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1 INTRODUCTION AND OUTLINE OF THE STUDY 
 

Despite of all forecast in paper consumption reduction, due the increased use of 

digital media, the production of Eucalyptus market pulp is expected to continue to rise, 

especially in South America (Razzolini, 2015). Increasing Eucalyptus pulp demand set 

also tightening requirements to improve cooking technology for lower wood cost and 

better pulp properties. 

There are available two different types of cooking technologies system to produce 

kraft pulp: batch and continuous digester technologies of which the batch digesters were 

the first on the market. In this technology, the wood chip column stays static and liquors 

circulate through the digester. In a continuous digester, the chip column moves from top 

to the bottom of the reactor while the liquors move through the chip column vertically or 

horizontally. 

There are several different batch and continuous cooking technologies used 

worldwide to produce market pulp, however the most common commercial modified 

cooking methods used are SuperBatchTM (SB), CompactCookingTM (CC), Lo-SolidsTM 

(LS) and Continuous batch cookingTM (CBC). In CBC technology, a batch digester is used 

as a flow-through reactor (Sixta, 2006).  

Even though one can find in the literature how cooking parameters such as 

alkalinity, temperature, sulfidity, residual alkali, and pulp chemical composition affect 

pulp quality, each of them must be studied for a defined wood species and process. 

 Moreover, there is a lack of research related to how cooking chemistry of 

modified methods affects fiber structure and chemical composition of the pulp. The 

objective of this work is to evaluate how the different strategies of the three most used 

modified kraft cooking technologies affect the cooking yield, chemical composition, fiber 

surface chemistry, and fiber wall structure of E. globulus and E. nitens, respectively at 

the same kappa number level. Further, it will be researched how modified cooking affects 

the paper technical properties of the pulp. Fig. 1.1 below demonstrates in a general form 

how the four publications covered each part of the research. 
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Fig. 1.1. The experimental outline of the papers I to IV. 

Special emphasis was placed on the different conditions of modified cooking 

technologies and their impact on fiber composition and surface, wall chemical 

composition and structure, and then in the paper technical properties.  

In Paper I, the modified cooking methods SB, CC and LS were performed to 

produce pulp at kappa number 17±0.5 from E. globulus and E. nitens wood chips.  The 

resulting chemical composition of the pulps was evaluated and the syringyl-to-guaiacyl 

ratio (S/G-ratio) of the residual lignin of the different pulps was analyzed. 

In Paper II, the effect of the modified cooking methods on the bleachability of 

the pulps and its impact on pulp composition was evaluated.  

 In Paper III, different techniques were applied to characterize the fiber cell wall 

structure with emphasis on the lateral fibril aggregate dimensions and the pore size 

distribution of unbleached and bleached fibers. Further, the relationship between fiber 

morphology and fiber wall porosity was highlighted.  

Paper IV reported about differences in the surface properties of the prepared 

pulps and their effect on refinability and paper technical properties. 
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2 BACKGROUND 
 

Eucalyptus globulus occupies a unique place in the domestication of the genus 

Eucalyptus. Worldwide, it is a preferred species for short-fibered pulp because of its high 

basic wood density, high pulp yield, good fiber, and handsheet properties (Hills, 1991). 

Compared to other hardwood species, including those within the genus Eucalyptus, the 

E. globulus wood achieves superior technical performance during kraft pulping and 

bleaching (Pettersson et al., 2002). These differences are influenced by the morphology, 

density, and chemical composition of the wood (Carvalho et al., 2003). The Eucalyptus 

nitens withstand subzero temperatures during autumn, winter, and spring (Tibbits & 

Reid, 1987). Pulps from E. nitens are easy to refine, and they produce a high yield of 

handsheets with high strength and optical properties (Kibblewhite et al., 2000).  

2.1 General aspects of kraft cooking 
 

The kraft cooking process is divided into several steps: chip steaming, impregnation, 

and cooking. In chip steaming, wood chips are steamed to (a) heat the chip to close to 

100°C and (b) expel residual air from the voids and fill them with water to ensure a more 

homogeneous impregnation. The increased water content in the wood chips facilitates 

faster impregnation of the wood chip with an alkali. Kraft pulping is based on the 

chemical reactions of hydroxide (OH-) and hydrosulfide ions (HS-) with lignin structures 

under high temperature (Sixta, 2006). During cooking, the temperature is increased to 

be between 140°C and 170°C. Significant carbohydrate degradation and dissolution 

occurs simultaneously with lignin removal. Magaton et al. (2011) found in a study using 

6 different Eucalyptus species cooked to kappa 17 that, on average, 54% of the 

glucuronoxylans were retained in the pulp, 39.4% degraded to hydroxyacids, and 6.6% 

were dissolved as a polymer.  

2.2 Delignification phases of kraft cooking 
 

The delignification process during kraft cooking can be divided into three main 

phases: initial, bulk, and residual delignification phases. In the initial phase, 15–25% of 

the lignin is removed depending on the wood species and cooking conditions. In this 

phase, approximately 50% of the alkali is consumed mainly due to the degradation of the 

carbohydrates, which are converted into hydroxycarboxylic acids (Santos et al., 1997). In 

the bulk phase, lignin dissolution takes place and both the amount of carbohydrates and 

the chemical concentration in the cooking liquor decrease only slightly (Rekunen et al., 
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1980). Since lignin degradation occurs while carbon-to-carbon linkages are being formed 

between the lignin units because of condensation reactions, the residual delignification 

rate is low (Sjöström, 1981). 

2.3 Kraft cooking chemistry 
 

The carbon to carbon bonds in lignin are stable in alkaline conditions, therefore 

cleavage of oxygen - carbon bonds are the most significant reaction in the cooking 

process (Kukkola et al., 2004). This reaction will take place and is producing phenolic 

hydroxyl groups from the cleavage of the aryl-alkyl-ether bounds. One of the main 

products being the phenyl coumaran. The phenolic carbons are in the following reaction 

mainly converted to stilbene (Santos et al., 2013). If the percentages of Na2S are low then 

the lignin fragmentation process reaction can be proceeded through condensation 

reactions, either with themselves or undissolved lignin or carbohydrates; which is very 

difficult to remove (Sarkanen & Schuerch, 1957). Presented in Fig 2.1. 

 
Fig 2.1. Hydroxyl (OH) ions fragment lignin producing phenolic hydroxyl groups from 

the cleavage of the aryl-alkyl-ether bounds. 

By blocking the reactive groups as like hydroxyl in benzyl alcohols or alkyl ether 

groups hydrosulfide ion reduce the condensation reactions (sulfur combine with reacting 

groups and produce thiolignin). This compound easily goes into alkaline solution and is 

removed (Wada et al., 1962). Presented in Fig. 2.2 and Fig 2.3. 

 

Fig 2.2. Blocking the reactive groups as like hydroxyl in benzyl alcohols or alkyl 

ether groups hydrosulfide ion reduce the condensation reactions. 

The sulphide promotes and accelerates the cleavage of the ether links in phenolic 

units. In alkaline conditions, the carbon-carbon bond is more stable than the oxygen-
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carbon bonds, hence the cleavage of oxygen-carbon bonds are the most significant 

reaction in the cooking process (Santos et al., 2013) Through this reaction phenolic 

hydroxyl groups and carboxylic compound are produced from the cleavage of the aryl-

alkyl-ether and dissolved as phenolate and carboxylate ions (Karlsson et al. 1988). 

Presented in Fig. 2.3. 

 

Fig 2.3. Sulphide promotes and accelerates the cleavage of the ether links in 

phenolic units. 

Most of the alkaline is consumed in the cooking process by neutralization of the 

organic acids of hemicelluloses (Knill & Kennedy, 2003). The saccharine acids are 

formed in the degradation of hemicelluloses. Hemicelluloses are polysaccharide sugars, 

which in wood are galactoglucomannan, arabinoglucoronxylan, arabinos, 

arabinogalactane, glucoronxylan, glucomannan, and acids from glucorans and 

galactorons (Santos et al., 2012).  

2.4 Bleaching chemistry  
 

The main reaction by chlorine is an electrophilic substitution (Ni et al., 1990) 

Chlorine dioxide itself has an unpaired electron and its major reaction with pulp lignin 

is through an electron transfer reaction from the aromatic rings with formation of 

chlorite ion (Gellerstedt, 2007). Other reactions are cleavage of aryl-ether linkage i.e. 

demethoxylation and depolymerization. The reaction products are mainly 

polychlorinated aromatic rings (Ni et al., 1990). 

Chlorine dioxide and oxygen are radicals and that they primarily react with phenolic 

rings with free OH groups of all residual lignin this is about 30 %.  The reaction products 

in this case is carboxylic and carboxylate groups which are soluble in alkaline medium 

(Gellerstedt, 1986). 
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2.5 Wood chips impregnation 
 

According to MacLeod (2007), impregnation time must be sufficient (usually 30+ 

minutes) and performed at a low enough temperature (120 ± 5°C). Good impregnation 

promotes homogeneous cooking and low reject levels. About 40–60% of all alkali 

consumption occurs during impregnation. In the CompactCooking™ (CC) system, 

impregnation is carried out in an atmospheric impregnation bin (ImBin™) with the 

maximum temperature of 102°C in the bottom. In this vessel, the liquor-to-wood ratio 

(LW-ratio) is typically 4–5:1. In the Lo-Solids™ (LS) system, the impregnation is carried 

out at 110 °C in a pressurized vessel and the LW-ratio is typically 2.5–3.5:1. In the 

SuperBatch™ (SB) system, the digester is filled with impregnation liquor and 

pressurized to approximately 3.5 bar at temperatures between 90 and 100°C. 

2.6 Modified cooking concepts 
 

The concept of modified cooking was developed by the Royal Institute of Technology 

(KTH) in cooperation with the Swedish Pulp and Paper Research Institute (STFI) (Teder 

& Olm, 1981). They developed the following rules:  

1. The alkali concentration should be constant during cooking (Sjöblom et al., 1983). 

2. The hydrogen sulfide ion concentration should be as high as possible in the 

transition from initial to bulk delignification (Sjöblom et al., 1983).  

3. The concentrations of dissolved lignin and sodium ions should be as low as 

possible, especially at the end of cooking (Sjöblom et al., 1983).  

4. The temperature should be kept low, especially at the beginning and at the end of 

cooking (Teder & Olm, 1981).  

5 Mechanical stress to the pulp fibers should be avoided, particularly during the 

discharging of the pulp. The digester should be cooled down to a temperature below 

100°C (Hassinen, 1984). 

The application of these rules in a modified cooking technology made extending the 

cooking process to a lower kappa number possible without a negative effect on pulp 

strength or yield and without undue carbohydrate degradation. Additionally, it reduced 

the bleaching chemical consumption (Gomide et al., 2007) and improved the mill energy 

efficiency (Ban & Lucia, 2003). 
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2.7 Modified cooking reactors  
 

SB is a displacement batch cooking technology with multiple digesters. Using this 

method, the digesters are filled with a liquor that is then displaced with another liquor 

in the cooking sequence. The filling and displacement sequence follows this order: 

impregnation liquor fill, hot black liquor fill, displacement liquor fill, and white liquor. 

These are added to the fill according to the alkali’s profiling. At present, most of the 

continuous digesters sold are either LS or CC systems. According to Laakso (2008), LS 

and CC digesters have been changed to use downflow cooking. In downflow cooking, the 

cooking liquor flows from the top to the bottom of the digester in the same direction as 

the wood chips. However, the liquor flows against the wood chip flow.  

2.7.1 SuperBatch™ 
 

  SB is a cooking process based on the principles of extended delignification. It 

combines the modified cooking chemistry of alkali profiling, low content of dissolved 

matter, and efficient use of residual and fresh cooking chemicals (Uusitalo and Svedman, 

1999). The cooking cycle consists of five process steps. The first step is digester 

compaction with wood chips and simultaneous filling of the digester with impregnation 

liquor. The wood chips are fed into the digester through the top valve with a chip screw 

feeding and compaction is processed with low pressure steam (3.5 bar). The compaction 

is carried out using Svensson device, which is a steam ring with small nozzles. The device 

is located below the top valve, and the steam pressure puts the wood chips in rotational 

motion while distributing and heating them to a temperature of approximately 80°C. At 

the same time, excess air is removed from the top or middle screens of the digester to 

prevent air flow from moving toward chip flow and affecting the compaction degree of 

the digester. One of the main objectives of the wood chip compaction is to generate a 

column of wood chips that can sustain flow resistance without breaking and, therefore, 

causing liquor channeling. The impregnation liquor is fed at a speed of 100–250 l/s from 

the discharge valve of the digester. The impregnation liquor typically contains an 

effective alkali (EA) concentration of approximately 10–15 g/l depending on the chosen 

alkali profile. At the end of Step 1, the digester is pressurized to a pressure of 

approximately 3–4 bar to ensure liquor penetration into the wood chips. 

In the second process step, the impregnation liquor is displaced with a hot black 

liquor, then with white liquor and finally with black liquor again. The liquor temperature 

is approximately between 140 and 150°C. The EA concentration used is generally 

between 20 and 30 g/l. The white liquor charge in this process step is approximately 65% 
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of the total alkali charge. The displaced impregnation liquor is sent back to the weak 

black liquor tank to be used in the subsequent impregnation. The hot black liquor fill 

displacement is important from the energy balance point of view because if there is 

channeling that causes mixing of the liquors, the heat of the hot black liquor will exit the 

digester and direct steam will be needed to increase the cooking temperature to the point 

of operation.  

In the third process step, heating and cooking, the hot black liquor and white liquor 

are circulated in the digester by extracting liquor from the middle screen and then 

distributing it to the digester top and bottom until the desired cooking temperature is 

reached. This step is important in distributing the alkali uniformly inside the digester.  

