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ABSTRACT 

The three main components of wood, namely, cellulose, hemicellulose, and lignin, can be used in 

various areas. However, since lignin covalently crosslinks with wood polysaccharides creating 

networks that is an obstacle for extraction, direct extraction of different wood components in high 

yield is not an easy matter. One potential approach to overcome such obstacles is to treat the wood 

with specific enzymes that degrade the networks by specific catalysis. However, the structure of 

wood is so compact that the penetration of the wood fibers by large enzyme molecules is hindered. 

Thus, the pretreatment of wood prior to the application of enzymes is necessary, for “opening” the 

structure. 

 

One pretreatment method that was performed in this thesis is based on kraft pulping, which is a 

well-established and industrialized technique. For untreated wood, the wood fibers cannot be 

attacked by the enzymes. A relatively mild pretreatment was sufficient for wood polysaccharides 

hydrolyzed by a culture filtrate. A methanol-alkali mixture extraction was subsequently applied to 

the samples that were pretreated with two types of hemicellulases, Gamanase and Pulpzyme HC, 

respectively. The extraction yield increased after enzymatic treatment, and the polymers that were 

extracted from monocomponent enzyme-treated wood had a higher degree of polymerization. 

Experiments with in vitro prepared lignin polysaccharide networks suggested that the increased 

extraction was due to the enzymatic untying. However, the relatively large loss of hemicellulose, 

particularly including (galacto)glucomannan (GGM), represents a problem with this technique. To 

improve the carbohydrate yield, sodium borohydride (NaBH4), polysulfide and anthraquinone were 

used, which increased the yields from 76.6% to 89.6%, 81.3% and 80.0%, respectively, after 

extended impregnation (EI). The additives also increased the extraction yield from approximately 9 

to 12% w/w wood. Gamanase treatment prior to the extraction increased the extraction yield to 14% 

w/w wood.  

 

Sodium dithionite (Na2S2O4) is an alternative reducing agent for the preservation of hemicelluloses 

because it is less expensive than metal hydrides and only contains sodium and sulfur, which will not 

introduce new elements to the recovery system. Moreover, Na2S2O4 has the potential to be generated 

from black liquor. Na2S2O4 has some preservation effect on hemicelluloses, and the presence of 

Na2S2O4 also contributed to delignification. The extraction yield increased to approximately 15% 

w/w wood. Furthermore, Na2S2O4 has been applied in the kraft pulping process of spruce. The yield 

and viscosity increased, while the Klason lignin content and kappa number decreased, which 

represents a beneficial characteristic for kraft pulp. The brightness and tensile strength of the 

resulting sheets also improved. However, the direct addition of Na2S2O4 to white liquor led to 

greater reject content. This problem was solved by pre-impregnation with Na2S2O4 and/or mild 

steam explosion (STEX) prior to the kraft pulping process. Following Na2S2O4 pre-impregnation and 

mild STEX, the obtained kraft pulp had substantially better properties compared with the properties 

exhibited after direct addition of Na2S2O4 to the white liquor. 

 

The wood structure opening efficiency of mild STEX alone was also tested. The accessibility of the 

wood structure to enzymes was obtained even at very modest STEX conditions, according to a 

reducing sugar analysis, and was not observed in untreated wood chips, which were used as a 

reference. The mechanical effect of STEX appears to be of great importance at lower temperatures, 

and both chemical and mechanical effects occur at higher STEX temperatures.  

 

Keywords: kraft cooking; extended impregnation; enzymes; chemo-enzymatic separation process; 

peeling reaction; sodium borohydride; polysulfide; anthraquinone; sodium dithionite; mild steam 

explosion; biorefinery.  



 

 

SAMMANFATTNING 

De tre huvudkomponenterna i ved, cellulosa, hemicellulosa och lignin kan användas för olika typer 

av applikationer, men eftersom lignin kovalent tvärbinder olika vedkomponenter till stora nätverk, 

så är det svårt att direkt extrahera olika vedkomponenter i högt utbyte. Ett sätt att övervinna detta 

är att behandla veden med specifika enzymer, som kan bryta upp nätverken genom specifik katalys. 

