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ABSTRACT 

To improve the competitive advantages of pulp fibre-based materials for 

tissue and packaging over fossil-based products, it is essential to increase 

knowledge of the selectivity of the cooking and the chemimechanical 

processes by optimizing the unit operations of impregnation, cooking and 

refining. A general goal in pulping processes is to achieve as efficient and even 

fibre separation as possible. A key to achieving this is to improve 

impregnation uniformity. In the case of chemical pulping, we need to study 

how a more even distribution of lignin at the fibre level via easily impregnated 

wood chips can be achieved using classic measures such as equalized 

hydroxide ion concentration, increased initial sulphide ion concentration, low 

sodium ion concentration and a low cooking temperature combined with an 

oxidative and reductive environment. In the case of chemithermomechanical 

pulp (CTMP) manufacturing, we need to achieve as even a degree of 

sulphonation as possible at the level of the individual fibres by means of 

improved sulphite ion distribution within the wood chips before they are pre-

heated prior to entering the refiner.  

Firstly, we have studied selective cooking systems for sulphate pulp 

manufacturing in oxidative (polysulfide) and reductive (sodium borohydride) 

environments. The yield increased from 48% to a maximum of 53%, which 

resulted in faster dewatering when mimicking a tissue papermaking process. 

This could explain how the advantage of the increased yield (fewer fibres and 

a more open sheet structure) outweighs the negative effects of the higher 

hemicellulose content on the dewatering properties. Moreover, the increased 

proportion of hemicellulose in the fibre walls resulted in improved bonding 

and increased tensile index at a certain refining energy.  

Secondly, we have studied the uniformity of impregnation at the fibre level 

by developing an accurate way of measuring sulphur and sodium content in 

measuring points that are 5-10 µm in diameter with miniaturized X-ray-based 

technology. This technology is considered cheap and efficient enough to be 

introduced in industrial labs and/or in online equipment. Our newly built 

miniaturized energy dispersive X-ray fluorescence (ED-XRF) demonstrates 

the capability of imaging sulphur and possibly sodium distribution in wood 

chip fibres or individual fibres on a micro scale.  

In parallel, to the above research we have studied a new catalytic lignin-

selective cooking method where a substantial portion of the dissolved lignin 

can be extracted as vanillin, creating significant value and opportunities for 

new cost-efficient wood biorefinery systems.  
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SAMMANFATTNING 

 

För att förbättra konkurrensfördelarna med massafiberbaserade material 

såsom mjukpapper och förpackningsmaterial, jämfört med fossilbaserade 

produkter, är det viktigt att förbättra kunskapen om massatillverknings-

processers selektivitet genom att optimera enhetsprocesserna; impregnering, 

kokning och raffinering. Det övergripande målet för alla massatillverknings-

processer är att erhålla så effektiv och jämn fiberseparation som möjligt. För 

att erhålla jämnare distribution av impregnering måste vi studera hur 

frisättning av lignin på fibernivå via lättimpregnerade träflis kan uppnås med 

klassiska åtgärder som; utjämnad hydroxidjonkoncentration, ökad initial 

sulfidjonkoncentration, låg natriumjonkoncentration och låg koktemperatur 

kombinerat med oxidativ och reduktiv miljö. Vid tillverkning av kemi-

mekanisk massa (CTMP) behöver vi erhålla så jämn sulfoneringsgrad som 

möjligt ner till fibernivå. Här behöver vi förbättra fördelningen av 

sulfitjonerna i vedflisen innan förvärmningen före raffinören.  

Vi studerade först selektiva kokningssystem för tillverkning av sulfatmassa i 

oxidativ miljö, polysulfid, respektive i reduktiv miljö, natriumborhydrid. 

Utbytet ökade från 48% till i bästa fall 53%, vilket resulterade i snabbare 

avvattning vid betingelser som simulerar tillverkning av hygienprodukter. Vi 

kunde förklara det ökade utbytet med att den positiva inverkan av färre fibrer 

vid viss ytvikt och öppnare arkstruktur dominerar över den negativa 

inverkan av högre halt vattenabsorberande hemicellulosa på avvattnings-

egenskaperna. Den högre halten hemicellulosa i fiberväggarna bidrog till 

förbättrade bindningsegenskaper och ökat dragindex vid en specifik 

raffineringsenergi. Därefter studerade vi sätt att utvärdera homogenitet i  

impregnering på fibernivå genom att ta fram en metodik som kan mäta 

svavel- och natriuminnehåll i mätpunkter som är 5-10 µm i diameter. 

Mikroskopi baserad på röntgenfluorescens bedöms vara lämplig för detta 

ändamål samt tillräckligt billig och effektiv att framöver kunna användas i 

industrilaboratorier och/eller i online-utrustning.  

Parallellt har också forskning utförts rörande en ny katalytisk lignin-selektiv 

kokningsmetod där en signifikant andel av ligninet kan lösas ut som 

värdefullt vanillin. Detta skapar framtida möjligheter att ta fram en 

kostnadseffektiv bioraffinaderimetodik där högt värde skapas både i form av 

väl separerade fibrer och i form av värdefulla naturliga kemikalier.  
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DEFINITIONS 

Black liquor (BL) 

The residual liquor (black) from the delignification process consisting of 

degraded and dissolved wood components such as lignin and unreacted 

cooking chemicals. 

 

Effective alkali (EA) (%) 

A measure of the free hydroxide ion (OH-) concentration in the white liquor 

(WL). The charge of effective alkali in the cook is normally expressed as 

weight percentage of wood. 

For example, 20% EA=200 kg NaOH/ton of wood, meaning that the liquor to 

wood ratio must be noted to calculate the concentration. 

 

H-factor 

A function used to estimate delignification based on relative reaction rate, 

which is a function of temperature. 

 

Kappa number 

A standardized estimate of the lignin content of a pulp, based on the 

assumption that potassium permanganate (KMnO4) only oxidizes lignin and 

not cellulose or hemicellulose. The testing conditions are specified in SCAN-

C 1:77. A rough estimate of the percentage lignin content can be calculated as 

the Kappa number divided by 6.55. 

 

Schopper–Riegler (°SR) 

Determination of the drainability of a pulp suspension. 

 

Sulfidity (%) 

A measure of the relationship between hydrogen sulphide ion (HS-) 

concentration and hydroxide ion (OH-) concentration in a kraft cooking liquor, 

often expressed as a percentage: 

Sulfidity (%)=  
2⦋𝐻𝑆−⦌

⦋𝑂𝐻−⦌+⦋𝐻𝑆−⦌
∗ 100 

 



 

xvii 

Degree of sulphonation 

A measure of the amount of sulphate groups bound to the fibres, more 

specifically to the lignin in the fibres. This can be measured by conductometric 

means (Katz et al. 1984) or using cationic polyelectrolyte titration (Wågberg et 

al. 1989), after acidification of washed CTMP to pH 1(pKa=2 for 

lignosulphonates). More exact measurements can be achieved by means of the 

quinoline method (Westermark, Samuelson 1993; Peng, Sirnonson 1991), the 

non-poisonous niacin method (Logenius et al. 2014) or Schöniger combustion 

of the washed pulp followed by oxidation of the sulphur to sulphate ions that 

are measured by means of ion chromatography. 

 

Tensile index 

The quotient of the tensile strength divided by grammage (weight per unit 

area). 

 

Total yield (%) 

Defibrated pulp and reject material expressed as weight of wood (%). 

 

White liquor (WL) 

A mixture of cooking liquor containing fresh chemicals of hydroxide (OH-) 

and hydrogen sulphide (HS-) ions prior to being added to the cooking system; 

a clear solution, slightly yellow due to the presence of Na2S. The counter-ion 

is mainly sodium. 

 

Yield 

The ratio of the weight of pulp produced to the amount of wood charged. 

 

Zero-span tensile strength 

The tensile strength of paper measured with the shortest possible clamping 

distance. It is normally related to the fibre strength. 

 

  





1 

CHAPTER 

1 
                                        INTRODUCTION 

 Scope 

 

The manufacturing of chemical pulp (kraft pulp) and 

chemithermomechanical pulp (CTMP) is increasing significantly for the 

production of hygiene products, and even more so for the production of 

packaging materials such as paperboard and liner. Today, bleached softwood 

kraft pulp is the highest single cost element for the final production of tissue 

paper. Typically, more than 50% of the total production cost comes from 

manufacturing this pulp. The second largest cost is related to the dewatering 

and tissue dryness stage, in which most of the energy is consumed. There is 

also increasing interest in replacing plastics with renewable, easily recyclable 

and biodegradable materials such as paper and paperboard. To make this 

possible, the pulp and paper industry needs to further develop its processes 

to improve key product properties. Improving the fundamental 

understanding of fibre properties is the key to understanding how to improve 

efficiency with regard to yield and energy. Moreover, new methods to 

increase the value of dissolved or partly dissolved wood polymers in the form 

of lignin and hemicellulose has significant potential to improve overall system 

efficiency of the combined production of valuable bio-based materials and 

chemicals.  

 

In this thesis, possibilities for modifying and improving the pulping process 

and testing of a new catalytic system are studied. Ways to improve the fibre 

properties and lower manufacturing costs of tissue and packaging products 

are also studied. To achieve these goals it is essential to improve knowledge 

of the selectivity of the cooking process by optimizing the unit operations of 

impregnation, cooking and refining.  

 

However, this thesis work initially studied the ‘kraft pulping processes’ as an 

industrial licentiate project by SCA R&D Centre, Sundsvall. Today, kraft 
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pulping is the dominant process for the production of chemical pulps used in 

tissue, packaging and printing paper products. In the area of high-yield 

pulping processes, the production of CTMP is steadily increasing due to its 

use in tissue and packaging products, while thermomechanical and especially 

stone-ground wood pulping are declining due to slowing production of 

printing paper. The licentiate project focused on how chemicals quickly enter 

and become distributed in wood chips through either an oxidative or a 

reductive environment. This research work was performed at SCA Research 

in collaboration with FORIC (Forest as a Resource Industrial Research College) 

and Mid Sweden University to contribute to a better understanding of the 

softwood pulp properties required for tissue paper production. It also focused 

on how these properties contribute to the specifications and quality of the 

product. The approach showed how the kraft pulping process can be 

modified to improve fibre properties for tissue products. Kraft pulp fibres are 

generally treated/beaten in refiners to achieve the appropriate 

bonding/adhesion properties. Refining increases the fibre surface area by 

fibrillation and releases fines (fine particles) from the fibre surfaces. In tissue 

production, the aim is to minimize the amount of free fines while increasing 

fibre-to-fibre bonding/adhesion. Different approaches to increasing the 

strength of fibre-to-fibre joints were determined in that licentiate project: 

 

 Firstly, ways of increasing the proportion of hemicelluloses in the 

pulp fibres was studied by modifying the kraft cooking process with 

the addition of new chemicals (oxidative and reducing agents).  

 

 Secondly, the strength of the pulps produced by adding new 

chemicals and refining the pulps was evaluated. The change in 

strength from different beating levels was also determined. 

 

 Thirdly, the pulps produced with the addition of new chemicals were 

tested with regard to their vacuum-dewatering properties under 

simulated conditions of a paper machine. 

