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This thesis studies how changes in sulfidity of white liquor in softwood cooking influence 

sulfur content and lignin quality. Prepared lignin samples were characterized, and the results 

were compared with previous internal studies and literature values. 

The aim was to produce four different lignin samples using four types of black liquor. One 

lignin sample was produced from soda cooked black liquor, while the remaining three were 

precipitated from kraft cooked black liquors. Precipitation was carried out following the 

Lignoboost® method. The precipitated and filtered alkaline lignins were then purified with 

sulfuric acid. Finally, the filtrated cakes were neutralized, dried, and analyzed. 

Filter press, manufactured by Autemi, was tested as a part of this thesis with the goal of 

evaluating its potential for filtering and washing lignin at laboratory scale. Alkaline filtration 

was done using the filter press whereas the acidic slurries were filtrated and neutralized using 

bühner-funnel instead of filter press.  

The results showed that increasing sulfidity in kraft softwood cooking led to a higher sulfur 

content in washed lignin. An increase in the sulfidity of white liquor from 15 % to 30 %, 

nearly doubled the sulfur content in lignin samples from 1.7 % to 3.2 %. The higher amount 

of sulfur in kraft lignins was also found to lower the glass transition temperature. 

The resulting lignin cake contained significant carryovers, which caused residual sulfuric 

acid concentration in the lignin during drying. This led to elevated sulfur contents in the final 

products. These findings suggest that more efficient dewatering could reduce impurities. The 

utilization of the filter press is recommended for further filtration studies of precipitated 

lignin.  
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Ligniiniä voidaan valmistaa selluteollisuuden sivutuotteena mustalipeästä. Diplomityön 

tavoitteena oli selvittää, vaikuttaako sulfiditeetin muutos havupuukeitoissa mustalipeästä 

saostetun ligniinin rikkipitoisuuteen ja laatuun. Ligniinit analysoitiin ja tuloksia vertailtiin 

aiempiin sisäisiin tuloksiin sekä kirjallisuusarvoihin.  

Kokeellisessa osassa valmistettiin neljä erilaista mustalipeää, joista saostettiin ligniiniä. 

Ligniinin valmistuksessa laboratorio-olosuhteissa, pyrittiin seuraamaan LignoBoost®-

prosessia. Yksi ligniineistä saostettiin rikittömästä soodakeiton mustalipeästä, loput kolme 

ligniiniä valmistettiin havupuulle tyypillisestä kraft-keiton mustalipeästä. Saostetut alkaliset 

ligniinit puhdistettiin rikkihapolla ja viimeisteltiin syrjäytyspesuilla. 

Työssä testattiin suodinpuristimen soveltuvuutta laboratoriossa saostetun ligniinin 

suodattamiseen. Alkalisen lietteen suodatus tehtiin suodinpuristimella. Puhdistusvaiheessa 

happaman lietteen sakeutukseen ja syrjäytyspesuihin käytettiin bühner-suppiloa.  

Mustalipeistä saostettu ligniini kuivattiin ja karakterisoitiin Ruotsissa. Tuloksista havaittiin, 

että keiton aikana rikki siirtyi mustalipeään ja siitä edelleen saostettuun ligniiniin. Kun 

valkolipeän sulfiditeetti tuplattiin 15 %:sta 30 %:iin, lopputuotteen rikkipitoisuus nousi 1.7 

%:sta 3.2 %:iin.  

Rikkipitoisuudet ligniineissä oli oletettua korkeammat. Korkeat rikkipitoisuudet ligniinissä 

kertoivat pesun tehottomuudesta.  Uudelleen saostettu, puhdistettu ligniini tulisi 

ehdottomasti puristaa, jotta epäpuhtauksien siirtymä pesuvaiheesta toiseen vähenisi. 

Epäpuhtauksien suurten määrän vuoksi ligniinin ominaisuudet heikkenivät aiempiin sisäisiin 

tutkimuksiin verraten. Suodinpuristinta suositellaan vastaaviin, suurempien näytemäärien 

suodatuskokeisiin.  
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Roman characters 
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1  Introduction 

The growing use of pulp mill’s by-products has generated increasing interest in black liquors 

and the kraft lignin recovered from them. Kraft lignin has shown potential in numerous 

applications, such as replacing fossil-based graphite with bio-based anode material in energy 

storage applications. However, the influence of cooking conditions on lignin properties is 

not well understood.  

This thesis is investigated to answer the following research question: 

• How does sulfur in precipitated lignin influence lignin properties? 

The experimental part consists of five main stages: chip screening, laboratory cooking, 

precipitation of black liquor, purification of lignin, and lignin analysis (Figure 1).   

 

 

Figure 1. Flow chart of the experimental work 

 

 

Screening of SW 
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The study was carried out by varying the sulfidity in laboratory cooks, ranging from 0 % to 

42 %. The produced black liquor samples were evaporated, and lignin was precipitated using 

the Lignoboost® method. Carbonation in the alkaline stage was performed with carbon 

dioxide. Alkaline lignin samples were purified in a re-slurry with sulfuric acid, then washed 

and neutralized. Lignin samples were subsequently dried and crushed for analysis. Thermal 

properties, such as swelling and glass-transition temperature were determined, and elemental 

analysis and residual ash measurements were performed to assess the purity. A correlation 

matrix was used to compare results.  

In the literature review, the focus is on Scandinavian softwoods and their chemistry in the 

chemical pulping process. 
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Literature review 

2  Wood chemistry 

This following chapter is describing wood chemistry in Scandinavian tree species. Wood is 

composed of three main components: cellulose, hemicellulose and lignin along with a 

variable amount of extractives depending on the wood species. The chemical composition 

of wood varies both between species and within the wood material itself. Tree species are 

generally classified into two groups: hardwood (HW) and softwood (SW). Hardwood 

species produce seeds within flowers, whereas softwood species produce uncovered seeds 

in cones. Softwood species are mostly evergreens, while hardwood species shed their leaves 

time after time. (Alén, 2000) 

2.1  Softwood structure & morphology  

Softwood and hardwood differ in their lignin and hemicellulose polymer structures, while 

cellulose is relatively uniform regardless of the wood type. (Koch, 2006) The cellulose 

content in both softwood and hardwood is approximately 40% of the wood’s dry mass. Scots 

pine (Pinus sylvestris) and birch (Betula pendula) are commonly used wood species in the 

pulping process in Scandinavia. Pine contains a higher amount of lignin compared to birch 

(Figure 2). (Alén, 2000)  
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Figure 2. Chemical composition of birch and pine. (Alén, 2000) 

 

Cellulose, one of the longest known polysaccharides, is composed of glucose units and is 

the main carbohydrate in wood. Hydrogen bonding within the cellulose chain provides 

structural rigidity and support in the wood. Hemicelluloses are a class of 

heteropolysaccharide that includes typically 20-35 % of wood’s dry mass. Together with 

cross-linked lignin, hemicellulose provides flexibility to wood cells. In softwood, the main 

hemicelluloses consist primarily of mannose and galactose units.  (Daniel, 2009) 

2.2  Fiber cell wall structure 

Wood is composed of fibers and fiber cells are composed of several structural layers (Figure 

3). The middle lamella (ML) is a thin lignin-rich layer between the fibers. Function of ML 

is to bond fibers together. While the middle lamella contains the highest concentration of 

lignin, its overall contribution to the total lignin content in softwood is relatively small. 

(Ilvessalo-Pfäffli ,1977; Alén, 2000) 
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Figure 3. Structure of fiber cell wall (Alén, 2000) 

 

Most of the lignin is in the thicker secondary walls (S1+S2) and the tertiary layer (T). The 

S2- layer is the dominant layer in terms of thickness, and it contains the highest amount of 

cellulose among the cell wall layers.  (Ilvessalo-Pfäffli, 1977; Alén, 2000)  
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3  Lignin chemistry 

This chapter focuses on lignin chemistry and its reactions during the different cooking 

phases. These phases are the initial, bulk, and residual phases. More details about cooking 

phases are in Chapter 4. 

In forest biomass, lignin is the second most abundant polymer after cellulose. It has a 

complex and variable chemical structure that differs between wood species. (Alén, 2000; 

Lange et al., 2015) Lignin binds cells together and provides stiffness to the cell walls. In 

addition it has a hydrophobic influence on the cell wall. (Henriksson, 2009) 

Technically modified lignins, such as kraft lignin and soda lignin, are generated as by-

products of the chemical pulping industry. (Alén, 2000) When lignin is isolated from wood, 

it is typically named according to the isolation method, for example soda lignin (also known 

as alkali lignin) or kraft lignin (also known as sulfate lignin). (Brunow,1977; Alén, 2000) 

3.1  Lignin structure 

Lignin has a heterogeneous composition and lacks a defined primary structure. (Lange et al., 

2015; Katahira et al. 2018) Although the full structure of lignin is not entirely known, 

hardwood lignin has been reported to exhibit a more linear and uniform lignin structure than 

softwood lignin, which contributes to easier delignification during pulping of hardwood 

species (Sixta, 2006). 