Ett problem är att vedstrukturen är så kompakt att enzymer inte kan tränga in iveden. En 

förbehandling innan enzymbehandling är därför nödvändig, för att “öppna upp” strukturen. 

 

En förbehandlingsmetod testad i detta arbete är baserat på sulfatprocessen, vilket är en väletablerad 

metod för kemisk massatillverkning. Enzymer kunde inte attackera obehandlad ved, men redan 

efter en mycket mild behandling, kunde enzymen hydrolysera vedens polysackarider. Efter 

behandling av två olika hemicellulosanedbrytande enzymprodukter, gamanase och pulpzyme HC, 

extraherades veden med en alkalisk metanol-vattenblandning, Enzymbehandlingen gjorde att mer 

material kunde extraheras, och för prover behandlade med monokomponentenzym var också 

molekylvikten högre. Experiment utförda med enzymbehandling av in vitro-preparerade lignin-

polysackaridnätverk föreslog att den ökade extraktionen kunde bero på att enzymen delvis upplöste 

nätverken. Ett problem var emellertid att den alkaliska förbehandlingen ledde till stora 

kolhydratförluster, särskilt för (galakto)glukomannan. För att förbättra kolhydratutbytet tillsattes 

borhydrid, polysulfide respektive antrakinon till den alkaliska förbehandlingen, vilket ökade utbytet 

från 76,5% till 89,6%, 81,3% respektive 80,0% efter förlängd impregnering. Tillsatserna ökad också 

extraktionsutbytet från omkring 9 till 12 % avseende ved. Gamanasbehandling före extraktionen 

ökade ytterligare utbytet till 14%. 

 

Natrium dithionite (Na2S2O4) är en alternativ reducerande agent, för att  bevara hemicellulosa, som 

är billigare än metalhydrider, och enbart innehåller natrium, syre och svavel, och därför inte 

kommer att tillföra nya grundämnen till kemikalieregenereringssystemet. Vidare kan den möjligen 

tillverkas från svartlut. Våra resultat visar att Na2S2O4 hade viss bevarande verkan på hemicellulosa 

och att närvaro av dithionite också bidrog till delignifieringen. Extraktionsutbytet ökade till ca 15% 

avseende ved. Vidare testades Na2S2O4 som tillsatts till sulfatkokning av gran. Såväl utbyte som 

viskositet ökade, medan Klasonlignin och kappanummer minskade, vilket är positivt för 

sulfakokning. Ljusheten och dragstyrkan förbättrades också. Ett problem var emellertid att 

skävhalten ökade. Sistnämnda problem kan lösas genom att kombinera impregnering med Na2S2O4 

med mild ångexplosion (STEX) innan massakoket. Efter dithionite-förimprenering och STEX, hade 

massan batter egenskaper än massa där Na2S2O4 tillsatts direkt i vitluten. 

 

Öppning av vedstruktur med enbart mild STEX testades också. Tillgängligheten av vedstrukturen 

för enzymer uppnåddes även vid mycket milda förhållanden för STEX, enligt mätningar av frigjort 

reducerande socker, som inte observerades i obehandlad ved som användes som referens. Den 

mekaniska effekten hos STEX förefaller vara viktig vid låga temperaturer, medan både kemiska och 

mekaniska effekter samverkar vid högre temperaturer.  

 

Nyckelord: sulfatkok; förlängd impregnering; enzym; kemo-enzymatisk separationsprocess; 

avskalningsreaktion; natriumborohydrid; polysulfid; antrakinon; natriumditionit; mild 

ångexplosion; bioraffinaderi. 
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1. INTRODUCTION 

1.1 Purpose of the study 
 

Currently, a large portion of consumable materials, organic chemicals, and liquid 

fuels are produced from petroleum (Conaway, 1999). However, from a sustainable 

point of view, petroleum is a non-renewable resource and should be replaced. 