The wood chips are then cooked until a desired H-factor is reached. Finally, the cooking 

is ended by displacing the hot cooking liquor with a cold liquor from the displacement 

tank, and the displaced hot black liquor is sent back to the hot black liquor tank. After 

displacement, when the digester temperature is below 100 °C, the digester is discharged 

by pumping liquor and pulp to the discharge tank. The general SB cooking cycle is 

presented in Fig. 2.4. 

 

Fig. 2.4. General SuperBatchTM process cycle (Valmet - Fiber and Paper, 2002). 

2.7.2 CompactCooking™ 
 

In CC, wood chips are first fed into an atmospheric impregnation vessel, which 

implements water steam and liquor phases. In the steam phase, wood chips are steamed, 

and they then slowly release the impregnation liquor. The impregnation liquor is then 

taken from the top screen of the digester and fed through a central pipe to the 

impregnation vessel with an inside temperature of approximately 102˚C. The EA 
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concentration in this cooking liquor is approximately 25 g/l. The typical retention time 

in the impregnation vessel is approximately 60 min. The white liquor is equally fed into 

the impregnation vessel and the top of the digester. It typically constitutes approximately 

15% on the wood. After impregnation, the wood chips are fed into the digester via a top 

separator device. In the digester, the white liquor and chips are mixed. Steam is fed into 

the digester top to increase the cooking temperature. The digester also operates as a 

steam phase digester, and the chips are heated to a cooking temperature in the steam 

phase before entering the cooking liquor. A typical cooking temperature for Eucalyptus 

raw materials is between 140 and 147°C. The LW-ratio at the top of the digester is 

normally between 4 and 5 to 1. In the second cooking zone, the LW-ratio is normally 

below 2 to 1. The high LW-ratio at the top of the digester assures high sulfidity and low 

alkali concentration at the top of the digester. The pulp is washed at the bottom of the 

digester with wash filtrate taken from the fiber line using a dilution factor between 1 and 

2.5. The pulp is then discharged by using a bottom scraper from the digester to the fiber 

line. A typical configuration of a CC digester can be seen in Fig. 2.5. According to Hart et 

al. (2011), the CC technology results in lower reject levels at increased kappa numbers 

compared to conventional cooking.  

 
Fig. 2.5. CompactCooking™ system description (Valmet, marketing material, 

2017). 

According to Hart et al. (2011), the CC technology results in lower reject levels at 

increased kappa numbers compared to conventional cooking. Using this technology, 

together with a separate treatment of the reject stream, can result in improved utilization 

of the wood that enters the mill. 
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2.7.3 Lo-Solids™ 
 

According to Walkush and Gustafson (2001) and Ulmgren at al. (1994), the purpose 

of the LS cooking principle is to minimize the number of dissolved solids in the cooking 

liquor. In current LS cooking technology applications, vessel configurations include one-

vessel or two-vessel options. In the one-vessel option, the top of the digester is used as 

an impregnator and the bottom for cooking. In the two-vessel system, the first vessel (IV) 

is used for impregnation, and the typical retention time is approximately 30min. The 

operation of the IV vessel is fully hydraulic, which means that the vessel does not have a 

steam phase volume at the top of the vessel. Chip steaming is carried out in a chip silo, 

where chips are heated up to 102°C and then transported to IV. The LW-ratio at the top 

of the IV typically ranges between 2.8 and 3.2, and approximately 30% to 50% of the 

total alkali charge is added to the IV. The temperature in the IV is between 110 and 130°C. 

From the IV, impregnated wood chips are transferred to the digester through transfer 

circulation.  

The digester is a steam phase digester, and at its top, wood chips are distributed to 

the digester through the top separator. The LW-ratio at the digester top can be adjusted 

with the transfer circulation extraction, and typical LW-ratios at the top of the digester 

are between 2.9 and 3.2 to 1. The temperature at the digester top is approximately 

between 130 and 135°C in the liquor, and the alkali charge is typically 30–40% of the 

total charge. The digester liquor level is controlled by upper extraction (CD1), which 

releases the liquor through evaporation. In the second extraction (CD2), liquor is 

extracted and heated together with wash liquor taken from brown stock washing and 

white liquor added to the central pipe, and this distributes all these liquors into the 

cooking zone. The idea of using liquor containing low amounts of solids is to increase 

diffusion velocity of the reaction products and chemical transportation to the wood chips. 

The temperature in the cooking zone is typically between 140 and 158°C. The alkali 

charge in the cooking circulation typically represents 40–60% of the total alkali charge. 

Finally, the pulp is washed at the bottom of the digester with a dilution factor of between 

1 and 2.5, and the cooking liquor together with the washing filtrate from the brown stock 

washing is extracted from lower extraction (CD3) and sent to evaporation. Fig. 2.6 

presents a general configuration of the LS technology. 
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Fig. 2.6. Lo-SolidsTM process features (Andritz, marketing material, 2015). 

2.7.4 Comparison of modified cooking methods 
 

In a regular batch cooking system, all the chemicals are added at beginning of the 

cook and then circulated with direct (steam) or indirect (heat exchanger) heat. Based on 

industrial operation experience, the main differences among the three modified cooking 

methods are presented in the Table 2.1 below. 
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Table 2.1. – Main differences among the three modified cooking methods. 

Parameters SB CC LS 
Impregnation 
Liquors 

Black liquor Black liquor Wash liquor + White 
liquor 

Impregnation 
temperature in ºC 

~ 90 ~ 100 110-130 

Impregnation alkali 
as percentage (%) of 
total alkali 

~ 1 ~ 50 ~ 30 

Pressure (bar) From 3 to 6 Unpressurized From 9-11 
 
 
 
 
Differences in 
cooking 

 
 
 

The alkali charge is 
added at the 

beginning of the 
cooking 

 
 
 

The alkali charge is 
added at the 

beginning of the 
cooking 

Part of the total 
alkali charge in the 

digester (30% as the 
EA) is distributed to 

the top of the 
digester, and the 

rest of the charge is 
added to the cooking 

circulation line 
together with wash 

liquor. 
Current liquor flow 
between cooking 
zones I and II 

 
Do not apply

 
Concurrent 

 
Countercurrent 

 

A general comparison between time and temperature profile for modified cooking 

technologies plus reference batch can be seen in the Fig. 2.7 below. 

 

Fig. 2.7. Typical cooking time and cooking temperature profile for modified and 

reference cooking technologies.   

CC applies lower temperature compared to LS, SB and regular Batch digester. The 

liquor phase temperature in CC typically is around 140oC throughout the whole digester 

while in the cooking zone I of LS cooking it is below 140oC and ~150oC in the cooking 
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zone II. In SB, the cooking temperature is between 150 and 160oC. A dilution factor of 

2.0 to 2.5 is adjusted in the pulp washing zone of the CC, LS and SB cooking technologies. 

2.7.5 Effect of modified cooking on bleachability 
 

Bleachability has been defined by Suess (2010) as the destruction of chromophore 

groups in the pulp in relation to the charged amount of bleaching chemicals. 

Bleachability depends on the chemical composition of wood, conditions and type of the 

pulping process, the extent of delignification, and the different bleaching sequences 

(Duarte & Baptista, 2003). Two dominant fractions of the kappa number in the kraft pulp 

are residual lignin and hexenuronic acid (HexA) (Li & Gellerstedt, 1997; Costa & 

Colodette, 2001). Neto et al. (2002) reported that pulping parameters such as EA, 

sulfidity, temperature, and LW-ratio drive bleachability. Lammi and Svedman (1999) 

and Hanna et al. (1998) concluded that pulps cooked with a low EA will result in poorer 

bleachability when compared with pulps cooked with a high EA. Neto et al. (2002) and 

Colodette et al. (2002) concluded in their work on E. globulus that an increase in the 

LW-ratio (while keeping the other pulping parameters constant) had a negative impact 

on bleachability, and a low H-factor demonstrated a positive effect on the bleachability 

of the pulp. 

2.8 Effect of wood constituents on delignification and bleachability 
  

Hardwoods’ lignin structure varies considerably among species (Santos et al., 2011). 

Lignin is a heterogeneous polymer with three types of monomeric phenolic structures: 

p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) propane units (Lourenço, 2012). The 

S/G ratio has a direct impact on pulp yield when the pulp has different kappa numbers 

at the same alkali charge during cooking or when pulping at a constant kappa number 

with different alkali consumption (González-Vila et al., 1999; Del Río et al., 2005). 

Eucalyptus wood with lignin of high S/G ratio defiberizes at lower kappa numbers during 

the delignification, which, according to Colodette et al. (2013), decreases bleaching costs.  

Extractives affect negatively pulp yield and bleaching processes of pulp production 

(Back & Allen, 2000; Dai, 2001). The extractives may react with the bleaching chemicals 

and the hydrophobic extractives may hinder the penetration of the bleaching chemicals 

into the fiber wall or prevent the diffusion of lignin fragments out of the fiber wall 

(Buchert et al., 1996). Colored extractives may affect the final brightness and cause 

brightness reversion of bleached pulps (Dai, 2001; Jewell et al., 1991). Unsaturated 

sterols, fatty acids, resin acids, and aldehydes were found to be completely oxidized 
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during the bleaching stages. This leads to bleaching chemicals being consumed and 

lowers their efficiency as bleaching agents (Ekman & Holmbom, 1989). 

2.9 Hexenuronic acid (HexA): formation and removal 
 

HexA structures negatively affect the consumption of bleaching chemicals such 

as chlorine dioxide, ozone, and peracids. They may also reduce the brightness stability of 

pulps (Jiang et al., 2000). The HexA formation is mainly dependent on temperature and 

alkali charge, and a significant decrease in the HexA content can only be possible at high 

temperatures and high alkali charges (Sixta & Rutkowska, 2006; Gustavsson & Al-

Dajani, 2000; Ek, 2009). Sixta and Rutkowska (2006) demonstrated that HexA 

degradation and dissolution surpasses HexA formation only when the pulp reached 

kappa numbers below 15. Daniel et al. (2003) have shown that the HexA content of E. 

globulus pulps increases when the cooking temperature is decreased from 170 to 150°C. 

This result may explain why Eucalyptus pulp mills have produced pulps with higher 

HexA contents after converting from regular cooking digesters to modified cooking with 

lower temperature operations (Lindström, 2003). 

2.10 Fiber cell wall structure during delignification 
 

According to Barber and Meylan (1964), Kerr and Goring (1975), and Heyn (1977), 

a cellulose molecule is linear and forms strong intra- and inter-molecularhydrogen 

bonds that aggregate into bundles of molecules (Fig. 2.8). 

 
Fig. 2.8. Cellulose, lignin and hemicellulose organization in the fiber structure 

(He and Terashima, 1991). 

 

These cellulose molecule bundles include elementary fibrils, microfibrils, 

protofibrils, or cellulose aggregates (Jonoobi et al., 2012). These cellulose aggregates 

have crystalline and para-crystalline regions. The crystalline cellulose is in the interior of 

the cellulose aggregates, whereas the para-crystalline parts are located on aggregate 

surfaces (Larsson et al., 1997; Wickholm et al., 1998). The lateral dimensions for a 
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cellulose aggregate vary significantly among different species. In wood, the lateral 

dimensions are around 4 × 4 nm (Wickholm, 2001). Fig. 2.9 illustrates a schematic cell 

wall structure presented by Goring et al. (1984). 

 
Fig. 2.9. Dissolution of lignin and hemicelluloses opening relatively large 

macropores between microfibrils (Goring et al., 1984). 

 

Fig. 2.10 presents the fiber walls’ cell-wall layer model; the largest layer of the 

fiber is the secondary S2 layer. The secondary cell-wall layer consists of cellulose, 

hemicellulose, pectin, and protein embedded in lignin (Sjöström, 1993). Albersheim 

(1975) proposed a model for the primary cell wall in wood in which all the wood polymers 

were included.  

 
Fig. 2.10. Schematic view of the cell-wall structure (Sarén, 2006). 

 

The thick secondary cell wall consists of three different layers, namely S1, S2, and 

S3, from the middle lamella towards the lumen. The S2 layer contributes most to the 

mechanical strength of the fiber in the longitudinal direction. Duchesne and Daniel 

(2000) have proposed that the cellulose microfibrils within the S2 layer are surrounded 

by some of the hemicelluloses and are aggregated into a larger structural unit called a 

macrofibril, cellulose fibril, or cellulose fibril aggregate. Fig. 2.11 illustrates how this 

structure is organized.  
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Fig. 2.11. Schematic view of the cellulose elementary fibril, polyoses and lignin 

in a fiber wall (Fengel, 1984). 

 

In this thesis, the term “cellulose fibril aggregates” will be used from now on. 

Mechanical studies of wood polymers have revealed that there are strong interactions 

between hemicelluloses, xylan and glucomannan, and other wood polymers, cellulose 

and lignin. According to Fahlen (2005), during cooking, pores are generated by the 

dissolving material (the lignin and hemicelluloses), which leaves void spaces between cell 

wall aggregates and fibrils, thus resulting in the porous structure of the cell wall 

(Duchesne and Daniel, 2000). Fig. 2.12 illustrates a macropore closing during the drying 

of a fiber cell wall. 

 

Fig. 2.12. A macropore closing during the drying of a Faber cell wall (Scallan, 

1974). 

According to Fahlen (2005), there is also fibril aggregation during kraft cooking 

so that the fibril’s aggregate width will increase from approximately 13–15 nm (measured 

from native softwood using AFM) to at least 20nm measured at a kappa number of 30 or 

above. However, according to Joutsimo (2013), the aggregate size after cooking can be 

between 13 and 16 nm on average. 