The lignin polymer molecule is composed of monometric units with different structures. The 

three primary monomers are para-coumaryl alcohol (H-type monomer), coniferyl alcohol 

(G-type monomer) and sinapyl alcohol (S-type monomer). These monomers are illustrated 

in Figure 4. (Lange et al., 2015; Katahira et al., 2018) 
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Figure 4. Structure of building subunits of lignin (Lange et al. 2015) 

 

In softwood species, the dominant monomer is the type G (>90 %), whereas small amounts 

of H-type monomers are found in compression wood. Sinapyl alcohol is the dominant 

monolignol in hardwood species. Monolignol ratios for softwood and hardwood are shown 

in Table 1. (Henriksson, 2009) 

 

Table 1. Monolignol ratios in SW and HW (Adapted from Henriksson, 2009) 

 
Composition of monolignols 

 

Plant 
p-Coumaryl 

alcohol [%] 
Coniferyl 

alcohol [%] 
Sinapyl alcohol 

[%] 

Coniferous SW <5 >95 None or Trace 

Eudocotyledonous HW 0-8 25-50 46-75 

 

In grasses, all H-, G- and S-type monolignols occur, with a notably higher content of ρ-

coumaryl alcohol than in softwood and hardwood. (Henriksson, 2009) 

Lignin monomer units are connected by ether linkages (C-O-C) and carbon-carbon bonds 

(C-C) and esters bonds. Over two thirds of the linkages are ether bonds, of which the β-O-4 

structure is the most prominent ether linkage in softwoods and hardwoods. Typical carbon-

carbon bonds are 5-5, 5-6 and β-5 linkages. (Alén, 2000; Hoffman et al., 2019) Lignin 

includes phenolic and non-phenolic structures.  
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3.2  Lignin reactions in alkaline cooking  

During alkaline cooking, the alkaline liquor reacts with lignin in three phases. Alkaline 

hydrolysis cleavages ether bonds from the lignin structure. As a result, lignin polymer breaks 

down into smaller phenolic lignin units. Hence, lignin becomes soluble into alkaline cooking 

solution. (Gustafsson et al., 2011) In kraft cooks, sodium sulfide (Na2S) exists as NaHS in 

aqueous alkaline solution. This hydrosulfide (HS-) ion acts as both a nucleophile and a 

catalyst in alkaline cooking process. (Dimmel and Gellerstedt, 2010) Phenolic structures 

contain a free hydroxyl group (-OH) attached to the aromatic ring, whereas in non-phenolic 

structures this hydroxyl group is substituted or absent.  

In the initial phase of delignification, cleavage of phenolic α- and β -aryl ether bonds occur 

predominantly. Cleavage of α-aryl ether linkages in phenolic arylpropane leads to the 

formation of a quinone methide structure and the elimination of the α-substituent. This α-

aryl ether reaction (Figure 5) occurs in alkaline conditions where hydroxide ion is available. 

Non-phenolic structures are stable at this phase. (Dimmel & Gellerstedt, 2010)  

 

 

Figure 5. α-Aryl ether linkages in alkaline conditions. (Dimmel & Gellerstedt, 2010) 

 

The cleavage of β-O-4 linkages involves four steps (Figure 6). First, a quinone methide is 

formed through hydroxide cleavage of the α-substituent. In the second step, hydrogen sulfide 

reacts with the quinone methide to form benzyl thioalcohol. At the same time deprotonation 

occurs. Deprotonation then cleaves the β-O-4 bond, releasing a free phenolic ion and forming 

an episulfide. In the final step, elemental sulfur is cleaved, yielding coniferyl alcohol. 

Elemental sulfur reacts with hydrogen sulfide ions (HS⁻) in the cooking liquor to form 
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polysulfides. Formed polysulfides cleavage to hydrogen sulfide and thiosulfate ions.  

(Dimmel & Gellerstedt, 2010; Gellerstedt, 2009; Gustafsson et al., 2011) 

 

Figure 6. β-Aryl ether reaction scheme under kraft cooking conditions. (Gustafsson et al., 

2011) 

 

Gellerstedt (2009) reports that quinone methide intermediate can form an enol ether structure 

in alkaline conditions with hydroxide (OH-) nucleophile. 

The presence of free phenolic hydroxyl groups increases the hydrophilicity of lignin and its 

fragments. This increases the solubility of lignin in the BL. (Chakar & Ragauskas, 2004) 

According to Gellerstedt (2015) efficient lignin dissolution in kraft pulping requires a high 

alkalinity. If alkalinity is too low, the formation of hydrophilic groups and fragmentation of 

the polymeric lignin are stopped. The HS--ion has a significant effect on fragmenting 

quinone methide structures during kraft pulping. 

In bulk delignification phase non-phenolic β-O-4 structure reacts with hydroxide and sulfide 

nucleophiles. The reactivity of non-phenolic β-O-4 structures is more strongly influenced by 

hydroxide concentration than by sulfide ions.  In contrast, non-phenolic α-aryl ether is stable 

throughout the cooking process. (Dimmel & Gellerstedt, 2010) 

In the residual phase, β-1 and β-5 sub-units are converted into stilbene and aryl enol ether 

subunits. (Figure 7). (Lange, 2015; Gellerstedt, 2009) Dimmel and Gellerstedt (2010) has 

reported that these β-1 and β-5 elimination reactions are significant under soda cooking 

conditions. Gellerstedt (2009) reports that prolonged soda cooking can therefore lead to the 

formation of a chemical structure like kraft lignin, due to the degradation of vinyl ethers. 
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Figure 7. Formation of stilbene structures from β-1 and β-5 subunits during alkaline 

cooking. (Gellerstedt, 2009) 

 

The delignification rate in soda pulping is lower due to the absence of HS- -ions. As 

illustrated in Figure 10 (Chapter 5), shows the influence of hydrosulfide ions in alkaline 

cooking of spruce at 160 °C. The lack of hydrosulfide, soda lignin contains vinyl ethers, 

making it more condensed and recalcitrant than kraft lignin. (Kumar et al. 2020)  

Undesired side reactions occur during alkaline cooking under improper conditions. One of 

these is condensation reaction, which leads to darkening of the lignin. (Gustafsson et al., 

2011) Condensation reaction can occur during steaming, before cooking, if temperature 

exceeds 120 °C. (Virkola et al., 1983) 
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4  Chemical pulping processes 

The main idea in cooking process is to release fibres from wood by removing most of the 

lignin through the combined action of chemicals and heat. The used cooking chemicals vary 

depending on the pulping process. In chemical pulping process, approximately half of the 

wood material is dissolved. The tree main types of chemical pulps are sulfite, kraft, and soda 

pulps.   

4.1  Kraft pulping 

The kraft pulping process, also known as the sulphate process, is the most common chemical 

pulping processes. In kraft pulping, sodium sulfide and sodium hydroxide are the active 

cooking chemicals. (Brännvall, 2009) According to Sixta (2006), a complete kraft cook 

requires H-factor in the range of 1000 to 1500. Virkola et al., (1983) reported that in SW 

kraft pulping, the H-factor ranges from 1500-2000 when kappa target is 30. The advantages 

of kraft pulping include excellent pulp strength properties and an efficient chemical recovery 

system within the pulp mill. Moreover, kraft pulping is suitable for all wood species. 

(Dimmel & Gellerstedt, 2010; Biermann, 1996) 

4.2  Soda pulping 

The soda pulping process was the first potential chemical method for separating cellulose 

from wood. In soda pulping, sodium hydroxide is used as the cooking chemical. It was 

widely used in past, but most soda mills were converted into kraft mills, when kraft process 

were developed at the end of the 1880s. Soda pulping is a sulfur free alternative to kraft 

process. (Almeida, 2013; Kalavathy et al., 2024) 

Soda process is nowadays commonly used for annual plants such as straw. Cooking additives 

are used to improve the cooking process. Anthraquinone is commonly used as an additive in 

soda pulping process, and in some cases, oxygen is also applied. (Gellerstedt, 2009) The 

soda pulping process requires a higher H-factor than the kraft process. Figure 10 in Chapter 

5 shows the differences between soda and kraft processes at varying sodium sulfide charges. 
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Compared with kraft pulp, soda pulp offers advantages such as easier bleaching and lower 

sulfur emissions.  (Biermann, 1996) 

4.3  Chip size 

Before cooking, wood logs are debarked and chipped.  The chips are screened, and rejected 

chips are removed from cooking process. (Bajpai, 2015) During cooking, the efficiency of 

delignification depends significantly on chip thickness. Air in the chips is removed by 

steaming, however, steaming is often insufficient for thicker chips. This can cause diffusion 

problems if the cooking chemicals are consumed before reaching the center of the chip. 

When steaming is effective, the cooking liquor penetrates the chips uniformly.  Poor 

impregnation leads to a non-uniform pulp. (Gustafsson et al., 2011) The average softwood 

chip used in chemical pulping is 25 ± 3mm long and 4 mm thick. A higher number of broken 

fibers is typically observed when the chips are too short. (Willför et al., 2011)  

4.4  Delignification phases 

During alkaline cooking lignin dissolution can be characterized by three distinct phases: the 

initial, the bulk, and the final (residual) phases. Figure 8 illustrates these delignification 

phases. According to Gustafsson et al. (2011), all cavities of wood cells and pores of cell 

walls must be filled with cooking liquor before delignification can occur. Lignin dissolution 

proceeds from the S2-layers toward the middle lamella through the cell wall pores. Lignin in 

the middle lamella, which binds the fibers together, is the last to dissolve. 

In the initial phase, which occurs when cooking temperature is below 140 °C, the cooking 

liquor impregnates the wood chips. Approximately 20 % of the lignin and carbohydrates are 

extracted from chips. In this phase, lignin is primarily dissolved from the secondary layer 

S2. (Sepsilva, 1997; Virkola et al., 1983) When the temperature rises above 140 °C, diffusion 

governs the reactions, and chemicals are consumed into carbohydrate reactions. Mainly α -

and β-aryl ether linkages in phenolic lignin structures are cleaved in the initial phase. 

(Gellerstedt, 2009; Brännvall, 2009)  
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According to Virkola et al.  (1983) and Gustafsson et al. (2011), bulk delignification depends 

on both sulfidity and temperature. This phase continues until the lignin content is reduced to 

about 3-5 wt-% of the original wood material. Lignin is dissolved from the secondary layer 

and middle lamella.  

In the residual phase, the rate of delignification decreases, which can be seen as a change in 

the slope (Figure 8).  Hydroxide ion concentration increases the delignification rate. These 

three phases are more easily distinguished in softwood than in hardwood during cooking 

process. 

