiber content increase, for the chemical pulping 
process. (Sundholm 1999) Chemical chip pre-treatment in CTMP also show the same result, a 
decreasing of shives. 

2.3.1 Mechanical pre-treatment 
Screwpresses such as a Andritz Impressafiner compress the chips and squeeze out soluble 
material along with the water (S. Naithani el al 2004). 
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2.3.2 Sulfite 
Earlier studies of chip pre-treatment with sodium sulfite, Na2SO3, have shown that energy 
savings could be achieved. The most efficient Na2SO3 level for spruce was found to be 0.2% 
(calculated on dry wood). (Leask and Kocurek, 1983, Axelson and Simonson 1982) It is of 
great importance to find the optimum dosage when sulfite pre-treatment is used to obtain the 
right properties for the pulp, such as tensile strength. This is supported by that a maximum 
that can be spotted at 0.2% sodium sulfite content, in Axelson and Simonson (1982), (Figure 
8). The same article shows that the tensile index is about 7% higher than for the reference 
pulp. 
 
The yield for a sulfite-treated pulp is still high, a 0.4% dosage, (calculated on dry wood) of 
Na2SO3 gives a yield about 95%, compared to the reference pulp that have a yield of about 
97%. The shives content will decrease with increasing sulfur content. This indicates that a 
more efficient fiber separation has occurred. (Axelson and Simonson 1982) 
 

 
Figure 8 Tensile index, Nm/g vs. Na2SO3 content (%) (Axelson and Simonson 1982) 

Axelson and Simonson (1982) show that energy savings of about 12% can be made if 0.2% 
Na2SO3 is added. It was also stated that the energy consumption was lower for the 0.2% 
Na2SO3 pulp than for the reference pulp, (Figure 9). (Axelson and Simonson 1982) 
 

 
Figure 9 Energy input kWh/t vs. Na2SO3 content (%). (Axelson and Simonson 1982) 

Since lignin glass transition temperature will decrease with low-dose sulfite treatment, this 
will coincide with the temperature of the refiners. The mechanical treatment within the 
refiners will then be carried out on fibers that are softened and this will result in flexible well-
fibrillated fibers being made. This is the explanation why the tensile index (strength) increase 
for 0.2% added sulfur. (Axelson and Simonson 1982) 
 



 33 

Another parameter that is of interest is the very high percentage, almost 98%, of sodium 
sulfite will be bound to the pulp. This means that only small amounts of unreacted sulfite will 
stay in the pulp during the refining. This is good when bleaching of the pulp with hydrogen 
peroxide is used. The less sodium sulfite in the pulp the less amount of hydrogen peroxide 
will be used. (Axelson and Simonson1982) 
 
Chip pre-treatment with sodium sulfite has been proven to be of benefit from an industrial 
point of view. The low-dose of added chemicals will not only reduced the energy input in the 
pulping process but also provide a pulp that has good yield, tensile index (strength) and high 
utilization of added chemicals. Cost savings can be made from energy and chemical savings. 
 
2.3.3 Alkaline-peroxide 
The APMP process was developed from CTMP where the alkalinity of the caustic is 
responsible for the increased strength properties, and the peroxide is responsible for the 
increased brightness. This is a modified version of the CCS process. (Naithani 2004, Kurdin 
1991) By pre-treating the chips from spruce with alkaline-peroxide an increase in strength 
property of 50-80% was obtained, and it also gave an improved smoothness, together with a 
simultaneously bleaching effect from the peroxide. Different results regarding the different 
features of the alkaline-peroxide treated pulp have been reported. On one hand some results 
indicate that bleaching improves fiber-bonding, tensile strength and cleanliness and on the 
other hand some articles claim that pulps made from peroxide pre-treatment will not affect 
pulp properties. (Moldenius 1984) Another benefit of using the APMP process instead of 
sulfite CTMP is less pollution problems. (Naithani 2004, Kurdin 1991) 
 
The APMP process includes sodium hydroxide, NaOH, and hydrogen peroxide, H2O2, 
together with stabilizing agents, such as DTPA and silicate. The sodium hydroxide functions 
as a lignin softener. The energy in the refining is reduced and the pulp improvements are 
stronger pulp, because of the improved fiber-binding, with less shives content. The amount of 
sodium hydroxide added in the APMP has to be carefully adjusted; an increased amount 
above a certain limit will result in a yellowing of the bleached pulp. (Naitani 2004) 
 
The chemicals used in the APMP process will react with the cromophores that are responsible 
for the yellow color in the pulp, but it will also react with other components within the fiber 
wall. This will result in increased fiber-flexibility and the tensile strength. The cromophore 
reactions not only change the color of the pulp, but also change pulp and/or fiber properties 
and generate more carboxylic acids and phenolic groups. These changes result in physical 
(strength) and optical (opacity and light scattering) changes for the pulp. (Xu 1999) 
 
The function for H2O2 in the APMP process can be described as more complex compared to 
strength-giving NaOH. It is suggested that the H2O2 works as a blocker to minimize the 
darkening effect on the pulp that is achieved from the NaOH and the TMP process. The chips 
are bleached instead of the pulp and to take advantage of this will result in a brighter pulp. A 
drawback of using the H2O2 directly on the chips, instead of on the pulp, is that metal ions 
cannot be washed away as well from the chips compared to pulp. The metal ions (mainly iron, 
manganese and copper) remain within the chips and will reduce the efficiency in H2O2 

bleaching reaction, since H2O2 is degraded by metal-ions. A problem with this is that an 
absence of a bleaching prevention step in the beginning of the process might produce a pulp 
so dark that the final bleaching will be difficult to make with conventional mechanical pulp 
bleaching methods. (Xu 1999) 
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Hydrogen peroxide is a bleaching agent, but it is the dissociated form of hydrogen peroxide 
anion OOH- that is the actual bleaching agent. A problem with hydrogen peroxide is that the 
OOH- dissociates to OH- and H2O when it is exposed to a pH above 11.5, 
H2O2 + OOH- � OH- + H2O + O2 this reaction results in a loss of peroxide anion, and OH- is 
created, which increases the alkali. (Vantyghem 1991) This will affect the brightness of the 
pulp, which turns yellow (alkali darkening). The deposition of the peroxide is catalyzed by 
metallic ions. In order to make a pulp with sufficient brightness in a relatively high pH a 
stabilizing agent, diethylenetriaminepentaacetic acid, DTPA, can be used, which takes care of 
the metallic ions. The DTPA removes the metallic ions from the pulp and reduces the 
yellowing effect of the pulp. (Vantyghem 1991, Lachenal et al 1979, Höglund 1997) 
 
Trials done at APMP mills in China, have demonstrated that it is likely that less energy is 
required in this process and that the pulp quality is likely to be higher. The APMP process is 
mostly used to produce pulp with less energy and to produce a brighter pulp. It is the caustic 
pre-treatment that is used as an agent to reduce the energy consumption and the most 
important is that the pre-treatment leads to increased strength properties in the pulp. (Xu and 
Sabourin 1999) 
 
Since most of the trials done by alkaline-peroxide, NaOH/H2O2, have been done on 
hardwood, results concerning softwood are hard to find. The mechanisms underlying the 
chemical properties are also hard to find (Moldenius 1984). That is why it should be of 
interest to investigate this further, and see how alkaline-peroxide treatment in a 
thermomechnaical pulping process e.g. APTMP, should affect the spruce properties and if it 
should give decreased energy consumption to pulp properties. 

2.4 Mechanisms behind strength properties in paper 

To be able to understand the effects of chip pre-treatment, it is important to understand the 
mechanisms behind paper strength. What kind of bindings exists between the wood fibers and 
how can they be modified to improve the strength properties and what will happen to the 
lignin when exposed to chemicals? 