 The macropore void volume of a native cell wall is approximately 0.02 cm3/g, as 

measured by nitrogen adsorption (Stone and Scallan, 1965). After kraft pulping to a 47% 

yield, the macropore volume of a fiber wall increases to 0.6 cm3/g, as measured by size 
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exclusion or nitrogen adsorption of solvent-exchanged pulps (Stone and Scallan, 1965; 

Stone and Scallan, 1967).  

  The appropriate way to measure cell wall pores is using techniques that can be 

directly applicable to water-saturated fibers. The main used methods are as follows:  

 

● Solute Exclusion (Stone and Scallan, 1968). 

● Water Retention Value (WRV) (Scallan and Carles, 1972).  

● Nuclear Magnetic Resonance Spectroscopy (NMR) (Li, 1999).  

● Combined solid-state NMR, which measures the specific surface area of water-

swollen samples and that of the fiber saturation point (FSP) to determine the pore 

volume described by Larsson et al. (2013). 

● Thermoporosimetry (Maloney, 2000; Ksiazczak, 2003). 

 

The amount of lignin, how it was removed and how the sample was dried, among 

other factors, will determine the size of the openings in the fiber wall, as discussed by 

Stone and Scallan (1965). Maloney (2000) reported that NMR relaxation measurements 

can be used for determining pore sizes in the range of 6.5 to 10 nm, depending on the 

pulp structure and pulp treatment type. Maloney and Paulapuro (2001) reported that 

pore size diameters can vary between 0.3 and 600 nm. In practice, if the pores near the 

surfaces of the fiber walls are narrower than pores further within the fibers, then the 

volume of the fiber wall are ascribed only to the class of pores as large as the openings in 

the external fiber wall layer, as pointed out by Lindström (1986). 

2.10.1 Fiber surface properties 

 

All wood-derived fully bleached kraft pulp fibers possess a net negative charge 

that is mainly attributed to the dissociation of carboxylic groups found in the cellulose 

and hemicellulose (cellulosic) components of the pulp (Chen et al., 2004). The charged 

nature of a cellulosic fiber surface is expected to play major roles in such phenomena as 

fiber dispersion, flocculation, adhesion, and the adsorption of polyelectrolytes (Hubbe, 

2007). According to Roberts and Tatham (1992), an enhanced negative charge of fiber 

surfaces can promote inter-fiber bonding even without the addition of cationic 

polyelectrolytes. 
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2.10.2 Paper technical properties  

 

Different paper grades have different requirements for Eucalyptus fiber 

properties. In the case of fibers for a release liner, defect resistance and low opacity are 

required during refining. On the other hand, fibers for fine papers require fast 

development of tensile strength and preservation of bulk during refining to obtain, e.g., 

copy paper with high dimensional stability, opacity and tensile stiffness. Tissue products 

require high softness, which is generally linked to a high bulk of the pulp sheet. According 

to Shin and Stromberg (2003) fiber morphology and cooking processes can have an 

impact on pulp properties. Lin et al. (2014) claimed that different bleaching sequences 

may affect physical and chemical properties of pulp fibers. Fibers’ morphological aspects 

such as length, width, curl, and fines have also been considered to be influencing pulp 

quality. Highly curly fibers generate papers with higher tear and lower tensile indices, 

whereas fibers with a higher fine content increase opacity and tensile index (Moral et al., 

2010).   

It is well known in the literature that paper strength can be improved by refining 

fibers (Hubbe et al., 2007; Stürmer and Göttsching, 1979; Peng et al., 1994; Laine et al., 

2004). 

3 EXPERIMENTAL 
 

3.1 Material and methods 
 

The brown and bleached pulps used in this study were produced from fresh chips of 

E. globulus and E. nitens from central Chile, specifically the Bio-Bio region. The E. 

globulus sample was 12 years old, and the E. nitens sample was 15 years old. The basic 

densities of the E. globulus and E. nitens samples were 523 kg/m3 and 507 kg/m3 

respectively. Prior to cooking, the chips were screened according to the SCAN CM:40-01 

(2001) standard, and the wood basic density was measured according to the TAPPI T 258 

om 11 (2011) standard. The main methods conducted in this study were chemical 

pulping, bleaching, and refining processes of Eucalyptus wood chips, which were 

followed by chip and pulp characterization. Meanwhile, the detailed principles of these 

methods are presented in this chapter; the details of other methods are presented in 

Papers I–IV whose contents are summarized in this chapter. 
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3.2 Cooking experiments (Paper I) 
 

The modified cooking experiments and liquor generation were performed at the VTT 

Technical Research Center of Finland (VTT). The MK System digesters for reference 

batch cooking was based in Chile at the Arauco Bioforest R&D Center. Three types of 

digesters were used in the cooking experiments: regular batch digester to generate black 

liquor for the displacement, a MK digester system for reference cooking, and the 

displacement digester Verdi for all modified cooking. The results presented in this work 

relate to a modified cooking with average values of two repetitions of pulps with a kappa 

number of 17 ± 0.5. 

3.2.1 Regular batch digester cooking for liquor generation only 
 

The cooking equipment used was a set of 15 l rotating batch digesters. The batch 

digesters were controlled electronically by electric heating of the digester jacket. The 

experiments for liquor generation were carried out at 160°C with a constant alkali charge 

of 17% EA as NaOH and a sulfidity of 35%. Both parameters were chosen based on mill 

operations in Arauco, Chile. The black liquor, which was used as the displacement liquor 

and wash liquor in the LS modified cooking, was produced with either E. globulus or E. 

nitens. The experimental design allowed only one cook to generate the black liquor used 

in the experiments, and no equilibrium adjustment was performed. Fig. 3.1 illustrates 

the 15 l rotating batch digesters used in VTT to generate black liquor. 

 

Fig. 3.1. Fifteen-liter rotating batch digesters (Courtesy of VTT – Finland). 

3.2.2 Batch MK Systems cooking for reference cooks 
 

Regular batch kraft cooking was performed in two replicates using 950 g of oven-

dried wood chips of E. globulus and E. nitens. The kappa number target was 17 ± 0.5. 



 

 20 

The cooking equipment used was an MK System digester model MK850E-2 with a 10-l 

capacity. The experiments were conducted at Arauco Bioforest S. A. The system is heated 

electrically and controlled electronically by a computer. It is also equipped with a 

manometer and a forced-circulation pump. The conditions used in cooking were similar 

for both wood species and are presented in Table 3.1. The temperatures used in batch 

cooking were defined based on an industrial batch digester in Southern Chile as a 

reference. The relationship between temperature and time in the industrial case is a 

compromise between the mill’s production capacity and steam and alkali availability.  

Table 3.1. – Cooking conditions used in the MK reactor as a reference cooking. 

 E. globulus E. nitens 
Wood (oven-dried in g) 950 950 
H-factor 319 345 
Time to temperature (min)  170 170 
Time at temperature (min)  14 17 
Temperature °C  165 165 
Total Alkali (% of total EA as NaOH) 17 17 
Liquor/wood ratio  4:1  4:1 
Sulfidity (%) 35.0 34.8 

 

Fig. 3.2 shows the MK System digesters used to produce regular cooking batch pulps.  

 

Fig. 3.2. MK System digester model MK 850E-2 used in regular cooking (Courtesy of 

Arauco Bioforest S.A). 

3.3 Modified cooking methods digester 
 

The laboratory digester used to simulate the three modified cooking methods (SB, 

CC, and LS) was a forced-circulation digester with a volume of 30 liters (the Verdi 

multipurpose pressure reactor system). Heating of the digester was carried out by steam 

jacket heating. The sulfidity for the white liquor used in all the modified cooking methods 

was 35%. To reach the same kappa number for both species with the same modified 
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cooking method, the delignification rate of E. globulus and E. nitens were adjusted by 

the cooking time that affected the total H-factor used. The sulfidity and kappa number 

selected for these experiments are also in accordance with parameters used in pulp mills 

in Southern Chile. The details of how modified cooking methods were performed are 

described in sections 3.3.1, 3.3.2, and 3.3.3. Fig. 3.3 presents the Verdi digester used at 

VTT to simulate modified cooking methods. 

 

Fig. 3.3. The Verdi multipurpose pressure reactor system used to perform modified 

cooking methods (Courtesy of VTT – Finland). 

3.3.1 SuperBatchTM modified cooking method (Paper I) 
 

In the SB displacement cooking, 5 kg of oven-dry wood chips were processed in the 

Verdi multipurpose pressure reactor system. First, wood chips were impregnated with 

black liquor with an LW-ratio of 5:1 and an alkali concentration of 18 g/l as EA (NaOH). 

The impregnation time was 40 min, and the temperature was 90°C. The total alkali, 

white liquor plus black liquor (WL+BL), was 22.8% as EA (NaOH). The target of the 

cooks was a kappa number of 17 ± 0.5 without optimizing residual alkali. From the total 

alkali charge, 5.0% was charged to the impregnation. The temperature of the hot black 

liquor (HBL) displacement was 148°C, and the alkali charge to HBL displacement was 

5% (21.7% of the total). The cooking temperature was 148°C, and the alkali charge was 

10.6%. The temperature in the final displacement was 80°C, and the alkali charge was 

2.2% of the total charge. The displacements were conducted in the following manner: (1) 

Impregnation liquor was added to the digester and then circulated. (2) The impregnation 

liquor was displaced with 18 l of HBL and then circulated. The LW-ratio decreased to 

4.25:1. (3) Four liters of white liquor was added before the cooking circulation, which 

increased the LW-ratio to 5.05:1. (4) The HBL after cooking was displaced with 30 l of 

weak black liquor, and cooking ended with a final LW-ratio of 5:1. The cooking procedure 

for SB and the conditions are summarized in Fig. 3.4. 
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Fig. 3.4. Laboratory SuperBatchTM cooking procedure. Arrows indicate 

displacement 

3.3.2 CompactCookingTM modified cooking method (Paper I)  
 

In the experiment with CC modified cooking, 5 kg of wood chips were processed in 

the Verdi multipurpose pressure reactor system. The CC simulation started with chip 

steaming at low pressure (3.5 bars) for 5 min. The chip surface temperature was 

increased from room temperature (25°C) to 105°C. The impregnation time was 60 min 

at 105°C. The total alkali charge was 21.3 g/l as EA (NaOH) and the LW-ratio was 6 to 1. 

The temperature was increased to 141°C and maintained in this cooking zone I (CZ1) for 

90 and 100 min. The LW-ratio was decreased from 6 to 3.8 to 1 in the beginning of 

cooking zone II (CZ2). The temperature was maintained at 141°C in CZ2 for 90 to 100 

min. The cooking was finished by washing the pulp with deionized water for 60 min when 

the temperature had decreased to 80 °C. The compact cooking procedure is presented in 

Fig. 3.5. The delignification degree of the E. globulus and E. nitens species was adjusted 

by cooking time in cooking zones I and II. 

 

Fig. 3.5. Laboratory CompactCookingTM cooking procedure.  

3.3.3 Lo-SolidsTM modified cooking method (Paper I) 
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The LS cooking was initiated with chip steaming with a low-pressure steam (3.5 bars) 

for 15 min. The chip surface temperature was increased from room temperature (25°C) 

to 105°C. The impregnation time was 45 min at 105°C. The total alkali charge was 21,9%, 

and the LW-ratio was adjusted to 4:1. From the first cooking zone to the second cooking 

zone, the temperature was increased from 135°C to 148°C in 20 min. Black liquor from 

impregnation was displaced with washing liquor (washing liquor had an alkali 

concentration of 5 g/l EA (NaOH)) and alkali charge was 7.2% so that the final LW-ratio 

was 4:1.  

In cooking zone II, the temperature was kept at 148°C for 100 min. Washing was then 

carried out with wash liquor, and the temperature was decreased with the LW-ratio of 

4:1 to 130°C, and then to 90°C in 20 min while maintaining the LW-ratio at 4:1. Finally, 

the cook was terminated by washing with water for 60 min when the temperature had 

decreased to 80 °C. The LS cooking procedure is presented in Fig. 3.6. 

 

Fig. 3.6. Laboratory LS procedure.  

3.4 Cooking liquor analysis through the modified cooking  
 

The hydrogen sulfide ion (SH-) concentration samples collected along to the modified 

cooks were measured according to the SCAN-N 31:94 standard. Effective and residual 

alkali (OH-) concentrations were also analyzed according to the SCAN-N 30:85 standard. 

The sodium content of black liquor was determined by the flame photometric method. 

3.5 Pulp washing and screening  
 

After cooking, the chips were disintegrated in a Wenberg type disintegrator. The pulp 

was washed in a screen basket, and outgoing washing filtrate was directed through a wire 



 

 24 

fabric with a mesh size of 70. The retained fines in the fabric were returned to the pulp. 

The pulps were screened using the TAPPI T 275 sp 07 (2007) standard, and the dry 

matter content was measured using the ISO 638 (2008) standard. The ISO 302 (2004) 

standard was used for the kappa number measurement, the ISO 5351 (2010) standard 

was used for viscosity measurement, and the ISO 2470-1 (2009) standard was used for 

brightness measurement. The primary features utilized in these modified lab cooking 

methods are presented in Table 3.2. 

Table 3.2. Cooking conditions used in Reference, (SB), (CC) and (LS) lab simulations  

 

NA = Not applicable, WL* = White Liquor and BL** = Black Liquor 
For all cooks, EA is presented as NaOH 
To minimize lignin re-precipitation, all cooks ended with residual alkali between 5 to 10g per 
liter as NaOH.  
 