 

In addition, a latter part of the doctoral project at FSCN (Fibre Science 

Communication Network) was conducted in collaboration with STC (Sensible 

Things that Communicate), Mid Sweden University, Sweden. This latter part 

of the thesis studied impregnation uniformity. Impregnation uniformity is 

very important for subsequent operations, but there are a lack of 

measurement methods combining spatial resolution with reasonable sample 
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preparation and measurement time. The uniformity of impregnation was 

therefore studied with a newly developed miniaturized micro X-ray 

fluorescence (XRF)-based technology. This part of the thesis deals with 

creating miniaturized and easy-to-use X-ray-based measurement techniques 

that can analyse the concentration of sulphur (S) and sodium (Na) in the cross 

sections of wood chips and on individual fibres. This is to test different 

impregnation techniques for kraft pulp and CTMP to improve process 

efficiency. It should also be possible to apply the technique in pulp mills as a 

follow-up to wood sorting and to help find solutions to process problems. 

 

The research work continued with studies on a new catalytic lignin-selective 

cooking method. The idea behind this was that a large proportion of lignin 

could be obtained as a sustainable and valuable fine chemical like vanillin. 

The goal was to produce vanillin directly from wood with the potential to 

produce an interesting pulp fibre simultaneously. 

 

However, the studies presented in this thesis were performed on a lab scale. 

While not being able to test at mill scale is a limitation of the study, the results 

show a clear pathway to continue testing at pilot scale in the future.  

 

1.2 Objectives of the study 
 
In the context described previously, this thesis has focused on the 

fundamental scientific understanding of pulp and paper manufacturing 

systems to optimize pulp/fibre properties for tissue and packaging products. 

However, within this scope we have set the following research objectives for 

each of the papers: 

 

1. In the first paper, the modification of the carbonyl end group of the 

hemicelluloses was investigated to reduce their degradation and 

increase the total yield. Two different additives (an oxidizing or 

reducing agent) were added to the laboratory digester. Thus, the aim 

was to investigate the effect of yield on the physical properties of low-

grammage handsheets.  

 

2. In the second paper, further studies were performed on the modified 

softwood kraft pulps to explore their vacuum dewatering properties 

by mimicking the tissue production process with low-grammage (20 
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g/m2) sheets using a laboratory-dewatering device. Thus, the aim was 

to find high quality fibres for tissue paper production using less 

energy for refining and achieving lower energy costs for drying.  

 

3. In the third paper, impregnation uniformity was studied by 

developing a miniaturized energy dispersive X-ray fluorescence (ED-

XRF) spectroscopy method. Thus, the aim was to investigate the 

imaging capability for S and possibly Na distribution in wood and 

fibres on a micro scale to study the sulphonation degree and establish 

a standard measurement method. 

 

4. In the fourth paper, a new catalytic lignin-selective cooking method 

was studied, with an additional aim of being able to produce a large 

proportion of lignin to be used for the production of sustainable fine 

chemicals by selective catalysis. The general principle is that this will 

improve the selection process to obtain partly delignified fibres from 

high-yield pulps or largely lignin-free fibres from chemical pulps. In 

addition, it will facilitate the production of valuable products from 

dissolved wood polymers, for example vanillin from dissolved lignin. 

 

5. The fifth paper focuses on the development of a standard 

measurement method from all the above investigations. The aim was 

to improve the smoothness of fibre properties for tissue and 

packaging products while not only saving energy but also reducing 

chemicals use. The main aim was to meet target 9.5.1 of the UN 

Sustainable Development Goals (SDG) to “Enhance research and 

upgrade industrial technologies-R&D spending”. 
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CHAPTER 

2 
                                         BACKGROUND 

This chapter presents important literature that provides the theoretical 

background for this thesis. First, there is a brief focus on the composition of 

wood and production of kraft pulp with carbohydrate yield for the study of 

sulphate pulp cooking. Second, the physical properties of fibre, the refining 

concept and dewatering and its effect on fibre properties are briefly explained. 

Third, the efficiency of impregnation is considered with respect to the study 

of sulphonation degree to improve uniformity using the new miniaturized 

XRF technology. Fourth, a discussion is presented on improving selectivity 

via a catalytic approach by optimizing the pressure, alkalinity and 

temperature conditions under which lignin from wood can be dissolved while 

improving the vanillin yield. 

2.1 The composition of wood 

Hardwood and softwood are the main raw materials for the production of 

pulp. Wood consists mainly of polysaccharides (primarily cellulose and 

hemicellulose), which are carbohydrate polymers and lignin, a complex 

polymer. There are also small amounts of extractives in wood, which are 

compounds of various species with a low molecular weight. They can be 

extracted from wood with water or organic solvents. The relative amounts of 

cellulose, hemicellulose, lignin and extractives differ between wood species. 

In extractive-free dry wood, the average values are about 43% cellulose, 28% 

hemicelluloses and 29% lignin for softwood, and about 43% cellulose, 35% 

hemicelluloses and 22% lignin (Rydholm 1965c) for hardwood. 

Cellulose is a homopolysaccharide composed of β-D-glucopyranose units 

linked together by (1 ̶˃4)-glycosidic bonds (Fig. 1). Hemicelluloses are 

heteropolysaccharides. For example, galactogluco-mannans are the principal 

hemicellulose in softwood (about 20%), the backbone of which is a linear and 

slightly branched chain built up of (1̶ ˃4)-linked β-D-glucopyranose and β-D-

mannopyranose units (Fig. 2). Hemicelluloses are relatively easily hydrolysed 

by acid into their major monomeric components, such as D-glucose, D-

mannose, D-xylose, L-arabinose and L-rhamnose (small amount).  
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Fig. 1 – The structure of cellulose (adapted from Sjöström 1981) 

 

Fig. 2 – The structure of galactoglucomannan (adapted from Sjöström 1981) 

 

2.2 Production of kraft pulp 

Kraft or sulfate pulping is the dominant process for the production of 

chemical pulp worldwide due to the valuable properties of the pulp produced. 

In the paper industry, kraft pulp fibres are the most important raw material 

for the production of paper, board and many other applications. Kraft pulps 

are produced from hardwood, softwood and annual plants. The properties of 

the pulps depend not only on the raw material but also on the pulping process, 

the extent of delignification and the bleaching sequences. 

The word ‘kraft’ means ‘strength’ in both Swedish and German. In 1884, C.F. 

Dahl from Germany invented the kraft pulping technique when he added 

sodium sulphide (Na2S) to the cooking liquor in the soda process (Twede, 

Selke 2005). The ‘Kraft pulping process’ is also called the ‘Sulfate pulping 

process’ as sodium sulfate (Na2SO4) is used for make up in the chemical 

recovery cycle. Kraft pulping is generally more efficient than soda (NaOH) 

pulping due to the presence of both hydroxide ions (OH-) and hydrogen 

sulphide ions (HS-) as active chemicals, whereas in the soda process 

hydroxide ions (OH-) are the only active chemical. The cooking liquor is called 

white liquor in kraft pulping and consists of sodium hydroxide (NaOH) and 
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sodium sulphide (Na2S). The active ions are dissolved in water and the 

equilibrium Eq. 1 is displaced to the right. 

 

                              𝑆2− + 𝐻2𝑂 ↔  𝑂𝐻− + 𝐻𝑆−                                                           [1] 

 

  

The overall chemical cooking reactions in kraft pulping depend on the 

concentrations of active chemicals, time and temperature, which were 

modelled by Vroom (1975) in the ‘H-factor model’. The H-factor model, Eq. 2, 

was designed as an integration over time of the Arrhenius equation, Eq. 3,  

 

                              H= ∫ 𝑒( 43.2−16113
𝑇

)𝑡
𝑡0

𝑑𝑡                                                               [2] 

 

  

which assumes the activation energy EA=134 kJ/mol for the whole 

delignification process and a defined relative rate of 1 at 373 K . 

 

                         𝑘 = 𝐴𝑒
−𝐸𝐴
𝑅𝑇                                                                             [3] 

    

2.3 The carbohydrate yield in kraft pulping 

During kraft pulping, lignin degrades and is released from wood fibre 

through reactions with OH- and HS-. The delignification occurs in three 

phases: initial, bulk and residual. During the initial phase, 20-25% of the lignin 

is removed (Pekkala 1982), but most of it is removed in the bulk phase. Only 

10-15% of the native lignin is removed in the residual phase (Mao 1995).  

In kraft cooking, two types of carbohydrate reaction occur: a peeling reaction 

and an alkaline hydrolysis. The peeling reaction starts early in the cook and 

results in lower pulp yield due to the degradation of the polysaccharide 

chains. The peeling reaction degrades the polysaccharide by removing 

terminal sugars. Peeling removes one monomer unit at a time from the 

reducing end of the molecule (aldehyde) (Molin 2002). The acids formed by 

the peeling reaction are responsible for most of the alkali consumption. The 

peeling process stops when an end group is formed that will not peel. In the 

alkaline hydrolysis reaction, the polysaccharide chain is cleaved within the 
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chain instead of at the end as in the peeling reaction. This generates a new 

reducing end group, which increases the rate of peeling. 

It was earlier reported (Janson, Teder 1986; Gustavsson, Al-dajani 2000) that, 

depending on the pulping conditions, minor amounts of cellulose are 

dissolved during kraft pulping and that the cellulose yield can vary between 

80% and 90%. Alkaline hydrolysis can also occur at high temperatures and is 

then responsible for reducing the degree of polymerization. Alkaline 

hydrolysis can significantly decrease the degree of polymerization (DPw) of 

cellulose largely, from 9000-10000 monomer units in wood (Goring, Timell 

1962) to 4000-8000 monomer units in pulps (Berggren et al. 2003). 

The hemicelluloses of softwood kraft pulps differ from those in native wood. 

For example, the arabinose groups are removed from the 

arabinosglucoronoxylan and the acetyl groups are removed from the 

galactoglucomannan (Fengel, Wegener 1984). Glucomannan is readily 

dissolved during the initial phase of softwood kraft cooking due to the peeling 

of its rather short chains, and the yield after the cook can vary between 20% 

and 30% (Aurell, Hartler 1965a; Gustavsson, Al-dajani 2000).  

The peeling reaction is less efficient in xylan due to the arabinose and 4-O-

methylglucuronic acid units, but large parts of the xylan are dissolved during 

both softwood and hardwood kraft pulping, depending on the hydroxide ion 

(OH-) concentration, and the yield can vary between 20% and 70% (Aurell, 

Hartler 1965a; Gustavsson, Al-dajani 2000). Delignification is normally 

limited to a Kappa number of 30-35 in the conventional kraft process to ensure 

a good fibre quality and high yield. The glucomannan yield can be 

substantially increased by using sodium borohydride (NaBH4) or polysulfide 

(PS) in the first part of kraft pulping (Rydholm 1965a; Gullichsen, Fogelholm 

1999). Lignin is degraded into small soluble fragments during chemical 

pulping and the lignin content after kraft pulping in pulps that will be 

bleached is usually 5-10% (Molin 2002). 

 

In the kraft pulping process, at high temperatures, some cellulose and 

hemicelluloses are degraded and dissolved by hydroxide (OH-) ions. The 

degradation of carbohydrates for a given lignin content (Kappa number) can 

be reduced by using a lower temperature, evened-out alkali profile, low ionic 

strength and low concentration of dissolved lignin or high concentration of 

hydrogen sulphide ions (Sjöblom et al. 1983; Johansson et al. 1984; Molin 2002). 

The degradation of lignin, cellulose and hemicellulose depends on the 

chemical conditions of the kraft cook, and the overall pulp yield can be 
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increased by using different additives in the kraft cook (Aurell, Hartler 1965a; 

Paavilainen et al. 1989). 