2.4.1 Chemical bonding in papermaking 
Wood is a strong material that consists of different macromolecules. Within these 
macromolecules, intramolecular (between atoms within the molecule) and intermolecular 
(between the molecules) bonds exist, that keep the macromolecules together. During the 
papermaking process lots of these bindings are broken and new are created, and to be able to 
create new bonds, water is used to conjunct to the dry material, cellulose. This leads to, the 
end product paper, differing essentially from the raw wood. (Neimo 1999) The number of 
basic compounds in paper is surprisingly small. It consists mainly of carbon, hydrogen, and 
oxygen (Neimo 1999). 

2.4.2 Bonding in paper 
The most common forces between the fibers that keep the paper together are hydrogen- 
bonding and Van der Waal´s (VdW) interaction. They can be of intramolecular and 
intermolecular type. The intermolecular forces are weaker than the intramolecular; this is a 
result of the bonding length. Bonding length is the distance between the two nuclei joined 
together. Bonding length also makes the hydrogen bonding stronger than the vdw interaction, 
since the bonding length is shorter. (Neimo 1999) 
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2.4.2.1 Hydrogen-bonding 

Hydrogen bonding is a dipole-dipole interaction. The dipole-dipole interaction operates in 
molecules in which, hydrogen is bound to a high electronegative atom, such as oxygen. The 
strength mainly depends on two factors; the polarity of the bonding and the close approach of 
the dipoles, boning length. Substances that have the ability to form hydrogen bonds have an 
abnormally high melting point, boiling point and heat of vaporization. (Neimo 1999)  
The hydrogen bond is perhaps the most vital bonding type for papermaking. It is an accepted 
fact that the final structure of paper develops via hydrogen bonding. The hydrogen bonding 
exists between the fiber-surface, holding the fibers together and keeping the fibrils together 
within the fibers, the microfibrils together within the fibril and cellulose crystalline bundles 
within the microfibrils. (Neimo 1999) 

2.4.2.2 Van der Waal´s interaction 

VdW interaction is crucial for adsorption, and this makes them essential for papermaking. The 
force interacts between uncharged molecules, but is much weaker than the hydrogen bond. 
(Neimo 1999) 

2.4.3 Mechanisms behind the lignin softening 
Wood is a viscoelastic material that behaves as any other 3D-polymer. Polymers usually 
soften with an increased temperature. When the temperature reaches the glass transition 
temperature for wood, changes in strength and stiffness properties appear. (Gros 1997) The 
wood-fiber becomes more flexible and less stabile. 
 
As for all polymers the mechanical properties change with temperature. The major change can 
be seen in the amorphous polymers. This is because they have an unstructured structure. 
Cellulose is a crystalline polymer, and will therefore not be affected by the temperature. The 
lignin and hemicellulose are amorphous and will therefore become more mobile when 
exposed to an increased temperature. The lignin has its glass transition temperature, 
(softening temperature), (Figure 10) around 100ºC and hemicelluloses close to -20ºC. This 
means that lignin is the only polymer that will be affected by the mechanical effect that is 
performed in the temperature interval of 90 -140 º C, which will give changed properties for 
the raw material.  (Olsson 1992) 
 

 
Figure 10 Glass transition state temperature for cellulose, lignin and hemicelluloses. (Olsson 1992) 
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A way to decrease the glass transition temperature is to add low-molecular weight materials to 
soften the polymers, called plasticizers. It is important that the added materials must be 
soluble in the polymers. Water absorbed by the micro-structure cause a plasticizing effect. 
(Gros 1997) Chemicals can be used in the same way to decrease the glass transition tempera-
ture and result in less energy being required in the pulping process, because of the softening 
effect.  
 
When moisture is added to dry wood, the lignocellulosic material has a different ability to 
absorb water. The hydrophobic polymer lignin reaches its saturated state at relatively low 
moisture content. The rest of the moisture is absorbed by the other wood compounds, this 
without affect the glass transition temperature for lignin. Hemicellulose has no limit 
temperature, which results in more water being absorbed. This will give a reduced glass 
transition temperature. (Gros 1997) 

2.4.3.1 Water and sulfite effect on glass transition state temperature 

The decrease of lignin softening temperature by adding water to dry wood material involves a 
dissociation of the interchain hydrogen-bond in lignin. This dissociation results in a 
replacement with a water linkage, which will result in a decreased softening temperature, 
(Figure 11). (Atack and Heitner 1979) 
 

 
Figure 11 Interchain-bond in lignin replaced with water. (Atack and Heitner 1979) 

Another way to reach a lowered glass transition state temperature is to introduce sodium 
sulfite, Na2SO3, to the lignin, see (Figure 12). This will result in a structure change, and the 
lignin will become more flexible. The treatment breaks the ether and hydroxyl bindings 
within the lignin and introduces charge groups to the structure. (Olsson 1992, Atack and 
Heithner 1979) These bindings cannot be changed only by introducing water. The hydroxyl 
and ether bindings are involved within the lignin by interchain hydrogen bonding. (Atack and 
Heitner 1979) 
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Figure 12 Interchain-bond in lignin replaced by sulfonation. (Atack and Heitner 1979) 

The lignin will after the structure changes from both water and sulfite have a more sprawling 
structure, which will reduce the glass transition temperature, which leads to less energy being 
used in the refining stage in the pulping process. When the lignin is softened by adding water 
or chemicals, the cellulose fibers become more flexible. A flexible fiber has less fiber-length 
reduction and can easier be fibrillated, the surface become rougher and can easier hydrogen-
bond.  

2.4.4 Extractives strength properties  
In softwood, the amount of extractives is lower than for hardwood, and chemically treated 
softwood chips will lead to even less extractives staying within the pulp. This leads to an 
increasing strength within the paper, because the fibers can bind better due to a greater 
bonding surface, (the surface has less extractives). (Sundholm 1999) Results from alkaline-
peroxide treatment indicate that this treatment improves fiber-bonding, e.g. increased strength 
and cleanliness within the pulp. (Moldenius 1984)  
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3. Material and Methods 
The raw chips were made from Norway spruce logs, (Picea abies), originating from the 
normal supply area of Braviken Paper Mill. The logs were debarked and chipped in 
Braviken’s wood room and thereafter collected in big bags. Chip size evaluation was made at 
Braviken, wood analyses, were performed by MoRFi in Örnsköldsvik, Sweden. Trials from 
the design were carried out at CTP, center technique du papier, Grenoble, France. Sheet 
analyses were done at Braviken. Minitab was used as a tool for evaluation of the design. 

3.1 Material 

The raw material, chips, was made from Norway spruce (P.abies) logs, origin Mid-Sweden. 
These were debarked and cut down to chips, at Braviken Paper Mill. 2-3 m3 chips were 
packed into big bags and transported on the 20th of March, 2008 and arrived on the 28th of 
March, 2008 at CTP. The chips were stored in a cold chamber, until the first trial day, the 31st 
of March. 
 
All the chemicals used for the trial were provided by CTP; for manufacturer, origin and purity 
see Table 1. 

Table 1 Chemical manufacture, origin, and purity (%) 

Chemical Manufacturer Origin Purity (%) 
NaOH Brenntag Chassieu Cedex, France 30.5 
H2O2 Brenntag Chassieu Cedex, France 35 
Na2SiO3 Sybthrom Levallois-Paris, France 30 
DTPA Sybthrom Levallois-Paris, France 40 
H2SO4 Sybthrom Levallois-Paris, France 99,9 

3.2 Method 

This chapter will describe the design of experiments, the pilot plant process and equipment 
and the analyses. 