 

 

Figure 8.  Hardwood and softwood delignification phases. (Gustafsson et al. 2011) 

 

Lingdren and Lindström (1996) reported that the concentration of OH- ions and temperature 

influence the rate of delignification in the final phase. In this phase, the concentration of 

alkali is lower than at the beginning of cooking. Together with the lower concentration of 

lignin in wood, this decreases the dissolution rate in the final phase. In the residual phase, 

carbohydrates dissolve more readily than lignin. (Gustafsson et al. 2011; Sepsilva, 1997)  
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4.5  Optimal cooking conditions and parameters 

If the cooking temperature is too high, fiber strengths and yield are reduced. Conversely, if 

the cooking temperature is too low, the cooking time must be prolonged, due to slower 

delignification. Softwood chips are usually cooked at 160-170°C and hardwood chips at 150-

160°C. (Brännvall, 2009) Increasing the cooking temperature by 5 °C, shortens the cooking 

time by approximately 20 minutes. (Sepsilva, 1997) The cooking process is controlled using 

the H-factor which depends on both temperature and cooking time.  The H-factor is defined 

by the following Equation 1.  

 

𝐻 = ∫ 𝑒(43,2−
16113

𝑇
) ∗ 𝑑𝑡

𝑡

0
    (1) 

Where: t = time [min] 

T = temperature [K] 

The term 𝑒(43,2−
16113

𝑇
)
 = rate constant  

 

The H-factor describes the intensity of the cooking process. It is possible to achieve the same 

H-factor using different combinations of temperature and time. The H-factor can be used to 

compare cooks conducted at different temperatures, provided the H-factor is constant. 

(Brännvall, 2009) To produce bleachable kraft softwood pulp, a typical cook takes 

approximately 1.5 hours at 170°C, achieving H-factor of 1500. When temperature is below 

140°C, the H-factor does not increase significantly. (Bierman, 1996; Brännvall, 2009) 
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5  White liquor 

To separate lignin from the fibers, cooking chemicals are required. In kraft pulping, the 

cooking liquor known as white liquor, consists mainly of sodium hydroxide (NaOH), sodium 

carbonate (Na2CO3) and sodium sulfide (Na2S). These chemicals are fully recyclable within 

the pulp mill.  

The cooking liquor is a highly alkaline solution composed of white liquor, steam, water from 

wood chips, and additional liquid. Under mill conditions, especially in batch cooking, black 

liquor is often used as the additional liquid. (Virkola et al., 1983) The concentrations of ionic 

species such as OH-, HS- and CO3
2- can be determined by potentiometric titration, based on 

acid consumption. 

5.1  Active, effective, and total alkali  

White liquor consists of several sodium-based compounds. Total alkali (TA) includes all the 

sodium compounds: NaOH, Na2S, NaCO3, NaSO4, NaS2O3 and NaSO3. Active alkali (AA) 

is defined as the sum of NaOH and Na2S. Effective alkali (EA) is a sum of NaOH and ½ 

Na2S. Equations 2 and 3 are showing how active alkali and effective alkali can be calculated.  

(Gustafsson et al., 2011; Virkola et al., 1983)  

 

𝐴𝐴 = 𝑁𝑎𝑂𝐻 + 𝑁𝑎2𝑆   (2) 

𝐸𝐴 =  𝑁𝑎𝑂𝐻 +  1 2⁄ 𝑁𝑎2𝑆  (3) 

 

All three parameters; AA, EA and TA, can be determined using potentiometric titration. 

Based on the SCAN-N 30:85 method, three inflection points are identified (Figure 9). 
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Figure 9. Equivalence points in white liquor titration 

 

Effective alkali is the total concentration of OH- ions. It is calculated from the first 

equivalence point (EP1). In Scandinavia, alkali concentrations are conventionally reported 

as g NaOH /l. 

5.2  Sulfidity and HS- ion 

Sulfidity is defined as the mole percentage of Na2S relative to the active alkali, as shown in 

Equation 5. In Scandinavia, in softwood pulping, sulfidity typically ranges from 35-40 %. If 

sulfidity exceeds this, odour and corrosion problems may occur. (Gustafsson et al., 2011).  

Low sulfidity slows down the cooking reactions, increases cooking time, and reduces pulp 

strength.  (Sepsilva, 1997) Even small amounts of influences significantly to lignin solubility 

in softwood cooking (Figure 10). 
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Figure 10. Effect of sulfidity in cooking process with spruce. (Gellerstedt, 2009) 

 

Causticity describes the residual amounts of Na2CO3 in white liquor. In sulfidity, the 

hydrosulfide ion concentration corresponds to half of the Na2S concentration. (Sixta et al., 

2006) Sulfidity and the degree of causticizing (Equations 4 and 5) can be calculated from 

potentiometric titration, using ion concentrations (SCAN-N30:85). 

 

𝑆𝑢𝑙𝑓𝑖𝑑𝑖𝑡𝑦 =
[𝐻𝑆−]

[𝐻𝑆−]+[𝑂𝐻−]
∗ 100 %  (4) 

𝐶𝑎𝑢𝑠𝑡𝑖𝑐𝑖𝑡𝑦 =
[𝑂𝐻−]−[𝐻𝑆−]

[𝑂𝐻−]−[𝐻𝑆−]+2∗[𝐶𝑂3
2−]

∗ 100% (5) 

 

The degree of reduction describes the ratio of Na2S to the total amount of sodium sulfide 

and sodium sulfate (Na2SO4) in green liquor (Equation 6). This equation describes how much 

Na2SO4 has been reduced to Na2S  in the recovery boiler. A typical reduction efficiency of 

sulfur is around 95 %. (Sepsilva, 1997) All this sulfur is recycled within the pulp mill in 

chemical recovery plant, where it is used to produce white liquor through causticizing. 

(Biermann, 1996) 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =
𝑁𝑎𝑠𝑆

𝑁𝑎2𝑆+ 𝑁𝑎2𝑆𝑂4
∗ 100 % (6) 
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5.3  Alkali charge and liquor-to-wood ratio 

The main chemical parameters influencing the kraft cooking process are the effective alkali 

charge and white liquor concentration. According to Gustafsson et al. (2011), the WL 

concentration is approximately 140-170 g/l active alkali, calculated as NaOH. The required 

alkali charge depends on the wood species and cooking conditions. The minimum alkali 

charge is typically 18 wt- % as NaOH of the dry wood mass. 

If the alkali charge is too low, it affects the residual alkali content and the pH of the cooking 

liquor. A lower alkali charge leads to a lower pH at the end of cook. Lignin precipitates back 

into the fibers if pH drops below 12. (Virkola et al., 1983) To avoid this, the residual alkali 

concentration in black liquor should be between 5-10 g NaOH/l. If residual alkali 

concentration is lower, lignin precipitation on the fiber surface may occur. (Virkola et al., 

1983; Gustafsson et al., 2011) 

Softwoods generally require a higher effective alkali charge than hardwoods: 145-150 kg 

NaOH per ton of softwood chips compared to 135-145 kg NaOH per ton of hardwood chips. 

(Brännvall, 2017) During cooking, hydroxide ions neutralize acids and maintain lignin 

solubility in the black liquor. A high alkali charge has an effect to lignin structure, and it 

reduces cooking time. (Gellerstedt, 2015) 

Liquor-to-wood ratio is describing the amount of cooking liquor relative to the dry mass of 

wood in the digester. A typical liquor-to-wood ratio is 3-5 l/kg of dry wood. The ratio 

includes all added liquids as well as the natural moisture of the chips. (Brännvall, 2009) The 

ratio is defined by Equation 7. 

 

𝐿𝑖𝑞𝑢𝑜𝑟

𝑊𝑜𝑜𝑑
=

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑐𝑜𝑜𝑘𝑖𝑛𝑔 𝑙𝑖𝑞𝑢𝑖𝑑

𝑊𝑜𝑜𝑑(𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡)
  (7) 

 

Liquor-to-wood ratio affects delignification, as well as pulp quality and yield.  (Virkola et 

al., 1983) 
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6  Black liquor 

During the cooking process, weak black liquor is formed. This strongly alkaline solution 

contains water, dissolved lignin, and hemicelluloses. Minor part of the black liquor is reused 

as additional liquor in the cooking process, while the majority is utilized as an energy source 

and chemical recovery in the pulp mill. 

6.1  Chemical composition 

The properties of black liquors depending on several factors such as wood species, white 

liquor properties, wood-to-liquor ratio, and cooking conditions. (Bajpai, 2010) Most of the 

black liquor consists of water. In kraft black liquor, inorganic materials are mainly in the 

form of salts with organic acids. The main organic components are lignin and aliphatic 

carboxylic acids. Approximately 70 % of the total solids in black liquor are organic material. 

(Krotscheck & Sixta, 2006)  

6.2  Black liquor evaporation 

In pulp mills, black liquor is evaporated before being burned in the recovery boiler in order 

to regenerate chemicals for reuse. The evaporation is carried out in a multistage evaporation 

system where the dry matter content of the liquor is increased. At an intermediate stage of 

this process, known as intermediate black liquor, turpentine and crude tall oil are separated. 

These valuable by-products include volatile compounds (turpentine) as well as saponified 

fatty acids and resin acids (crude tall oil). (Biermann, 1996) 

In diluted black liquor, the dry matter content is low, which indicate weak ionic strength. 

Based on the discussions with lignin specialist, lignin solubility decreases as ionic strength 

increase. A higher ionic strength improves lignin precipitation. If DMC of black liquor 

increases, its temperature rises, and cooling is required. The viscosity also increases with 

higher dry matter content. A high viscosity can cause challenges during the filtration process. 
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After the cooking process, weak black liquor typically has a dry matter content of 15-20 %. 