2.4 Modification of kraft pulp by selective cooking 

During kraft pulping, lignin is released from the fibre through a 

delignification reaction with hydrogen sulphide (HS-) and hydroxide (OH-) 

ions. The most challenging aspect of a kraft cook is removing the lignin while 

minimizing the losses of cellulose and hemicellulose. It has previously been 

observed that, up to a certain level, yields increase relative to the 

concentration of reducing or oxidizing chemicals, which also stabilize the 

glucomannan (Rydholm 1965a). Sodium borohydride (NaBH4) is a reducing 

additive that yields stable alcohol (-OH) groups (Rydholm 1965a; Gulsoy, 

Eroglu 2011) and sodium borate according to the reaction (Rydholm 1965a), 

Eq. 4: 

 

          4RCHO+NaBH4+2NaOH+H2O→ 4RCH2OH+Na3BO3                                      [4] 

  

Polysulfide is an oxidizing chemical additive that can be produced by adding 

elemental sulfur to white liquor (Rydholm 1965; Lindgren, Lindström 1995), 

in which the following reaction takes place from 70°C, Eq. 5: 

 

               nS(s)+HS-+OH-→SnS2-+H2O                                                                     [5] 

 

  

Polysulfides in the cooking liquor stabilize hemicellulose at lower 

temperatures (100°C-120°C) by oxidizing the reducing end groups of the 

polysaccharides into alkali-stable aldonic acids, and this reduces the 

carbohydrate degradation in kraft cooking (Hägglund 1946). The oxidation of 

the end-groups in carbohydrate chains makes them stable against end-wise 

peeling by hydroxide (OH-) ions. Polysulfide addition has also been found to 

have a slight positive effect on delignification when cooking at low Kappa 

numbers (Lindström, Teder 1995).  

It has been reported that a higher glucomannan content in particular can be 

achieved by increasing the hydroxide ion (OH-) concentration, but this 

reduces the amount of xylan retained (Aurell, Hartler 1965b; Brännvall, 

Lindström 2007). 
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2.5 Characterization of the fibre properties  

2.5.1 Fibre strength 

The chemical composition of the kraft pulp greatly affects the fibre strength. 

An increase in either cellulose (Gurnagul et al. 1992) or hemicellulose 

(Spiegelberg 1966) content has been reported to increase fibre strength, but 

the relation between fibre strength and hemicellulose content is not linear 

(Molin, Teder 2002). A positive correlation between fibre strength and 

cellulose content may be found at up to 70-80% cellulose content (Page et al. 

1985), since cellulose is the backbone of the fibre wall and the main contributor 

to fibre strength. Softwood kraft pulps usually have a cellulose content higher 

than 75% (Molin, Teder 2002). Up to a certain level, an increase in cellulose 

content is thus expected to increase the overall strength of the fibre material 

(Salmén 1993). The Wet Zero-Span test is a fast method for determining single 

fibre strength properties (Mohlin, Alfredsson 1990; Clark 1994; Cowan 1994).  

 

2.5.2 Tensile strength 

Tensile index is the most important parameter for low grammage sheets, 

where the tensile strength of a paper depends primarily on the degree of 

bonding between fibres. The tensile strength increases with increasing fibre 

length, fibre strength and fibre joint strength. Fibre length is highly dependent 

on the raw material, with hardwoods having shorter fibres than softwoods.  

 

2.5.3 Fibre/fibre joint strength 

Hemicellulose is required for sufficient softening of the fibre wall and also 

plays a role in bonding. Increases in the bonded area between fibres and the 

strength of the bonds can increase fibre joint strength (Laine, Stenius 1997). 

The Z-direction strength is the best method for measuring bonding strength 

(Kauba, Koran 1995). An increase in fibre-to-fibre bonding leads to an increase 

in Z-strength (Singh 2007).  

 

2.5.4 Surface charge 

Fibre-fibre joint strength increases with the surface charge of the fibres due to 

an increase in surface swelling (Torgnysdotter 2006). Pulps with higher 

surface charge have been shown to have stronger fibre joints, and surface 

softness is of primary importance for the utilization of joint strength 

(Forsström, Torgnysdotter 2005). It has earlier been suggested (Andreasson et 
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al. 2003) that surface charge determination can provide a measure of the 

ability of fibres to form strong joints.  

 

2.5.5 Fibre swelling 

Water retention within the cell wall is an important property of pulp that 

influences most phases of paper production. A commonly used empirical 

method to characterize fibre swelling (capacity to hold water) is the water 

retention value (WRV). Increasing the hemicellulose content results in greater 

swelling of the kraft pulp, and an increase in swelling generally increases the 

fibre bond area and affects the pore volume of the fibre wall (Stone et al. 1969). 

The pore volume in the cell wall can be determined by differential scanning 

calorimetry (DSC) (Maloney, Paulapuro 2001).  

2.6 Effect of refining  

Refining makes fibres more flexible and increases their available bonding sites 

(Annergren, Hagen 2007). Refining also increases the swelling capacity of 

fibres and their conformability during the consolidation of the fibre web, 

allowing them to come into closer contact and thus create better adhesions 

and offer greater strength to the paper (Wang 2006; Annergren, Hagen 2007). 

Secondary fines are also produced during refining, creating a greater fibril 

character than the primary fines present after the pulping process (Kullander 

2012). Fines are considered to increase tensile strength and Z-strength due to 

their large surface area (Paavilainen 1990; Retulainen et al. 2002; Sirviö, 

Nurminen 2004; Pruden 2005).  

2.7 Suction box dewatering 

In the production of tissue paper, the fibre suspension is largely dewatered 

by the removal of the water in the vacuum suction boxes. It is important to 

maximize the amount of water removed to reduce the cost of the final 

dewatering process and energy consumption in the final drying of the sheet 

(Räisänen 2000; Granevald et al. 2003; Kullander et al. 2012).  

 

The dewatering in the suction boxes involves three mechanisms: compression 

dewatering, displacement dewatering and rewetting (Åslund, Vomhoff 2008); 

shown in Fig. 3. When the web passes over the suction box, the vacuum in the 

box creates pressure/compression from the air above. Displacement 

dewatering occurs when air is sucked through the web, but undesirable 
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rewetting occurs when water flows back into the sheet (Rantanen, Maloney 

2013; Sjöstrand et al. 2015).  

 

 
Fig. 3 – The mechanism of suction box dewatering (redrawn from Åslund and 

Vomhoff 2008) 

 

The extent of the dewatering that can be achieved depends on the pressure 

drop (vacuum level), dwell time in the vacuum and dewatering resistance of 

the pulp (Attwood 1962; Neun 1994), determined by the type of fibres, degree 

of refining and fines content. It has also been seen that the conventional 

measurement of the degree of refining, the °SR number or CSF value, does not 

always predict the actual dewatering by the paper machine (Rydholm 1965b). 

 

2.8 Uniformity of impregnation at the fibre level 

Pulp production is based on chips, regardless of the chemical pulping process 

(kraft or sulphite) or high-yield pulp (chemi-mechanical or semi-chemical 

pulp), thus, the efficiency of impregnation is crucial (Ferritsius, Moldenius 

1985). Strategies to improve impregnation have been proposed, including 

extending the impregnation time in the kraft process. It has always been very 

difficult to measure the effectiveness of suggested impregnation 

improvements (Kleppe 1970; Malkov et al. 2001; Robinsson et al. 2002; Malkov 

et al. 2003; Wang et al. 2015; Tavast, Brännvall 2017; Brännvall, Reimann 2018). 
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Chip pre-treatment techniques normally include steaming combined with 

compression screw treatment at elevated temperatures. The application of 

force in the direction of the fibres to open up the wood structure and increase 

impregnation efficiency in the manufacture of CTMP as a method of modified 

chipping is later investigated (Höglund, Pettersson 1982; Ferritsius, 

Moldenius 1985; Bengtsson et al. 1988; Svensson et al. 1994; Gorski et al. 2010; 

Hellström et al. 2011).  

 

A key unit operation when producing CTMP is the pre-treatment of wood 

chips before defibration. It is necessary to separate the wood into individual 

fibres, using a minimum amount of electricity, to soften the lignin. The lignin 

is softened by means of a combination of sulphonation and elevated 

temperatures in the preheater and refiner in which the fibre separation occurs. 

Softening is accomplished by sulfonating the lignin of the wood with sulphite 

(SO32-) at high temperatures (130-180°C) during preheating and refining. The 

challenge in both kraft and CTMP manufacturing is to achieve an even 

chemical distribution in the wood chips of sodium sulphide (Na2S) and 

sodium hydroxide (NaOH) in the kraft process, and sodium sulphite (Na2SO3) 

and sodium hydroxide (NaOH) in the CTMP process. 

 

Currently, there is no easy way of measuring S or Na distribution on a micro 

scale. If there were, it could provide a better understanding of sulphonation 

prior to defibration, and possibly allow it to be made more even/selective, 

specifically in the case of wood chip impregnation for the manufacturing of 

CTMP and NSSC (Neutral Sulphite Semi Chemical). However, due to overly 

robust or complicated methods, the degree of unevenness, i.e. the degree of 

sulphonation and softening of each fibre prior to being defibrated in the chip 

refiner, is generally unknown on a micro scale. It is likely that the inner parts 

of the chips receive a significantly lower degree of sulphonation than the outer 

parts.  

 

2.8.1 Scientific studies on degree of sulphonation  

Few scientific studies have been carried out in this area since it is very time 

consuming to measure distribution and therefore expensive to study in detail. 

The studies that are available are based on analysing individual chips by 

microtome cut layers of about 100 μm and then determining the local 

sulphonation degree (sulphur content on washed samples) and impregnation 

efficiency (total wavelength on unwanted samples) (Engstrand et al. 1985; 

Nelsson et al. 2012; Nelsson 2016). Sulphur concentrations are then 
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determined by processing wood samples by means of Schöniger combustion, 

after which the samples are dissolved in acid and oxidized so that all the 

sulphur is present as sulphate (SO42-) ions whose content is then determined 

by ion chromatography (Engstrand et al. 1985; Nelsson 2016). However, in 

1988 Göran Bengtsson did publish thorough studies on the impregnation of 

birch wood blocks under various conditions (Bengtsson et al. 1988). The 

longitudinal distribution of sodium and sulfur was studied at different points 

by means of an SEM (scanning electron microscope) equipped for energy-

dispersive X-ray analysis. The distribution of Na and S obtained by this 

method correlated with measurements of S from ion chromatography and of 

Na by atomic absorption spectroscopy. As expected, the amount of sulfite was 

the same at both ends of the wood block but decreased at the middle 

(Bengtsson et al. 1988).  

However, a wide variety of analytical techniques are used to obtain an 

elemental distribution map: X-ray absorption spectroscopy (Almkvist, 

Persson 2011), scanning electron microscopy and energy-dispersive X-ray 

spectroscopy (SEM-EDS) (Saka et al. 1982), and X-ray fluorescence 

spectroscopy (XRF) (Sixta 2006; Abou-Ras et al. 2011; Fröjdh et al. 2013; Reza 

et al. 2013; Norlin et al. 2018). At Mid Sweden University research centre STC 

(Sensible Things that Communicate), a laboratory-scale setup utilizing X-ray 

fluorescence has been built to simultaneously measure Ca (3.7 keV) mapping 

in the coating of paperboard and the transmission image from a Cu target (8.0 

keV) placed behind the paper (Norlin et al. 2018). 

 

2.8.2 New miniaturized XRF technique for sulphonation study 

Modern miniature X-ray-based techniques have the potential to contribute a 

solution to studying improved impregnation through high-resolution 

measurements of S and Na distribution, Fig. 4. The aim of using this XRF is to 

investigate a precise methodology and whether a direct X-ray fluorescence 

method can be used to obtain the S, and potentially Na, distribution of 

samples from a few millimetres to a micrometre in size. The suggested 

method uses a collimated X-ray source and energy-dispersive X-ray 

spectroscopy. For the primary XRF method validation, any pulp (Kraft or 

CTMP) wood chips or thin paper sheet can be examined directly using XRF. 