3.2.1 Design of experiments 
The main purpose for these trial settings was to investigate the influence of chip pre-treatment 
with alkaline-peroxide on the electricity demand for a TMP process. The process could be 
described as an APTMP process, but with only a small AP part, which in other words means 
that only small doses of alkaline-peroxide were used. The target for the trials was to try to 
come up with a chip pre-treatment that will not only result in a reduced electricity input, but 
also to maintain good strength properties, fiber length and brightness of the resulting paper. 
One important aspect is that the added peroxide was to primarily work as an agent to reduce 
the influence of the lignin yellowing effect from the alkaline treatment, rather than 
conventional bleaching. Another aspect of the trial was to screen how different combinations 
of alkaline-peroxide differ from each other. 
 
The trial was done as a factor-trial, where the amount of total alkaline (sodium hydroxide 
together with silicate) and hydrogen peroxide were the different factors with two levels each, 
which result in a 22 full factorial design. 
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The levels of NaOH were decided from an energy and strength point of view, where the high 
level was chosen from earlier trials done by E. Persson and L. Sundström at Holmen Paper. 
The low level of NaOH was chosen to reduce the losses of yield. 
 
The levels of H2O2 were set to create a good ratio between NaOH and H2O2, based on 
experience from conventional H2O2 bleaching in order to obtain a good brightness of the pulp. 
The levels were set rather low since the primary goal was not to maximize the brightness, but 
rather to improve the strength-energy relation and maintain acceptable brightness. 
 
As stabilizing agents, DTPA and silicate were used. The dosages were kept at a constant level 
at 3 kg/t and 7 kg/t, respectively for all trials. 
 
Reference pulps from normal TMP (TMP) and TMP with water impregnation using the MSD 
6” pressafiner (T+W+M) treatment were also made. 

3.2.2 Design of trials 
The design of the trial followed the 22 Factorial Design, with the factors [Total alkaline] and 
[H2O2], with two levels each, assigned as high (+) and low (-), (see,  
Table 2 and Table 3, for design details and schematic picture). The levels of NaOH for the 
low and high levels were set to 5 kg/ton and 15 kg/ton, respectively. Levels for H2O2 for low 
and high levels were 5 kg/ton and 10 kg/ton, (Table 4). 
 
 

 
Figure 13 Treatment of combination in 22 design; (1) = both factors at low level, a = factor A high level 
and factor B low level, b = factor A low level and factor B high level, ab = both factor A and B high level, 
Y = Different response parameters, such as; tensile index, SEC, fiber length, and light scattering 
coefficient (s)  
     = zero-point 

 

Table 2 Factors for trials 

  

 

Factor Low High 
[H2O2] = A -1 +1 
[Total 
alkaline] = B 

-1 +1 

Center  0 0 

(1) 

+ 

+ 

- 

- 

B 

a 

b 
ab 

A 
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Table 3 Design matrix 

Set/Factor A B AB Y 
1 - - +  
2 + - -  
3 - + -  
4 + + +  
5 0 0 0  
6 0 0 0  
Effect    
 
The trials were not randomized, instead the lowest NaOH level was used first and then the 
high level. This was to reduce the chance for left over chemicals interfering/affecting the 
following pulps. The reference pulps were not included in the design, since no chemical was 
used, and the purpose was to compare them with chemically treated pulps. The different 
combinations for the factors of low/high level (chemical doses kg/t) for each set of trail see 
Table 4. 
 

Table 4 Chemical doses, kg/t 

Trial [H2O2] 
[Total 
Alkaline] [Silicate] [DTPA] 

1 5 5 7 3 

2 10 5 7 3 

3 5 15 7 3 

4 10 15 7 3 

5 (0-point) 7,5 10 7 3 

6 (0-point) 7,5 10 7 3 

TMP 0 0 0 0 

T+W+M 0 0 0 0 
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3.2.3 Process description for impregnated chips 
The process for the pilot trials was constructed to resemble the new TMP-line at Braviken 
Paper Mill, as much as possible. A schematic picture of the pilot-plant process and equipment 
specifications at CTP is given in  
Figure 14 and Table 5. The major differences (in addition to the significant difference in 
capacity) between the pilot plant at CTP and the new TMP-line at Braviken are 
 

1. Plug screw will be used for dewatering in the new TMP-line instead of the second 
MSD 6” pressafiner, which was used in the pilot-plant process 

2. Double-disk (DD) refiner will be used for refining instead of a two stage HC-refining 
that was used in the pilot-plant process 

3. A roll-press will be used in the new TMP-line instead of the pulp wash that was 
implemented in the pilot-plant process for removal of extractive and chemicals.  

 

 
 

Figure 14 Pilot plant description for the process at CTP 

 
For the chemically treated chips (1, 2, 3, 4, 5 and 6) and the T+W+M the process was built up 
as Figure 14. For TMP, the MSD 6” pressafiner and water impregnation was excluded. Pulp 
wash and neutralization was not carried out for the normal T+W+M and TMP. The normal 
T+W+M and TMP did not include the washing step after the 1st refiner step and no 
neutralization step of the pulp, since chemicals were added. 
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Table 5 Equipment data from the pilot plant at CTP 

Equipment  Manufacturer Origin Speed Power Specifics 
MSD 6” 
Pressafiner 

Andritz AG Gratz, 
Austria 

 
---- 

5,5 kWh 6” diameter 
plug screw, 
compression 
ratio 4:1 

1st refiner Andritz AG Gratz, 
Austria 

1500-
5000 rpm 

90 kWh 12” single 
disk, 
pressure up 
to 5 bar 

2nd refiner Andritz AG Gratz, 
Austria 

500-3000 
rpm 

 
 

---- 

Single disk 
Ø300mm, 
pressurized 
or 
atmospheric 

3.2.3.1 APTMP trial description 

The chips, 13 kilos for each trial, were first pre-steamed (S1) 
Figure 14) under atmospheric conditions, 100ºC for 5 minutes. Thereafter were the chips 
washed from the top of the vessel (Figure 15), with hot (50ºC) water (W) for five minutes. 
The chips were after that, pre-steamed (S2) under atmospheric conditions, 100ºC for another 5 
minutes. 
 

 
Figure 15 Vessel for steaming, washing and impregnation, at CTP 
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After the pre-steaming, the chips were introduced to the MSD 6” Pressafiner, (Figure 16), 
with a compression ratio of 4:1. The MSD 6” pressafiner was connected to the vessel used as 
impregnator containing the impregnation liquid, The concentrations of chemical for each trail,  
Table 6), were calculated on the amount absorbed water from the chips. From the MSD 6” 
pressafiner, sampling of effluent were taken for COD and chemical consumption analyzes 
preformed by CTP. 
 

 
Figure 16 Andrtiz MSD 6" Pressafiner at CTP 

 

Table 6 Chemical dosage calculated in g/l for each set of trail 

Trail order 
[NaOH] 
g/l 

[Silicate] 
g/l 

[H2O2] 
g/l 

[DTPA] 
g/l 

Total 
Alkaline 
g/l 

5 (0-point) 12,2 9,2 9,8 3,9 1,0 

1 5,6 9,2 6,5 3,9 0,5 

2 5,6 9,2 13,1 3,9 0,5 

3 18,7 9,2 6,5 3,9 1,5 

4 18,7 9,2 13,1 3,9 1,5 

6 (0-point) 12,2 9,2 9,8 3,9 1,0 

TMP 0 0 0 0 0,0 

TMP+W+MSD 0 0 0 0 0,0 

 
The impregnation liquid had a temperature of 85ºC and the retention time was 30 minutes. 
The chips were impregnated for five minutes, where after the vessel was emptied of 
impregnation liquid, and a lid was placed on top, to keep the warmth. 
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The chips were dewatered by letting the chips pass through the MSD 6” Pressafiner once 
more. Effluent sample was taken for COD and residual chemical analyses. After dewatering, 
the chips were steamed at 130ºC for 5 minutes. The chips were then defiberized in a high 
consistency (HC) single-disk (SD) refiner, at 130ºC. 
 
