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Abstract 

The technique to produce pulp has improved and become more complex throughout the years. The 

purpose of pulping is to liberate the wood fibers and it can be done in two ways, either by chemically 

or mechanically separating the fibers. This thesis will focus on the commonly used kraft pulping 

process for eucalyptus and especially on the impregnation stage and how it affects kappa number 

and alkali consumption. This is done by studying the alkali charge, impregnation time and 

temperature for the impregnation stage while maintaining constant cooking parameters. 

This project has shown that the impregnation temperature affects the alkali consumption more than 

the impregnation time. A correlation between alkali consumption in the impregnation and the kraft 

cook was seen. When the consumption is high in the impregnation stage, a lower consumption was 

observed in the cooking stage.   

Sammanfattning 

Tekniken för framställningen av trämassa har utvecklats och blivit mer komplex  genom åren. 

Massaframsställningens syfte är att separera träfibrerna ifrån varandra vilket kan utföras på två sätt, 

antingen på kemisk eller mekanisk väg. Denna studie kommer att fokusera på den beprövade 

sulfatkokningen och då i synnerhet hur impregneringssteget påverkar kappa numret och alkali 

konsumtion. För att uppnå detta studeras basningen för alkalin, impregneringstid och temperatur 

under impregneringen samtidigt som de övriga parametrarna hålls konstanta. 

Detta projekt har visat att impregneringstemperaturen påverkar alkali konsumtionen mer än tiden 

den impregneras. Andra studier som exempelvis Weiping Ban and Lucian A. Lucia 2003 och Joni 

Lehto & Raimo Alén 2013 har har också påvisat denna relation mellan alkali konsumtion och 

impregneringstemperaturen. Denna studie har även visat en alkali konsumtionstrend mellan 

impregneringen och sulfatkoket.  När konsumtionen är hög under impregneringen så är den lägre i 

koket. 
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Introduction 
To produce paper, the wood goes through several steps, where the pulping process is one of them. 

The wood consists of wood cells containing cellulose and various hemicelluloses. The fibres are held 

together by lignin. Fibers can be liberated from the wood matrix in two ways, either by chemical or 

mechanical means. This thesis will use the kraft cooking process and focus especially on the 

impregnation stage. The effect of alkali consumption on degree of delignification (measured as kappa 

number) will be studied in this project by changing the alkali charge, impregnation time and 

temperature while keeping other parameters constant. 

This should result in a higher yield and pulp quality. The delignification gradient should be more 

homogenous throughout the chip, leading to a more equal degradation of carbohydrates on both the 

surface and in the center of the fiber. The cooking stage can then be terminated at a higher kappa 

number and still producing pulp with low enough shives content. The polydispersity index should also 

be lower due to the smoothed out delignification gradient.  

Impregnation 
The goal for the impregnation stage is for the active chemicals, hydrogen sulphide and hydroxide 

ions, to penetrate the chip. The liquid penetration of the chip is important for a more homogenous 

delignification. To achieve that it has to be an even distribution of cooking liquor throughout the 

chips from the surface to the core. The most ideal should be that all the fibers get the same amount 

of chemicals and temperature throughout the chip.     

But if the chemicals are distributed unevenly it can lead to the fibers being overcooked at the surface 

of the chips and uncooked at the core. The uncooked fibers are called shives and are often measured 

to determine how far the delignification has gone. The overcooked fibers on the other hand have 

been exposed to the active chemicals longer and at greater concentration than necessary which can 

lead to lower yield and shorter carbohydrate chains. There are a couple of factors that affect the 

impregnation such as the wood quality and size, steam pressure, liquid-to-wood ratio, impregnation 

temperature and how long it is impregnated for. Thicker chips have to impregnate for a longer time 

for a thoroughly impregnation (Hartler and Onisko 1962, Gullichsen et al. 1992).  