A sample was placed in a Ti box with helium gas to reduce air absorption. The 

sample surface was scanned in two dimensions, thus producing an elemental 

distribution image of the substances.  
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Fig. 4 – Image of XRF measurement setup by a moveable helium atmosphere 

Ti box 

In figure: (a) X-ray Source (Moxtek), (b) Detector for the analysis of the spectrum of Na and S, (c) 

Titanium shield box (10x10x2.5 cm) at helium atmosphere, (d) Helium gas connection and (e) 2D Stepper 

Motor (XY directional movement). 

 

This method could be useful in mills to improve and control process efficiency 

and product properties and find solutions to process problems in the future. 

Moreover, a more even sulphonation distribution can reduce specific energy 

demand in chip refining for certain shive contents. 

 

2.9 Catalytic approach to improve selectivity  

Lignin is a highly complex bio-polymeric material that is one of the most 

abundant sustainable raw materials on earth. The main source of lignin is the 

pulp and paper industry, in which kraft pulping is the most commonly used 

process, and it produces approximately 80% of the world’s chemical pulp 

(Nations 2019; Ullmann´s Encyclopedia 2003). About 50 million tons of 

technical lignin is produced in a year by the pulp and paper industry 

(Schoenherr et al. 2018). Black liquor, a by-product stream of kraft pulp, 

typically contains 30-34% lignin on a dry solid weight basis and is burned to 
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provide energy for mill operations, or facilitate the recovery of pulping 

chemicals (Araújo et al. 2010) or drainages. Underutilization of lignin, due to 

its recalcitrance to degradation and the challenge of separating mixtures, 

means that only 98% of technical lignin from the pulp industry is incinerated 

for internal energy recovery, while 2% (mainly lignosulfonates) is applied in 

industries for commercial production of aromatic compounds such as vanillin 

(Myint et al. 2016; Schoenherr et al. 2018). Synthesis of vanillin from biomass 

is a greener and more sustainable process and therefore provides greater 

additional value (Araújo et al. 2010; Fache et al. 2015). Most of the pulp 

industry is now focused on developing traditional sulphate cooking by 

improving the selectivity with which lignin is dissolved before the bleaching 

process, simultaneously producing an interesting pulp fibre. As such, the 

production of vanillin from lignin has received greater attention in recent 

years.  

 

2.9.1 Lignin is a natural source of vanillin 

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is a high-value market 

compound used in the food, perfumery and pharmaceutical industries. It is 

the only molecular phenolic compound that is manufactured on an industrial 

scale from biomass (Fache et al. 2015). In general, most vanillin available on 

the market is chemically synthesized rather than naturally extracted; this is 

because there is no easy synthetization process from lignin, thus making it 

expensive to produce in this way. Current global market analysis reports 

show that up to 85% of vanillin is synthesized from the petroleum-derived 

compound guaiacol (Xiang, Lee 2001; Sales et al. 2004; Cortez, Roberto 2010; 

Pinto et al. 2012; Viseshsin et al. 2018), and the remaining 15% from biomass, 

mainly from the oxygen delignification process of lignin (Triumph Venture 

Capital 2004; Sinha et al. 2008). Lignin, see Fig. 5, is a heterogeneous, phenolic 

and polydisperse biopolymer; it is the second most abundant biopolymer in 

biomass and is used to produce many aromatic compounds (Schoenherr et al. 

2018; Wang et al. 2018). Due to its unique structure, and being a complex 

phenolic polymer with randomly cross-linked C9 units, lignin is a promising 

resource for producing a variety of renewable chemicals (Ragauskas et al. 

2014; Zeng et al. 2015; Shuai et al. 2016; Wang et al. 2018). However, due to its 

structural diversity, large reserves and low cost compared with guaicol, lignin 

has received most interest for its potential use in biorefineries to produce 

vanillin and various monomers; see Fig. 6. 
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Fig. 5 – Model of lignin structure (proposed by Brunow 1998) 

 

 

 

Fig. 6 – Structural target of some lignin monomers synthesized from wood 

degradation (Qu et al. 2017) 

 

2.9.2 Reaction of lignin during oxygen delignification 

Oxygen delignification (OD) is a multi-phase chemical reaction during pulp 

production. The complex delignification chemistry starts at a low energy state. 

Oxygen molecules contain two unpaired electrons that are unreactive at room 

temperature. As temperature and alkali condition increase, these free radicals 

have a strong tendency to react with organic compounds. In the initiated state, 

the phenolic hydroxyl group of lignin reacts with alkalis to produce phenolate 

ions (Asgari, Argyropoulos 1998), and thus these react with oxygen to form a 

resonance-stabilized phenoxy radical and superoxide anion; shown in Fig. 7. 

The phenoxy radicals then undergo reaction with themselves or oxygen 

species radicals (Zhao et al. 2018). For example, hydroxyl (HO•), hydroperoxy 

(HO2•) and superoxide (O2•–) can produce different types of organic acids, 
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carbon dioxide and other lower molecular mass organic compounds through 

open rings and cleave side-chain lignin and demethoxylation reactions 

(Gierer 1986; Ljunggren, Johansson 1990; pulppapermill.com 2015). Therefore, 

it is possible that the functional groups of these oxygenated molecules contain 

aldehyde, ketone and phenol groups (Gierer 1986). It is theorized that the 

mechanisms of oxygen delignification are exactly the same for vanillin 

production from wood (Wong et al. 2010), which has also been observed in 

this paper. Gierer (1997) and Gellerstedt et al. (1999) systematically carried out 

fundamental studies on oxygen delignification in particular. 

 

 

Fig. 7 – Lignin reaction during oxygen delignification: initial attack of oxygen 

on phenolic nuclei (Ljunggren, Johansson 1990; pulppapermill.com 2015) 

 

However, the work in this thesis did not focus on the delignification process 

between the cooking and bleaching stages. It started with the selective 

oxygenation of sawdust/wood chips in a digester. Thus, the above 

delignification process is different from the mechanism present in this process. 

This thesis does not consider the mechanism of vanillin production. Instead, 

it focuses exclusively on how oxygen pressure, alkalinity, temperature and 

time affect vanillin yield and total performance to improve selectivity. The 

intention is to investigate whether this catalytic approach can be optimized to 

obtain a high yield of vanillin as a sustainable fine chemical.  
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CHAPTER 

3 
    EXPERIMENTAL 

3.1 Materials 

3.1.1 Sulphate cooking (I) (II) 

Industrial chips in a mixture of 70% spruce (Picea abies) and 30% pine (Pinus 

sylvestris) were obtained from SCA Östrand mill, Sundsvall, Sweden. The 

chips were screened, knots and bark removed, and chips with a thickness of 

2-8 mm retained. The chips were dried at room temperature, and the dry 

solids content determined (~91% when dried at 105°C). 

 

White liquor (WL) and black liquor (BL) were taken directly from Östrand 

mill. The cooking conditions were effective alkali (EA) 20% (as NaOH) and 

sulfidity 35%. Two different additives, polysulfide (PS) 2% or sodium 

borohydride (NaBH4) 1% (calculated on dry wood chips), were charged. 

 

3.1.2 Vanillin synthesis (V)  

For vanillin synthesis, a mixture of 70% spruce (Picea abies) and 30% pine 

(Pinus sylvestris) softwood sawdust and birch (Betulaceae) hardwood sawdust 

were obtained as industrial softwood and hardwood samples from SCA 

Östrand mill, Sundsvall, Sweden. The dry solid content was determined to be 

approximately 91%. In addition, kraft lignin (lignoboost) was considered in 

parallel for this experiment. Cu plate (10% of the wood sample) was used as 

a catalyst. 

3.2 Methods  

3.2.1 Preparation of pulps (I-III) 

A laboratory digester (1 L) with a capacity of 100 g of dry chips was used. The 

liquor/wood (L/W) ratio was adjusted to 4:1. The chips were impregnated 

with cooking liquor by increasing the temperature from 70°C to 160°C at a 

rate of 1°C/min. The duration of the treatment at the maximum temperature 

varied depending on the target Kappa number, i.e. 35 (±2 units) and 40. The 
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temperature was kept at 160°C for the remainder of the cooking time until the 

H-factor for the target Kappa number was reached. The pulps were then 

screened in cold water on a sieve plate with a 0.15 mm slot width with 

backwater reversal. To determine the yield, the dry solids content of the wet 

screened pulps and the dry shieves/reject were measured using a halogen 

moisture analyser after being dried at 105°C overnight. The Kappa number 

(ISO 302:2014) was measured on three replicates of each pulp according to the 

standard SCAN-C 1:77 method.  

 

Bleaching was carried out in a single chlorinedioxide (ClO2) stage for all the 

pulps, following which the pulps were dried. The bleaching conditions were 

pulp consistency 10%, temperature 25°C and time 18 hours. The charge was 

calculated as Kappa number*4(acl/ton of pulp). Although the ISO brightness 

was only about 80%, most of the lignin was removed. The purpose was to 

eliminate most of the effect of the lignin and extractives. This is important as 

almost all softwood kraft pulps used for tissue are bleached. The pulp was 

washed with de-ionized water after bleaching. Finally, the bleached pulps 

with a starting Kappa of 35±2 were selected for the preparation of laboratory 

handsheets after different degrees of refining. Fig. 8 shows images from chips 

to the bleaching stage. 
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Fig. 8 – Images of kraft pulp (from chips to bleached condition) taken at the 

SCA R&D Centre 

In figure: (a) Dry wood chips, (b) White liquor, Black liquor and Polysulphide solution (2%) (c) 1 L 

digesters (d) Unbleached kraft pulp (e) Bleaching stage colour (1-2 hours’ time) and (f)  Bleached  pulp by 

ClO2). 

 

3.2.2 Sheet preparation (I) (II) 

Bleached kraft pulps (Ref, PS and NaBH4-kraft pulp) were refined in a PFI mill 

at refining levels of 0, 500, 1000 and 2000 revolutions according to ISO 5264-

2:2011. Handsheets of 20 g/m2 and 60 g/m2 were prepared according to the 

ISO 5269-2:2004 standard with tap water using a conventional sheet former 

with a surface area of 0.021m2. 
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3.2.3 Physical testing (I) (II) 

The density, tensile strength (ISO 1924-3), Z-strength (ISO 1.4 MPa) and wet 

Zero-span tensile strength (ISO 15361) of the handsheets were determined. 

The sheet grammage and thickness were determined according to ISO 5270. 

The physical properties were determined at 23 ± 1°C and 50 ± 2% relative 

humidity. The 7 or 8 samples were measured for each physical test and the 

mean value calculated. The percentage increase in tensile index and Z 

strength were calculated from interpolated curves for each condition. 

Dewatering resistance was determined as a Schopper-Riegler (°SR) value 

according to the ISO 5267-1999 standard.  

To determine the Water Retention Value (WRV) according to the ISO 14487 

standard (Fig. 9), the test pad was centrifuged under a defined centrifugal 

force for a specific time, weighed, dried and weighed again. The WRV was 

calculated from the wet mass of the centrifuged test pad and the dry mass of 

the test pad. 

 

Fig. 9 – The equipment used for the determination of the Water retention 

value (WRV) at the SCA R&D Centre 

 

3.2.4 Charge analysis (I)  

Conductometric titration was used to determine the total charge of the fibre 

material, i.e. the amount of carboxyl and sulfonic acid groups on the cellulose 

fibres (Wågberg et al. 1985). The acid groups are first charged to their proton 

form by reducing the pH level, and the suspension is then titrated with a 

NaOH (0.01M) solution. To minimize the effect of Donnan-equilibrium, i.e. 
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the differences in pH between the bulk solution and fibre wall, NaCl (0.01M) 

was added. Nitrogen (N2) gas was bubbled through the test solution during 

titration to remove any disturbing O2 and CO2. 