Petroleum is also cumbersome from an environmental point of view because 

burning fossil fuels and the waste of petroleum based products generate pollutants, 

such as CO2, which contributes to climate changes (Rodhe, 1990). Therefore, it is of 

fundamental importance to replace petroleum with renewable raw materials. The 

plant cell wall is an interesting alternative because it is very abundant in nature and 

non-exhausted raw materials. Furthermore, the varying polymeric and monomeric 

materials in the plant cell wall have great potential for the manufacture of 

materials, chemicals, and fuels (Lucia, 2008). Trees, the main class of plants, also 

have the advantage that this material can be harvested year-round, which 

minimizes the need for long-term storage. Cell walls from woody plants, i.e., trees, 

do not directly compete with food production, which occurs when ethanol 

originates from sugar cane and corn for fuel production and thereby leads to 

concerns regarding food availability and pricing (Rudaheranwa, 2009). Therefore, 

a bio-based industry, referred to as biorefining, has recently emerged and 

resembles petroleum refining (Elbersen et al., 2002; Taylor, 2008; Cherubini, 

2010; FitzPatrick et al., 2010). In a biorefinery, wood (biomass) is used to convert 

various green materials into biofuels and chemicals. In contrast to the traditional 

kraft pulping process, biorefinery processes use all wood components, including 

cellulose, hemicelluloses, and lignin, to produce multiple products (Van Heiningen, 

2006). 

 

It is difficult to directly extract different wood components at a high yield because 

lignin covalently cross-links different wood polymers (Baker, 1973; Lawoko et al., 

2005), thereby creating an obstacle to extraction. Specific enzymes that degrade 

this network via specific catalysis provide one potential approach to overcome such 

obstacles in wood extraction. For the enzymatic treatment of wood, the compact 

structure of the lignified tissue is also a barrier for the penetration of large 

molecules, such as enzymes (Blanchette et al., 1997). Because the direct enzyme 

http://www.sciencedirect.com/science/article/pii/S0960852410011284
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treatment of wood is expected to have very limited effects, a pretreatment to open 

up the wood structure for enzyme penetration is necessary. After the compact wood 

structure is opened by pretreatment, the pretreated wood chips are incubated with 

specific enzymes, and extractions are performed to separate the wood components. 

The purpose of this study is to establish a chemo-enzymatic separation process of 

spruce wood components in a biorefinery based on Fig. 1. 

 

 
Fig. 1. Basic idea of the chemo-enzymatic separation of the wood components. 

 

1.2 Background 
 

1.2.1 Structure and application of wood components 
 

There are two main classes of trees that are mainly used in kraft pulping industry: 

softwoods, which are gymnosperms (i.e., conifers), and hardwoods, which are 

angiosperms (i.e., deciduous or broad-leaf trees). In Scandinavian pulp mills, the 

most common wood species are Norway spruce (Picea abies), Scots pine (Pinus 

sylvestris) and birch (Betula verrucosa). Both softwoods and hardwoods have cell 

walls with a complex hierarchical structure with three main components of the cell 

wall:  cellulose, hemicelluloses, and lignin.  

 

Cellulose is a linear unbranched polysaccharide of hundreds to several thousand D-

glucose units that are joined by β-(1→4)-glucosidic linkages (O'Sullivan, 1997). The 

unbranched structure enables strong and regular interactions between the cellulose 

chains and the organization of the fibrils. Each chain is stabilized by intra-chain 

hydrogen bonds that are formed between adjacent hydroxyls, which provide 

rigidity to the structure. There are also hydrogen bonds between cellulose chains, 

which stabilize sheets of parallel cellulose chains. Not only hydrogen bonds, there 
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are also some strong hydrophobic interaction which makes the cellulose insoluble 

in water. The well-organized structure combined with a very high degree of 

polymerization enables cellulose to be directly applied to various types of materials, 

from paper and boards to films with a very high young modulus, and after the 

derivatization or regeneration of a large range of material applications (Nacheva et 

al., 2007; Heinze and Petzold, 2008).  