 

Phase/Cooking type REFERENCE (MK) SB CC LS

Temperature (°C) NA 90 105 105
LW-ratio NA 5:1 6:1 6:1
Alkali Charge as (WL*) EA (%) NA 1.0 8.0 10.0
Alkali Charge as (BL**) EA (%) NA 4.0 6.3 0.5
Total Alkali Charge as (WL + BL) EA (%) NA 5.0 14.3 10.5
Process Time: E. globulus / E. nitens NA 40/40 60/60 45/45

Temperature (°C) 165 148 (HBL*** fill) 141 135

LW-ratio 4:1
5:1 (Cooking
circulation) 6:1 4:1

Alkali Charge as (WL*) EA (%) 17.0 0.0 7.0 7.0
Alkali Charge as (BL**) EA (%) NA 5.0 0.0 0.2
Total Alkali Charge as (WL + BL) EA (%) 17.0 5.0 7.0 7.2
Process Time: E. globulus / E. nitens 0 +14) / (170 + 17) 34/40 90/100 100/100

Temperature (°C) NA 80 141 148
LW-ratio NA 5:1 3.8:1 4:1

Alkali Charge as (WL*) EA (%) NA
10.6 (Cooking
circulation) 0.0 2.2

Alkali Charge as (BL**) EA (%) NA 0.0 0.0 0.0

Total Alkali Charge as (WL + BL) EA (%) NA
10.6 (Cooking
circulation) 0.0 2.2

Process Time: E. globulus / E. nitens NA 34/40 90/100 100/100

Temperature (°C) NA 80 80 80
LW-ratio NA 5:1 NA 4:1
Alkali Charge as (WL*) EA (%) NA 0.0 0.0 0.0
Alkali Charge as (BL**) EA (%) NA 2.2 0.0 2.0
Total Alkali Charge as (WL + BL) EA (%) NA 2.2 0.0 2.0
Process Time: E. globulus / E. nitens NA 90/90 60/60 40/40

Alkali Charge as (WL*) EA (%) 17.0 11.6 15.0 19.2
Alkali Charge as (BL**) EA (%) 0.0 11.2 6.3 2.7
Total Alkali Charge as (WL + BL) EA (%) 17.0 22.8 21.3 21.9
Process Time: E. globulus / E. nitens 184/187 224/230 300/320 205/205

Impregnation Zone

Cooking Zone I

Cooking Zone II

Totals

Washing Zone
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3.6 Bleaching conditions (PAPER II) 
 

The unbleached pulps produced with modified cooking methods were bleached 

at VTT. The pulps produced in the MK System digester were bleached in Arauco Bioforest 

S.A. The bleaching sequence of all experiments was D0E1D1E2D2. For each type of pulp, 

the sequence was applied to unbleached pulps with a kappa factor of 0.20 before the D0 

stage. The following paragraphs present the bleaching conditions for modified cooking 

made in VTT and for regular batch conditions used in Bioforest S.A. 

3.6.1 Bleaching conditions used in modified cooking brown pulps  
 

The D stages were performed in 18 l air bath reactors. Preheated pulp was initially 

added to the reactor, followed by water, and then acid or alkali for pH adjustment. After 

mixing, the pH was measured, chlorine dioxide was charged into the reactor, and the 

reactor was immediately sealed. Pulp was first mixed for 4.5 min by a mixer in the reactor 

rotating at a speed of 30 rpm. During the reaction time, the reactor was periodically 

stirred (i.e., stopped for 70 s, reversed rotation direction, and rotated for 30 s). After the 

reaction time, the final pH of the pulp was measured at the reaction temperature. The 

residual chlorine dioxide content of the bleaching filtrate was determined. The pulp was 

diluted and washed as described in the next section.  

Alkaline extraction (stage E) was performed in a Teflon-coated 40 l reactor as follows: 

The pulp and most of the water were heated to the reaction temperature in a microwave 

oven and placed into the reactor. Alkali with additional water was charged, the pulp 

slurry was mixed for 1 min at 300 rpm, and the pH was measured. During the reaction 

time, the pulp slurry was mixed every 20 min for 12 s at 300 rpm. After the reaction time, 

the final pH of the pulp was measured at the reaction temperature. The pulp was diluted 

and washed as described in the next section.  

Pulp washing between the bleaching stages was performed using a regular laboratory 

procedure. The pulp was diluted to a 5% consistency with deionized water at the same 

temperature as the preceding bleaching stage. After dewatering, the pulp was washed 

two times with cold deionized water. The amount of water was equivalent to ten times 

the mass of the oven-dried pulp. Homogenization of the pulp was done by hand. 

3.6.2 Bleaching conditions used in regular batch brown pulps  
 

The chlorine dioxide used to bleach brown pulps produced with modified cooking 

methods at VTT was produced at Aalto University in a 6 liters commercial reactor 
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manufactured by CRS Reactor Engineering. The chlorine dioxide was prepared 

according to the method describe by Lippard (1972). The concentration of the chlorine 

dioxide generated in the reactor was about 20 g act. Cl/l. This solution was stored in a 

ventilated refrigerator at 2°C. The concentration of chlorine dioxide was measured right 

before each time it was used in the bleaching stages. The chlorine dioxide solution 

volumes used in the experiments were calculated based on its solution concentration and 

charge used in every stage.  

The chlorine dioxide solution used to bleach reference pulps was obtained from an 

industrial site in Arauco Mills. The solution had a concentration of approximately 12 g 

act. Cl/l. This solution was kept in a ventilated refrigerator at 2°C. Its concentration was 

measured and calculated right before it was used in the bleaching stages. Chlorine 

dioxide stages (D stages) were performed in 3 l polypropylene bags. The pulp was added 

to the bags, then preheated with water, and then acid or alkali solutions were used for 

pH adjustment. Chlorine dioxide was later charged in the bag, and, after mixing, the pH 

was measured. The sealed bag was immediately immersed in a hot bath to maintain 

temperature.  

After the reaction time, the final pH of the pulp filtrate was measured at the reaction 

temperature. The residual chlorine dioxide content of the bleaching filtrate was 

determined by iodometric titration as follows: a few drops of a starch indicator were 

added into a 20-ml flask with 10 ml of H2SO4 at 4 N and 10 ml of KI at 1 N. To this 

solution, 100 ml of a clean filtrate was quickly added and the resulting solution was 

titrated to a colorless endpoint with Na2S2O3 at 0.1 N. The residual chlorine dioxide was 

calculated as ClO2 in g/l through the factor of ml titration × 0.0135 from [(0.1N × 13.5 

(g/mol tiosulf)]/100. The pulp was diluted and washed with deionized water. 

The alkaline extraction stage (E) was performed in 3 l polypropylene bags. The pulp 

and preheated water were added to the bags and placed into a hot water bath at the 

reaction temperature. The alkali was charged, the pulp slurry was mixed by hand, and 

the pH was measured. After the reaction time, the final pH of the pulp filtrate was 

measured at the reaction temperature. The pulp was diluted and washed with deionized 

water. 

The pulp was washed between stages. The pulp was diluted to a 5% consistency 

with deionized water. The water was the same temperature as that of the preceding 

bleaching stage. After dewatering, the pulp was washed two times with cold deionized 

water. The amount of water was equivalent to ten times the mass of the oven-dried pulp. 

Homogenization of the pulp was done by hand. The bleaching conditions of the various 
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D and E stages used in both locations (VTT and Arauco Bioforest S.A.) are presented in 

Table 3.3. 

Table 3.3. Main bleaching conditions. 

Parameters - Bleaching 
conditions  

of different cooking 
methods 

E. globulus E. nitens 

SB CC LS Batch SB CC LS Batch 

D0 Kappa 
factor (KF) 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 

Consistency 
10% 

ClO2 
Charge % 

act. Cl 
3.30 3.40 3.40 3.30 3.40 3.30 3.33 3.50 

60°C, 60 min H2SO4 
charge, % 0.50 0.54 0.54 0.50 0.54 0.54 0.54 0.45 

E1 
NaOH 

charge % 1.36 1.35 1.38 1.36 1.36 1.32 1.33 1.36 Consistency 
10% 

70°C, 60 min 
D1 ClO2 

Charge % 
act. Cl 

1.15 1.20 1.12 1.15 1.06 1.12 1.19 1.15 Consistency 
10% 

70°C, 120 
min 

NaOH 
charge, % 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 

E2 
NaOH 

charge % 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 Consistency 
10% 

70°C, 60 min 
D2 ClO2 

Charge % 
act Cl 

0.21 0.20 0.21 0.55 0.30 0.23 0.21 0.74 Consistency 
10% 

70°C, 180 
min 

H2SO4 
charge, % 0.09 0.10 0.11 0.00 0.09 0.10 0.11 0.00 

 

3.7 Refining and testing of the pulps (PAPER IV) 
 

The pulps were refined in a Voith Sulzer LR1 lab-refiner at VTT. The refining 

parameters used in this trial were as follows: the fillings were 2/3-1.46-40D (hardwood 

fillings), the refining consistency was 4%, and the specific edge load (SEL) was 0.4 J/m. 

The refining energy levels used were 0, 40, 80, and 120 kWh/ton. The standards used to 

evaluate the refining results were: ISO 5269-1 (2005) for pulp preparation of laboratory 

sheets for physical testing, ISO 1924-3 (2005) for the determination of pulp and board 

tensile strength, Part 3, ISO 5267-1 (1999) for drainability Part 1 used the Schopper-

Riegler (SR) method, and ISO 534 (1988) for thickness and apparent bulk density or 

apparent sheet density. The internal bond strength (Scott type) used the TAPPI/ANSI T 

569 om-14 (2014) test method. 
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3.8 Carbohydrates, lignin, and acetone extractive analysis (PAPERS I, II, III and 
IV) 

 

The carbohydrates were measured according to the SCAN CM 71 (2009) standard. 

The method is used for quantification of the arabinose, glucose, galactose, xylose, and 

mannose monosaccharides in pulp by using acid hydrolysis as saccharification 

pretreatment and chromatography for further analysis. The polysaccharide composition 

was calculated from the monosaccharide results, according to the methods of Janson 

(1974). The acid-insoluble lignin (AIL) was measured using the TAPPI T 222 om 11 (2011) 

standard. The acid-soluble lignin (ASL) was determined according to the TAPPI UM 250 

um-83 (1999) standard. In this method, after filtering the insoluble lignin, ASL was 

measured by a spectrophotometric method based on absorption of ultraviolet (UV) 

radiation at a wavelength of 205 nm. The total lignin was calculated as the sum of both 

fractions. The guaiacyl and syringyl lignin (S/G) ratio was measured using the pyrolysis-

gas-chromatography-mass spectrometry (Py-GC/MS) method described in detail by 

Ohra-aho et al. (2013). Acetone extractives were measured according to the SCAN CM 

49 (2003) standard. This standard method is utilized for the determination of 

nonvolatile lipophilic matter in wood chips and pulp samples through gravimetric 

analysis. 

3.9 Kappa number, dry matter content, intrinsic viscosity, degree of 
polymerization (DP) and brightness 

 

Those methods were performed according to the follow standards: ISO 302 

(2004):04 for a kappa number, ISO 638 (2008) for the dry content of pulp, ISO 5351-81 

(2010) for intrinsic viscosity. The DP of the pulp was calculated from the intrinsic 

viscosity  using Eq. 1 (Sihtola et al. 1963) and ISO 2470-1 (2009) for brightness from 

the split sheet surface. 

                     (1) 

3.10 Fiber charge 
 

The fiber charge measurements were made at VTT. The accessibility of the charges 

in the fibers was evaluated by the adsorption of poly (dimethyldiallylammonium) 

chloride (poly-DMDAAC). The poly-DMDAAC has a distribution of three different molar 

masses (3 × 104 < Mw < 5 × 104, 1 × 105 < Mw < 3 × 105, and Mw > 3 × 105 g/mole) and 
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a charge density of 6.19 × 10-3 eq/g. The determination of polyelectrolyte adsorption and 

pulp pretreatments was done through the method described by Wågberg et al. (1985).   

3.11 Fiber surface 
 

The composition of fiber surfaces was measured at Aalto University using X-ray 

photoelectron spectroscopy (XPS) with the equipment AXIS 165 (KRATOS Analytical, 

USA) according to the following methodology: A piece less than 1 cm2 was cut and 

secured onto the steel sample holder with a metal clip. A laboratory specified fresh 

reference sample of 100% cellulose was measured with each sample batch to monitor the 

instrument and ultra-high vacuum (UHV) conditions during all the experiments. Each 

batch was pre-evacuated in the instrument preparation chamber overnight before 

analysis. During the measurements, samples were exposed to a minimal radiation dose 

using a low-power setting and localized monochromated Al Kα X-ray irradiation. No 

sample deterioration was detected during the experiment. Recorded runs for each 

sample were: 

 3 × low-resolution wide spectrum (0–1,100 eV, elemental composition), 

 3 × high-resolution regions of carbon and oxygen main peaks (C 1s and O 1s), 

 area of analysis less than 1 mm2, and 

 analysis depth of 2 to 10 nm, depending on the element and material studied. 

(Samples were measured from at least three locations.) 

Each recording was manually optimized for an intense, noncharged signal. The 

samples were charge-neutralized during data acquisition with slow thermal electrons. 

The binding energies in the high-resolution data, which shifted due to charging, were 

energy corrected using the aliphatic C-C carbon component of the C 1s spectra at 285.0 

eV (Beamson & Briggs, 1993). The data analysis and calculations of surface lignin, 

extractives, and hydrocarbons are described in the results section. The low-resolution 

spectra were 0 to 1,100 eV, 1 eV step, 80 eV PE, mg lens, and slot. The high-resolution C 

1s and O 1s region were 0.1 eV step, 20 eV PE, mg lens, and slot. 