Evaporation increases the DMC by removing water and volatile organic compounds such as 

methanol. (Theliander, 2009; Krotscheck & Sixta, 2006) The evaporation process produces 

intermediate black liquor. Evaporated intermediate black liquor with a DMC of 30-45 % 

from the evaporation plant is utilized in Lignoboost technology. (Ziesig et al., 2018) 
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7  Lignoboost -process 

The recovery boiler is one the bottlenecks in the pulp industry and can limit production 

capacity. By removing partially evaporated black liquor, the heat load on the recovery boiler 

can be reduced, enabling increased pulp production. (Vakkilainen & Välimäki, 2009)  

The Lignoboost process (LBP) has been developed to precipitate kraft lignin from black 

liquor by lowering pH in two stages. In the first stage, carbon dioxide is used to lower the 

pH, producing an alkaline suspension that is then filtered to form alkaline lignin cakes. These 

cakes are subsequently resuspended with concentrated sulfuric acid (~98%) in the second 

stage. The resulting acidic suspension is then filtered again, and the cakes obtained are 

washed first with acidic water and then with neutral water. 

7.1  Process description 

In the Lignoboost process, intermediate black liquor with a dry matter content of 30-45% is 

used. The process consists of four main operations: precipitation, dewatering, re-suspension, 

and washing. The process is descripted in Figure 11.  (Ziesig et al., 2018)  

 

 

Figure 11. Lignoboost process diagram (Ziesig et al. 2018) 
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The LBP includes two filtration lines. The first filtration stage produces alkaline cakes at a 

pH of 9-10, and the second filtration stage produces purified cakes at a pH of 2-4.  

7.2  Precipitation and alkaline cakes 

Alkaline lignin is formed by precipitating black liquor with carbon dioxide, lowering the pH 

from ~ 13 to 9-10. Carbon dioxide has minimal impact on the sodium-sulfur balance of black 

liquor and this improves filterability.  (Pola et al., 2022) 

During carbon dioxide addition, the pH decreases. CO2 consumption ranges from 150-300 

kg per ton of isolated lignin. When the pH of BL drops below the acid dissociation constant 

(pKa) of the phenyl hydroxyl groups in lignin units, protonation of the hydroxyl groups 

begins. As a consequence, lignin particles precipitate out of the carbonated black liquor 

solution. (Tiller et al. 2025; Kienberger et al. 2021; Ziesig et al., 2018) After precipitation, 

the slurry is allowed to mature. During maturation, lignin particles agglomerate to larger 

clumps, which improves filtration. (Wallmo et al., 2018) Wallmo (2008) reports that black 

liquor acts as a buffer, and reaction in carbonation can be described as follows: 

CO2 + 2OH- ↔CO3
2- + H2O 

According to Wallmo et al. (2018), mixing speed influences the carbon dioxide absorption 

rate. Higher mixing speeds increase turbulence, which enhances mass transfer. Smaller CO2 

bubbles provide a larger surface area, thereby improving absorption and accelerating the pH 

reduction once the slurry reaches ~10.5.  

Carbonated black liquor is filtrated in filtration chambers equipped with filter media on both 

sides of the crude lignin cakes (Figure 12). The alkaline cakes are pressed and air-blown 

inside the chambers to increase the DMC. (Öhman et al., 2007) The alkaline, crude lignin 

cakes are then transferred to the purification stage. 
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Figure 12. Filtration chambers are in the line on the Lignoboost process. (Adapted from 

Lignin extraction process, 2025)  

 

Efficient dewatering reduces acid consumption during re-suspension, and the filtrate can be 

recycled back into the pulping process. Recycling filtrates within the process, decreases the 

amount of fresh acid. (Öhman et al., 2007) Alkaline lignin cakes are not washed to prevent 

lignin dissolution, which can occur under conditions of high pH and low ionic strength. 

(Axegård et al., 2007) 

7.3  Acidic stage and washing 

Alkaline cakes contain impurities, including sodium salts from black liquor and carry overs 

as cooking chemicals. To improve impurity removal, the cakes from the precipitation stage 

are re-slurried in a sulfuric acid – water solution, targeting a pH of 2-4. The majority of 

impurities are removed with the acidic filtrate. (Tomani, 2009)  

According to Gellerstedt (2015) sulfuric acid in the acidic stage protonates phenolic 

structures and carboxylate groups in lignin, which reduces the ash content. This protonation 

reaction in lignin can be represented as follows: 

Lignin-Na + H+ ↔ Lignin-H + Na+   

In this purification reaction, sodium is released as a soluble ion, whereas sulfur acts as an 

anion and does not participate in the reaction in the same way as sodium. 

According to Öhman et al. (2007) and Bajpai (2013), lignin purity strongly depends on the 

condition during the acidic washing stage. Changes in pH, ionic strength, or lignin solubility 
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occur in the acidic slurry, not in the filter cake or during the final washing. To maintain a 

low concentration gradient during purification, the pH and temperature of the acidic slurry 

should match those of the washing liquid. 

The pressed acidic lignin cakes are then washed. The first washing step uses sulfuric acid at 

pH 2-3, and the second wash uses fresh water to neutralize the lignin. The cakes are 

subsequently pressed and air-blown to increase the dry mater content. (Ziesig et al., 2018) 

Sulfur containing lignin reduces chlorine content in the ash by releasing hydrochloride acid. 

(Tomani, 2009) 

Lignin is widely investigated; however, the effect of sulfidity on its properties has received 

little attention. The characteristics of kraft lignin are only rarely described in the literature. 

In most cases, the intended end use of lignin determines which analyses are performed. 

  



33 
 

Experimental part 

The effect of sulfidity on lignin characteristics was studied through four laboratory-scale 

experiments. Prior to these experiments, a set of pre-cooks with softwood chips were 

conducted to establish cooking conditions to achieve four different black liquor samples. All 

four black liquor samples were handled in the same way in further process steps. Filter press 

was used for the alkaline filtration. The experimental procedure is descripted in flow chart, 

Figure 13.   

 

 

Figure 13. Flow chart describing the experimental procedure 

The experiments were conducted at laboratory scale at Stora Enso’s Research Centre in 

Imatra. Filtrate samples were analyzed in Imatra, while the drying and analytical 

characterization of the lignin samples were done in Sweden.  
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8  Laboratory cooking 

The experimental work for the cooking process can be divided in four main steps: screening 

of chips, preparation of cooking solutions, pre-cooks and final cooks for black liquor 

production. Traditionally, chips are cooked for pulp production, and BL is a by-product of 

the cooking process. In this thesis, black liquor is the key product. 

8.1  Chips for cooking 

The softwood chips used in the experiments were sourced from Stora Enso’s Imatra mills. 

SCAN-CM 40:01 method was used for chip screening. Screening was done with three 

replicates. Accepted chip fractions, (7 mm and 13mm holes) were used in laboratory 

cooking. Screening results are presented in Appendix 1.  

The chips were stored in a freezer until cooking began. The ships were thawed, and DMC 

was determined according to SCAN-CM 39:94 method. Chip mixtures for cooking were 

prepared using 4x 3500 g oven-dry chips with the accepted fractions. The composition of 

the mixtures reflected the original sample: 89.7% of 13 mm fraction and 10.3% of 7 mm 

fraction. 

8.2  White liquor preparation and titration 

White liquor for the laboratory experiments was prepared at Imatra Pulp Innovation 

laboratory to minimize contamination. Three different synthetic white liquor solutions 

were prepared for kraft cooks, and one sodium hydroxide - sodium carbonate solution for 

the soda cook.  

The composition of the white liquors was determined by potentiometric titration. Titration 

was done according to SCAN-N 30:85. The titration unit, combined with automatic 

calculation program, calculated results automatically. Equations were presented in Chapter 

5.   The alkali charge for cooking was based on effective alkali.  The liquor-to-wood ratio 
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was kept constant at 4.5:1 during cooking processes, including the water content of the 

chips. Main results are depicted in Table 2, all results are in Appendix 2. 

Table 2. White liquor analyses 

 White liquor analyses 

  Soda 0 % Kraft 15 % Kraft 30 % Kraft 42 % 

Sulfidity [%] 0.1 15.9 29.9 42.1 

HS- [mol/l] 0.0 0.4 0.8 1.1 

EA [g NaOH/l] 160.2 180.5 172.1 170.2 

Causticizing grade [%] 81.5 85.6 85.1 84.5 

 

8.3  Pre-cooks for laboratory cooking 

Pre-cooks were carried out using an air-bath digester, equipped with six cooking capsules, 

each with a volume of 1 litre. Sulfidity levels and H-factors were varied. The pre-test 

conditions were based on earlier laboratory cooks with softwood chips. At sulfidity levels of 

0% and 15%, the H-factor was doubled from 1750 to 3500 by increasing the cooking time 

while keeping the temperature constant. The target kappa number for pre-cooks was 28 ±2.  

8.4  Laboratory cooks  

The pre-cooks were scaled up to a volume of 7.5 litres, and modifications were made to the 

effective alkali and H-factor parameters. The first laboratory cook at 42 % sulfidity showed 

that the target kappa number was not reached. Based on this result, the target kappa number 

was adjusted to 33. After discussion with a cooking specialist and based on laboratory’s 

cooking records, new updated cooking conditions were defined (Table 3).  
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Table 3. Conditions for laboratory cooks. 

 Cooking conditions 

  Soda 0 % Kraft 15 % Kraft 30 % Kraft 42 % 

T [°C] 170 170 170 170 

EA [%] 21.0 19.7 19.5 19.4 

H-factor, target 5700 3000 1770 1720 

H-factor, measured 5706 3001 1786 1731 

 

Cooks were performed using a forced circulation digester with an electric heating jacket.  

The digester was filled with SW chips. Pre-heating was done with steaming for 10 minutes 

at 100°C. After steaming, the condensed water was removed, and cooking liquor was added. 