 

Hemicelluloses are a class of different compounds consisting of both pentoses and 

hexoses that located in the matrix between cellulose fibrils in the cell wall and 

possess between 20-35% of the dry mass of wood. Most hemicelluloses in wood 

also have a linear β-(1→4)-linked backbone of conformationally related sugar 

residues but are laterally substituted by short branches (Meier, 1958). In softwoods, 

the most abundant hemicellulose is (galacto)glucomannan (GGM). The fraction 

with the lower content of galactosyl units (galactose:glucose:mannose is 

approximately 0.1:1:3-4) is glucomannan. GGM is the galactose-rich fraction with a 

corresponding ratio of galactose:glucose:mannose of 1:1:3-4. Both of these fractions 

have O-acetyl groups in the 2- or 3- positions on the mannose residues. Another 

principle hemicellulose in softwood is arabino-glucuronoxylan, which is 

approximately 5-10% (w/w). This hemicellulose is partially substituted by 4-O-

methyl-α-D-glucuronic acid groups at C-2 and/or by α-L-arabinofuranose units at 

position C-3. These irregular side groups enable hemicelluloses to generally occur 

as amorphous heteropolysaccharides with a relatively moderate degree of 

polymerization. The potential uses for hemicelluloses include various types of films 

and barriers and raw material for chemicals (Saha, 2004; Ebringerová, 2006; 

Spiridon and Popa, 2008), etc.  

 

The third main component in wood, lignin, is not a polysaccharide; it is a complex 

and partly random polymer of phenyl propanoid units that are connected together 

with ethers and carbon-carbon bonds (Glasser and Glasser, 1974). Lignin-based 

products have various physicochemical properties and many applications (Doherty 

et al., 2011; Vishtal and Kraslawski, 2011). In the modified form lignosulfonate, 

lignin is used as a dispersing agent in numerous applications, such as concrete and 

oil drilling (Grieson et al., 2005). Lignin can also be used as a binder (Westin et al., 

2003) and as a raw material for vanillin (Pearl, 1942; Tarabanko et al., 1995), etc.  

 
1.2.2 Kraft pulping and extended impregnation  

 

Kraft pulping is the current dominant chemical pulping method because of its 

efficient and economical recovery process, the fact that varying types of wood can 

be pulped using this process, and the superior strength of the pulp product (Kleppe, 

1970). The chemicals in the cooking liquor (white liquor) are sodium hydroxide, 

NaOH, and sodium sulfide, Na2S. The active working species are hydrogen sulfide 

ions, which are the primary delignifying agents, and hydroxide ions, which 

deprotonize the phenolic structures in lignin and the lignin macromolecule 

becomes more hydrophilic to dissolve. Because no cooking chemicals are entirely 

http://pubs.acs.org/action/doSearch?action=search&author=Pearl%2C+Irwin+A.&qsSearchArea=author
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selective towards lignin, the removal of all lignins without severe damage to the 

carbohydrates is impossible. During kraft pulping, both the delignification and 

depolymerization of carbohydrates occur. Depending on the cooking temperature 

and the amount of hydrogen sulfide ions and hydroxide ions in white liquor, 

different compositions of the pulp can be obtained (Aurell and Hartler, 1965; 

Paavilainen, 1989).  

 

Extended impregnation (EI) is based on the traditional kraft cooking process 

herein with a lower treatment temperature (Hartler, 1978; Antonsson et al., 2009). 

The treatment time for EI was longer compared with that required for 

impregnation during the typical kraft cooking process. In the modern kraft cooking 

process, part of the black liquor is recycled to the impregnation stage. The black 

liquor contains a higher amount of hydrogen sulfide ions but a lower hydroxide ion 

concentration. Thus, a high sulfidity was used in EI to simulate the conditions of 

the pulp mill operation. Moreover, a high liquor-to-wood ratio in EI can aid the 

impregnation of the chemicals to the wood chips and ensure a more levelled-out 

alkali profile. 