3.12 Fiber morphology 
 

The morphology of the pulp fibers was measured in VTT using a Kajaani FS300 

fiber analyzer. Additionally, fiber wall thickness and fiber width were measured with a 

light microscope and semi-automatic image analysis from wet (water/glycerol solution) 

using the VTT internal method. Around 500 fibers were analyzed for each sample. The 

fiber length results are presented as length-weighted average fiber length, calculated as 
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the sum of individual fiber lengths squared divided by the sum of the individual fiber 

lengths according to Ring and Bacon (1997). Fiber width and fiber wall thickness were 

also calculated using the equation proposed by Braaten and Molteberg (2004). Deduced 

formulas (2 and 3) that consider a fiber’s cross-sectional dimensions as measured 

directly on solid dry wood were presented. A fiber’s cross-sectional dimensions in pulp 

may deviate from the dimensions of dry wood, depending on the pulping process. Wood 

density expresses the amount of a solid fiber wall as a ratio of the fiber wall area to the 

lumen area. Fiber coarseness is used to distinguish a large and small fiber diameter. Both 

formulas are presented. 

                             (2) 

and 

       (3)

    

where 

Cp = coarseness measured from chemical pulp fibers, μg/m 
D = dry wood density, kg/m3 
PY = pulp yield from chemical pulp 
WF = average fiber diameter, μm 
WT = average fiber wall thickness, μm. 
 

3.13 Cell wall porosity measurements  
 

The solute exclusion was performed in Aalto University’s Department of Forest 

Products Technology. The method used a dextran probe with a molecular weight of 2 × 

106 Daltons to determine the FSP of the pulps. The technique used was the same as that 

reported by Stone and Scallan (1967). At VTT, the WRV was measured in the never-dried 

pulp according to ISO 23714 (2007) standard. 

3.14 Thermoporosimetry analyses 
 

The thermoporosimetry analyses were performed in Aalto University’s Department 

of Forest Products Technology. One gram of the washed pulp was thoroughly washed 

with distilled water to remove dissolved substances. The acidic groups in the cell wall 

were ion exchanged with sodium cations by heating the 1% consistency pulp slurry with 

0.1 M sodium acetate for 1 h at 40°C. The pulp was then rewashed several times with 
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distilled water and centrifuged at 3,000 g for 10 min to obtain a moisture content close 

to the FSP. After centrifuging, 2 to 2.5 mg of the wet pulp was placed in an aluminum 

sample pan. The amount of freezing and nonfreezing water was determined using 

thermoporosimetry. A Mettler 821 differential scanning calorimeter from Mettler Toledo 

(USA) was used for thermoporosimetry measurements. The procedure used was that 

reported by Maloney et al. (1998) and Maloney and Paulapuro (2001). 

3.15 NMR Lateral fibril aggregate width and lateral fibril width 
 

All NMR measurements were performed by the Kompetenzzentrum Holz GmbH in 

Austria. The measurements were done with a digital Bruker Advance DPX300 NMR 

spectrometer from Bruker (USA), which was equipped with a 4-mm double air-bearing 

MAS probe head. The 4 mm O.D. ZrO2 MAS rotors were filled tightly with ca. 80 to 90 μl 

(ca. 80 to 100 mg) of moist samples. Cross-polarization magic angle spinning carbon-13 

nuclear magnetic resonance (13C CP-MAS NMR) analyses involved the following 

acquisition parameters: resonance frequency used was 75 MHz; the MAS spinning speed 

was 4 kHz, and the temperature was 26°C. The spectral width was 340 ppm, and the 

acquisition time was 30 ms. The cross-polarization (CP) contact time was 1 ms. The CP 

pulse shape was ramped from 70 to 100 ms, and the 1H decoupling scheme was SPINAL-

64. The repetition interval was 2 s, and the number of accumulations used was 3,072. The 

chemical shift reference used was Adamantane. The following processing parameters for 
13C CPMAS NMR analyses were used: the size of the real spectrum was 4,096 points (zero-

filling), and no window function was used; only the Fourier transform function was used. 

All the spectra were converted to x-y American standard code for information interchange 

(ASCII) files for later line shape analysis. Spectral deconvolutions of experimental 

cellulose were AGU-C4 line shapes. The technique was performed according to the 

procedures of Larsson et al. (1997) and Zuckerstätter et al. (2009). 

3.16 Specifications of studies not included in the papers 
 

Section 5.3 covers the accomplishment of the five rules of modified cooking, the 

cooking results for reference cooking (Batch MK System cooking) and intrinsic viscosity, 

carbohydrate composition, hexenuronic acids, lignin degradation and bleachability of 

pulps from the regular batch cooks (unpublished). Hexenuronic acids were measured by 

high performance anion exchange chromatography with pulsed amperometric detection 

(HPAEC-PAD) after enzymatic hydrolysis as described by Tenkanen et al. (1999). 

Chapter 5.5 presents fiber structure and results of reference cooking for fiber 

morphology.  
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4 RESEARCH QUESTIONS 
 

The objective of this thesis is to answer the following questions. 

Can modified cooking methods present significant differences in order to affect:  

1. The chemical composition of the unbleached and bleached pulp of two 

Eucalyptus sub species? 

2. Pulp yield and pulp reject?  

3. Bleachability? 

4. Fiber surface? 

5. Fiber wall structure?  

6. Fiber morphology? 

7. Paper technical properties?  
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5 RESULTS AND DISCUSSION 
 

This chapter summarizes the most relevant findings of Papers I–IV and the results 

of the reference cook (unpublished). All of them relate to the same raw materials, namely 

E. globulus and E. nitens. The objective of this study is to evaluate how differences in 

cooking chemistry associated with the three different processes affect the pulp’s chemical 

composition and bleachability, fiber surface charges, fiber cell wall structure, and paper 

technical properties that result from E. globulus and E. nitens kraft pulps.  

5.1 Raw materials’ chemical composition (PAPER I) 
 

The raw materials were selected so the basic density difference between them would 

be as small as possible (E. globulus 523 kg/m3 and E. nitens 507 kg/m3). The chemical 

and carbohydrate compositions, lignin type (AIL and ASL) and lignin S/G ratio of E. 

globulus and E. nitens wood used in this study are presented in table 5.1.  

Table 5.1. – Chemical composition and S/G ratio - E. globulus and E. nitens wood. 

 

From table 5.1, The amount of acetone extractives found in E. nitens was 24.3% 

higher than that in E. globulus. A study conducted by Rencoret et al. (2007) reports 

substantially more extractives in E. nitens (49.8%) when compared to E. globulus. E. 

globulus presented the highest amount of cellulose. The cellulose content has been 

proven to correlate positively with pulping yield (Colodette et al., 2008). In the wood 

samples tested in this study, E. nitens had a higher xylan content (19.4%) compared to 

E. globulus (18.6%). Magaton el al. (2011) found in their study of six different species (E. 

dunni, E. globulus, E. grandis, E. nitens, E. urograndis, and E. urophylla) of 6- to 8-

year-old trees that E. nitens wood had the highest xylan content (24.4%).  

Raw mateiral E. globulus E. nitens
Acetone extraction, % 0.87 1.15
Cellulose, % 50.60 48.30
Xylan, % 18.60 19.40
Glucomannan, % 2.60 2.40
Other Carb., % 2.50 2.50
AIL, % 20.80 22.10
ASL, % 4.10 4.30
Total lignin, % 24.90 26.40
S/G ratio 4.70 3.50
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The glucomannan content seems to be similar between the species. Glucomannan is 

a minor constituent of E. globulus wood hemicellulose. According to Evtuguin and Neto 

(2007) and Sixta and Rutkowska (2006), its amount does not exceed 1–3%. 

Glucomannan is thoroughly extracted with strong alkaline solutions (14–17% NaOH) 

(Evtuguin and Neto, 2007) specially during kraft cooking.  

Total lignin has been defined by Neiva et al. (2015), Nicholsonet al. (2013), 

Lourenço et al. (2013), and Yao et al. (2010) as the sum of ASL and AIL. However, 

according to Morais et al. (1991) and Lupoi et al. (2015), this consideration is not 

accurate for wood that contains polyphenols. Eucalyptus wood contains polyphenols, 

which interfere with the analysis through their condensation with the lignin and 

through UV absorbance in the lignin range. In this work, the amount of total lignin in 

E. nitens was 26.4%, and that of E. globulus 24.9% (1.5% points lower than E. nitens). 

The S/G ratio for E. globulus was 4.7 and for E. nitens 3.5. These results, lignin content 

and S/G ratio is in accordance with findings of Colodette et al. (2008), the authors also 

found that the S/G ratio correlates negatively with wood lignin content. Resquin et al. 

(2006), Pinto et al. (2005a), Evtuguin and Neto (2007), and Oudia et al. (2007) have 

claimed that a higher S/G ratio positively affects pulping and bleaching performance. 

Pinto et al. (2005b) found that more than 80% of the units of E. globulus wood lignin 

were the S-type. They also concluded that this amount is clearly above the average 

found in typical hardwoods, using a Py-GC/MS analytical technique.  

5.2 Cooking results (PAPERS I, II, III and IV) 
 

Table 5.2 presents a summary of the results obtained from modified cooking and 

regular batch cooking as a reference at kappa number target 17 0.5. 

Table 5.2. Summary of results of modified and batch cooking methods*. 

Parameters/wood species E. globulus E. nitens 

Cooking Method SB CC LS Batch SB CC LS Batch 
H-Factor 300 239 244 319 315 262 273 345 
EA as consumed (%) 19.6 18.5 18.2 14.4 20.6 18.8 19.0 15.6 
Kappa Number 16.5 17.0 17.0 16.8 17.0 16.5 16.5 16.9 
Total Yield (%) 58.8 58.6 58.7 58.9 57.9 57.2 56.8 55.3 
Reject (%) 1.7 1.9 1.7 0.6 1.3 1.1 1.2 0.1 
Screen Yield (%) 57.1 56.7 56.9 58.3 56.6 56.1 55.6 55.2 
Brightness (%) 41.5 41.6 41.5 42.2 39.4 40.3 39.8 39.1 
Intr. Viscosity (mL/g) 1,590 1,660 1,600 1,440 1,620 1,650 1,620 1,410 
Degree of Polymerization (DP) 2,508 2,631 2,526 2,248 2,561 2,613 2,561 2,197 

* All measurments were performed in two pulp samples from individual cooks at the same 
kappa target and the results are presented as average. 
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From Table 5.2, it is apparent that a higher H-factor is needed to reach the target 

kappa number for E. nitens compared to that for E. globulus in all batch and modified 

cooking methods. Additionally, the E. nitens generated less rejects likely due to higher 

H-Factors. E. globulus presented the highest total and screened yield independently of 

the cooking method. This can be attributed to the high cellulose content and the relatively 

lower lignin amounts (Resquin et al., 2006). Batch cooking of E. globulus gave same 

cooking yield as from modified cooks, however the rejects amout was ~65% lower in 

batch cooking compared to modified cooking. Cooking yield of E. nitens was ~1% lower 

compared to modified cooking and the reject amount was ~5% of the modified cooking. 

The reason for the higher batch cooking yield of E. globulus compared to the modified 

cooking or to cooking yields of E. nitens, could be the higher S/G ratio of the lignin of E. 

globulus. The S-lignin delignify faster compared to G-lignin, which decreases cooking 

time and therefore cooking is ended with less carbohydrate degradation. Other 

interesting aspect is that, despite of reported benefits of modified cooking methods with 

different alkali distributions during cooking. It seems that wood with higher S-lignin 

should be cooked so that all alkali should be charged in the beginning of the cook to have 

highest possible diffusion force and therefore good impregnation. However, of the higher 

yield, the high initial alkali charge seems to cause cellulose chain cleavage, which is seen 

as slightly lower viscosity.   

The high level of rejects in all the modified cooking methods could be explained by 

the low alkali concentration during impregnation (SB–EA: 5%; CC–EA: 6.3%; LS–EA: 

10.5 %). Regardless of the cooking method, E. globulus pulps presented the highest 

brightness.  

There are no significant differences in pulp DP and consequently intrinsic viscosity 

for unbleached pulps from modified cooking methods. CC exhibited slightly higher 

viscosity values compared to other cooking methods. According to Hart et al. (2011), one 

possible explanation for this may be related to the lower cooking temperature and, 

consequently, the lower H-factor in comparison with the other modified cooking 

methods. Shin and Stromberg (2003; 2007) reported similar results of intrinsic viscosity 

(1640 ml/g for unbleached pulp) when they simulated modified cooking (LS) for 

Brazilian E. urugrandis at a kappa number of 17. 

 
5.2.1 Degradation of wood components with focus on carbohydrates 
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Carbohydrate and other wood components composition and degradation in 

relations to wood raw material is presented in the table 5.3. 

 

Table. 5.3. Degradation of E. globulus and E. nitens after modified cooking 

methods and reference cooks in unbleached pulp. 

 

Carbohydrate composition and degradation in relations to wood raw material 

composition is presented in table 5.3. E. globulus unbleached pulp composition has 

higher amounts of cellulose but proportionally E. nitens could retain more of initial 

cellulose independently of modified cooking method. According to Brännvall (2017), 

peeling reaction is prevented when it reaches the highly ordered crystalline areas of 

cellulose molecules or when the terminal sugar unit is substituted with an arabinose or 

uronic acid group, as in xylan. This may be because E. nitens has more crystalline areas 

than E. globulus making the cellulose less degraded. It is also important to note the 

higher retention level of cellulose in both species when compared to xylan. This might 

indicate that the initial amount of cellulose and in second place hemicellulose (Xylan) 

composition are a good predictor of pulping yield.  van Heiningen et al. (2004) concluded 

in their work that when the number of glucose units removed by secondary peeling and 

the cellulose mass fraction in pulp base respectively are considered in the formula the so 

called UoM equation can be used to determine pulp mill yield.  