The cooking liquor was circulated into the digester from a heated line at a flow rate 6 l/min. 

The chips were held for 10 minutes at 80°C and then ramped up 1.5°C/min until reaching 

170°C. The cook ended automatically when the settled H-factor was reached.  

The black liquor from digester was collected and cooled down. DMC, HS- -ion 

concentration, residual alkali, pH and elements were determined. Results are presented in 

Table 4, following the kappa number data. The cooked pulps were washed, defibrillated and 

screened. Reject content, kappa number, viscosity, and ISO-brightness were determined. 

Although pulps analyses were not prioritized in this thesis, kappa number was significant 

control parameter in the cooking processes. 

8.5  Cooking results and discussions 

Cooking results are shown in Table 4. Residual alkali indicated that chemical reactions were 

still ongoing when H-factor was reached. Target was to achieve residual alkali 5-10 g/l. Soda 

cooking did not achieve this target. Due to time constraints; soda cooks could not be repeated 

with adjusted alkali charges. 
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Table 4. Results from laboratory cooks 

 Cooking results from pulp and BL samples 

  Soda 0 % Kraft 15 % Kraft 30 % Kraft 42 % 

Pulp yield [%] 44.6 43.1 47.6 45.6 

Reject [%] 0.0 0.0 0.0 0.1 

Kappa number 49.7 28.4 37.5 33.7 

Residual alkali [g NaOH/l] 4.9 7.0 6.4 6.1 

HS--ion concentration [g/l] 0.3 2.2 3.5 3.5 

DMC [%] 13.8 13.2 13.3 13.6 

 

The amount of reject was also lower than expected. Reject was determined using a TAP03 -

screener with 0.20 mm slots. The target kappa number of 33 was achieved only at the 42% 

sulfidity level. As expected, hydrogen sulfide concentration increased with increasing 

sulfidity. 

Elemental analysis of the black liquor samples was determined before evaporations. Key 

results are presented in Table 5. The sulfur contents of the BL samples were as expected, 

increasing with higher sulfidity levels. All measured elements are listed in Appendix 3. 

 

Table 5. Main elements in black liquor samples. 

 Elemental analyses of black liquors 

 Soda 0 % Kraft 15 % Kraft 30 % Kraft 42 % 

S [ppm] 149 20310 64133 79233 

Na [ppm] 207541 215001 225546 229556 

Fe [ppm] 127 36 28 31 

Zn [ppm] 18 0.8 1.2 1.4 

 

The iron and zinc contents in the soda black liquor sample were significantly higher than in 

the kraft black liquors. It is possible that the digester, or certain components of it may have 

reacted with the sulfur-free alkaline cooking liquor. Longer reaction times, especially in soda 

cooking, could explain the higher amounts of impurities. Additionally, the large area of the 

digester relative to its volume may contribute to an increased release of impurities. 
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9  Evaporation of black liquor 

The dry matter content of the weak black liquors was increased to level of intermediate 

black liquor via evaporation. Preliminary evaporation tests were carried out using a rotary 

evaporator to minimize oxidation. However, the capacity of rotary evaporator was too 

small for the required volume of black liquor, and oxidation was observed during the 

process. This was confirmed by measuring the hydrogen sulfide ion concentration, which 

decreased during evaporation.  

Based on evaporation pretests, and to save time, weak black liquor samples were instead 

evaporated in a laboratory oven. The dry matter contents of black liquor samples were 

lower than expected, which increased evaporation time.  The target DMC was set to 36-38 

%, and the oven temperature was set at 105º C. Evaporations were done in a glass decanter, 

one trial point at a time. During evaporation, foam and solids formed on the black liquor 

surface (Figure 14).   

 

Figure 14. Black liquor during evaporation, showing solids on the surface 
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During the evaporation process, dry matter content was controlled by weighing the samples. 

After evaporation, both DMC and HS- -ion concentrations were determined (Table 6). 

Although oven evaporation proved to be a practical method, a nitrogen atmosphere in the 

oven could further help to prevent oxidation. Each trial point took approximately 40 hours 

to reach the target DMC. 

 

Table 6. The results from evaporated black liquor samples 

 Evaporated black liquors 

  Soda 0 % Kraft 15 % Kraft 30 % Kraft 42 % 

DMC [%] 34.3 36.0 38.3 39.1 

HS--ion concentration [g S/l] 0.0 0.0 NA 0.13 

 

Currently, no systematic data exist on how the evaporation method (rotary evaporator vs. 

oven) affects black liquor samples. However, pretests showed that HS- -ion concentration 

remained higher in BL samples (DMC 30-35%) obtained directly from the pulp mill, 

suggesting that oxidation is more likely during lab-scale evaporation without protective 

conditions.  
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10  Lignin precipitation and alkaline cakes 

Evaporated black liquors were precipitated using CO2 to reach the target pH. Precipitations 

were done in two batches per trial point. Lignin precipitation process is described in the flow 

chart below (Figure 15).  

 

 

Figure 15. Flow chart for preparation of alkaline slurry 

 

The slurry was maturated at room temperature without additional cooling. Filtration was 

done using a filter press.  

10.1  Filter press for laboratory use 

The filter press (manufactured by Autemi) is a compact device designed for laboratory-scale 

filtration tests (Figure 16). It is well suited for research and pilot studies where a sample 

volume of approximately 5 litres is available. The filtration chamber has a volume of 
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approximately 200cm3 per chamber, and the total volume can be adjusted by changing the 

number of plates.  (Autemi, 2024) 

 

 

Figure 16. Autemi laboratory filter press 

 

During operation, the slurry is fed into the chambers through a feeding line, where it is evenly 

distributed between the plates. The membrane plates are compressed tightly together by a 

hydraulic cylinder, and pressure is applied manually with a pump. The filtrate passes through 

the membranes while the solid material accumulates as cakes inside the plates. Filtration 

pressure and time can be adjusted according to the test conditions.  After filtration, the cakes 

are compressed and air-blown to increase the dry matter content.  The formed cakes are 

released by opening the membrane plates. The filtrate can be collected through four separate 

channels. In addition, the filter press includes a water feed line for washing the cakes.  
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10.2  Precipitation of lignin from black liquor 

The precipitation container had a volume of 2 litres and was equipped with baffles. 

Approximately 1.5 litres of black liquor were added to the container. The black liquor was 

pre-heated close to the target temperature before the addition of carbon dioxide. A perforated 

feeding ring, placed below the mixer, was used to improve CO2 distribution during the 

precipitation process. Carbon dioxide was fed into the black liquor under continuous mixing 

and constant pressure. The mixing speed varied between the trial points because the slurry 

height in the precipitation vessel varied between the trial points, and the mixing controller 

was not precise enough.  

The precipitations were carried out at 65 °C, with a hot plate used for temperature control. 

Temperature and pH were measured throughout the process (Appendix 4).  The target was 

to achieve a pH of 10.1–10.3. Carbonation time varied between 20 and 70 minutes. When 

the target pH was reached, the maturation stage was started and continued for 30-60 minutes. 

Maturation was carried out without mixing or temperature control in the precipitation vessel. 

The precipitation setup and maturation vessel with lid are shown in Figure 17. 

 

 

Figure 17. Precipitation setup without hotplate 
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Some plugging issues occurred during carbon dioxide feeding, which may have affected the 

precipitation time. In addition, temperature control was challenging throughout the process. 

To improve temperature stability during both precipitation and maturation, it is 

recommended to use a temperature-controlled water bath. Furthermore, the mixing speed 

during precipitation should be kept constant, as variations may influence particle formation 

and precipitation efficiency. In the first batch at 15% sulfidity, the pH decreased below the 

target to reach 9.8, whereas all other measured pH values remained within the target range 

of 10.1-10.3. Precipitation results are in Appendix 4. 

10.3  Production of alkaline cakes 

After maturation, the precipitated slurries were combined and mixed and fed into the 

laboratory filter press. Two alkaline cakes were formed per trial point and were pressed at 

4.1 bar. The filtration time was recorded for each batch.  Figure 18 shows an alkaline cake 

produced in filter press.  

According to Pola et al. (2022), carbon dioxide has been used in carbonation because sulfuric 

acid has a greater impact on sodium-sulfur balance in kraft black liquor. When the sodium-

sulfur balance is stable, the filterability of lignin improves. 

 

Figure 18. Filtrated alkaline cake in the filter press 
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The formed cakes were weighed, and dry matter contents were measured. The two cakes 

from each trial point were then combined and homogenized. The DMC of the mixed cakes 

were determined and used for calculations in the subsequent process step. 

Among the samples, black liquor from soda cooking precipitated the fastest, indicating that 

sulfidity level affects precipitation behaviour. Soda black liquor may have a different 

buffering capacity than kraft liquor. All detailed precipitation parameters and results are 

presented in Appendix 4.  

10.4  Results of alkaline precipitation 

Based on Stora Enso’s internal database (Stora Enso, 2025), earlier tests with softwood-

based lignin have shown that the dry matter content of alkaline cakes at this pH level is 

expected to be above 58 %. The measured values of the alkaline cakes are shown in Table 

7. 

Table 7. Results from alkaline cakes 

 Results of alkaline precipitation 

 
Soda 0 % Kraft 15 % Kraft 30 % Kraft 42 % 

pH in slurry (arithmetic 

average) 10.2 10.1 10.3 10.2 

DMC of alkaline cakes [%] 49.5 56.5 54.6 57.2 

Total yield [%] 50.0 44.6 40.7 40.1 

 

The total yield was calculated from the dry matter content values of the filtrates and cakes, 

as shown in Equation 9. The total yields from the alkaline cakes were higher than the values 

reported in internal database (Stora Enso, 2025) for softwood-based lignin, which are 

typically below 30%. These results indicate that the precipitation process was efficient. The 

highest yield was obtained with soda black liquor, and overall, the data suggests that sulfidity 

influences the total lignin yield in the alkaline cake stage. Earlier tests have also shown that 

precipitation and maturation temperatures are important parameters affecting lignin yield. 