Polyelectrolyte titration (Fig. 10) was carried out to determine the surface 

charge according to the method described by Wågberg et al. (1989). The excess 

polymer in the solution was titrated with an anionic potassium polyvinyl 

sulphate polymer (KPVS) which, together with a toluidine blue cationic 

indicator, resulted in a colour change from blue to pink following titration.  

 

 
Fig. 10 – The determination of surface charge used in this study at the SCA 

R&D Centre 

 

3.2.5 Analytical procedure for vanillin synthesis (IV)  

The protocol for vanillin analysis from wood sample after autoclave was 

similar to that used by Cordova et al.’s Swedish patent. After the autoclave 

reaction, the solution from the digester was immediately cooled to room 

temperature in a cold water bath. The crude brown mixture was filtered to 

remove unreacted material. That filtrate was acidified to pH 2 from pH 12 by 

slowly adding concentrated HCl (37%). Of this solution, 10 ml was taken for 

Gas chromatography-mass spectrometry (GC-MS) analysis. It was extracted 
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with ethyl acetate (CH3COOCH2CH3) by centrifugation. The previous study 

of Werhan´s work (Werhan 2013) shows that ethyl acetate is one of the 

effective solvents for vanillin separation. 

 

The brown solid precipitated during the acidification was filtered, washed 

with H2O, extracted with ethyl acetate and dried in a vacuum. The main 

purpose of the vacuum distillation was to decrease the distillation 

temperature. This method was patented by Monsanto Chemical Ltd, which 

showed that it could increase vanillin yield by about 99% (Bryan 1948; 

Khwanjaisakun et al. 2020). The water filtrate was extracted 3 times with ethyl 

acetate. The organic solvent was removed under low pressure to give a brown 

oil containing vanillin and other small molecules. The GC-MS conditions were 

as follows: column HP-5 MS; flow rate 1 ml/min; temperature 250°C; and 

column temperature 50°C increased to 200°C for 20 min. 

 

3.3 Instruments 

3.3.1 Gas chromatography (GC) (I)  

Gas chromatography was used for the analysis of the dried unrefined kraft 

pulps (Theander, Westerlund 1986). Neutral monosaccharides arabinose, 

galactose, glucose, xylose and mannose were determined according to SCAN-

CM 71:09 using a gas chromatography-flame ionization detector (GC-FID). 

The analyses were carried out on an HP (Hewlett Packard) 6890 with a BPX 

70 column (12 m, 0.32 µm I.D. and 0.25 µm film thickness). The samples were 

first hydrolysed with 72% sulfuric acid (H2SO4) using a two-step technique 

and then reduced and acetylated. The resulting alditol acetates of the 

monosaccharides were determined by GC, and the alditol acetate content of 

each mono-carbohydrate was recalculated to polysaccharide assuming a ratio 

of glucose to mannan in softwood glucomannan of 1:3.5 and that the other 

polysaccharides present were cellulose and xylan (Antonsson et al. 2009). 

 

3.3.2 Differential scanning calorimetry (DSC) (I) ( II)  

Differential scanning calorimetry (DSC) (Fig. 11) was used to determine the 

pore size distribution of the pulp fibres. (Maloney, Paulapuro 2001). 

Measurements were made using a TA Q1000 DSC instrument equipped with 

a refrigerated cooling system (RCS). To integrate the areas under the melting 

peaks, analysis 2000 version 4.0 C software was used. Nitrogen (N2) was used 

as the carrier gas at a rate of 50 ml min-1. The technique is based on water 
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retained within small pores having a depressed melting temperature due to 

the increased pressure of water in cavities with a curved interface. The pore 

diameter (D) is calculated using the Gibbs-Thomson equation, Eq. 6: 

 

𝐷 =
−4𝑉𝑚𝜎𝑙𝑠

 𝛥𝐻𝑚𝑙𝑛
𝑇𝑚
𝑇0

= -
𝑘

𝑇𝑚
                                                                                         [6] 

where Vm is the molar volume of ice, σls is the surface energy at the ice-water 

interface, T0 is the melting point of water at normal pressure, Tm is the melting 

temperature and ΔHm is the latent heat of melting.  

 

 
Fig. 11 – Analysis of pore volume by DSC at different stages (images a-d) at 

RISE Bioeconomy 

In figure: (a) Sample preperation, (b) Differential scanning calorimetry (DSC) (c) Samples at DSC  and 

(d) Monitoring at PC. 

The melting temperatures between -33°C and -0.1°C correspond to pore 

diameters between 1.3 nm and 431 nm in accordance with earlier studies 

(Fahlén, Salmén 2005). Samples of unrefined kraft pulp were analysed with a 

moisture content of 3-10 gg-1 using a sample size of 0.5-3 mg. All 

measurements were made in triplicate and the average pore volume (ml g-1) 

calculated. 
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3.3.3 PulpEye analysis (II) 

The fibres of the unrefined and refined kraft pulps were characterized with a 

PulpEye analysing system (Fig. 12) to determine the population of fibres (n/g), 

fibre length (mm) and fibre width (µm).  

 

 
Fig. 12 – The PulpEye instrument used to determine fibre characteristics at the 

SCA R&D Centre 

 

3.3.4 Britt dynamic drainage jar (BDDJ) (II) 

The primary and secondary fines contents of the pulps were determined 

according to SCAN-CM 66:05 using the BDDJ method (Fig. 13).  

 

 
Fig. 13 – Specially designed Britt dynamic drainage jar (BDDJ) used at the 

SCA R&D Centre 
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3.3.5 Dewatering (laboratory scale) (II) 

Bench-scale laboratory equipment was used for the vacuum dewatering trials, 

in which the sample is passed on a frame over a plate with a 5 mm opening, a 

vacuum tank and pressure sensor and operation panel (Fig. 14). 

 
Fig. 14 – The vacuum dewatering apparatus (redrawn from Granevald et  

al. 2003) 

 

Handsheets (20 g/m2) with a solids content of 6-7% were formed in a standard 

handsheet former on a fabric. The fabric and handsheet were then transferred 

to the sample frame for vacuum dewatering (Fig. 15).  

 

 

Fig. 15 – Dewatering instruments used at Karlstad University 
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Three pulps (Ref, PS and NaBH4-kraft pulp) were tested with four different 

degrees of refining (0, 500, 1000 and 2000 PFI revolution) and three replicates 

for six different dwells times (0, 1.0, 2.5, 5.0, 10.0 and 20.0 ms). Different dwell 

times were obtained by adjusting the speed of the plate while the vacuum 

level was kept constant at 27 kPa during the trial. A suction pulse was created 

while the slot passed between the sheet and vacuum tank. The inner region of 

the sheet with a diameter of approximately 80 mm was collected, and the 

solids content was determined according to the ISO 638 standard. The contact 

time between the sheet and fabric after dewatering was at least 1 min. To 

compensate for the air that leaked into the vacuum tank without passing 

through the sample sheet, a fabric with a plastic cover was placed in the 

sample holder. This was repeated for each dwell time and subtracted from all 

the measurements. 
 

The amount of air that passed through the sample and fabric was calculated 

from the pressure drop corrected for leakage, atmospheric pressure and the 

volume of the vacuum tank according to the equation, Eq. 7 (Nilsson 2014): 

𝐴𝑖𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑑𝑚3) =
𝑇𝑎𝑛𝑘 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑑𝑚3)

101325 (𝑃𝑎)
∗ 𝛥𝑃 (𝑃𝑎)                                       [7] 

  

where ΔP is the pressure increase during the pulse calculated as ΔP real = (ΔP 

measured- ΔP blank).  

The volume of the tank was 300 dm3. 

 

3.3.6 Instrument setup for ED-XRF (III) (V)  

The basic physics behind XRF is that when a material is excited by being 

bombarded with high-energy X-rays, it might eject one or more electrons from 

the atom. The removal of an electron makes the electronic structure of the 

atom unstable and electrons in higher orbitals ‘fall’ into the lower orbital to 

fill the hole left behind. In falling, energy is released in the form of a photon, 

the energy of which is equal to the energy difference of the two orbitals. Thus, 

the material emits radiation, which has energy characteristic of the atoms; as 

shown in Fig. 16. The presence of elements can be determined by measuring 

the energy of the emitted photons. 
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Fig. 16 – The basic principles of XRF (BRUKER webpage 2020) 

 

Micro X-ray technology including a collimated X-ray source and 

spectroscopic detector has the potential to produce an elemental mapping 

image of S and Na across wood chips or from individual fibres in pulp 

samples or any thin paper sheet. In the XRF imaging method, the sample was 

scanned to produce an image of the element. A schematic of our miniature 

setup based on the XRF method is shown in Fig. 17. 

 

 

Fig. 17 – Sketch of XRF measurement setup with a moveable helium gas 

atmosphere Ti box 

In figure: (a) X-ray Source (Moxtek), (b) Detector for analysing the spectrum of Na and S, 

(c) titanium shield box (10x10x2.5 cm) at helium atmosphere, (d) Helium gas connection, (e) 

2D Stepper Motor (XY directional movement) and (f) Image of inside of titanium box. 
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The titanium shield box was covered with a titanium cover palate (200 mm x 

200 mm) to maintain the helium gas environment. The titanium plate was 1.6 

mm thick with a purity of 99.2% (metal basis). The sample box was connected 

to a two-dimensional (2D) stepper motor unit making it possible to scan the 

sample in two dimensions, while the X-ray tube and spectrometer were fixed. 

The full setup was put into a stainless steel box covered with adhesive lead 

(Pb) sheet (thickness 1 mm, supplied by Nuclear Shields) to prevent radiation 

leakage.  

 

3.3.7 Instrument setup for vanillin synthesis (IV) 

A laboratory digester (1 L) with a capacity of 100 g of dry wood chips at the 

SCA R&D Centre was selected for the proposed cooking process. The digester 

is made of stainless steel and rounded with Teflon on the inside wall. The use 

of the polyglycol bath for the autoclave built by Sunds Defibrator in 1985 for 

the SCA R&D Centre, Sundsvall, for direct oxygen delignification from the 

wood sample (sawdust) was considered for this experiment; shown in Fig. 18. 

 

Fig. 18 – Image of laboratory digester for autoclave 

In figure: (a) Digester and oxygen gas input, (b) Glycol bath for autoclave, (c) Inside of 

autoclave bath, (d) Digester of autoclave bath prepared for the cooking. 
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The autoclave reactors were charged with softwood, hardwood or lignin (23.6 

g) and NaOH (2M or 4M) solution (400 ml). The autoclave digester was filled 

with O2 (5-12 bar) and the reaction was run at a temperature of 100°C-130°C 

for different durations, approximately 7 to 14 hours depending on the setup. 

The experimental setup is shown in Fig. 19. 

 

 

Fig. 19 – Sketch laboratory autoclave setup for vanillin extraction from wood 
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CHAPTER 

4 

RESULTS AND DISCUSSION 

This chapter presents most of the important results from Papers I-V to 

improve understanding of selectivity in the cooking process by optimizing 

unit operations for the further development of pulp/fibre properties for tissue 

and packaging products. 

4.1 Impregnation improvement by selective cooking  
Here, the aim is to improve understanding of how pulp can be modified and 

optimized through increasing yield by retaining more hemicellulose in the 

fibre walls. This is to further improve the bonding capacity of the pulp fibres 

for the purposes of the refining process discussed to achieve good tissue and 

packaging paper properties. 