E. globulus presented lower amounts of xylan when compared with unbleached pulps 

of E. nitens; this was independent of the modified cooking method applied. However, the 

retention of xylan is very comparable and the xylan contents differ only slightly. 

Wood Composition, %
Raw material E. globulus SB E. globulus CC E. globulus LS E. globulus B E. globulus
Lignin (AIL) 20.80 0.74 0.85 0.80 0.76
Cellulose 50.60 43.7 43.0 43.6 46.4
Xylan 18.60 10.5 10.7 10.2 9.6
Glucomannan 2.60 0.2 0.2 0.2 0.3
Other Carbohydrates 2.50 1.3 1.4 1.4 0.6
Acetone extractives 0.87 0.1 0.1 0.1 0.1

Screened Yield, % - 57.1 56.7 56.9 58.3

Wood Composition, %
Raw material E. nitens SB E. nitens CC E. nitens LS E. nitens B E. nitens
Lignin (AIL) 22.10 1.02 0.90 0.83 0.78
Cellulose 48.30 42.1 41.5 41.8 40.7
Xylan 19.40 11.0 11.4 10.7 9.2
Glucomannan 2.40 0.2 0.2 0.2 0.2
Other Carbohydrates 2.50 1.6 1.5 1.4 0.6
Acetone extractives 1.15 0.1 0.1 0.1 0.1

Screened Yield, % - 56.6 56.1 55.6 52.2

Unbleached pulp composition, % (Yield basis)

Unbleached pulp composition, % (Yield basis)
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Additionally, the LS modified cooking method, which has the highest hydroxide ion 

concentration, resulted in the lowest amount of xylan among all the modified cooking 

methods. This is consistent with results from the literature (Aurell & Hartler, 1965; 

Hansson & Hartler, 1968). Pinto et al. (2005b) concluded that the different xylan 

retention is associated to differences in their composition and structure. Eucalyptus 

woods xylans showed a typical structure, containing, in addition to terminal 4-O-methyl-

a-D-glucuronic acid (MeGlcA) (1/2) linked to the xylan backbone, MeGlcA O-2 

substituted with galactose or glucose units. Such substituted uronic acid units not found 

in Betula pendula xylan may constitute linking points between xylan and other cell wall 

polysaccharides, namely rhamnoarabinogalactans and glucans, contributing to the 

retarded xylan degradation and dissolution during kraft pulping. Furthermore, the 

degree of branching of the Eucalyptus xylans is also higher than in B. pendula.  

5.2.2 Kappa number composition: HexA and lignin plus resins 
 

Fig. 5.1 presents the contributions of the kappa number: [HexA] + [Lignins+resins] 

at kappa number 17 0.5. 

 

Fig. 5.1. contributions of the kappa number: [HexA] + [Lignins+resins] at kappa 

number 17 0.5. 

In Fig. 5.1, the HexA to kappa number was calculated based on the work of Li and 

Gellerstedt (1997) who found out that 10 μmol of hexenuronic acid corresponds to 0.85 

kappa units. The results are in accordance with Ragnar (2001); the hardwood 

unbleached kraft pulp contains a substantial amount of hexenuronic acid (HexA) that 

can contribute 3–7 units to a kappa number. 

E. globulus presents the highest HexA contents regardless of the applied cooking 

method. It is interesting to note that E. globulus wood samples presented a smaller 

amount of xylan (18.6%) compared to E. nitens (19.4%). This may be explained by the 
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lower H-factor demand of E. globulus compared to that of E. nitens to achieve the target 

kappa number. Consequently, there is less degradation of HexA in the pulp of E. 

globulus. The term [lignin + resins] was used assuming that resins not removed from the 

pulp remain insoluble in acid and would be weighed as lignin (TAPPI T 222 om-11). 

5.3 The accomplishment of the five rules 
 

The accomplishment of the five rules of modified cooking was analyzed for every 

modified cooking. The levels of sodium (Na+), hydrogen sulfide (HS-) and hydroxyl (OH-

) were measured for every modified cooking. The results for SB cooking are presented in 

Fig. 5.2 (A, B, C and D). 

 

Fig. 5.2. The levels of Na+, SH- and OH- along SB cooking for E. globulus and 
E. nitens. 

 

From Fig. 5.2, when considering that the first rule states that alkali concentration 

should be constant during cooking, the alkali (OH-) seems to be totally consumed during 

the impregnation, and its concentration increases again during the cooking. This implies 

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

0.00

0.05

0.10

0.15

0.20

0.25

0.30

In
iti
al 10 25 40 70 10
0

15
0

20
0

22
4

N
a+
m
ol
/l

SH
-
m
ol
/l

Liquor sample at given time (min)

HS- Na+ 

Cr
ud
e
liq
uo
r

Im
pr
eg
na
tio
n

HB
Lf
ill
an
d
ci
rc
ul
at
io
n

Co
ok
in
g

FI
na
ld
isp
la
ce
m
en
t

SB E. globulus
A

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

0.00

0.05

0.10

0.15

0.20

0.25

0.30

In
iti
al 10 25 40 70 10
0

15
0

20
0

23
0

N
a+
m
ol
/l

SH
-
m
ol
/l

Liquor sample at given time (min)

HS- Na+ 

Cr
ud
e
liq
uo
r

Im
pr
eg
na
tio
n

HB
Lf
ill
an
d
ci
rc
ul
at
io
n

Co
ok
in
g

FI
na
ld
isp
la
ce
m
en
t

SB E. nitensB

0.00

0.20

0.40

0.60

0.80

1.00

In
iti
al 10 25 40 70 10
0

15
0

20
0

22
4

Liquor sample at given time (min)

OH-  

Cr
ud
e
liq
uo
r

Im
pr
eg
na
tio
n

HB
Lf
ill
an
d
ci
rc
ul
at
io
n

Co
ok
in
g

FI
na
ld
isp
la
ce
m
en
t

SB E. globulusC

O
H
-
m
ol
/l

0.00

0.20

0.40

0.60

0.80

1.00

In
iti
al 10 25 40 70 10
0

15
0

20
0

23
0

O
H
-
m
ol
/l

Liquor sample at given time (min)

OH-  

Cr
ud
e
liq
uo
r

Im
pr
eg
na
tio
n

Co
ok
in
g

FI
na
ld
isp
la
ce
m
en
t

SB E. nitensD

HB
Lf
ill
an
d
ci
rc
ul
at
io
n



 

 39 

that the first rule was not fulfilled by SB cooking. When considering hydrogen sulfide 

concentrations, the rule states that it should be as high as possible during the transition 

from initial to bulk delignification. If this point is at the end of the HBL fill, the rule seems 

to be fulfilled. The third rule states that the sodium and lignin concentrations should be 

low at the end of cooking. This seems not to be the case. The results for CC cooking are 

presented in Fig. 5.3 (A, B, C, and D). 

 

Fig. 5.3. The levels of Na+, SH- and OH- along CC cooking for E. globulus and 
E. nitens. 

 

Based on Fig. 5.3, it is arguable that when considering the first rule, the alkali (-

OH) seems to be totally consumed during impregnation, and its concentration increases 

again during the cooking. However, it does not increase as much as in the case of SB-

modified cooking. This implies that the first rule is not fulfilled by CC cooking. 

Considering the hydrogen sulfide concentration is at the top of the digester, the rule 

seems to be fulfilled. The third rule states that sodium and lignin concentrations should 

be low at the end of cooking. This seem not to be the case. The fourth rule, with respect 

to the low initial and end cooking temperatures, is fulfilled in SB cooking, i.e. initial and 
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end cooking temperatures are lower than those of SB. The results for LS cooking are 

presented in Fig. 5.4 (A, B, C, and D). 

 

Fig. 5.4. The levels of Na+, HS-) and OH- along LS cooking for E. globulus and E. 
nitens. 

 

In Fig. 5.4, for the first rule, the alkali (OH-) seems to be totally consumed during the 

impregnation. Then, the concentration increases again when the cooking begins, and it 

further increases after the cooking circulation. This implies that the first rule is not 

fulfilled by LS cooking. Considering the hydrogen sulfide concentration at the top of the 

digester, the rule seems not to be fulfilled (i.e. the hydrogen sulfide concentration 

increases at the beginning of cooking zone II). The third rule states that sodium and 

lignin concentrations should be low at the end of cooking. The fourth rule, which 

concerns low initial and end cooking temperatures, is partially fulfilled in SB and CC 

cooking, i.e. the initial cooking temperature is low (135°C) and the end of cooking 

temperature is high compared to that of CC (145°C) versus 155°C respectively. A 

summary of the five rules’ analysis is presented in Table 5.4. 
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Table 5.4. Summary of the accomplishment of the five rules. 

 

This study concluded that none of the three modified cooking systems evaluated in 

this study obeyed all five rules of modified cooking, specially the first rule.  

The reasons behind the higher H-factor required by SB cooking is probably the result 

of both lower hydrogen sulfite and hydroxyl ion concentration in the beginning of the 

cooking, which do not facilitate the cleavage of the ether links in phenolic units. 

Therefore, more cooking time is needed to reach the same kappa number level. The LS 

cooking has the highest initial hydrogen sulfite and hydroxyl ion levels in the beginning 

of the impregnation which are consumed by neutralization and delignification reactions.  

However, the hydrogen sulfite and hydroxyl ion levels are the lowest of all modified 

cooking technologies when entering the first cooking zone. This implies that the extent 

and selectivity of delignification during the bulk delignification are impaired. This might 

also explain the slightly lower pulping yield of LS cooking. The CC cooking has the lowest 

hydrogen hydroxyl ion concentration when entering the cooking stage, which could lead 

to the precipitation of long-chain lignin and hemicellulose on the fiber surface. These 

phenomena could thus explain higher cooking yield of CC cooking. 

5.4 Bleachability (PAPER II) 
 
The bleachability of wood species and modified pulping are presented in Figs. 5.5 and 

5.6. 

 

Rules of modified cooking SB CC LS Comment

1. Alkali concentration should be constant during cooking. No No No
In all the cooking methods, the alkali is
consumed, and then increases at the 

2. The hydrogen sulfide ion concentration should be as high
as possible in the transition from initial to bulk delignification. 

Yes Yes No
In LS cooking, the HS ion concentration
increases only in cooking circulation.

3. The concentrations of dissolved lignin and sodium ions
should be as low as possible, especially at the end of
cooking, to improve delignification and the diffusion process.

No No Yes
In LS cooking, the solids concentration is
decreased only when wash filtrate is fed to
the cooking circulation. 

4. The temperature should be kept low, especially at the
beginning and at the end of cooking.

No Yes No
Only in CC cooking are low temperatures
used.

5. Avoidance of mechanical stress to fibers, particularly
during discharge of the pulp. The digester should be cooled
down below 100°C

Yes Yes Yes
All modified cooking systems apply low
discharge temperatures.



 

 42 

Fig. 5.5. Kappa number development of E. globulus and E. nitens pulps during the 

D0E1D1E2D2 bleaching sequence. 

Fig. 5.5 reveals that there were no significant differences in bleachability between 

modified cooking methods and between wood species. Only batch cooking for both 

species after the bleaching stages D0 and E1 had a similar reduction in the kappa number. 

It is possible that lignin removed from pulps resulted in modified cooking that is different 

from batch cooking.  

 

Fig. 5.6. ISO % brightness development of E. globulus and E. nitens pulps during the 

D0E1D1E2D2 bleaching. 

Fig. 5.6 demonstrates that ISO brightness after the bleaching did not have any clear 

differences related to the modified cooking methods. E. globulus exhibited a slight 

tendency of higher brown stock brightness at the kappa number of 17 ± 0.5 regardless of 

the cooking method employed, although it was not statistically significant. The chemical 

consumption to reach brightness 90% ISO is presented in Table 5.5. 

Table 5.5. Bleaching chemical consumption of modified and batch-cooking methods 

to reach brightness 90% ISO. 

 

The results are similar, except for pulps produced in MK System batch digesters 

without displacement technology. The difference in the pulps from both species can be 

explained by the different proportions of HexA and residual lignin at a comparable kappa 

number of the unbleached pulps. These results are also in accordance with conclusions 

of Costa and Colodette (2007), who concluded that bleachability of kraft pulps might 

vary significantly depending upon the raw material and manufacturing process. This is 

because different species, even though at same kappa number and ISO % brightness 
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level, have different amount of HexAs, lignin carbohydrate complexes, and different 

residual lignin structures that lead to different bleachabilities. 

5.4.1 Carbohydrate composition of bleached pulps 
 

The carbohydrate composition of fully bleached pulps, bleaching yield and final 

pulping yield is presented in Table 5.6. 

Table. 5.6. Carbohydrate composition of fully bleached pulps of E. globulus and E. 

nitens produced by modified and batch cooking methods. 

 

The carbohydrate composition of fully bleached pulps, bleaching yield, and final 

pulping yield is presented in Table 5.6. Carbohydrate composition follows the trend of 

wood raw material and brown stock pulps. Regardless of the modified cooking method 

employed, E. globulus presented the highest amount of cellulose in the wood and in the 

final pulps. E. nitens exhibited highest amounts of xylan. Independent of the cooking 

method, E. globulus pulps obtained the highest pulp yield. There is not a clear correlation 

with bleaching yield and modified cooking methods. 