To enable the production of larger amounts of lignin for subsequent processing steps, a 

greater volume of black liquor will be required in future experiments. In addition, further 
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pressing tests should be performed with the filter press to improve cake dry matter content. 

For accurate comparison with previous results, the same filtration media should be used. It 

should be noted that finer filter media (smaller pore size) may result in lower DMC values 

in the filtrates. Furthermore, cooking chemicals can influence the dry matter content through 

particle retention. 

The alkaline filtrates were collected and analyzed for dry matter content, pH, conductivity, 

and density. The results are presented in Table 8.  The filtrate values were not relevant for 

the subsequent processing steps. Instead, the dry matter content of the alkaline cakes was 

used for calculations in the following steps. Lignin yield can be used as an indicator of the 

efficiency of the precipitation. 

 

Table 8. Characteristics of alkaline filtrates 

 Results of alkaline filtrates 

  Soda 0 % Kraft 15 % Kraft 30 % Kraft 42 % 

pH 10.6 10.2 10.5 10.6 

Conductivity [mS/cm] 60.3 64.8 69.2 67.9 

DMC [%] 18.9 24.5 25.0 26.8 

Density [g/ml] 1.1 1.2 1.2 1.2 

 

The dry matter contents in the filtrates increased with increasing sulfidity. In earlier tests, 

typical filtrate DMC values from alkaline cakes have been above 30 wt-% (Stora Enso, 

2025). At lower sulfidity levels, the liquor contains less cooking chemicals, which also 

affects the dry matter content. The difference in filtration media between the current and 

earlier tests may explain the lower values obtained here. The pH values in the filtrate samples 

were higher than those in the slurry. The black liquors acted as a buffer during maturation 

and increased the pH. 

 

  



46 
 

11  Purification of lignin 

After the formation of alkaline cakes, lignin purification was carried out in five steps 

(highlighted in Figure 19).  pH control was one of the key points in the re-slurry stage. 

Instead of a filter press, a bühner funnel was used for filtration. 

 

 

Figure 19. Process flow diagram of lignin purification 

 

11.1  Production of washed lignin 

The alkaline cakes were resuspended in acidic water to reach a target pH of 2.5. Alkaline 

cakes were suspended in small batches. The pH was maintained by adding 95 % sulfuric 

acid with each batch of alkaline cake. The temperature during re-slurry was controlled at 50 

ºC using water bath, which provided better control compared to heating plate used in the 

alkaline stage. Temperature and pH were measured during the process (see appendix 5). The 

acidic slurry was matured for 45 minutes at 60 ºC under continuous mixing. Foam was 

observed on the slurry surface, most likely originating from soap. No soap separation step 

was performed after cooking. 

The acidic slurry was filtered using a bühner funnel with filter paper (Munktell grade 5). The 

first filtrate was collected, returned to the cake, and refiltered to improve recovery. Figure 

20 illustrates the filtrated cake. Cracks formed on the cake surface after vacuum release, 

which may have reduced the washing efficiency in subsequent steps.  



47 
 

 

Figure 20. Purified lignin cake in a bühner funnel 

 

The cakes were washed in two displacement steps: first with acidic water (pH 2.5) and then 

with distilled water. The applied volumes corresponded to three times the absolute cake 

weight, i.e., 600 ml. Due to surface cracking, some of the washing solution and neutralization 

water bypassed the cakes through the cracks. Using a filter press instead of a bühner funnel 

in the acidic stage could have mitigated this issue. In the filter press, the filter media provides 

support on both sides of the cake, reducing the risk of cracking and potentially improving 

purification. Purification would be more efficient, if the formed cakes were pressed and air-

blown during the process. The washed cakes were collected in plastic containers (Figure 21), 

weighed and homogenized.  

 

 

Figure 21. Washed lignin cakes before homogenization. Sulfidity levels from left to right: 

0 %, 15 %, 30 % and 42 %. 
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Dry matter content and yield were determined from the washed cakes (Table 9). The filtrates 

were weighed and analyzed separately. The lignin cakes were delivered to Sweden for 

further analyses. 

11.2  Lignin yield 

Zhu (2013) reported that pH, temperature and ionic strength are the main factors influencing 

lignin precipitation yield, with pH having the strongest influence.  

The precipitation yield was calculated from the dry matter contents and the masses of cakes 

and filtrates using Equation 8. The total yield was calculated with Equation 9 as follow: 

 

𝑌𝑖𝑒𝑙𝑑 [𝑔] =
𝐷𝑀𝐶 [%]

100[%]
∗ 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑎𝑘𝑒 𝑜𝑟 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒 [𝑔]  (8) 

𝑇𝑜𝑡𝑎𝑙 𝑦𝑖𝑒𝑙𝑑 [%] =
𝑐𝑎𝑘𝑒[𝑔]

(𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑐𝑎𝑘𝑒[𝑔] +𝑦𝑖𝑒𝑙𝑑 𝑜𝑓 𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒[𝑔]) 
∗ 100 % (9) 

 

Previous internal studies have shown that LBP washed lignin typically has dry matter 

contents of 65-70 wt-%. In this thesis, the dry matter contents of both alkaline and acidic 

cakes were lower than expected. The use of a filter press in the alkaline stage, however, 

increased the DMC of alkaline cakes (Table 9). According to internal data, washed lignin 

cakes from softwood typically contain 50-55 wt-% dry matter. Lack of compression and air-

blowing lead to lower dry matter content.  

 

Table 9. DMC and total yield of the washed acidic cakes 

 Analyses of the washed cakes 

  Soda 0 % Kraft 15 % Kraft 30 % Kraft 42 % 

DMC [%] 39.6 37.2 39.3 40.9 

Total yield [%] 64.6 NA 63.2 67.4 
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Based on internal data, the total yield in the acidic stage is typically around 65 wt-% for 

softwood lignins. The total yields were in the line with internal data. In this thesis, the small 

slurry volumes caused losses during filtration; however, these has no effect on the yield 

results. 

11.3  Filtrate analyses 

The filtrates were collected separately during the purification and washing processes. Filtrate 

samples were analyzed at room temperature. Density was measured at first, followed by 

DMC, conductivity and pH. Figure 22 shows how the colour of filtrates changed during 

washing steps. Filtrate results from alkaline cakes were discussed in Chapter 10. Results 

from acidic filtrates and washing filtrates are presented in Appendix 6. 

 

 

Figure 22. Filtrate samples from left to right: alkaline filtrate, acidic filtrate, wash 1(acidic 

water, pH 2.5), wash 2(distilled water). 

 

The dry matter contents of the filtrates were consistent across all samples, likely because the 

first filtrate was returned to the cake. Transparency increased with decreasing dry matter 

content in the filtrates. 

  



50 
 

12  Results and discussion of dried lignins 

The following chapter presents results from the analyses of dried lignin. The results are 

compared to values of typical softwood kraft lignin. ICP was used for quantitative elemental 

analysis to evaluate the level of impurities in the lignins. The correlation between sulfur 

content and other lignin properties was investigated. 

12.1  Sample preparation 

The washed lignin cakes were dried for specific analyses. Lignin was dried at 40°C to 

minimize chemical reactions upon drying. The drying time was 48 hours. The dried lignin 

cakes were crushed with a mortar and pestle to reduce particle size (Figure 23). The particle 

size was neither standardized nor measured but this is assumed to not affect the properties 

of lignin samples in the following analyses. 

 

 

Figure 23. Dried and crushed lignins. Soda lignin on the left. 

 

The sulfur-free soda lignin had a beige colour. It was markable lighter than lignin containing 

sulfur. No differences were observed in the drying or crushing behaviour between the 

samples. 
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12.2  Elemental analysis 

Selected elements were quantified using Inductively Coupled Plasma-Optical Emission 

Spectroscopy (ICP-OES). Black liquor and lignin samples were oxidized with hydrogen 

peroxide (H2O2) and wet digested with nitric acid (HNO3) in a microwave oven prior to the 

ICP analysis. The analyses were performed by RISE (Research Institutes of Sweden).  

According to Tomani (2009), Lignoboost kraft lignin typically contains 1 to 3 wt-% sulfur. 

Based on discussions with lignin and cooking specialists, the sulfur content in LBP kraft 

lignin is typically around 20 000 ppm, i.e.2 %, when the sulfidity is between 30 - 40 %.  

Figure 24 shows the sodium and sulfur concentrations in the acid-washed lignin and black 

liquor samples. The results indicated that lignin samples contained a significant amount of 

impurities. As previously mentioned, sulfur contents in black liquor samples followed the 

expected rising trend. In sulfur-free soda lignin, the sulfur content increased from 147 ppm 

to 44 000 ppm during the process. 

A similar increasing trend is also observed in kraft lignins. However, the sulfur content is 

lower than in the corresponding black liquor samples. The sulfur content in soda lignin was 

unexpectedly high. A possible explanation for this is that sulfur originates from the sulfuric 

acid in the washing stage and is either chemically bonded to lignin or present as a carry-

over. Approximately the same volume of sulfuric acid was added in the preparation of acidic 

cakes across all trial points, but soda lignin may have had more reactive sites available for 

sulfur in the re-slurry stage, which offers an explanation why the kraft lignin samples did 

not exhibit a similar sulfur intake. 
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Figure 24. Sodium and sulfur contents in washed lignin and black liquor samples. 

 

Only the trial point 2, with 15 % sulfidity, which had the lowest levels of sodium and sulfur 

shows concentrations which are comparable to typical Lignoboost process lignin. For the 

rest of the lignin samples the observed impurity levels are higher than expected. A strong 

correlation between sodium and sulfur concentration is seen. The main results are presented 

in Table 10, while all measured components are listed in Appendix 7. 