The entrained air, moisture level and chip thickness are the three factors that affect the degree of 

liquor penetration. Hartler and Onisko saw that the chip thickness was important for homogenous 

delignification and shives content (Hartler & Onisko, 1962). For homogenous delignification the chip 

thickness should be 2 mm or lower (Gullichsen et al. 1992). Mills on the other hand often handles 

chips with a thickness of 4 - 8mm which gets a penetration gradient throughout the chip. Thinner 

chips can lead to loss in form of fine material and dust in the chipper. There is a way to help the 

penetration of cooking liquor in over thick chips by inducing cracks into them (Sainio, Walsh 2000; 

Määttänen, Tikka 2008). By prepressing the chips using a pressure screw before the cook the 

thickness of the chips from the chipper can be increased, which decrease the loss of fibers and fiber 

length after the chipper. 

Pre-steaming 

The chips contain air in the lumen that hinders the cooking liquor to penetrate into the fibers. There 

are several “penetration aid” techniques to remove the air but the most commonly used method is 

to pre-steam the chips. It have been shown that the impregnation improved by pre-steaming the 



chips first (Malkov et al. 2002, Määttänen, Tikka 2012a). For example it is harder for the liquor to 

penetrate heartwood than sapwood. Because heartwood contains more air and lower moisture level 

leading to a less effective penetration (Malkov et al.  2001).  

The steaming process can be done through thermal expansion, where the air is heated and expands 

so it displaces. The moisture in the wood can also be heated. This increases the vapor pressure inside 

of the chip forcing the air out.  The air within the chip can also diffuse out from the chip. This can be 

done through a partial pressure gradient where the environment outside the chip is saturated with 

vapor. This creates a pressure difference between the outside and inside of the chip, making the air 

inside the fibers to diffuse out of the chip. 

Liquid penetration 

The penetration rate is different depending which direction the liquid is transported. Transportation 

in the longitudinally direction is done through the lumen openings and through pores in the latitude 

direction. The transportation of liquor through the pores is done differently depending on the type of 

fibers. Hardwood has libroform cells equipped with pits, where the vessels have different types of 

pores. The liquor transport for softwood is done in the bordered pits on the thracheids cell walls. The 

penetration effectiveness of the cooking liquor varies depending on the wood density matrix. The 

density from earlywood fibers is low compared to latewood fibers, because the cellular walls are thin 

and the lumen openings are bigger than the latewood. Latewood fibres on other hand have thick cell 

walls and smaller lumen openings, which makes liquid transportation more difficult.  

The transportation of liquor can be 50 to 200 times faster in the longitudinal direction of the fibers 

compared to across the fibre direction. The reason is that the lumen openings are much bigger than 

the pores and can transport more liquid than the pores. The radially and tangentially transportation 

of liquid can also be obstructed. For example the torus that is a part of the pit membrane can clog 

the pores in the thracheids. The number of bordered pits varies in the chip, 10-50 pits in the 

latewood thracheids and over 200 pits in earlywood thracheids (Sjöström, 1993). 

Diffusion of liquor 

During the impregnation there are two categories of liquid soaking the chips; free liquid and liquid 

integrated in the lumen and pores that resides in the cell walls of the thracheids. The transportation 

of the chemicals in the liquid to the reactants is done through diffusion. The transportation rate is 

determined with Fick’s law where the liquors diffuse from a medium with high concentration to a 

lower.  

The diffusion rate is much faster in the longitude direction than the radially and tangentially. The 

reasons for the faster diffusion are the same as the penetration of liquor. The lumen openings 

provide much bigger surface area that more liquor can diffuse into. But the amount of pores 

increases throughout the delignification when the materials in the cell walls are removed. So the 

diffusion rate in the latitude direction should increase with the degree of delignification.  

The cell walls can also be made more porous depending on the ionic strength in the liquor or in this 

case the pH level. A higher pH provides more hydroxide ions which leads to higher repulsion forces in 

the cell walls layers forcing them apart. This is because the functional groups in the wood 

components are mostly hydroxide groups. The surface areas for diffusion are quite similar both the 

directions when it comes to pH levels in the liquor.  