The pulp was washed twice with water after the 1st refining, to remove residual chemicals, 
dewatered and thickened through a 60 µm mesh. The primary-refined pulp was steamed at 
120ºC for another 5 minutes before 2nd stage refining. 
 
The second stage of refining was done using a HC-SD refiner (Figure 17and Figure 18). The 
temperature was 120ºC. The pulp was refined to 4-5 different specific energy consumption, 
SEC, levels to try to reach freeness levels between 300 to 90 ml CSF2, (Canadian standard 
freeness). 
 

 
Figure 17 Schematic picture over the 2nd stage HC-refiner at CTP. (CTP information material, March 
2007) 

                                                 
2 See chapter 3.2.4.3 



 45 

 
Figure 18 2nd stage HC-refiner at CTP 

After refining, the pulp was diluted down to 5% and neutralized with sulfuric-acid, followed 
by a mild water wash. Each pulp, was thickened by centrifugation, through a 33µm mesh 
twice. The second time the water from the first centrifugation was introduced again; this was 
to minimize the chance of losing fine material. After centrifugation the pulp was separated in 
a blender, to reduce flocks in the pulp. 200 grams of each SEC level were sampled and 
divided into three parts, packed in plastic bags, and later stored at -18ºC before transport to 
Braviken Paper Mill. When the pulps arrived at Braviken, they were stored in a freezer. 

3.2.4 Chips and Fiber properties 
Different analyzes were made in accordance to see chips and fiber properties. Analyzes 
preformed are listed below. 

3.2.4.1 Screening of chips 

The screening was done according to SCAN-CM 40:01 standard. The chips were divided into 
six different fractions. Each class was weighed and then converted into percent. Two 
measurements were preformed to see if it was any difference between them, (Table 7) 

Table 7 Screening data 

Trial Date and time Amount (l) Dry solid content (%) Duration time (min) 
1  20/3-2008 at 11 am 8-10 40 10 +/- 10s 
2 27/3-2008 at 8.15 8-10 40 10 +/- 10s 
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Wood-chip analyses were made by MoRe in Örnsköldsvik, Sweden. Analyses included fiber 
dimension, metal content, wood basic density, DCM extraction, and dry matter content. 

3.2.4.2 Pulp sluching and dry matter content 

Pulp sluching (separating of the fiber-flocks into free fibers) followed the ISO-standard SS-
EN ISO 5263; deviation from standard-performance was that 200g of pulp was used instead 
of the recommended amount of pulp. The pulps was defibrillated and put in 10 liter chests. 
The concentration, e.g. dry matter content, was performed using ISO 4119:1995. 

3.2.4.3 Canadian Standard Freeness (CSF) method 

Canadian Standard Freeness, CSF, is a method to determine drainability of a pulp. The lower 
the value (ml) the more fine material is in the pulp. The Canadian Standard Freeness method 
followed ISO 5267-2 standard.  

3.2.4.4 Fiber and shives measurements with PQM 1000 

The PQM is an optical instrument used for determination of fiber properties such as 
 

• Average fiber length, arithmetic and weighed, 
• Average fiber width, 
• Fiber weight/Coarseness, 
• Fiber form/Curl, 
• Continues fiber length distribution, arithmetic and weighed, 
• Five fiber fractions. 

 
The PQM requires 2 g of dry matter content of pulp for each test, (ISO 4119). The test is run 
and results are given as listed above. 

3.2.5 Sheet making 
The sheets were made in accordance with SS-EN ISO 5269-1 and SCAN-CM-27.00. 
Deviation from standard-performance was that recycled backwater was used, which reduced 
the risk of losing fine material that affects strength properties. The recycled backwater was 
made from eight sheets, which was thrown away, were the same water was used. After the last 
one was made, the sheets for analyses were made, five for each pulp, by using the above 
mentioned standards. 

3.2.6 Sheet analyses 
The sheets were produced as described in section 3.2.5, and tested and evaluated with respect 
to physical and optical properties. The following standards were used: 
 

• SS-EN ISO 5270, Pulps – Laboratory sheets – Determination of physical properties 
• SS-ISO 2471,Paper and paperboard – Determinition of opacity – Method: Diffuse 

reflectance 
• SS-ISO 9416, Paper – Determination of light-scattering and light-absorption 

coefficients (by using Kubelka-Munk-theory) 
• SS-EN, Paper, board and pulps – Standard atmosphere for conditioning and testing 

and procedure for monitoring the atmosphere and conditioning samples 
 
From these standards grammage, sheet thickness, density, CSF, tensile index, tear index, ISO 
brightness, opacity, light scattering coefficient (s) and light absorption coefficient (k) were 
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determined. Calculation of grammage, density, tensile- and tear index, can be found in 
Appendix I. 
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4. Results and Discussion 
This chapter includes results from the evaluation of the design done in Minitab, wood 
properties of the chips, and pulp properties (strength and optical). Explanation for all variables 
used in the plots and raw data, (Appendix I- II). 

4.1 Design of experiment evaluation 

Since the result could not be analyzed without taking inconsideration the energy input, which 
affect the on the different responses Y(tensile index, CSF, fiber length and the light scattering 
coefficient (s)), a new regression equation had to be made. This to  be able to analyze the 
regression equation in a correct way, see Formula 1 and Formula 2, which included extra 
predictors; U = energy input and V = Dummy variable. Regression analysis was performed 
using Minitab, with the response Y and five different predictors. 
 
The new regression equation was (not including zero-point); 
 

Yijkl = β0 + β1x1 + β2x2 + β12x12 + γUijk + ζVijkl + εijlk 

Formula 1 Equation for the new regression model, which takes inconsideration of the extra predictors U - 
energy input and V - dummy variable 

 
x1 = -1 or +1 [H2O2] 
x2 = -1 or +1 [Total Alkaline] 
x12 = x1 * x2 
U = energy level 
V = Dummy variable, which divides the data-material in two different parts by using 0 and 1. 
The chemical treated pulps were divided from the zero-points. The chemical treated pulps 
equal 0 and the reference pulps equal 1. 
 
Model for zero-point; 
 

Yijkl = β0 + γU0k + ζV0kl + ε0lk 

Formula 2 Model for the zero-point, for the new regression model 

4.1.1 Tensile index 
Analyses in Minitab showed that no significant factor, looking at the p-value, (p-value should 
be 0.05 or less for a significant factor) could be found for tensile index, (Table 8).  

Table 8 Regression Analysis: Tensile index versus X1; X2; X1X2; U; V 

The regression equation is 

Tensile index = 35.1+0.460X1+1.43X2+0.441X1X2+0.00197U+2.65V 

 

Predictor      Coef   SE Coef     T      P 

Constant     35.074     8.723  4.02  0.001 

X1           0.4595    0.7791  0.59  0.563 

X2           1.4255    0.8691  1.64  0.118 

X1X2         0.4410    0.7494  0.59  0.564 

U          0.001967  0.002713  0.72  0.478 

V             2.652     1.446  1.83  0.083 

 

S = 2.97987   R-Sq = 42.1%   R-Sq(adj) = 26.0% 

 



 49 

To be able to further investigate if significant factors could be found, a stepwise elimination 
regression analysis were conducted. Which means that the predictor with the highest p-value 
was erased from the regression equation and another analyze for the equation is preformed 
until a significant factor can be seen. 
 