 

Table 10. Elemental analyses of lignin samples 

 Element contents 

  Soda 0 % Kraft 15 % Kraft 30 % Kraft 42 % 

S [ppm] 33234 17486 31801 51373 

Na [ppm] 43688 9393 18703 40575 

Fe [ppm] 153 91 120 56 

Al [ppm] 107 229 249 271 

 

To accurately analyze the effect of washing, it would be valuable to analyze samples from 

the alkaline cakes both before and after the washing steps. Comparing sulfur and sodium 

contents at different washing stages, as well as analyzing the filtrates, could help assess 

filtration losses and washing efficiency. The sulfur-to-sodium ratio was observed to decrease 

with increasing sulfidity, when excluding trial point 1, soda lignin. 
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The concentration of iron varied significantly between the lignin samples with no clear trend. 

It is possible that in the soda cook the leaching of iron was pronounced by the greater H-

factor used. Although the filter press is mainly made of plastic, it also included some metal 

components, which may have contributed to the elevated levels of aluminium and iron in the 

lignin samples. 

12.3  Ash content 

Lignin purity is often assessed by ash content. When ash content is below 1 wt-%, lignin can 

be considered as high purity product. (Calvo-Flores et al. 2015)  

Ash contents were determined gravimetrically after combustion at 525 °C. To achieve 

complete combustion, ashing was done twice with a small amount of distilled water being 

added to between the rounds to dissolve salt crystals. Two replicates were analyzed and the 

average results are presented in Table 11.  

 

Table 11. Ash contents in washed lignin samples 

 Ash content 

 Soda 0 % Kraft 15 % Kraft 30 % Kraft 42 % 

Before H2O [%] 13.4 4.2 7.2 13.0 

After H2O [%] 13.3 4.3 7.3 13.0 

Na [%] 5.8 1.9 3.2 5.6 

 

Typical commercial lignin with one acidic wash has an ash content of ~1 wt-%. (Tomani, 

2009) and it consists of sodium carbonate (Na2CO3) Sodium contents in Table 11 are 

calculated via molecular masses of sodium and sodium carbonate as follow: 

 

𝑆𝑜𝑑𝑖𝑢𝑚 𝑐𝑜𝑛𝑡𝑒𝑛𝑡, 𝑁𝑎 = 𝑎𝑠ℎ % ∗
(𝑀𝑁𝑎2)

𝑀𝑁𝑎2𝐶𝑂3

  (10) 

Where, ash % = value of after H2O [%] 

M = Molecular mass [g/mol] 
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The measured ash contents were higher than expected, indicating significant levels of 

impurities (Figure 25). Trial point 2, with 15 % sulfidity, had the lowest amount of 

impurities. Washing lignin samples using a bühner funnel proved ineffective due to the 

formation of cracks in the cakes (Figure 20). 

 

 

Figure 25. Sulfur and ash contents in lignin samples. 

 

A correlation between ash and sulfur content was observed, which became stronger when 

soda (sulfidity 0%) lignin was excluded. 

12.4  Glass-Transition Temperature 

The glass-transition temperature (Tg) is the temperature at which lignin undergoes a 

transition from a hard to a soft stage. Tg was determined Modulated Differential Scanning 

Calorimetry (MDSC) using an in-house method for glass-transition temperature analyzing 

two parallel samples. Based on earlier tests, typical glass-transition temperatures for 

softwood kraft lignins range from 140 to 160 °C. Carry-over in the samples may lead to 

lower observed values. The current results are presented in Table 12.  
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Table 12. Tg values of lignin samples 

  Glass-transition temperature 

  Soda 0 % Kraft 15 % Kraft 30 % Kraft 42 % 

Tg [°C] 133.2 144.0 139.7 134.5 

 

Based on the internal database the measured Tg-values were lower than typical softwood 

kraft lignins.  Soda lignin had the lowest glass-transition temperature. As a general 

observation, an increasing sulfidity led to a lower glass transition temperature (Figure 26). 

 

 

Figure 26. Correlation between sulfur content and glass transition temperature in lignin 

samples. 

 

A strong correlation was found between sulfur content and glass-transition temperature in 

kraft lignins. However, soda lignin was not in the line with kraft lignins. 

12.5  Swelling 

The swelling of lignin upon heating was tested as another measure for lignin’s thermal 

stability. The test was done using an in-house method developed by Stora Enso. In the tube 
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test, thermal expansion was determined by measuring the volume of a lignin sample before 

and after oxidative treatment in a gas-chromatograph oven. The temperature was ramped up 

at 10°C/ min until 256 °C was reached. Swelling test tubes after oxidations are shown in 

Figure 27.  

Thermal swelling is undesirable property in washed lignin in certain applications. Based on 

previous swelling tests with softwood lignin samples, expansion was restrained. The 

swelling behaviour in this study was similar with previously tested commercial lignins. 

Residual acid may affect swelling properties.  

 

 

Figure 27. Swelling test tubes after oxidations (left to right) 0 %, 15 %, 30 % and 42 % of 

sulfidity. 

 

As previously mentioned, sample 2 (15 % sulfidity), had the lowest amounts of impurities 

(tubes 3 and 4 in Figure X). Typically, a high amount of impurities reduces swelling and the 

swelling results verified this presumption. The hypothesis was that ash content would 

correlate with swelling behaviour. However, no such correlation was found (Figure 28).  

 



57 
 

 

Figure 28. Ash content vs. swelling properties 

 

Swelling decreases with increasing sulfur content (Figure 29), although this effect may also 

result from a higher level of impurities in the samples. When the sulfur content exceeded 3 

%, the swelling properties were reduced. 

 

 

Figure 29. Swelling properties vs. sulfur content 
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12.6  Molecular mass 

Molecular mass was determined with size exclusion chromatography using an ACQUITY 

Advanced Polymer Chromatography (APC) system. Tetrahydrofuran was used as the 

solvent, and the molecular mass distribution was calculated from the concentration signal 

using a calibration curve based on polystyrene standards. Lignin samples were acetylated 

prior to the chromatography analysis. Two replicates were analyzed from each lignin 

samples. The molar mass distribution curve is shown in Figure 30.  

 

 

Figure 30. Molecular mass distribution from APC 

 

Weight-average molar masses were calculated from the molar mass distribution, and some 

variation was observed between the samples (Figure 31). Soda lignin (0% sulfidity) had the 

highest molecular mass whereas the kraft lignins showed slightly lower values. 

 

 

Figure 31. Weight-average molecular mass in lignin samples 
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The high impurity and sodium content of soda lignin appears to influence its molecular mass. 

High sodium content in soda lignin can increase its molecular mass. No clear correlation was 

found between sulfur content and molecular mass. However, the molecular masses were 

lower compared to previously analyzed softwood lignins. Based on Stora Enso (2025), 

weight-average molecular mass of kraft lignin has been reported to range between 6100-

7000 g/mol.  

12.7  Correlations 

To better understand all cross-correlations, a correlation matrix was used to examine the 

relationships between the analyzed lignin parameters at all trial points (Table 13). This 

numerical matrix confirmed the correlations described earlier in this Chapter. Strong 

negative correlations are marked in red, while strong positive correlations are shown in 

green. The matrix was also analyzed without the soda lignin sample, which revealed stronger 

correlations among all measured parameters, especially in ash. (Table 14).  

Table 13. Correlation matrix of lignin analyses across all trial points 

 
Correlation matrix  

 

  Tg Ash Mw S Na Swelling DMC 

Tg 1.000       
Ash -0.993 1.000      
Mw -0.729 0.704 1.000     
S -0.774 0.805 0.146 1.000    
Na -0.991 0.998 0.746 0.768 1.000   
Swelling 0.515 -0.449 -0.013 -0.607 -0.403 1.000  
DMC -0.861 0.867 0.279 0.973 0.832 -0.727 1.000 

 

 

Table 14. Correlation matrix of lignin analyses without soda lignin 

 Correlation matrix  

 Tg Ash Mw S Na Swelling DMC 

Tg 1       
Ash  -0.991 1.000      
Mw -0.720 0.804 1.000     
S  -0.999 0.995 0.743 1.000    

Na -0.985 0.999 0.829 0.990 1.000   
Swelling 0.635 -0.528 0.080 -0.607 -0.491 1.000  

DMC -0.991 0.966 0.622 0.986 0.953 -0.731 1.000 



60 
 

The glass-transition temperature showed strong negative correlations with both sodium and 

ash contents, indicating that higher impurity content lowered Tg. This suggest that glass-

transition temperature could be considered as a potential quality control parameter. Thermal 

properties glass-transition temperature and swelling test did not correlate. 

The strong positive correlation between ash and sodium indicates that ash mainly consisted 

of sodium-based cations. Thus, ash content in lignin sample could potentially be estimated 

by measuring sodium concentration. Swelling did not correlate significantly with any of the 

other measured parameters, suggesting that its behaviour was influenced by additional 

factors not captured in this dataset. 

Overall, glass-transition temperature and ash content appeared to be the most sensitive 

indicators of lignin purity.  
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13  Conclusions 

The aim of the thesis was to examine the research question: how sulfur in lignin influences 

its properties. It was investigated whether sulfur transfers to the black liquor during cooking 

and subsequently to precipitated lignin.   

Four laboratory cooks were performed with varying white liquor sulfidity levels. The results 

confirmed that sulfur from white liquor is transferred to black liquor during cooking, and 

that higher sulfidity levels led to higher sulfur concentrations in black liquor. A similar 

increasing trend in sulfur content was observed in the washed kraft lignin samples. 

Unexpectedly, soda lignin also contained notable amounts of sulfur, even though its 

corresponding black liquor sample was sulfur-free. The origin of sulfur is the sulfuric acid 

used during purification.  