Kraft cook 
The most common method to produce chemical pulp is the kraft cook which is a development of the 

soda cook. The purpose of the cooking process is to separate the fibers that are "glued" together by 

dissolving lignin. The cooking liquor to the digester is known as white liqour and contains sodium 

hydroxide (NaOH) and sodium sulfide (Na2S). The active chemicals used to delignify fibers are 

hydroxide ions (OH-) and hydrogen sulphide ions (HS-). When preparing the white liquor the desired 

amount of chemicals is mixed together from concentrated stock solution of Na2S and NaOH. The 

hydrogen sulfide is obtained by hydrolyzing Na2S and water according to the following equilibrium 

that is strongly shifted to the right. 

𝑁𝑎2𝑆 + 𝐻2𝑂 ⟺ 𝑁𝑎𝑂𝐻 + 𝑁𝑎𝑆𝐻    (1) 

This equilibrium makes it more complicated to specify the needed amount of stock solution for the 

desired concentration of the cooking chemicals. The hydrolysis also forms hydroxide ions beside 

hydrogen sulfide, which contributes to the total alkali concentration in the white liquor. So it is not 

possible to determine the concentration of the cooking chemicals solely on the added stock 

solutions. Therefore the concentration of the white liquor components can either be expressed by 

the total concentrations of OH- and HS- or the introduction of effective alkali (E.A.) and sulphidity. 

Effective alkali collects both the OH- concentration from the NaOH stock solution and the 

contribution from the hydrolysis of sulfide into one term, often expressed in percent on wood.    

𝑛𝐸𝐴 = 𝑛𝑁𝑎𝑂𝐻 + 𝑛𝑁𝑎2𝑆     (2) 

𝐸. 𝐴. (%) =
𝑛𝐸𝐴∗𝑀𝑤𝑁𝑎𝑂𝐻

𝑚𝑤𝑜𝑜𝑑
∗ 100    (3) 

Due to the equilibrium in the hydrolysis the amount of Na2S and NaOH charged into the white liquor 

relates to each other. Changes in the sulphide charge change the alkali charge in the end and vice 

versa. The term sulphidity relates the alkali charge to the sulphide charge according to the following 

formula. 

𝑆𝑢𝑙𝑝ℎ𝑖𝑑𝑖𝑡𝑦 % =
2𝑛𝑁𝑎2𝑆

𝑛𝑁𝑎2𝑆+𝑛𝐸𝐴
∗ 100    (4) 

There are more parameters than the concentration of the active chemicals in the white liquor that 

affects the delignification. For example what type of wood to use, amount of wood chips, liquid-to-

wood ratio and cooking time affects the results. The white liquor is diluted with deionized water until 

it reaches the desired liquid-to-wood ratio, while also taking dryness of the wood into consideration.  

The H-factor model is often used to determine how far the delignification has proceeded. It combines 

both temperature and cooking time into one expression. The equation is based on the Arrhenius 

equation ( eq.5) and the delignification rate is integrated over time (eq.6). To simplify the calculation 

the activation energy is assumed to be, Ea = 134 kJ/mole, constant for the whole delignification 

process (eq.6). The delignification rate has been defined as 1 at 100°C and can be determined at 

different temperatures based on that definition.   

lnk = A −
Ea

RT
    (5) 



H = ∫ kdt
t

t0
= ∫ Ae− 

Ea
RTdt

t

t0
   (6) 

Deacetylation 
The main hemicellulose in hardwood is O-acetyl-4-O-methylglucuronoxylan, otherwise known as 

“xylan” and galatcoglucomannan for softwood. These hemicelluloses have acetic acid groups that 

split off during the deacetylation. The deacetylation is the main reaction during the first stage of any 

alkaline process and the main consumer of alkali (Zanuttini et al., 2005). For hardwood around 60-

70% of the charged alkali is consumed by neutralizing the split off acetic acids in the deacetylation 

(Enkvist et al., 1957).  

The cell walls and the properties of the polymer of the hemicellulose can be affected by the 

deacetylation. For example the accessibility of the cell wall is increased (Sumi et. al., 1964), swelling 

and the ion transport capacity in the cell walls are also affected by the deacetylation. This gives the 

alkaline impregnation a complex pattern with wood behaving like a glassy polymeric solid. The intact 

inner part of the particle is separated from the outer swollen shell by an advancing boundary zone 

(Zanuttini et al., 2000).The profile of the acetyl concentration forms a stepform pattern in the interior 

of the wood. But the alkaline profile on the other hand depends on the conditions of temperature 

and external alkali concentration (Inalbon et al., 2011). 