The last stepwise elimination (Table 9), significant factors to be found were [Total alkaline] 
and the dummy variable V. Because of the low R2 (36.1) % they cannot be considered as 
significant. There seems to be much noise/disturbance in the process. The data is normal 
distributed. (To see; normal probability plots, residual vs. fitted values and residual vs. 
observation order go to Appendix III). 
 

Table 9 Regression Analysis: Tensile index versus X2; V 

The regression equation is 

Tensile index = 41.4+1.75X2+3.12V 

 

Predictor     Coef  SE Coef      T      P 

Constant   41.3750   0.7212  57.37  0.000 

X2          1.7500   0.7212   2.43  0.024 

V            3.125    1.249   2.50  0.021 

 

S = 2.88469   R-Sq = 36.6%   R-Sq(adj) = 30.6% 

 
Still, if [Total alkaline] is a significant factor for the tensile index, (as earlier reports have 
shown, Xu 1999, Xu 2005, Sundholm 1999, Naitani 2004, et al), it should be on the high level 
(15 kg/t) to maximize the response tensile index. 

4.1.2 CSF 
The significant factors, (p-value), seem to be [Total alkaline] and energy input for the 
response CSF, (Table 10). These factors are more significant, because of the higher R2 
(73.6%), but it still seems like the process had a lot of instability. 

Table 10 Regressino Analysis: CSF versus X1; X2; X1X2; U; V 

The regression equation is 

CSF = 323–1.26X1–21.9X2+9.08X1X2–0.0652U–17.2V 

 

Predictor      Coef  SE Coef      T      P 

Constant     323.04    70.95   4.55  0.000 

X1           -1.261    6.337  -0.20  0.845 

X2          -21.859    7.069  -3.09  0.006 

X1X2          9.082    6.096   1.49  0.154 

U          -0.06525  0.02207  -2.96  0.008 

V            -17.19    11.76  -1.46  0.161 

 

S = 24.2378   R-Sq = 73.6%   R-Sq(adj) = 66.3% 

 
When the level of [Total alkaline] has to be chosen, it has to been taken in consideration, if 
the CSF should maximize or be minimized. Data are normally distributed. The data is normal 
distributed. (To see; normal probability plot, residual vs. fitted values and residual vs. 
observation order go to Appendix IV). 
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 4.1.3 Fiber length 
By studying the p-value, [Total alkaline] and the energy input seem to be the significant 
factors (Table 11). The regression equation indicates that the [Total alkaline] should be on the 
low level (10 kg/t) to achieve the best fiber length. Still the R2 (57.7%) and indicates that the 
significant factors might not be the right ones. 

Table 11 Regression Analysis: Firber length versus X1; X2; X1X2; U, V 

The regression equation is 

Fiber length = 2.07–0.0052X1–0.0712X2+0.0396X1X2–0.000235U 

               -0.0035V 

 

Predictor        Coef    SE Coef      T      P 

Constant       2.0655     0.3272   6.31  0.000 

X1           -0.00523    0.02923  -0.18  0.860 

X2           -0.07122    0.03260  -2.18  0.042 

X1X2          0.03955    0.02811   1.41  0.176 

U          -0.0002350  0.0001018  -2.31  0.033 

V            -0.00350    0.05423  -0.06  0.949 

 

S = 0.111778   R-Sq = 57.7%   R-Sq(adj) = 45.9% 

 
The data is normally distributed, for normal probability plots, residual vs. fitted values and 
residual vs. observation order, see Appendix V. 

4.1.4 Light scattering coefficient (s) 
Since the interaction between the factors [H2O2] and [Total alkaline] is significant for the 
light scattering coefficient, the main factors [H2O2] and/or [Total alkaline] might be 
significant too (Table 12). The other significant factors are energy input and dummy variable. 
However, because of the low R-sq value (59.1%) this might not be the right. 
 

Table 12 Regression Analysis: s versus X1; X2; U; V; X1X2 

The regression equation is 

s = 14.6+0.594X1–1.03X2+0.00921U–5.62V–2.15X1X2 

 

Predictor      Coef   SE Coef      T      P 

Constant     14.631     9.150   1.60  0.127 

X1           0.5941    0.8173   0.73  0.477 

X2          -1.0257    0.9117  -1.13  0.275 

U          0.009208  0.002846   3.24  0.005 

V            -5.620     1.517  -3.71  0.002 

X1X2        -2.1450    0.7861  -2.73  0.014 

 

S = 3.12576   R-Sq = 59.1%   R-Sq(adj) = 47.7% 

 
For normal probability plots, residual vs. fitted values and residual vs. observation order see 
Appendix VI. 
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4.2 Wood properties 

The results from the two different screenings looked pretty much the same. Groups number 3 
and 4 (accepted fractions) normally comprise 80-85% of the chips. The chips were therefore 
considered as normal sized chips, (Table 13 and Table 14). 

Table 13 Result from chip-screening, which shows that the chips was normal since group number 3 and 4 
together comprises about 85% 

Chips 1 
 

2 3 4 5 6 Total 

Test 1 26,4 152,9 1 525,1 1 048,8 264,7 21,2 3 039,1 

Test 2 0 174 1646 1 086,6 245,6 20 3 172,2 

% 1 2 3 4 5 6 Total 

Test 1 1 5 50 35 9 1 100 

Test 2 0 5 52 34 8 1 100 

 

Table 14 Explanation of size levels 

 
 
 
 

 
The metal content within the chips before and after the transport to CTP, (Grenoble, France), 
seemed to be the same. The greatest difference was in iron concentration (Fe), (Figure 19). 
During handling and transport the content of extractives in the chips was reduced (Figure 20). 
Fiber properties, such as length, width and the amount of fines were the same before and after 
the transport, (Figure 21). It seems like the chips did not change their wood properties after 
the transport to CTP, Grenoble, France. 
 

NR Description Size 

1 Over sized chips 45 mm hole 

2 Over thick chips 8 mm slit 

3 Big accepted chips 13 mm hole 

4 
Small accepted 
chips 7 mm hole 

5 Pin chip 3 mm hole 

6 Sawdust 
Rest from 
above 
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Figure 19 Metal content in the chips before and after transport to CTP, (evaluation provided by MoRe, 
Örnsköldsvik, Sweden) 

 

 
Figure 20 Extractive evaluation (evaluation provided by MoRe, Örnsköldsvik, Sweden) 
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Figure 21 Fiber properties of the raw material befor and after transport to CTP (evaluation provided by 
MoRe, Örnsköldsvik, Sweden) 

4.3 Pulp properties 

Pulp properties that were investigated were yield, chemical consumption, strength properties 
and optical properties. It should be mentioned that efficient COD and chemical measurements 
from effluent could not be done in the first MSD stage, as mentioned before. This is because 
of a backflow from the impregnation vessel affected COD analyses. Instead, the yield and 
chemical consumption was calculated from effluent taken from the second MSD stage. Pulp 5 
was replaced by pulp 7, which had the same conditions as 5, because of a failed trial. 

4.3.1 Yield and chemical consumption 
The COD was measured on the effluents from each impregnation after the second MSD stage. 
The highest yield, almost 99%, was obtained from reference pulp T+W+M, which was as 
expected (Figure 22). For the chemically treated chips the highest yield was obtained in pulps 
1 and 2, which had the lowest doses of NaOH, where the yield was about 97%. The more 
NaOH, the lower was the yield. Pulps 3 and 4 had a yield just above 95%. This was due to the 
breaking down of the fiber wall, resulting in more material being lost in the effluent. This is 
confirmed by Sundholm 1999. 
 