The purification stages had a significant impact on lignin purity. Without pressing and air-

blow, the dry matter content remained low. This led to significant carry-overs into the 

washing steps. Consequently, the washed and dried lignin samples contained high levels of 

impurities and resembled technical-grade lignins. The ash content in these samples was 

significantly high such as sodium content. 

Findings indicated that there was no correlation between sulfur content and swelling. 

Impurities reduced swelling. Although swelling is an undesired property in some 

applications, lignin purity is more important.  The glass transition temperature was 

significantly affected by impurities: higher impurity levels led to lower Tg values. Overall, 

glass transition temperature and ash content appeared to be the most sensitive indicators of 

lignin purity, with soda lignin showing distinct behavior compared to kraft lignins. 

To improve lignin quality, purification procedures must be more efficient. Pressing and air-

blowing steps should be applied to reduce impurities and increase the dry matter content of 

the lignin. Additional experiments using updated and scaled-up laboratory procedures are 

recommended to produce purer lignins suitable for higher-value applications.  
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Standards 

SCAN-CM 39:94 Kuiva-ainepitoisuus, Massan valmistuksessa käytettävä hake, 

Scandinavian pulp, paper and board testing committee 

SCAN-CM 40:01. Size distribution [Wood chips for pulp production] Scandinavian pulp, 

paper and board testing committee 

SCAN-N 30:85 Total, active and effective alkali – Potentiometric titration [White and green 

liquors] Scandinavian pulp, paper and board testing committee 



 

 

Appendices 

Appendix 1. Average results of chip classification and the ratio of accepted fractions

    

         g % 

Fraction 1 Hole 45 mm    Over size chips 46.3 1.8 

Fraction 2 Slot 8 mm    Over thick chips 159.7 6.3 

Fraction 3 Hole 13 mm    Large accept chips 2027.4 80.7 

Fraction 4 Hole 7 mm    Small accept chips 209.2 8.3 

Fraction 5 Hole 3 mm    Pin chips 57.8 2.3 

Fraction 6 Bottom    Fines 16.0 0.6 

       Total 2516.3 100.0 

  
 

    

    [%]     

Fraction 3 Hole 13 mm 89.7     

Fraction 4 Hole 7 mm 10.3     

 

  



 

 

Appendix 2. White liquor parameters 

  Soda 0% Kraft 15% Kraft 30% Kraft 42% 

OH- 4.005 4.512 4.302 4.256 

HS- 0.002 0.389 0.756 1.134 

CO3
2- 0.453 0.346 0.31 0.285 

Sulfidity 0.102 15.869 29.905 42.074 

Causticizing 81.531 85.628 85.098 84.543 

EA [g NaOH/l] 160.200 180.481 172.083 170.244 

AA [mol/l] 4.007 4.901 5.058 5.39 

TA [mol/l] 4.914 5.593 5.679 5.961 

 

  



 

 

Appendix 3. Elements in black liquor samples 
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Appendix 4. Alkaline precipitation - conditions and results 
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Appendix 4. Alkaline filtration – conditions and results 
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Appendix 5. Re-suspension results 

 

RE-SUSPENSION     

      

Date         28.5.2025 

Trial point         Soda 0 % 

Target pH         2.5 

Temperature (°C)       50 

Target DMC (%)     20 

DMC of alkaline cake (%)       49.50 

Target alkaline cake, wet (g)     404 

Target alkaline cake, abs. (g)     200 

Added water (ml)       570 

Added cake, wet (g)       403.0 

Added cake, abs. (g)       199.5 

Added H2SO4         29 

Sum of H2SO4 and H2O       599 

Re-slurry time (min)       43 

Temperature in maturation(°C)     60 

Maturation time (min)       45 

Highest pH         2.80 

Lowest pH         2.00 

DMC after maturation (%)     22.2 

pH after maturation       2.7 

            

Sample 

Time 
(min) 

Added 
H2SO4 
(ml) 

Wet 
cake 
(g) 

Cake 
abs. 
(g) 

pH in 
slurry 

1 0 3.0 40 19.8 2.0 

2 5 3.0 50 24.75 2.5 

3 4 3.0 45 22.28 2.5 

4 5 3.0 46 22.77 2.7 

5 4 3.0 40 19.80 2.7 

6 7 3.0 38 18.81 2.4 

7 3 3.0 40 19.80 2.3 

8 5 3.0 50 24.75 2.5 

9 6 3.0 54 26.73 2.8 

10 2 1.0 0 0.00 2.7 

11 2 0.5 0 0.00 2.6 
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Appendix 5. Re-suspension results 

 

RE-SUSPENSION    

      

Date         23.5.2025 

Trial point       Kraft 15 % 

Target pH       2.5 

Temperature (°C)     50 

Target DMC (%)     20 

DMC of alkaline cake     56.45 

Target alkaline cake, wet (g)   390 

Target alkaline cake, abs. (g)   220 

Added water (ml)     650 

Added cake, wet (g)     391.0 

Added cake, abs. (g)     220.7 

Added H2SO4       28 

Sum of H2SO4 and H2O     678 

Re-slurry time (min)     41 

Temperature in maturation (°C)   60 

Maturation time (min)     45 

Highest pH       2.90 

Lowest pH       2.00 

DMC after maturation (%)   NA 

pH after maturation     NA 

            

Sample 

Time 
(min) 

Added 
H2SO4 
(ml) 

Wet 
cake 
(g) 

Cake 
abs. 
(g) 

pH in 
slurry 

1 0 3.0 44 24.84 2.9 

2 6 5.0 46 25.97 2.0 

3 5 3.0 42 23.71 2.0 

4 5 2.0 40 22.58 2.5 

5 5 3.0 46 25.97 2.7 

6 6 4.0 41 23.14 2.4 

7 5 3.0 42 23.71 2.4 

8 5 3.0 43 24.27 2.3 

9 4 2.0 47 26.53 2.5 
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Appendix 5. Re-suspension results 

 

RE-SUSPENSION    

      

Date         26.5.2025 

Trial point       Kraft 30 % 

Target pH       2.5 

Temperature (°C)     50 

Target DMC (%)   20 

DMC of alkaline cake     54.60 

Target alkaline cake, wet (g)   366 

Target alkaline cake, abs. (g)   200 

Added water (ml)     600 

Added cake, wet (g)     367.0 

Added cake, abs. (g)     200.4 

Added H2SO4       26 

Sum of H2SO4 and H2O     626 

Re-slurry time (min)     35 

Temperature in maturation (°C)   60 

Maturation time (min)     45 

Highest pH       2.80 

Lowest pH       2.10 

DMC after maturation (%)   22.45 

pH after maturation     3.0 

            

Sample 

Time 
(min) 

Added 
H2SO4 
(ml) 

Wet 
cake 
(g) 

Cake 
abs. 
(g) 

pH in 
slurry 

1 0 3.0 41 22.39 2.7 

2 4 3.0 41 22.39 2.7 

3 5 4.0 41 2239 2.2 

4 5 3.0 47 25.66 2.3 

5 6 3.0 51 27.85 2.4 

6 4 3.0 44 24.02 2.4 

7 5 3.0 51 27.85 2.8 

8 6 4.0 51 27.85 2.1 
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Appendix 5. Re-suspension results 

 

RE-SUSPENSION    

      

Date         27.5.2025 

Trial point       Kraft 42 % 

Target pH       2.5 

Temperature (°C)     50 

Target DMC (%)   20 

DMC of alkaline cake     57.20 

Target alkaline cake, wet (g)   350 

Target alkaline cake, abs. (g)   200 

Added water (ml)     625 

Added cake, wet (g)     350.0 

Added cake, abs. (g)     200.2 

Added H2SO4       25 

Sum of H2SO4 and H2O     650 

Re-slurry time (min)     41 

Temperature in maturation (°C)   60 

Maturation time (min)     45.00 

Highest pH       4.40 

Lowest pH       2.30 

DMC after maturation (%)   23.25 

pH after maturation     2.80 

            

Sample 

Time 
(min) 

Added 
H2SO4 
(ml) 

Wet 
cake 
(g) 

Cake 
abs. 
(g) 

pH in 
slurry 

1 0 3.0 39 22.31 2.30 

2 5 3.0 51 29.17 2.70 

3 5 3.0 41 23.45 2.50 

4 5 3.0 44 25.17 2.50 

5 4 3.0 45 25.74 2.60 

6 6 3.0 43 24.60 4.40 

7 2 1.0 0 0.00 2.30 

8 8 3.0 47 26.88 2.30 

9 6 3.0 40 22.88 2.40 

 



 

 

Appendix 6. Analyses of filtrates in purification stage 

 

Trial point 

DMC 

[%] pH 

Conductivity 

[mS/cm] 

Density 

[g/ml] 

Soda 0 %, acidic filtrate 11.7 2.8 66.5 1.1 

Soda 0 %, filtrate 1st wash 0.9 2.7 11.4 1.0 

Soda 0 %, filtrate 2nd wash 0.3 3.0 4.0 1.0 

Kraft 15 %, acidic filtrate 11.1 3.1 65.0 1.1 

Kraft 15 %, filtrate 1st wash 3.45 3.0 28.9 1.0 

Kraft 15 %, filtrate 2nd wash 0.0 3.3 2.3 1.0 

Kraft 30 %, acidic filtrate 11.3 3.0 70.5 1.1 

Kraft 30 %, filtrate 1st wash 1.3 2.8 17.0 1.0 

Kraft 30 %, filtrate 2nd wash 1.0 3.0 18.3 1.0 

Kraft 42 %, acidic filtrate 11.6 2.9 70.4 1.1 

Kraft 42 %, filtrate 1st wash 0.5 2.7 6.6 1.0 

Kraft 42 %, filtrate 2nd wash 0.2 3.0 4.2 1.0 

 



 

 

Appendix 7. Elements in lignin samples 
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