Zanuttini and co-authors have shown that the deacetylation in Eucalytus wood is fast (Zanuttini 

2008). The removal is almost complete in a few minutes at 90°C which evidently affects the alkali 

concentration. It has also been demonstrated that deacetylation of wood is fast when it undergoes 

mild thermal or moderate alkaline action which leads to important effects on the pulping process 

(Zanuttini et al. 2005). 

It is important to take the deacetylation in consideration during the kraft cook. The high alkali 

consumption from neutralizing the acetyl groups decrease the effective alkali used for the actual 

delignification leading to higher shive content and yield loss. By having an impregnation stage before 

the kraft cook a more even the alkali profile can be achieved.  The deacetylation will occur during the 

impregnation stage so the alkali concentration in the kraft cook will not drop as dramatically and a 

more effective delignification can be achieved. 

 

  



Method 

Preparation 
First of all the dry solid content of the eucalyptus is determined by drying 10-15 g chips in a 105°C 

oven overnight.  The eucalyptus used for this thesis was Eucalyptus urograndis provided by Stora 

Enso. The accepted chips have a 2-6 mm thickness and no visible knots or bark.  

The kraft cook process were done in acid-proof autoclaves and cooked in a polyethylene glycole 

(PEG) bath. To get an estimation of the alkaline consumption during the impregnation preparation 

cooks are made. 100 ± 0,1 g oven dry weighted chips are added to the autoclaves and evacuated for 

30 minutes before the white-liquor is sucked in. Meanwhile the cooking liquor is prepared with an 

alkali charge of 1,3mol/l, sulphide charge of 0,36 mol/l, an ion concentration of 2,5 mol/l and a 

liquid-to-wood ratio of 3,5. The initial alkali concentration is analyzed according to SCAN 33:94.  The 

autoclaves were then put into the PEG-bath at the impregnation temperatures 95°C, 105°C and 

130°C and then rotated. The chips are impregnated for 40, 60 and 90 minutes plus additional 10 

minutes to warm up the cooking liquid. The impregnation was terminated by cooling the autoclaves 

in a water bath for 10-15 minutes. After that 100 ml black liquor is removed for residual alkali 

analysis according to SCAN 33:94. 

Kraft cook 
The impregnation phase of the main cooks are made with the same method as the preparation cooks 

but use 250 ± 0,1g oven dry weighted chips instead of 100g per autoclave. Four samples are cooked 

for each impregnation temperature and time according to table 1. 

Table 1 Impregnation temperature and time 

Timp [°C] timp [min] 

130 40 

95 90 

105 60 

105 90 
 

The removed black liquor is replaced with 100 ml new white liquor with an alkaline concentration 

based on the residual alkali analysis, so every sample starts with an alkali charge of 0,725 mol/l. In 

this thesis only the impregnation stage is interesting so the cooking temperature is kept constant at 

157°C for all samples. The autoclaves are allowed to cook for 60, 75 and 90 minutes and then cooled 

in a water bath. Black liquor is removed for residual alkali analysis according to SCAN 33:94 to 

determine the consumption of alkali during the cooking phase.  

Screening and kappa number analysis 
The chips are still intact after the cooking process, so after the samples have been washed with 

deionized water overnight they are defibrated. This is done by using a Nordiska Armatur Fabriken 

(NAF) water-jet defibrator that defibrates and screens the chips into pulp. The rejects from the 

defibrator are dried overnight in a 105°C oven and then weighted. The screened pulp is centrifuged 

to 30% dryness, dried overnight in a 40°C oven and weighted. The dryness of the dried pulp is 



determined with a Mettler PM460 scale and a Mettler LP16 IR heater. The screened yield, shives 

content and total yield are then calculated from the data. The kappa number is estimated by using 

iodometric titration according to the ISO Standard ISO 302:2004. Some of the samples were dried 

and weighted using a Mettler PM460 scale and a Mettler LP16 IR heater. The rest of samples were 

weighted based the dryness data from earlier. 