 
Figure 22 Yield (%) from COD evaluation, MSD2A stands for MSD pressafiner pulp 1, MSD2B is pulp 2, 
MSD2C is pulp 3, MSD2D is pulp 4, MSD2F is pulp 6, MSD2I is pulp 7 and MSD2H is T+W+M.(COD 
evaluation was performed by CTP) 
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The effluent was also analyzed for determination of the chemical consumption. The total 
alkalinity was caused by the NaOH and Na2SiO3. As expected, the more alkaline introduced to 
the chips in the impregnation state, the more alkalinity was found in the effluent. Pulps 1 and 
2 represented the lowest alkaline compared to the other pulps; this was due to the low dose 
alkalinity introduced to the chips. Pulp 2 also contained the highest peroxide charge left; this 
was due to the testing conditions, (Figure 23). For raw-data from CTP, (Appendix II), this was 
due to the high peroxide charge and low alkaline charge. For pulps 3, 4, 6 and 7 no H2O2 was 
left after the impregnation. 

 

Figure 23 Chemical residuals after impregnation in effluent analyses. (Evaluated by CTP) 
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4.3.2 Strength properties 
The two reference pulps, TMP and T+W+M, gave the lowest SEC value (Figure 24). The 
chemically treated chips required more energy to get a certain tensile index, where 3 had the 
lowest energy demand for the chemically treated pulps. Tensile index increased with 
increasing energy input, which was as expected. 
 

 
Figure 24 Tensile index vs. SEC for each set of impregnation and reference pulps 

 
The result from tensile index vs SEC was not expected based on earlier results (Xu 1999, Xu 
2005, Sundholm 1999, S. Naitani et al.2004). It was believed that the SEC should be lower for 
the chemically treated pulps than for the reference pulps but the result was the opposite. It is 
not clearly understood why the result came out this way; one explanation could be related to 
the feed problems in the very small 2nd stage refiner. It could also depend on the chemically 
treated chip fibers being more slippery and softer than the non-treated chips, and the attempt 
to adapt the refining conditions to this failed. Less friction occurs and the retention time 
within the refiner was too short, and the refiner gap was therefore too small. Some problems 
under the 2nd stage refining occurred during the trial. It was hard to refine the 1st staged 
refined pulp without burning the plates within the refiner, because of the flexible and 
“slippery” fibers. Another reason for the result could depend on how the 2nd stage refiner was 
fed. The result could also be affected by the refining segments used during the trail. 
 
Because of this, the evaluation of SEC regarding chemically and non chemically treated chips 
became hard to achieve but pulp improvement in strength could be seen when CSF was 
plotted against SEC (Figure 25), which shows that a higher level of freeness was achieved due 
to a higher SEC, in other words, this means that the fiber could be treated harder and still not 
lose too much fine material. 
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Figure 25 CSF vs SEC for each set of impregnation and reference pulps 

 
A better way to see if the pulp properties had improved with chemical treatment was to use 
CSF instead. This had been done earlier in industrial scale with success. When the tensile 
index was plotted against CSF, (Figure 26), it showed that chemically pre-treated chips 
clearly improved pulp properties, such as strength. The more alkaline added the better was the 
tensile index. This showed that by adding chemicals, it became possible to obtain improved 
strength properties of the sheet, which never could have been reached by mechanical 
treatment only, even with strongly refined fibers. By introducing chemical treatment, it is not 
necessary to refine the fibers to a high level, to develop high tensile index; fibers will be 
better preserved to a high tear index. 
 

 
Figure 26 Tensile index vs. CSF for each set of impregnation and reference pulps 

 
Tear index is pretty much the same for all pulps for all chemical treatments when it is plotted 
as a function to CSF, (Figure 27). The tear index follows a linear trend, when plotted against 
SEC, (Figure 28), the reference pulps TMP and T+W+M have a lower SEC than the 
chemically treated pulps. 
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Figure 27 Tear index vs. CSF for each set of impregnations and reference pulps 

 

 
Figure 28 Tear index vs. SEC for each set of impregnations and reference pulps 

 
The CSF and fiber length decreased with increased SEC, (Figure 29 and Figure 30). This was 
expected from J. Sundholm 1999, more fines are created with increasing SEC. Still, it seems 
like the same CSF to a higher SEC for the chemical treated pulps could be obtained, this 
indicates that the fibers are easier to separate and that less fines are created. 
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Figure 29 CSF vs. SEC for each set of impregnation and reference pulps 

 

 
Figure 30 Fiber length vs. SEC for each set of impregnation and reference pulps 

 
It is interesting that the same fiber length was obtained at a higher energy input for the 
chemically treated chips as for the reference pulps. This might indicate that the chemically 
treated fiber is more resistant within the refining zone. This could depend on the fact that a 
chemically treated fiber is more flexible, slippery, swollen and easier to separate, and fiber-
shortening will not occur to such an extent as for the none chemically treated fibers. S. 
Naitani (2004) and J. Sundholm (1999) also claim this. 
 
The chemically treated chips generated a higher tensile index compared to the reference pulps 
(Figure 31). The chemically treated chips might have created fibers that can hydrogen-bond to 
each other better and result in a higher tensile index, which also has been stated by S. 
Moldenius (1984). 
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Figure 31 Fiber length vs. tensile index for each set of impregnations and reference pulps 

 
The density for all the different pulps decreased with increasing freeness, this is expected 
because the amount of fines decreased with increasing freeness. More fines give a higher 
density and more bonding can occur between the fibers and fines, (Figure 32). 
 

 
Figure 32 Density vs. CSF for each set of impregnations and reference pulps 

 
The amount of shives is clearly less for all chemically treated pulps compared with the 
reference pulps, (Figure 33). The reference pulp T+W+M, which had a MSD-stage in the 
process, also contained less shives than the normal TMP pulp, but not as low as for the 
chemically treated pulp. The trials containing the highest amount of alkaline have the lowest 
amount of shives, which is documented by S. Naitani (2004), J. Sundholm1999 and E. Xu 
(2002). 
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Figure 33 Shive weight vs. CSF for each set of impregnations and reference pulps 

 
The same trend can be seen in Figure 34, where the amount of shives decreased with 
increasing density. A chemically treated pulp creates less shives, and increases the density. 
 

 
Figure 34 Shive weight vs. density for each set of impregnations and reference pulps 

 
Less shives within the newsprint will give a stronger paper, which depends on a smoother 
surface, and a more exposed fiber surface, that easier can hydrogen bond. 

4.3.3 Optical properties 
The light scattering coefficient, s, for the chemically treated pulps is lower than for the 
reference pulps, (Figure 35). This depends on the ability for the paper sheet to reflect light, the 
less reflective a surface, the lower s. It seems like that the chemically treated chips that have a 
higher density, have less light scatter ability. This could depend on the fact that the reference 
pulps, TMP and T+W+M, have more surfaces to reflect the light. Pulp 2 has the best s 
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compared to the other chemically treated pulps; this depends on the low dose of alkaline and 
the high dose of peroxide. 
 

 
Figure 35 Light scattering coefficient, s, vs. density for each set of impregnation and reference pulps 

 
The light absorption coefficient, k, divides the pulps in three groups. The most obvious was 3 
and 4, with a high k-value, which contained more alkaline, and another group with a lower k-
value, 1 and 2. Between these two, the zero-point pulps 6 and 7 are placed (Figure 36). The 
density of the sheets from chemically treated chips is higher than for the references TMP and 
T+W+M. This could depend of the fact that the fibers within the chemically treated pulps can 
more easily hydrogen bond to each other and form a tighter mesh and in that way increase the 
density. It could also depend on the fact that fewer fines are created in the chemical pulp, 
making the sheet compact. The flexibility of the fibers could also be a contributing factor to 
the result. 
 