Arguably, differences in pulp yield can be improved by using a cooking method that 

preserves more xylan. It is clear from table 5.12 that retaining more xylan in the case of 

E. nitens did not guarantee a higher pulp yield. A similar conclusion was found by Shin 

and Stromberg (2005), who found pulp yield depends mainly on cellulose yield. They 

also concluded that xylan yield is varied to a minor extent and the variation in xylan 

content does not reflect the variation in the pulp yield. 
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5.5 Fiber morphology (PAPER III) 
 

5.5.1 Fiber length 
 

Fig. 5.7 presents fiber lengths of the unbleached and bleached E. globulus and E. 

nitens pulps produced by the three modified cooking methods. 

 

Fig. 5.7. Length-weighted fiber length (in mm) of SB, CC, LS and Bath (B) pulps of E. 

globulus and E. nitens - A: unbleached and B: bleached. 

Fig. 5.7 illustrates that the fiber lengths were not affected by the modified cooking 

process employed, especially when compared to reference cooking. Similar fiber length 

results have been presented by Santos et al. (2008), i.e. 0.85 mm (length-weighted) of 

fiber length for E. globulus from Portugal. Fiber length and strength are claimed to be 

important for tear resistance (Tamolang & Wangaard, 1968; Seth, 1988). 

5.5.2 Fiber coarseness 
 

Fiber coarseness values of unbleached and bleached fibers are presented in Fig. 5.8. 
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Fig. 5.8. Fiber coarseness (in μg/m) of SB, CC, and LS pulps of E. globulus and E. 

nitens – A: unbleached and B: bleached. The error bars present a 95% confidence 

interval of the mean value. 

Fig. 5.8 illustrates that E. nitens has a lower coarseness compared to E. globulus. In 

addition, the cooking method does not influence the coarseness of pulps within the same 

species. 

5.5.3 Fiber width 
 

Fig. 5.9 presents the fiber widths of the unbleached and bleached pulps after they 

were treated through the modified cooking processes. 

 

Fig. 5.9. Fiber width (in μm) of SB, CC, and LS pulps of E. globulus and E. nitens - A: 

unbleached and B: bleached. The error bars present a 95% confidence interval of the 

mean value. 

Fig. 5.9 presents the fiber widths of the unbleached and bleached pulps after they 

were treated through the modified cooking processes. From Fig. 5.9, it can be concluded 

that fiber widths in E. globulus were slightly greater than those in E. nitens in both 

unbleached and bleached pulps, which was independent of the modified cooking process 

used. This observation can only be attributed to the differences in morphologies of 

Eucalyptus wood species. There is also a slight trend (statistically insignificant) of a 

larger width of pulps prepared by CC cooking.  

5.5.4 Fiber wall thickness 
 

  Fiber wall thicknesses of various unbleached and bleached pulps are provided in 

Fig. 5.10. 
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Fig. 5.10. Fiber wall thickness (in μm) of SB, CC, and LS pulps of E. globulus and E. 

nitens - A: unbleached and B: bleached. The error bars present a 95% confidence 

interval of the mean value. 

Fig. 5.10 demonstrates that fibers from SB-modified cooking have the smallest wall 

thickness values for both unbleached and bleached pulps. It can be observed that fiber 

wall thicknesses of E. nitens were slightly thinner when compared to those of E. globulus. 

CC and LS pulps had similar fiber wall thicknesses. Oluwadare et al. (2007) concluded 

that cell wall thickness and fiber length had the greatest influence on the strength 

properties of the unbeaten pulp. Fiber width and fiber wall thickness was determined 

using the equation proposed by Braaten and Molteberg (2004) and are presented in 

Table 5.7. 

Table 5.7. Parameter to verify fiber wall thickness and fiber diameter. 

 

According to Braaten and Molteberg (2004), fiber width and fiber wall thickness in 

pulp can also be determined, but only the newest and more expensive analyzers can 

determine them with precision. The accuracy of such measurements may also be 

questioned because a fiber’s cross section may deform or collapse during pulping, which 

might cause significant deviations from the real fiber dimensions. The results obtained 

from Equation 2 and Equation3 are presented in Fig. 5.11. 

Pulp sample
Wood Basic
Density
(Kg/m3)

Yield (%)
Coarseness

μg/m

fiber wall
thickness-
Calculated

fiber wall
thickness-
Measured
(optical
microscope)

Fiber
Diameter-
Calculated

Fiber Diameter-
Measured
(optical
microscope)

SB E. globulus 523 58.8 78.5 1.54 4.0 16.0 18.9
CC E. globulus 523 58.6 81.4 1.57 4.4 16.3 19.2
LS E. globulus 523 58.7 82.7 1.58 4.5 16.4 19.3
SB E. nitens 507 57.9 70.0 1.44 3.8 15.4 18.2
CC E. nitens 507 57.2 68.7 1.43 4.0 15.4 18.2
LS E. Nitens 507 56.8 69.0 1.44 4.0 15.5 18.0
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Fig. 5.11. (A) Average fiber diameter and (B) average fiber wall thickness, 

measured by optical microscopy and calculated by Braaten and Molteberg equations. 

The fiber diameter calculation seems to correlate well with the values measured by 

optical microscopy. The same conclusion could not be observed for fiber wall thickness. 

The fiber equation calculates the fiber wall thickness in the wood state, and its 

dimensions can be modified by cooking and bleaching stages. The author speculates that 

the reason behind the differences between fiber wall thickness calculations and 

measurements is that the fiber measurement was done after cooking and bleaching. The 

measurements were carried out at high moisture content while the fibers were in a 

swollen state. This would explain why the calculated value is lower than the measured 

value. 

5.5.5 Fibers population 
 

The numbers of fibers per gram of bleached pulps are presented in Fig. 5.12. 

 

Fig. 5.12. Fiber numbers of SB, CC, and LS pulps of E. globulus and E. nitens after 

bleaching. 

Independently of modified cooking method, E. globulus presented a smaller amount 

of fibers per gram than E. nitens. This can only be attributed to differences in raw 

material species. 
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5.5.6 Fines and drainability  
 

Fig. 5.13 presents the fines content and °SR of bleached fibers. 

 

Fig. 5.13. (A) Fines values (in %) and (B) °SR (in °SR) of SB, CC, and LS 

modified cooking methods. The error bars present a 95% confidence interval of the 

mean value. 

Fig. 5.13 (A) illustrates that there were no significant differences in the fines 

content that could explain the differences in °SR indicated in Fig. 5.13 (B). Generally, E. 

globulus exhibits lower initial °SR values compared to E. nitens which may be caused by 

the lower xylan content. 

5.5.7 Fiber cell wall porosity 
 

Fig. 5.14 presents the WRVs of unbleached and bleached pulps of E. globulus and E. 

nitens after modified cooking methods. 

 

Fig. 5.14. The WRV (in g/g) of SB, CC, and LS cooked (A) unbleached and (B) 

bleached E. globulus and E. nitens pulps. The error bars present standard deviations of 

the measurements. 

Fig. 5.14 presents the WRVs of unbleached and bleached pulps of E. globulus and E. 

nitens after modified cooking methods. The WRV data clearly indicated that the E. nitens 



 

 49 

pulps had significantly higher values than those from E. globulus pulps. However, these 

differences cannot be explained by differences in fines’ content (Fig. 5.13 (A)). One of the 

possible reasons for the higher WRV of E. nitens could be their higher hemicellulose 

content when compared to E. globulus. The higher number of hemicelluloses absorbs 

and retains more water within the fiber wall. An alternative explanation for the lower 

WRV could be related to the wall porosity of thicker fibers, which are more porous and 

cannot retain water by capillary action during WRV measurement (Joutsimo, 2004). 

Pulkkinen (2010) reported that thicker fiber walls resulted in a lower WRV. 

5.5.8 Fiber saturation point 
 

The fiber wall porosities were quantified by FSP as illustrated in Fig. 5.15. 

 

Fig. 5.15. FSP values (in g/g) of SB, CC, and LS cooked (A) unbleached and (B) 

bleached E. globulus and E. nitens pulps. The error bars present the standard deviation 

of the measurements. 

Fig. 5.15 shows that unrefined E. nitens fibers, both unbleached and bleached, 

presented higher FSP values compared to E. globulus fibers. The FSP values are higher 

for the LS and CC cooked pulps as compared to the SB cooked pulps. The fiber cell wall 

results (Fig. 5.10) are in line with the FSP results, i.e. higher FSP indicates that the cell 

wall is more swollen. It also illustrates that the bleached pulp presented lower FSP values 

compared to unbleached pulps. Fig. 5.16 compares FSP and WRV related to the fiber wall 

thickness of unbleached and bleached fibers. 
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Fig. 5.16. Comparison of FSP and WRV as functions of cell wall thickness 

measurements in unbleached pulps (A and C) and bleached (B and D) pulps. 

The WRV and FSP behaviors were similar and inversely followed the fiber wall 

thickness trends (see Fig. 5.16), which indicates that the fiber wall capillary pressure of 

E. nitens (i.e. mean fiber wall porosity) is higher than that of E. globulus. Stone and 

Scallan (1968) stated that pores larger than 25 Å in diameter close during drying and 

reduce the average pore diameter and total pore volume of the fibers. 

5.5.9 Fiber wall ultra-structure (PAPER III) 
 

Unbleached and bleached pulps lateral fibril and aggregate widths as functions of 

xylan % in the carbohydrate fraction are displayed in Fig. 5.17. 
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Fig. 5.17. A and C illustrates unbleached pulps lateral fibril and aggregate widths 

as functions of xylan % in the carbohydrate fraction. Fig. 5.17 (B and D) are the same 

analysis but for bleached pulps. 

The modified cooking methods did not have an influence on lateral fibril or 

aggregate width. Newman (1994) suggested that hemicelluloses prevent hornification by 

hindering the coalescence or cocrystallization of adjacent cellulose microfibrils. The 

differences in the fibril and aggregate dimensions are quite small (Fig 5.17) between 

unbleached and bleached fibers, thus signaling a low extent of hornification. The lateral 

fibril width of unbleached and bleached fibers is presented in Fig. 5.18.  

 

Fig. 5.18. The lateral fibril width values (in nm) of SB, CC, and LS cooked (A) 

unbleached and (B) bleached E. globulus and E. nitens pulps. 

Fig. 5.18 indicates that the modified cooking method employed or the wood species 

used did not seem to influence the lateral fibril width values. However, one can observe 

that the later fibril width increased when the pulps were bleached. This could be 

explained by the long reaction time and the fact that relatively high temperatures during 

bleaching increase hornification of kraft pulp (Vuorinen, 2013).  

5.5.10 Nonfreezing and freezing water 
 

Fig. 5.19 illustrates the nonfreezing water (NFW) amounts in the fibers from the DSC 

measurements.  
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Fig. 5.19. NFW amounts (in ml/g) of SB, CC, and LS cooked (A) unbleached and 

(B) bleached E. globulus, and E. nitens pulps. 

Fig. 5.19 indicates that there were no differences in NFW in the unbleached and 

bleached fibers. E. nitens exhibits only a small tendency of higher values except for the 

pulps produced from CC pulping. This could be caused by a calibration shift in the DSC 

thermoporosimetry. However, there was a general decrease in the amount of NFW when 

pulps were bleached. One explanation for this could be that when the lateral fibril width 

increased (see Fig. 5.18), small pores within fibrils and aggregates were closed 

irreversibly, thus causing the amount of NFW in the fiber wall to decrease. Figs. 5.20 and 

5.21 present NFW and FW as functions of fiber pore diameter for various pulps. 

 

Fig. 5.20. A and B. NFW and FW amounts as functions of fiber cell wall pore 

diameters in unbleached SB, CC, and LS pulps of (A) E. globulus and (B) E. nitens. 

 

Fig. 5.21. A and B. NFW and FW amounts as functions of fiber cell wall pore 

diameters in bleached SB, CC, and LS pulps of (A) E. globulus and (B) E. nitens. 

Figs. 5.20 and 5.21 show that E. globulus and E. nitens pulps had similar fiber pore 

volumes for pore diameters of up to 216 nm. In addition, modified cooking methods did 

not influence the pore diameters of up to 216 nm. A similar conclusion was reached by 

Joutsimo and Asikainen (2013), who demonstrated that WRV correlated with the 

amount of water in pores with a diameter of at least 200 nm. The WRV and FSP results 

indicated that the pore structures of these wood species were different. E. globulus had 
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higher average fiber pore diameters, which release water easier during the WRV 

determination and allow the dextran probes to penetrate the fiber wall more easily 

during FSP measurements (Joutsimo, 2004). These results also agree with the wall 

thickness measurements, i.e., E. globulus had a higher fiber wall thickness. 

5.6 Fiber surface structure (PAPER IV) 
 

Fig. 5.22 shows fiber surface composition in unbleached and bleached fibers 

according to the methodology described by Beamson and Briggs (1993). 

 

Fig. 5.22. Fiber surface composition of SB, CC, and LS cooked samples. (A) 

Unbleached and (B) bleached E. globulus and E. nitens fibers. The error bars present a 

95% confidence interval of the mean of the measurements. 

Fig. 5.22 shows fiber surface composition in unbleached and bleached fibers 

according to the methodology described by Beamson and Briggs (1993). It is evident the 

amounts of lignin on the pulp surfaces were at the same level. Although reprecipitation 

of lignin during cooking cannot be excluded, it is suggested that a significant part of the 

surface lignin is intrinsic in origin, even though its chemical structure is modified during 

processing Kleen et al. (2002). Additionally, fibers of E. globulus presented a higher 

carbohydrate surface composition than those of E. nitens, regardless of the modified 

cooking method. This tendency was not observed in bleached pulps when proportions of 

carbohydrates were similar among the species and modified cooking methods. It appears 

that the fiber surface extractives and cellulose content seem to not affect the FSP and 

WRVs, which are higher for E. nitens (see Fig. 5.15 and 5.16 compared to Fig. 5.22). 