 

4.1.1 The difference in yield of kraft pulps (I) (II) 

The effect on pulp yield of adding sodium borohydride (NaBH4) or 

polysulfide (PS) during the first part of the softwood kraft cook was studied. 

Fig. 20 shows that at a kappa number of 35±2, the total yield of the PS kraft 

pulp and NaBH4 kraft pulp increased from 48.1% to 50.2% and from 48.1% to 

52.6% respectively. 

 

In both cases, the yield increase was related to an increase in hemicellulose 

content. Table 1 shows that PS and NaBH4 enhanced the retention of 

glucomannan content from 9.0% to 10.8% and 14.8% respectively. Sodium 

borohydride (NaBH4) reduces the aldehyde end group of hemicellulose to 

stable alcohol end groups while polysulfide (PS) oxidizes the aldehyde end 

groups to carbonyl end groups (Wang et al. 2005). As the aldehyde group in 

cellulose is also oxidized or reduced, the increase in yield of PS and NaBH4 

kraft pulps is due to both an increase in cellulose, 1.5% to 2%, and 

glucomannan, 1% to 3%, contents-based yield of wood.  
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Fig. 20 – Total yield of wood (%) vs kappa number after kraft cooking with 

two different alkali charges, where polysulfide (PS) (2%) or sodium 

borohydride (NaBH4) (1%) was added based on dry wood chips 

 

Table 1 – The relative carbohydrate composition and yield of the respective 

pulps 

 

Kraft pulp Estimated relative composition (%) Yield of wood (%)  
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4.1.2 Effect of yield on physical properties (I) 

Physical properties, especially the tensile index, were evaluated on 20 g/m2 

and 60 g/m2 handsheets at the lower degree of refining, 0-2000 PFI revolutions. 

Fig. 21 and Fig. 22 show the effect of pulp yield on the tensile index of the 

handsheets. 

 

 
Fig. 21 – Percentage increase in tensile index compared with reference pulp at 

different PFI refining levels for 20 g/m2 sheets plotted from the experimental 

data of interpolated curves as described in experimental 

 

 
Fig. 22 – Percentage increase in the tensile index compared with reference 

pulp at different PFI refining levels for 60 g/m2 sheets plotted from the 

experimental data of interpolated curves as described in experimental 
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In both Fig. 21 and Fig. 22 the increase in the tensile index of the NaBH4 kraft 

pulp compared with the reference kraft pulp was greater than that of the PS 

kraft pulp. However, the percentage increase in the tensile index decreased 

with further refining, although the percentage increase in the tensile index for 

the 60 g/m2 handsheet was much less than for the 20 g/m2 handsheet (Fig. 21). 

 

The addition of NaBH4 or PS to the first part of the softwood kraft cook had a 

greater influence on the tensile index for 20 g/m2 handsheets. This is probably 

because there are fewer fibres in the network of the 20 g/m2 sheet than in the 

60 g/m2 sheet and the joint strength between the fibres is therefore more 

important in the 20 g/m2 than in the 60 g/m2 sheet. 

 

Fig. 23 shows that the addition of NaBH4 or PS lowered the wet Zero-span 

strength for 60 g/m2 sheets at a given degree of refining and that NaBH4 had a 

greater effect on PS. For the NaBH4 kraft pulp, there was an 8% difference 

from the reference.  

 

 

Fig. 23 – wet Zero-span versus degree of refining for 60 g/m2 sheet of three 

different kraft pulps 

 

One explanation for the lower wet Zero-span may be that these sheets contain 

fewer fibres per gram of paper since the pulp has a higher hemicellulose 

content, and that the Zero-span value may be related to the effective cellulose 

content (cellulose yield/g of pulp), as shown in Table 2. 
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Table 2 – The estimated Zero-span strength at 1000 PFI revolutions 

Pulp 

 

Total yield (%) 

(cellulose 

+hemicellulose) 

Cellulose 

yield (%) 

 

Zero-span 

(kNm/kg) 

Zero-span  

of cellulose 

 

Ref pulp 

PS pulp 

NaBH4-pulp 

42.4 

45.3 

46.8 

34.1 

35.5 

36.1 

139.1 

130.6 

126.9 

173.0 

166.5 

164.3 

 
After adjusting for the pulp yield, the reference pulp seemed to have the 

strongest fibres, and the increase in the tensile index with the addition of 

NaBH4 or PS cannot be explained by an increase in fibre strength.  

 

A higher hemicellulose content increases fibre joint strength. The bonded area 

and bonding strength between the fibres (Laine, Stenius 1997) usually 

describes the bonding ability of fibres in paper. Fig. 24 shows that the Z-

strength in the 60 g/m2 sheets for both NaBH4 kraft pulp and PS kraft pulp 

was greater than that of the reference kraft pulp at all refining (0-2000 PFI rev) 

levels. Thus, there seems to be a correlation between the increase in Z-strength 

and the increase in the tensile index for NaBH4 kraft pulp and PS kraft pulp 

that could be due to an increase in the fibre joint strength. 

 

Fig. 24 – Percentage increase in Z-strength at four different refining levels for 

NaBH4 and PS pulps from interpolated curves described in experimental 
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4.1.3 Hemicellulose yield and dewatering properties (II) 

An increase in hemicellulose content in kraft pulp is generally considered to 

increase the swelling of the fibres (Saukkonen 2014) and improve refining 

efficiency. An increase in swelling improves adhesion between the fibres 

(Molin, Teder 2002; Danielsson, Lindström 2005) because hemicellulose can 

soften the fibre wall, increasing the flexibility and strength of the fibre joint 

(Laine, Stenius 1997). Kraft pulp with a high hemicellulose content was 

therefore an interesting object of study with regard to the dewatering 

properties of tissue paper since an increase in pulp yield can reduce 

dewatering ability due to the increase in hemicellulose content and ability of 

hemicellulose to hold water. 

 

Fig. 25 shows that at different dwell times (0, 1.0, 2.5, 5.0, 10.0 and 20.0 ms), 

the solids content of 20 g/m2 handsheets of all three kraft pulps increased from 

5.4% to 6.4% after sheet forming by gravity with the dwell time increasing to 

an average of 15% to 25%. 
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Fig. 25 – Solids content of the pulps (a) Ref kraft, (b) PS kraft and (c) NaBH4 

kraft as a function of dewatering dwell time for different degrees of refining 
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In all cases, the solids content decreased as the degree of refining increased, 

so the final solids content level was dependent on the pulping process and 

degree of refining. There is a greater difference in solids content between 

refined and unrefined pulps. Fig. 26 shows that sheets made from refined 

pulps (2000 PFI rev) had a solid content 2-4% lower at a given dewatering 

dwell time than unrefined kraft pulps.  

 

 

Fig. 26 – Solids contents of three different pulps as a function of dewatering 

dwell time under (a) unrefined and (b) refined (2000 PFI rev) conditions 
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The solids content in Fig. 26 decreased as follows: NaBH4 ˃  PS ˃  Ref kraft pulp. 

The error bars in the graphs (0.02-0.3%) are based on three dryness 

measurements taken at each dwell time. 

 

4.1.4 Hemicellulose yield and fibre characteristics (I) (II) (V) 

An increase in hemicellulose content in a kraft pulp is generally considered to 

increase the swelling of the fibre and thus increase the fibre surface flexibility 

and bonding potential (Rydholm 1967; Schönberg et al. 2001; Hannuksela et 

al. 2004). Earlier studies have reported a correlation between fibre joint 

strength and fibre surface charge (Forsström, Torgnysdotter 2005).  

In the present study, no increase in surface charge was observed, as shown in 

Table 3. There was, however, an increase in the total charge in the case of the 

NaBH4 pulp and PS pulp, and this may lead to greater swelling of the fibre 

and degree of sheet consolidation. 

 

Table 3 – Charge analysis of unbeaten pulps 

1 Determined by polyelectrolyte adsorption (Polybrene, Mw≈8x103) about pH 7.5 

2 Determined by polyelectrolyte adsorption (Poly-DMDAAC, Mw>3x103) about pH 7.5 

 

Increasing the amount of hemicellulose in the fibre wall counteracts the 

aggregation of cellulose during the drying of the fibre (Salmén, Olsson 1998; 

Larsson, Salmén 2014). A less aggregated fibre wall is more flexible, which 

can lead to an increase in the fibre joint strength and therefore a higher tensile 

index. 

 

It has been reported (Laivins, Scallan 1996) that both external and internal 

fibrillation induced by refining increases the surface area and swelling of the 

pulps, making dewatering more difficult. The chemical conditions in the 

Kraft pulp Total charge1 Surface charge2 

 Mean 

value 

Standard 

deviation 

Mean 

value 

Standard 

deviation 

 (µekv/g) (±) (µekv/g) (±) 

Ref 79.0 0.91 15.0 0.10 

PS 108.0 0.35 18.0 0.07 

NaBH4 95.0 1.84 15.0 0.33 
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pulping process affect the proportions of cellulose and hemicellulose within 

the fibre wall. A higher hemicellulose content that results in a higher overall 

yield makes each fibre somewhat heavier, and a paper sheet of a given 

grammage made from such a pulp will thus contain fewer fibres than the 

reference. Compared with the reference, the NaBH4 pulp sheets had about 

10% fewer fibres when the yield increased from 48% to 53% (Rahman et al. 

2017). However, the PulpEye analysis system indicated that the difference in 

the number of fibres could be almost 20%; see Table 4. 

 

Table 4 – Fibre characterization of the three kraft pulps at different degrees of 

refining 

 

Kraft pulp 

Total 

yield 

Population 

 

Mean 

fibre 

length 

Mean 

fibre 

width 

Fines 

content 

(%) (106/g) (mm) (µm) (%) 

Ref unrefined 

Ref 500 rev 

Ref 1000 rev 

Ref 2000 rev 

48.1 

 

 

 

2.33 

 

 

 

2.11 

2.19 

2.19 

2.22 

29.9 

29.5 

29.8 

29.7 

2.19 

2.31 

2.45 

2.61 

PS unrefined  

PS 500 rev 

PS 1000 rev 

PS 2000 rev 

50.2 

 

 

 

2.27 

 

 

 

2.11 

2.19 

2.19 

2.24 

30.2 

30.4 

30.5 

30.5 

2.34 

2.48 

2.81 

2.85 

NaBH4 unrefined 

NaBH4 500 rev 

NaBH4 1000 rev 

NaBH4 2000 rev 

52.6 1.91 2.17 

2.24 

2.24 

2.25 

29.8 

30.1 

29.7 

30.1 

2.77 

2.89 

3.24 

3.60 

 

The retention of hemicelluloses in the pulp results in greater swelling, which 

generally increases the fibre bonding area. Swelling ability is strongly related 

to the porosity of the fibre wall (Berthold, Salmén 1997). Fig. 27 shows that the 

pore volumes of both the NaBH4 and the PS kraft pulps were somewhat 

higher than that of the reference kraft pulp.  

 



 

42 

 

Fig. 27 – Cumulative pore volume as a function of pore diameter from 

thermoporosimetry measurements on unrefined kraft pulps. 

 

This supports the hypothesis that these high-yield pulps have a higher fibre 

flexibility that may result in stronger bonds and handsheets with a higher 

tensile index. Fig. 28 shows that the solids content and water retention value 

(WRV) at given dewatering dwell times were higher for the pulps with a 

greater yield and higher hemicellulose content. 

 

 
Fig. 28 – Solids content at a dewatering dwell time of 10 ms as a function of 

WRV for three different kraft pulps at 0-2000 PFI rev. 
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This could be related to the ability of hemicellulose to hold water and the more 

open fibre network of the NaBH4 and the PS kraft pulps.  