 
Figure 36 Light absorption coefficient, k, vs. density for each set of impregnations and reference pulps 
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Pulp 3 had the highest k-value and 2 the lowest. This result was expected since the 3 pulp had 
the chemical treatment dose of high [Total alkaline] and low [H2O2], and pulp 2 had low 
[Total alkaline] and high [H2O2], (Figure 36). A clear difference in color could be spotted 
between the different pulps, especially between 3 and 4 compared to 1 and 2. The sheets made 
from pulps 3 and 4 had a clear yellowish color from the high alkaline level and the peroxide 
had not enough hydrogen peroxide anions to work as a bleaching agent, to decrease the 
lignin’s effect on the color. The sheets made from pulps 1 and 2 had a bright color due to the 
low alkaline together with sufficient peroxide level that worked as a bleaching agent. The 
density is a bit higher for the treated pulps than for the reference pulps. 
 
The higher tensile index does not seem to affect the light scattering coefficient, s, for the 
chemically treated pulps. They look linear and flat, except for pulp 3. The reference pulps 
seem to increase the ability to scatter light with an increasing tensile index. It looks like even 
though the strength is increasing, the light scattering coefficient remains the same (Figure 37). 
 

 
Figure 37 Light scattering coefficient, s, vs. tensile index for each set of impregnations and reference pulps 

 
Pulp 2 had the highest ISO brightness compared to the other chemically treated pulps, this 
was due to the high hydrogen peroxide level and low alkaline level. Pulp 3 had the lowest ISO 
due to the high alkaline and low hydrogen peroxide levels; this is a result from the yellowing 
effect from the alkaline pre-treatment. The two reference pulps were pretty much the same, 
and had an ISO value of just above 50% (Figure 38). 
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Figure 38 ISO brightness vs. SEC for each set of impregnations and reference pulps 
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5. Conclusions and Recommendations 
From the evaluation of the experiments, the learning is that it is not enough to just compare 
and analyze two variables at a time. It would have been better to analyze the data with 
multivariate data analysis. It is hard to draw any clear conclusions from the design, but from 
the performed analyses, could perhaps indicate that the [Total alkaline] has an impact on 
strength, CSF, fiber-length and the light scattering coefficient, s. If this is true, the result 
would confirm earlier studies done. It is important to have in mind that the explanation level 
(R2) is not good enough, to say that the [Total alkaline] is significant for improvement, for 
any of the responses (strength, CSF, fiber-length and s). The low value of R2 also indicates 
that there is a lot of disturbance and noise in this kind of process or that the responses are 
somewhat non-linear in character. To really see if the alkaline has an impact on the above 
mentioned responses, another set of trials should be done. In that case it is important to handle 
the feed problems to the refiner and to adapt the refining conditions to the pre-treated raw 
material. 
 
No direct conclusions can be drawn in the tensile index – SEC relationship that can be 
comparable with earlier studies. This could depend on the size of the refiner, the feeding 
problems or the possibilities to adapt the refining conditions to the pre-treated material. It is 
known that it is often difficult to achieve stabile process conditions in small pilot-scale 
equipment. Nevertheless, it is clear that the alkaline-peroxide had an impact on 
strength/fiber/CSF/s compared to reference pulps. It also seems like the fibers are softer, due 
to the fiber-length properties of the chemically treated chips, and that the fibers can possess 
the same fiber length despite a higher SEC level. The amount of shives is also lower for 
alkaline-peroxide treated pulp, than for the reference pulps. 
 
The raw material that was used for the trials was normal and had almost the same properties 
before as after the transport to CTP. 
 
The yield from the reference pulps was highest (99%), which is confirmed in literature. 
Losses in yield for the chemically treated pulps were expected, and it followed earlier studies 
done that the yield decreases with increasing alkaline treatment. It could be of importance for 
future studies to find an optimum of alkaline with respect to pulp properties, potential energy 
savings and pulp yield. If the yield losses are too big they can, together with the cost for 
chemicals, reduce the possible earnings in SEC, strength and optical properties. 
 
The optical properties were more or less as expected. The highest s value was for pulp 2 (low 
[Total alkaline] and high [H2O2] and the highest value for k could be found in pulp 3 (high 
[Total alkaline] and low [H2O2]. These results were expected because of the yellowing effect 
from the alkaline pre-treatment. The density for the chemically treated pulp was higher than 
for the reference pulps. This might depend on the fact that less extractives on the fiber surface 
and those longer, cleaner and more flexible fibers can hydrogen bond to each other and in that 
way increase the density. The ISO brightness was highest for pulps 1 and 2, which both 
contained low level of alkaline. 
 
It is obvious that the chemically treated pulps have a higher and stronger fiber length profile 
compared to the reference pulps. This could give the possibility to reduce the electrical energy 
consumption, when LE- (low-energy) plates in the HC-refiner could be used. The LE-plates 
makes it possible to use a higher intercity, and in that way save the electrical energy. It would 
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be of interest to confirm this idea in another pilot-trail were focus was placed on how to use 
the refiners and what kind of plates that work the best for chemically treated pulps. 
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Appendix I 
 
• Tensile Index – is the tensile strength divided by the grammage 
• Tear Index – the tearing resistance divided by the grammage 
• Canadian Standard Freeness (CSF) – a measure of the pulps drainability 
• Shives – fiber bundles represented in the pulp and paper that comes from unrefined fibers 
• Light scattering coefficient (s) – a measure of the ability of a material to scatter light 
• Light adoption coefficient (k) – a measure of the ability of a fiber layer to absorb light  
• Opacity – a measure of the ability of the sheet to hide from a visual point of view black 

printing on a underlying paper, e.g. how see-through the paper is 
• ISO brightness – brightness measurement of the sheet 
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Appendix II 
 

Pulp 
Total 

alkaline H2O2 grammage 
tensile 
index 

tear 
index density 

1.2 5 5 72,2 35 7,9 322 

1.7 5 5 72,9 39 6,9 376 

1.10 5 5 75,5 40 6,1 384 

1.11 5 5 72,1 43 6,6 392 

2.2 5 10 73,2 42 7,3 360 

2.4 5 10 71,7 42 6,3 390 

2.5 5 10 71,6 42 6 424 

2.6 5 10 71,8 44 5,9 434 

3.1 5 5 74,2 38 7,5 374 

3.2 15 5 70,8 36 7 370 

3.3 15 5 72 42 5,9 427 

3.4 15 5 73,1 42 5,2 455 

3.5 15 5 71,8 40 6,5 405 

4.2 15 10 72,9 43 8 477 

4.3 15 10 69 42 6,8 409 

4.5 15 10 71,2 44 6,3 440 

4.7 15 10 71,4 48 5,8 466 

6.1 10 7,5 71,9 42 7,8 374 

6.3 10 7,5 73,2 41 6,8 404 

6.4 10 7,5 73,7 44 5,9 436 

65 10 7,5 75,6 50 5,2 485 

7.6 10 7,5 73,2 45 6,2 426 

7.7 10 7,5 70,7 46 5,2 447 

7.8 10 7,5 73,7 41 6,9 369 

I7.9 10 7,5 72,3 47 6,6 428 

TMP.2 0 0 71,2 32 7,7 276 

TMP.4 0 0 71,5 36 7,4 317 

TMP.5 0 0 70,7 40 6,7 342 

TMP.6 0 0 72,4 40 6,8 326 

TMP.9 0 0 73,9 41 5,4 389 

T+W+M.2 0 0 74,1 36 7,49 296 

T+W+M.5 0 0 75,4 35 6,8 292 

T+W+M6 0 0 74 37 6 335 

T+W+M.7 0 0 72,6 38 5 387 
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Pulp S K R457 opacity 