  



Results and discussion 

Alkali consumption 
The objective of this project was primarily to study how some of the impregnation parameters affect 

the alkali consumption and the delignification. Figure 1 and Figure 2 shows the alkali profile in the 

impregnation and the kraft cooking stages. The reference impregnated at 130°C for 40 minutes. The 

alkali profile during the impregnation shows that the temperature affects the consumption more 

than the time. Earlier studies have also shown the relationship between the temperature and alkali 

consumption. Ban and Lucia showed that the temperature during the pretreatment is more 

influential than the time (Ban, Lucia 2003). The maximum alkali consumption was reached in shorter 

time with a higher temperature.  

 

Figure 1 Alkali profile impregnation 

 

 

Figure 2 Alkali profile cook    

The yield data could not be included in the report due to the unreliable dry solid data for the screen 

yield, but the shive content is included. 
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Table 2 Average alkali consumption (%) for the impregnation and kraft cook 

 Impregnation Kraft cook 

130˚C 40min 59,4 52,1 

95°C   90min 48,3 63,8 

105˚C 60miin 49,8 60,4 

105°C 90min 52,9 56,7 

 

Figure 3 Alkali consumption % 

The alkali consumption in Table 2 show that the reference cook consumes 59,4% of the charged alkali 

in the impregnation stage which is the highest in this study. As seen in Figure 3, there seems to be a 

correlation between the alkali consumption in the impregnation stage and cooking stage. A high 

alkali consumption during impregnation resulted in a low consumption during cooking. The higher 

alkali consumption in the reference cook during the impregnation can be explained by the higher 

temperature. Carbohydrate reaction such as peeling and alkaline hydrolysis benefits from higher 

temperature and these reactions consume alkali. 

The consumption of alkali is the opposite for the mildest cook at 95°C where it only consumed 48,3% 

of the alkali but it had the highest consumption of 63,8% in the actual cook. The cooks at 105°C 

showed that the impregnation time doesn’t affect the alkali consumption as much as the 

temperature and they have the same relationship between the consumption of alkali in the 

impregnation stage and the cook.  
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Figure 4 Total alkali consumption vs kappa number 

Figure 4 depicts the relationship between the total alkali consumption and kappa number. The total 

alkali consumption is the sum of the consumption from the impregnation stage and the cooking 

stage for each sample. The figure show that the lower impregnation temperature consumes less 

alkali at a given kappa number and the impregnation time doesn’t affect the kappa number that 

much. A comparison between the lowest impregnation temperature at 95°C and the reference at 

130°C at kappa number 21.5 show a difference of 0,072 mol of sodium hydroxide per liter liquid. This 

means that with a liquid-to-wood ratio of 3.5 around 10 gram alkali per kilogram wood can be saved 

using the lower impregnation temperature for the same kappa number. It can be hypothesized that 

the impregnation is more efficient in the case of 95°C and 90 min compared to the reference thus 

resulting in a more homogeneous delignification in the cooking stage. Consequently, less 

carbohydrates might have been degraded by the peeling reaction, with less isosaccharinic acid 

groups to neutralize. There is a 12 minutes difference for the two cooks to reach kappa number 21.5 

at the cooking temperature used in this study, where the reference have the shortest cooking time 

with 65 minutes. Figure 4 shows that kappa number 21.5 is below the defibration point of the 

eucalyptus. 

.  

Figure 5 Shive content % vs kappa number  
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Conclusion 
This project has shown that the impregnation temperature does affect the alkali consumption during 

the kraft cook, the higher temperature the more alkali were consumed. It also showed an interesting 

trend where the more NaOH consumed during the impregnation less was consumed during the kraft 

cook. The gentler impregnation at 95°C consumed less alkali than the reference cook at 130°C at a 

given kappa number. Less alkali consumption could mean that less hydroxide ions are used for the 

degradation of the carbohydrates which should improve the yield and   pulp quality.  
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