 

Fig. 29 shows that at a low degree of refining, for example 500 PFI revolutions, 

the NaBH4 and PS kraft pulps had a tensile index of 45.5 and 52 kNm/kg 

respectively, which corresponds to a 15-32% increase over the reference kraft 

pulp, 39.5 kNm/kg, at a solids content of about 23% at 500 PFI revolutions for 

all three kraft pulps; shown in Fig. 30. 

 

Fig. 29 – Tensile index versus number of refining revolutions for 20 g/m2 

sheets of three different kraft pulps 

 

 

Fig. 30 – Tensile index after a dewatering dwell time of 10 ms as a function of 

solids content for three different kraft pulps refined at 0-2000 PFI revolutions 
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The hemicellulose-rich pulps, the NaBH4 kraft pulp followed by the PS kraft 

pulp clearly exhibit better dewatering, i.e. a higher dryness at a given tensile 

strength. Kraft pulps produced using either NaBH4 or polysulfide addition 

can thus offer either a higher strength for a given amount of refining or equal 

strength for less refining energy expended. 
 

 
Fig. 31 – Solids content after a dewatering dwell time of 10 ms as a function 

of dewatering resistance of the three kraft pulps at 0-2000 PFI revolutions 

There is a strong correlation between solids content and dewatering resistance 

of the pulps as shown in Fig. 31, i.e. solids content decreases as dewatering 

resistance increases. In the figure, the solids content after a dewatering dwell 

time of 10 ms is plotted against the Schopper-Riegler (°SR) value for 

dewatering resistance at different refining levels (0-2000 rev) for the three 

pulps. The solids content at a given Schopper-Riegler (°SR) value decreases in 

the order NaBH4˃PS˃ Ref kraft pulp, indicating that the pulps with a higher 

yield, NaBH4 and PS kraft pulps, can hold more water under the dewatering 

conditions used in the Schopper-Riegler test.  

 

The more open network of the sheets made from pulps with a high yield leads 

to a higher porosity that allows a greater volume of air to pass through the 

sheet, as shown in Fig. 32. 
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Fig. 32 – Volume of air passing through the sheet as a function of dewatering 

dwell time for the three unrefined kraft pulps 

 

The volume of air that is able to pass through each sheet correlates with 

dewatering ability: NaBH4˃PS˃Ref kraft pulp, so the more open networks of 

the NaBH4 and PS kraft pulps promote faster dewatering than the reference 

kraft pulp. 

4.2 The uniformity of impregnation at fibre level  
In this part, the area of study was the further development of traditional pulp 

manufacturing technology by improving knowledge of the uniformity of 

properties at the fibre level. The strategy was to take regular and accurate 

measurements of, in this case, the distribution of sulphur (S) and sodium (Na) 

at the fibre level. This is to optimize wood chip impregnation before cooking 

and chemical mechanical processes in which chemicals containing sulphur 

and sodium are used. 

One way to improve the uniformity of pulp properties at the fibre level is to 

improve impregnation. A more even distribution of impregnation chemicals 

can be achieved by using chips that are easier to impregnate. Professor Nils 

Hartler described this strategy as early as the twentieth century. Furthermore, 

Ants Teder described four principles for achieving a selective sulphate boil: 1) 

equilibrated hydroxide ion concentration, 2) high initial sulphide ion 

concentration, 3) low sodium concentration by boiling and 4) lowering 

possible boiling temperature. However, to further improve the pulping 

processes to produce fibres with as evenly distributed fibre properties as 
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possible, we must improve our knowledge of the uniformity of impregnation. 

Here follows a discussion of how we developed a prototype for and validated 

a setup to measure low levels of sulphur (S) and sodium (Na) down to the 

fibre level. 

 

4.2.1 Simulation model to validate the ED-XRF setup (III) 

The ED-XRF measurement setup was simulated using Monte Carlo N-particle 

radiation transport code (MCNP) (Werner 2017) to validate the system setup 

and select the proper geometry shielding, filtering and atmosphere for taking 

measurements. Absorption in helium, air and vacuum environments for 

measuring Na and S photons was modelled in MCNP. The fluorescence 

radiation from light elements has relatively low energy (long wavelength), 

which is severely attenuated if the beam passes through air.  

 

In this simulation, a 2 cm thickness of air completely absorbed the Na signal 

and 50% of the S signal, resulting in a low signal on the XRF spectrum, as 

shown in Fig. 33. A vacuum atmosphere eliminates air absorption. In practice, 

this means that most of the working parts of the instrument have to be located 

in a large vacuum chamber. The problems associated with maintaining 

moving parts in a vacuum pose major challenges for the design of the 

instrument. For less demanding applications, or for samples that would be 

damaged by a vacuum, a helium chamber is an alternative, although this will 

cause some attenuation.  

 

Fig. 33 – Simulation spectra in air, helium gas and vacuum environments 
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X-ray transmission curves of helium gas and air were plotted by XOP; see Fig. 

34. The results matched the MCNP simulation and demonstrate that using 

helium gas instead of an air environment is suitable for the detection of Na 

and S.  

 

  
Fig. 34 – Transmission image in air and helium gas environments 

 

Therefore, the solution in this study was to use a titanium (Ti) box flooded 

with helium (He) gas to minimize the absorption of fluorescence photons and 

shield scattered photons in the air that might disturb the measurement; see 

Fig. 17 (Chapter 3). 

 

4.2.2 Validation of helium gas in XRF setup (III)  

The XRF setup was investigated with a 10µm pinhole using Seltin® salt in 

helium gas at 8 keV fluorescence energy. A higher concentration of the 

elements (S and Na) was required to detect the fluorescence photons from 

light elements, taking into consideration the measurement time. However, the 

Na concentration in the kraft sample might have been too low to detect since 

the kraft pulp was washed in normal tap water. It was more challenging to 

detect Na (Kα11.04 keV) due to its low fluorescence yield compared with S 

(Kα1 2.31 keV). Thus, Seltin® salt was used for the setup validation. Seltin® salt 

is a mineral salt from Cederroth International AB containing 50 g NaCl (per 

100 g) in addition to KCl, MgSO4 and I (Fevang 2009). It showed a comparable 

peak to air and helium gas flow when detecting Na signal (Kα1 1.04 keV); see 

Fig. 35.  
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Fig. 35 – Seltin® salt in a helium gas environment using a 10µm pinhole 

 

However, the 10µm pinhole reduced the beam intensity and resulted in a 

detection rate of Na fluorescence photons of only 28 counts in 17 hours. The 

mass fraction for Na was 196.6 g/kg in the Seltin® salt. A commonly accepted 

definition of limit of detection (LOD), as provided by the American Chemical 

Society, is a concentration of an element greater than SNR≥3, which means 

that the characteristic peak of an element at a given concentration is greater 

than the background by a statistically significant amount. Assuming a linear 

relationship between the photon counts and the concentration in the XRF 

spectrum, the calculated LOD for the current setup, in which a 10µm pinhole 

is applied, is 29 g/kg. 

 

Previous studies using a semi-parametric Neutron Activation Analysis have 

shown that the Na concentration is about 2 g/kg in bright paper, less than the 

LOD of this setup. Low concentration, low fluorescence yield, air absorption 

and a small pinhole are the reasons Na is difficult to measure in XRF analysis 

(Medeiros et al. 2007). In addition, Pb M-line at Kα1 2.34 keV exists in the 

blanks measurement and interferes with the detection of the S signal from the 

Seltin® salt. We further shielded the X-ray tube with aluminium (Al) pipe to 

avoid Pb disturbance in the kraft pulp measurement. 
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4.2.3 Measurement of Na and S from pulp sample at XRF (III) (V) 

Since the Na concentration in the kraft pulp sample was very low, it was 

difficult to take a reading of the Na peak using a 10µm pinhole. Thus, a 50µm 

pinhole was suggested. As seen in Fig. 36, kraft pulp was investigated on one 

spot point at 8 keV for 7 hours in a helium gas environment. 

 

Fig. 36 – XRF analysis of kraft pulp in a helium gas environment using a 50 

µm pinhole 

 

The S peak was clearly visible in the air environment with our XRF setup. 

However, the Na peak was unclear in the spectrum due to the small irradiated 

area, low beam intensity and low Na concentration. These were the 

considerations that encouraged further measurements of Na (i) at a higher 

beam intensity and (ii) using helium gas absorption. This work further 

suggests the need to use a synchrotron beam, which has high beam flux, in a 

vacuum environment. 

 

For further study, we measured three spot points of kraft pulp to analyse the 

S (Kα1 2.3 keV) peak and investigate the possibility of mapping different S 

counts at different locations. While we were able to observe S images, we did 

not achieve the same counts at all three spot points; see Fig. 37.  
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Fig. 37 – XRF analysis of kraft pulp in a helium gas environment at 3 different 

points using of 50 µm pinhole 

 

In the worst case, all the S counts would be the same, meaning the mapping 

could be blank. At 8 hours for each point, the S peak value in helium gas was 

only 17-32 counts, which is slightly lower than the statistical projection. As a 

further development stage, a polycapillary X-ray optic could be used as an 

alternative, which would offer an X-ray flux gain 150 times greater than that 

of a laboratory prepared pinhole (XOS Webpage 2020).  

However, in this work we observed that the spatial resolution of XRF 

measurement is limited by spot size and scanning step size. For the primary 

sulphonation level of kraft pulp, the in-house XRF setup using a helium gas 

environment provided promising results, but for a larger setup the use of a 

vacuum chamber is suggested.  
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4.3 Improving selectivity with a catalytic cooking 

system (IV) 

 

So far, this thesis has only focused on part of Paper IV: a new selective catalytic 

system for environmentally sustainable depolymerization of lignin. However, 

we also investigated a catalytic lignin-selective cooking method in which a 

large portion of the lignin was obtained as vanillin. We intend to investigate 

whether we can optimize this approach further to achieve a highly selective 

cooking process with largely lignin-free fibres, keeping the cellulose largely 

intact and most of the hemicellulose still in the fibre wall. The goal was to 

produce vanillin directly from wood, but there is also the potential to produce 

an interesting pulp fibre simultaneously.  

 

However, here we have only discussed the impact of oxygen pressure, 

alkalinity, temperature variation and overall autoclave timing on vanillin 

yield using a small laboratory digester. 

 

Three different types of nine wood samples (sawdust), seven softwoods (SW-

1 to SW-7), one hardwood (HW-8) and one kraft lignin (9), were studied in an 

experimental trial using a small digester at the SCA R&D Centre. The results 

obtained are shown in Table 5. The idea was to mimic the kraft cooking process 

using sawdust instead of industrial wood chips and encourage the increased 

utilization of sawdust as a high-value product for the pulping industry. The 

objective of this experiment was to develop a normalized and fast method of 

vanillin production from wood samples to add a simple natural catalytic 

process to the kraft pulping process in future to improve selectivity during 

the cooking process before the bleaching stage. 
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Table 5 – vanillin yield from different wood samples 

[a] Yields based on the softwood lignin content (28.7%) 

[b] Yields based on the hardwood lignin content (22.4%) 

[c] Yield for syringaldehyde 

 

The effects of different variables such as oxygen pressure, concentration of 

alkali, temperature and autoclave time were studied together for the 

autoclave of wood (sawdust) to obtain vanillin. It showed the tendency of 

consumed oxygen on dissolved lignin from wood as a function of reaction 

time with different reaction temperatures and alkali concentrations. 