dry 
matter 

content CSF 

1.2 44,5 3,63 49,78 95,96 27,3 186 

1.7 47,2 3,6 50,9 96,33 31,6 130 

1.10 46,3 3,3 51,9 96,2 28,3 99 

1.11 45,5 3 53 95,1 30,8 101 

2.2 46,2 2,5 55,3 94,7 26,4 123 

2.4 50,8 3,3 53,9 96,3 27,7 92 

2.5 50,4 2,6 56,4 95,2 27,6 85 

2.6 48,1 2,6 56,1 94,9 30,5 59 

3.1 36,4 8,2 32,8 98,4 29 181 

3.2 47,8 10,7 33,3 99,1 26,3 170 

3.3 42,7 9,9 33,4 99,1 34 89 

3.4 41,3 9,2 33,9 98,9 31,6 71 

3.5 39,1 7,8 34,4 98,3 26,9 111 

4.2 34,5 7,1 32,5 97,6 25,6 152 

4.3 41,7 8,8 32,3 98,5 28,8 139 

4.5 41,1 7,7 34 98,3 29,8 51 

4.7 41,6 7,9 34,4 98,4 31,8 96 

6.1 37,4 6,4 36,6 97,3 28,3 129 

6.3 38,3 6,7 36,4 97,8 29,7 108 

6.4 38,5 6,7 36,9 97,8 29,6 67 

65 39,9 6,6 37,7 98,1 29,1 36 

7.6 43,8 4,2 45,1 96,6 25,9 76 

7.7 43,8 4,4 44,6 96,5 25,5 48 

7.8 40,4 4,2 43,4 96,2 26 114 

I7.9 43,7 4,3 44,4 96,6 24,5 71 

TMP.2 44,4 4 50,4 96,2 34,4 242 

TMP.4 50,5 4,4 51,4 97,3 24,3 162 

TMP.5 51,8 4,4 51,8 97,4 24,9 110 

TMP.6 50,3 4,3 51,9 97,4 26,6 99 

TMP.9 55,6 5 52,1 98,4 29,9 66 

T+W+M.2 48,7 3,9 52,1 97 33,8 150 

T+W+M.5 50,9 4,1 51,9 97,6 27,7 152 

T+W+M6 56 4,5 52,5 98,1 30,6 95 

T+W+M.7 59,6 4,8 53,2 98,4 36,8 61 
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Pulp 

fiber 
length 

mm 

fiber 
width 

µm 
fiber 
width 

shive 
weight 

% 

1.2 1,53 28,8 0,188 0,55 

1.7 1,46 28,6 0,177 0,2 

1.10 1,24 27,6 0,196 0,11 

1.11 1,31 28,11 0,16 0,09 

2.2 1,46 28,5 0,182 0,26 

2.4 1,25 28,7 0,173 0,22 

2.5 1,17 28,2 0,171 0,1 

2.6 1,18 28,1 0,163 0,08 

3.1 1,45 28,7 0,176 0,19 

3.2 1,38 28,5 0,192 0,1 

3.3 1,24 28,8 0,163 0,06 

3.4 1,11 28,7 0,149 0,04 

3.5 1,3 28,1 0,18 0,06 

4.2 1,48 28,2 0,186 0,29 

4.3 1,37 28,7 0,19 0,15 

4.5 1,13 28,4 0,155 0,2 

4.7 1,24 28 0,176 0,09 

6.1 1,45 28 0,198 0,17 

6.3 1,34 27,9 0,19 0,08 

6.4 1,14 28,1 0,165 0,03 

65 1,03 28,4 0,141 0,02 

7.6 1,26 27,9 0,16 0,04 

7.7 0,98 28,4 0,163 0,04 

7.8 1,44 28,6 0,194 0,1 

I7.9 1,38 27,4 0,189 0,07 

TMP.2 1,55 29,4 0,211 2,65 

TMP.4 1,46 29 0,192 2,54 

TMP.5 1,43 28,7 0,187 1,7 

TMP.6 1,41 29,4 0,168 1,24 

TMP.9 1,12 29,5 0,144 0,56 

T+W+M.2 1,53 29 0,2 2,38 

T+W+M.5 1,42 29 0,192 1,06 

T+W+M6 1,24 29 0,174 0,62 

T+W+M.7 1,05 29,5 0,148 0,36 
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Ref point 
CTP 

SEC,  
total 

(kWh/t) 

Alcalinity 
total, kg/t 

Alcalinity 
total, g/l 

Alkalinité 
left g/l 

Alkalinity 
left % 

1.2 3207 5 6,56 0,3 4,57 

1.7 3307         

1.10 3410         

1.11 3372         

2.2 3009 5 6,56 0,25 3,81 

2.4 3297         

2.5 3415         

2.6 3996         

3.1 2827 15 19,67 2,98 15,15 

3.2 2772         

3.3 3006         

3.4 3415         

3.5 2710         

4.2 2895 15 19,67 3,85 19,57 

4.3 2995         

4.5 3187         

4.7 3148         

6.1 3163 10 13,11 2,29 17,47 

6.3 3274         

6.4 3295         

6.5 3677         

TMP.2 2156 0 0 0 0 

TMP.4 2425         

TMP.5 2656         

TMP.6 2676         

TMP.9 2552         

T+W+M.2 2224 0 0 0 0 

T+W+M.5 2325         

T+W+M.6 2398         

T+W+M.7 2616         

7.6 3502 10 13,11 2,12 16,17 

7.7 3906         

7.8 3335         

7.9 3400         
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Ref point 
CTP 

pH H2O2, 
kg/t 

H2O2, 
g/l 

H2O2 
left g/l 

H2O2 
left % 

1.2 9,4 5 6,56 0,12 1,83 

1.7           

1.10           

1.11           

2.2 8,9 10 13,11 0,8 6,10 

2.4           

2.5           

2.6           

3.1 11,6 5 6,56 0 0,00 

3.2           

3.3           

3.4           

3.5           

4.2 11,7 10 13,11 0 0,00 

4.3           

4.5           

4.7           

6.1 10,6 7,5 9,84 0 0,00 

6.3           

6.4           

6.5           

TMP.2 0 0 0 0 0 

TMP.4           

TMP.5           

TMP.6           

TMP.9           

T+W+M.2 0 0 0 0 0 

T+W+M.5           

T+W+M.6           

T+W+M.7           

7.6 10,6 7,5 9,84 0 0,00 

7.7           

7.8           

7.9           
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Appendix III; Plots from Design Evaluation – Tensile index 
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Normal probability Plot for tensile index, first regression analyzes 
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Residual vs. Fits for response tensile index, first regression analyze. 
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Residual vs. Order for tensile index, first regression analyze. 
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Normal probability Plot for tensile index, for the last stepwise elimination regression analyzes 
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Residual vs. Fits tensile index, for the last stepwise elimination regression analyze 
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Residual vs. Order for tensile index, for the last stepwise elimination regression analyze 
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Appendix IV; Plots from Design Evaluation – CSF 
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Normal probability Plot CSF 
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Residual vs. Fits CSF 
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Residual vs. Order CSF 
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Appendix V; Plots from Design Evaluation – Fiber length 
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Normal probability Plot for fiber length 
 

1,51,41,31,21,1

0,2

0,1

0,0

-0,1

-0,2

Fitted Value

R
e
s
id
u
a
l

Versus Fits
(response is Fiber length)
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Residual vs. Order for fiber length 
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Appendix VI; Plots from Design Evaluation – s 
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Normal probability Plot for light scattering coefficient (s) 
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Residual vs. Fits light scattering coefficient (s) 
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Residual vs. Order for light scattering coefficient (s) 