The amounts of extractives found on the E. nitens surfaces were higher than those 

found on the surfaces of E. globulus pulps, regardless of the cooking method. In bleached 

pulps, the proportion of extractives was slightly higher in E. nitens, apart from the SB-

modified cooking method. Notably, the lignin coverage is higher when the extractive 

coverage of the fibers is lower, and vice versa. A similar conclusion was drawn by Wäne 

(2009) when E. urograndis, E. globulus, and Betula spp were tested. The study found 
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that extractive coverage on bleached birch and E. globulus pulp surfaces increased after 

they were dried at approximately 50°C and then stored in sealed plastic boxes that were 

free from plasticizers or other contaminants at room temperature (20–23°C) for about 

eight months. Fig. 5.23 presents the total amounts of extractives in the unbleached and 

bleached pulp samples. 

 

Fig. 5.23. Acetone extractives in the pulps produced by SB, CC, and LS modified 

cooking methods. (A) Unbleached and (B) bleached E. globulus and E. nitens fibers. 

The error bars present a 95% confidence interval of the mean of the measurements. 

Fig. 5.23 illustrates that the amounts of extractives found in the unbleached and 

bleached pulps of E. nitens were higher than those in E. globulus pulps. This result is 

consistent with research on fiber surfaces of both species (regardless of modified cooking 

methods). Neto et al. (2006) found in their study of five different species of hardwood 

(Acacia mangium, Betula pendula, E. globulus, E. urograndis and E. grandis) using 

XPS analysis after D0E1D1E2D2 bleaching sequence reaching 90% ISO brightness that 

Acacia mangium had the highest surface coverage by extractives (24 ± 1%), whereas the 

lowest was that of E. grandis (5 ± 0.5%). In the same experiment, E. globulus had an 

extractive coverage of 7 ± 1%. This indicates that the type of extractives and their ability 

to remain in the cell wall surface depends on the species considered.  

5.6.1 Total and surface charge 
 

The total charges of the unbleached and bleached E. globulus and E. nitens fibers are 

presented in Fig. 5.24. 
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Fig. 5.24. Fiber total charge of SB, CC, and LS modified samples. (A) Unbleached 

and (B) bleached E. globulus and E. nitens fibers. The error bars present a 95% 

confidence interval of the mean of the measurements. 

Fig. 5.24 illustrates that LS cooking exhibited a statistically slightly higher fiber total 

charge compared to SB cooking. Between CC and LS cooking and wood species, no 

statistical differences could be found. Banavath et al. (2011) concluded that the total 

charge depended mainly on the chemical composition of the fiber but not on the physical 

change of the fiber. The higher proportion of cellulose in unbleached fibers of E. globulus 

might explain the tendency of a lower total charge than in E. nitens, although the results 

are not statistically different. One possible reason for the higher surface charge of the 

bleached and unbleached LS pulps could be the lower number of extractives on the fiber 

surface compared to other unbleached pulps. The surface charges of the fibers are 

presented in Fig. 5.25. 

 

Fig. 5.25. Fiber surface charge of SB, CC, and LS cooked samples. (A) Unbleached 

and (B) bleached E. globulus and E. nitens fibers. The error bars present the 95% 

confidence interval of the mean of the measurements. 

Fig. 5.25 presents the surface charge of E. globulus and E. nitens unbleached and 

bleached fibers. In addition, the highest surface charges are generated by CC modified 

cooking in the case of bleached E. nitens pulp. E. nitens has a higher hemicellulose 

content compared to E. globulus in unbleached and bleached pulps. 
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5.7 Paper technical properties (PAPER IV) 
 

Fig. 5.26 presents the °SR and tensile index as function of specific refining energy 

(SRE).  

 

Fig. 5.26. °SR and tensile index as a function of refining energy of the SB, CC, and LS 

fully bleached pulps. (A) °SR and (B) tensile index of E. globulus and E. nitens pulps. 

E. nitens pulps exhibited a slightly faster °SR development compared to E. globulus 

pulps, and the tensile index of E. nitens pulps is significantly higher than that of E. 

globulus pulps. E. nitens pulps have a higher amount of xylan, which increases cell wall 

shrinkage and bonding strength of inter-fiber bonds; this explains the higher tensile 

index of E. nitens. Another explanation is that E. nitens has a higher fiber population 

than E. globulus. No differences can be seen in the tensile and °SR development between 

the cooking methods. Fig. 5.27 presents bulk as a function of the refining energy. 

 

Fig. 5.27. Bulk as a function of refining energy of the SB, CC, and LS fully bleached 

pulps of (A) E. globulus and (B) E. nitens fibers. 

The higher bulk exhibited by E. globulus fibers can be attributed to fiber wall 

thickness because this is higher for E. globulus fibers than for E. nitens. Additionally, the 

lower water-holding capacity of the cell wall means lower cell wall shrinkage, i.e. higher 

bulk of the pulp sheet (Joutsimo, 2013). The lower cell wall shrinkage could also explain 

the lower fiber segment activation, i.e. lower tensile index of the pulp sheet made of E. 
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globulus fibers (Joutsimo, 2004; Vainio & Paulapuro, 2007). Fig. 5.28 presents the WRV 

as function of SR. 

 

Fig. 5.28. WRV as function of SR. 

The slightly higher WRVs of E. nitens pulps presented in Fig. 5.28 also indicated the 

higher cell wall shrinkage of E. nitens pulps. However, it is difficult to analyze differences 

due to different cooking methods. Fig. 5.29 presents the Zero Span (wet) for modified 

cooking methods for E. globulus and E. nitens. 

 

Fig. 5.29. Presents the zero span (wet) as function of °SR. 

As a general trend, E. nitens seems to maintain higher values of Zero Span (wet) than 

E. globulus as a function of SR values. The slightly higher Scott Bond values of E. nitens 

pulps presented in Fig. 5.29 are also an indication of the higher cell wall shrinkage of E. 

nites pulps. However, it is difficult to obtain significant differences generated by different 

cooking methods. Fig. 5.30 presents the Scott Bond as a function of °SR. 
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Fig. 5.30. Scott Bond as function of °SR. 

The slightly higher Scott Bond values of E. nitens pulps presented in Fig. 5.36 are 

also an indication of the higher cell wall shrinkage of E. nites pulps. However, it is 

difficult to obtain significant differences generated by different cooking methods. 

Fig. 5.31 presents the light scattering as a function of SR.  

 

Fig. 5.31. Light scattering as a function of SRE and °SR. 

Pulps of E. nitens show slightly higher light scattering as a function of SR. This result 

is most probably due to a higher fiber number in the E. nitens pulps compared to E. 

globulus pulps since this increases the reflecting surfaces of the pulp sheet. The tear 

index and gurley values did not present any differences between the species or cooking 

methods and are not presented in this work. 

From all paper technical properties tested one can concluded the following: 

The main differences in °SR and tensile properties resulted from the wood properties, 

i.e. from the higher amount of xylan in the wood (E. nitens). Differences in the °SR or 

tensile properties cannot be attributed to the differences in the cooking methods. The 

main differences in bulk or Scott bond properties resulted from the wood properties, i.e. 

from the higher amount of xylan in the wood (E. nitens), which increased cell wall 

shrinkage. Differences in these properties cannot be attributed to the differences in the 

cooking methods. 
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6 CONCLUSIONS 
 

The three modified cooking technologies studied in this work claim to have superior 

process features to produce pulp with higher yield, low reject, and better paper grade 

quality compared with reference batch cooks. Based on results it is clear that they 

perform better than conventional cooks even though none of them demonstrated to 

accomplish the five rules of modified cooking. The raw materials used in this study, E. 

globulus and E. nitens, present a clear difference in chemical composition. E. globulus 

had higher amounts of acetone extractives, cellulose, and glucomannan meanwhile E. 

nitens present higher xylan, AIL, and ASL lignin fractions. E. globulus has lower lignin 

fractions but with higher S/G ratio. As expected, the pulps obtained from modified cooks 

with different raw materials performed differently during the cooks and generated pulps 

with varied chemical composition and diverse features. Independent of reference cook 

or modified cooking method, E. globulus needed a lower H-factor and alkali 

consumption than E. nitens to reach the same target kappa number. Among the modified 

cooking methods, SB needed the highest H-factor and alkali while CC needed the lowest 

H-factor.  

The cooking of E. globulus raw material generated a 50% higher amount of reject and 

1% higher screened yield. The 1% higher cooking yield of E. globulus was attributed to 

the higher cellulose plus hemicellulose and lower lignin content with higher reactivity of 

S/G ratio of E. globulus, which led to approximately a 5–20 minutes shorter cooking 

time. The shorter cooking time also contributes to a lower amount of xylan degradation 

during cooking, creating a higher cooking yield. However, the reject level for E. globulus 

was 50% higher compared to that of E. nitens. Regardless of the modified cooking 

method, E. nitens retained more cellulose and AIL lignin. The lower xylan retention of 

E. globulus at higher yield can be explained by higher HexA formation and lower 

destruction at lower H-factors and alkali applied to modified cooks. For both species, the 

CC technology presented a tendency of higher intrinsic viscosity (20–50 ml/g) in brown 

pulps than for SB and LS; this can be attributed to the lower temperature used in this 

modified cooking method. No differences were observed in bleachability of E. globulus 

and E. nitens, notwithstanding the cooking method or species. 

Fiber morphology differences after cooking could only be attributed to differences in 

in morphology between wood species. The exception was for fiber wall thickness. In this 

case, there was a marked lower value for SB technology for both species. Additionally, 

modified cooking methods did not affect the WRVs of evaluated pulps; however, the 
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different raw materials had different WRVs. E. nitens pulps exhibited 0.15 g/g higher 

WRVs for both bleached and unbleached pulps than those of E. globulus pulps, although 

having lower fiber wall thickness.  The FSP of the fiber cell wall increased by ~0.1 g/g 

when fiber cell wall thickness increased by 0.50μm. E. nitens pulps presented an average 

of 0.5 g/g higher FSP values compared to those of E. globulus. Based on WRVs, it can be 

concluded that the E. globulus fiber cell wall is more open than the E. nitens, i.e. higher 

cell wall thickness with pores of lower capillary pressure, therefore the water will come 

out of the cell wall pores when centrifuged. Difference in WRV and cell wall thickness 

could be caused by the higher amount of lignin that were extracted from the E. nitens 

fiber cell wall. Leading to higher number of pores with lower pore radius with higher 

amount of xylan in the cell wall. The higher xylan content makes the cell wall more 

hydrophilic and together with lower pore radius the capillary pressure in the pores will 

increase, while not allowing water to be removed by centrifuging. In case of E. nitens the 

smaller pore radius distribution and higher capillary pressure in the fiber cell wall could 

inhibit the cooking chemicals from penetrating the cell wall or the reaction products to 

be retrieved. WRV increased when lateral fibril aggregate size for unbleached pulps 

increased. The opposite phenomenon happened in bleached pulps. No changes in lateral 

fibril aggregate size could be related to the different modified cooking methods.  

In terms of fiber surface composition, no differences could be attributed to modified 

cooking methods. The total charge of fibers after LS cooking was slightly higher (~10–20 

mmol/kg) compared to other cooking methods. However, no correlation could be 

determined among fiber charge or surface composition, fiber surface properties, and 

paper technical properties. The cooking method did not influence the refinability of the 

pulps. 

From the results, it can be concluded that the modified cooking methods, namely SB, 

CC, and LS, with a slightly different cooking chemistry, do not contribute significantly to 

yield and other pulp features. The differences seen in mill environments can be 

attributed to the equipment design and alkali distribution within the column and control 

systems. The decisions on selection of the best technology to produce pulp from E. 

globulus and E. nitens should be made based on mechanical process parameters that 

improve mill process control and the operation of the mill. In addition, one can conclude 

that the main differences in the paper’s technical properties and fiber characteristics 

come from differences in fiber cell wall structures between the wood species.  
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7 FUTURE WORK AND OUTLOOK 
 
The cooking technologies described in this thesis were actually proposals for an 

increased yield, for saving chemicals and improving the paper technical properties. Each 

one claimed its advantages on the other ones. As chemical processes, tested in pilot scale, 

all of them showed clear superiority when compared to regular batch process in the yield, 

chemical consumption and final pulp properties. However, the comparison among the 

three modified cooking evaluated in this work did not show any remarkable difference. 

The main open questions about the modified cooking technologies that require further 

evaluation are: 

A) How the degree of compaction of the chips inside an industrial digester may affect 

the uniformity of chips impregnation and cooking so that all the chips would receive the 

same chemical treatment? 

B) How the shear forces applied to the fibers during hot pumping, mixing, discharge, 

washing impact fiber integrity and in the leaching of colloidal material to outside the 

fiber wall? 

C) How the cooking kinetics may influence the pore size generation and distribution 

into fiber cell wall and how this will affect fiber quality?  

D) Can the pulping process change the quality of the final pulp and how much certain 

properties are depended of fiber morphology? 

E) Why not testing a cooking technology where all the five rules of modified cooking 

are fully fulfilled? 

F) Comparative evaluation of the different cooking technologies also for softwood 

applications; there, the peeling reaction and thus the yield loss reactions are much more 

dominating 

To summarize, future work in this field should focus on how much mechanical action 

of the process itself may affect fiber quality from chipping to pulp bale. What are the 

properties of the fiber that may be affected by the process change and what by fiber 

characteristics? 
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