 

4.3.1 Effect of oxygen consumption on vanillin yield  

The increase in vanillin yield is illustrated in Fig. 38. Oxygen gas pressure of 

10 bar resulted in an increase in vanillin yield of approximately 3-4% 

compared with the higher pressure (12 bar) of SW-7 and lower pressure (5 bar) 

of SW-6. However, the results indicate that 12 bar of oxygen pressure might 

produce a lower yield of aromatic aldehyde/ketones during the oxidation 

process (Wong et al. 2010). Table 5 also shows that the difference in the vanillin 

yield from hardwood and kraft lignin compared with softwood samples (SW-

1 to SW-7) is less than 5-7%, although a Cu catalyst was used with the kraft 

Entry Samples 

name 

NaOH(M) Cu 

plate 

(wt%) 

Time 

(hr) 

Temp. 

(oC) 

Pressure 

(Bar) 

Vanillin 

(wt%) 

Acetov.  

(wt%) 

Vanillic 

acid 

(wt%) 

1a SW-1 2 - 7.0 100 10 1.87 0.14 1.02 

2 a SW-2 2 - 7.0 130 10 7.46 0.93 0.96 

3 a SW-3 4 - 7.0 130 10 9.06 2.08 1.93 

4 a SW-4 4 10 7.0 130 10 9.02 1.29 5.32 

5 a SW-5 4 - 14.0 130 10 10.4 2.2 6.3 

6 a SW-6 4 - 14.0 130 5 6.4 1.17 3.95 

7 a SW-7 4 - 14.0 130 12 7.84 1.65 4.28 

8 b HW 4 - 14.0 130 10 3.84 

4.06c 

0.98 3.88 

9  Kraft 

lignin 

4 10 7.0 130 10 1.38 0.30 1.48 
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lignin. This suggests that softwood is beneficial for obtaining a better yield of 

vanillin.  

 

 
     Fig. 38 – Effect of oxygen pressure to improve vanillin yield 

 

4.3.2 Effect of alkalinity on vanillin yield  

 

Two different alkalinities (2 mol/L NaOH and 4 mol/L NaOH) were observed 

to study the effect of alkalinity on vanillin yield. For samples SW-2 and SW-3, 

see Fig. 39, increasing the alkali charge (2M NaOH to 4M NaOH) by 

approximately 2% improved the vanillin yield. This can be explained by the 

alkaline treatment during the process. One target point for improving 

selectivity for vanillin production was between the oxygen and phenolic part 

of the lignin side chain. The implication is that the lignin decomposed to acid 

groups by increasing the alkali concentrations (4 mol/L NaOH) at higher pH 

values (>12), thus promoting faster oxidation and increasing vanillin yield. 

Under the lower alkalinity condition (2 mol/L NaOH) at lower pH values 

(<11.5), vanillin degrades at a faster rate thus reducing the vanillin yield 

(Fargues et al. 1996; Borges da Silva et al. 2009; Fache et al. 2015). However, in 

this experiment we did not observe any significant yield differences between 

SW-2 and SW-3 with changes in alkalinity. On the other hand, for SW-6 the 

vanillin yield was 3% lower due to the lower oxygen pressure (5 bar), 

although the alkalinity charge and temperature were higher. This is likely to 

be a sign of the consolidation effect between oxygen pressure and alkalinity. 
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Fig. 39 – Effect of alkalinity on vanillin yield 

 

In addition, no significant effect on vanillin yield between SW-3 and SW-4 (in 

Table 5) was observed from the Cu catalyst compared with the natural catalyst 

of oxygen pressure. The results also suggest that softwood is preferable for 

obtaining a higher vanillin yield than the high molecular weight of Kraft 

lignin (Lignoboost). In addition, a higher alkali concentration for hardwood 

(SW-8) might reduce selectivity for this delignification process compared with 

a lower molecular alkali (not studied) condition (Agarwal 1996). 

 

4.3.3 Effect of temperature and autoclave time on vanillin yield  

The effect of oxygen pressure is small in comparison with the effect of 

changing alkali charge and temperature (Zou 2002). The effect of reaction 

temperature and total cooking time was investigated to optimize the reaction 

rate. The results show that increasing the reaction temperature in this cooking 

process increases the efficiency of lignin elimination from wood. At a high 

temperature and alkali condition, the free phenolic is released, which might 

have significantly affected the vanillin yield from lignin (Wang et al. 2018). In 

Fig. 40, a 5-7% vanillin yield improvement is identified from the trial of SW-1 

to SW-3 with a temperature increase of only 30°C, a significant effect 

compared with increasing the alkali charge. Therefore, we suggest that 

temperature plays the most important role for selectivity in delignification. 

Increasing the autoclave time did not have as much of an effect as increasing 

the temperature; see for example between SW-4 and SW-5 in Table 5.  
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     Fig. 40 – Effect of temperature on vanillin yield 

 

As can be seen in Fig. 41, there was only a 1% yield improvement for SW-5 

from doubling the reaction time compared with half the cooking time for SW-

4. The results show that a higher temperature with at least 7 hours of 

autoclave is sufficient to save energy with a faster rate of reaction and lead to 

a significant increase in vanillin production.  

 

 
     Fig. 41 – Effect of autoclave timing on vanillin yield 

 

From the above investigation, it is observed that at a higher temperature for 

any autoclave time (7 hr or 14 hr) an increase in oxygen consumption is invalid 

as oxygen pressure either increases (SW-7) or decreases (SW-6). This resulted 

in a lower yield of vanillin. Therefore, it is important to minimize such liquor-
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oxygen reactions in the development of an improved oxygen delignification 

(OD) process to ensure the right alkali concentration and temperature for a 

specific autoclave time to optimize the vanillin yield. The optimal reaction 

temperature was found to be more than 100°C at a maximum oxygen gas 

pressure of 10 bar in a 2M-4M alkali concentration. These process conditions 

could provide a maximum vanillin yield of 10.4%. 

Although the vanillin yield increased by 1.5% using a 4M concentration of 

alkalinity, we suggest that a 2M NaOH could provide the greatest overall 

improvement of both vanillin and pulp yield, the reason being that occasional 

increases in alkali charges could reduce the pulp yield and strength 

(pulppapermill.com 2015). 
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CHAPTER 

5 
CONCLUDING REMARKS 

5.1 Improved impregnation with selective cooking 

 

- Modifying the kraft pulping process by adding an oxidizing agent 

(polysulfide) or a reducing agent (sodium borohydride) increased the 

pulp yield by increasing the retention of glucomannan. 

 

- The pulps with increased glucomannan yield had a higher tensile 

index. This effect was most pronounced at a low degree of refining and 

low grammage. 

 

- The higher yield resulted in an increase in the pore volume, which 

indicates a greater degree of swelling of the fibre and thus an increase 

in flexibility, which probably leads to an increase in the bond strength, 

resulting in a higher tensile index. The greater swelling was also seen 

in the higher WRV values. 

 

- When the pulp yield increased from 48% to 53%, the paper sheets had 

10% fewer fibres at a given dryness level for the NaBH4 kraft pulp than 

for the reference kraft pulp. This leads to a more open sheet structure, 

which explains the faster dewatering speed. 

 

- For the pulps studied here, a more open sheet structure has a greater 

effect than increased swelling on dewatering under conditions 

mimicking full-scale dewatering. This means that pulps with a higher 

yield have faster vacuum dewatering when refined to a given tensile 

strength. 
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5.2 Improved impregnation uniformity with XRF 

 

In this work, we mainly developed a technique for an XRF imaging system 

using energy-dispersive X-ray spectroscopy. The system is now capable of 

imaging light elements, especially S, for the study of the sulphonation degree 

for pulp impregnation processes.  

 

- We achieved XRF spectra of Seltin® salt and kraft pulp samples with 

resolved Na and S peaks, separately. We conclude that it is possible to 

develop a direct X-ray fluorescence method to obtain S and possibly 

Na distributions in samples of a few millimetres to micrometres in size 

in a helium gas environment. However, for larger setups, the use of a 

vacuum chamber is suggested. 

 

- As a further development stage, polycapillary X-ray optics could be a 

better option, as the X-ray flux gain will be 150 times greater than that 

of a laboratory-prepared pinhole.  

 

- The technology can be validated using the XRF transmission method 

or monochromatic radiation from synchrotron facilities in further 

work. For example, for NanoMAX at MAXIV Lund, Sweden, the 

spatial resolution can achieve low excitation energy (5-6 keV) of Kα1 

and Kβ1 lines of Na (1.04 keV and 1.07 keV), and S (2.31 keV and 2.43 

keV) is about 200 nm, and to scan a 100x100 µm2 area would take about 

3 hours at this resolution. 

5.3 Improved selectivity with a catalytic approach 

 

- The obtained results indicate that both oxygen pressure and alkalinity 

improve selectivity. However, increasing the temperature stimulates 

the degradation of lignin at specific pH and oxygen gas pressure and 

thus helps to expand the vanillin yield.  

 

- The autoclave time can be minimized if the process is controlled at the 

right temperature and alkali conditions. Softwood was preferred for 

obtaining a better vanillin yield than hardwood and kraft lignin. 
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- The use of sawdust also seemed to mimic the delignification process 

and could possibly be of value to the upcoming new source of vanillin 

products from the pulp industry.  

5.4 Suggestions for further work 

 

5.4.1 Further development of kraft pulp modification for tissue 

- In the production of tissue paper, dewatering in the pressing section 

is of great importance. To fully understand the behaviour of the 

modified kraft pulps, it is therefore also necessary to further study 

dewatering during wet pressing.  

 

- It is also important to characterize the strength properties of the fibre 

network in low density handsheets. Here, the basic question is how 

to interpret the standard handsheet results to predict fibre 

performance for tissue applications or if there is any other way to 

characterize the strength properties of fibre networks for the 

applications. 

 

- The creep behaviour of tissue is crucial, and it is important to study 

possible differences between modified kraft pulps with regard to this.  

 

- Kraft pulp modification can also be performed by changing the 

chemical profiling in the digester and adding new chemicals 

(different carbohydrate compounds, for example xyloglucan, CMC, 

etc). 

 

- Consider the importance of different retention times for liquor and 

chips in continuous industrial digesters.  

 

5.4.2  Further development of the XRF technique for sulphonation  

- In the next development stage, the ED-XRF technology needs to be 

developed further in lab and methods to improve impregnation at 

pilot and/or full scale need to be studied. Before trials at an industrial 

laboratory and/or using online equipment, further development 

using well-defined chip and pulp samples needs to be done. We 
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expect this research will be a first step towards a new tool industry to 

improve process efficiency.  

 

- The pilot tests will test different techniques to improve impregnation 

efficiency related to both kraft and CTMP. Wood samples from these 

trials need to be microtome cut into 60-80 um-thick layers and 

separate standard analyses performed on each layer through wood 

chips. The same wood samples need to be used for analyses with the 

new X-ray based technique. Furthermore, pulps, pulp fibres and 

shive fractions from the pulps need to be tested with conventional 

techniques with regard to sulphur content.  

 

- Setup of the measurement station according to the specifications from 

the previous step. This includes manufacturing sample manipulators, 

a climate chamber and collimators. The proposed method is quick 

and simple but has limitations in terms of spatial resolution and 

sensitivity. To overcome these limitations, the equipment will need to 

be calibrated with further measurements using known samples and 

in the energy range of interest after validation with the synchrotron. 

Continue the development and extend it for use in pilot trials at 

industry level.  

 

5.4.3 Further improvements in selectivity with a catalytic process 

- At the next step, it may be possible to further extend the experimental 

trials using real industrial wood chips instead of sawdust and to find 

the best selectivity for whole impregnations and delignification in a 

kraft pulping process.  

 

- In future, the disclosed catalytic approach could be further 

investigated in larger trials. Perhaps, it could be used to accomplish 

more sustainable pulping and, in parallel, improve the process 

efficiency of delignification before the bleaching stage. 
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