 

1.2.3 GGM preservation additives 
 

One predominant loss of GGM during kraft pulping and EI processes is  the 

depolymerization that originates from the reducing end group, which is referred to 

as the peeling reaction. The peeling reaction of GGM initiates immediately from the 

reducing end when the wood comes in contact with the alkaline cooking liquor and 

proceeds rapidly even at temperatures of approximately 100 °C (Wigell et al., 2007). 

From an economic point of view, the yield loss in kraft pulping is a serious 

drawback. The large amount of dissolved wood components could intensify a high 

load on the recovery system. Because the efficiency of the recovery system directly 

impacts the quantity and quality of the white liquor and thereby the quantity and 

quality of the produced pulp, the recovery system is a critical economical factor in 

the kraft mill operation unit; by decreasing the load on the recovery boiler, it is 

possible to further increase production (Green and Hough, 1992). Furthermore, the 

relatively poor yield of the pulp is an economic problem, especially because a high 

hemicellulose content in chemical pulp is often desired for paper application. To 

retain GGM in the wood during kraft pulping, some preservation additives should 

be considered. Because the peeling reaction is initiated by the open aldehyde form 

(Fig. 2), the GGM can be stabilized against alkali degradation when the carbonyl 

groups are reduced or oxidized to relatively stable end groups, which prevents 

further peeling reactions (Courchene, 1998).  

 

Three common chemicals, sodium borohydride (NaBH4), polysulfide (PS) and 

anthraquinone (AQ) can be used to react with the reducing end of glucomannan to 

prevent the peeling reaction (Akgül et al., 2007; Tutus et al., 2010). Sodium 

borohydride is a powerful reducing agent that reduces the carbonyl group to a 

hydroxyl group, which impedes the end-wise depolymerization of glucomannan 
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(Fig. 3) (Meller, 1953; Kondo and Sarkanen, 1984). However, because of the cost 

and chemical balance problem, NaBH4 is seldom applied to industrial kraft mills. 

The PS additive, which is represented as Sn in which n = 2–8, is obtained via the 

oxidation of white liquor or addition of elemental sulfur. The stabilization reaction 

of the reducing end group is believed to be oxidized to a diketo structure and 

transferred to the aldonic acid via a benzilic acid rearrangement (Fig. 3) (Venemark, 

1964; Teder, 1969). The carboxylic group is alkali-stable and can inhibit the peeling 

reaction and enhance the yield by leaving more carbohydrates in the wood. In a 

pulp mill, PS is formed via the oxidation of white liquor, but most of it will rapidly 

decompose at approximately 110 °C. Therefore, without the extra addition of 

elemental sulfur, the concentration of PS is too low to achieve the required effect in 

the cooking process and the sulfidity will also be lower (Gellerstedt 2009). However, 

the drawback of adding elemental sulfur is that more sulfur will be introduced to 

the system, which disturbs the sodium-sulfur balance in the mill. Moreover, this 

addition would generate greater detrimental emissions to the air. Therefore, PS 

addition to the pulping process has limited applications. In the 1970s, AQ and its 

derivatives began to be investigated as pulping additives (Holton and Chapman, 

1977). The preservation chemistry of AQ also involves the oxidation of the reducing 

end groups in glucomannan, as shown in Fig. 3 (Fleming et al., 1978). In this 

reaction, anthrahydroquinone (AHQ) was formed and reacted with the quinone 

methide intermediates that were formed in the lignin under alkali conditions. The 

adduct of AHQ and the quinone methide can decompose to AQ for continuous 

usage, which simultaneously leads to the cleavage of the β-O-4 linkage to form 

coniferyl alcohol and new phenolic end groups of lignin (Landucci, 1980). 

Therefore, the addition of relatively small quantities of AQ (0.04–0.1%) to the 

cooking liquor could stabilize the reducing end groups of carbohydrates and 

accelerate the delignification rate via the redox cycle (Kleppe, 1981). Furthermore, 

it only contains carbon, oxygen, and hydrogen which could not disturb the chemical 

balance. AQ is predominantly used in countries with a high cost of raw materials, 

such as Japan, and other countries, such as Sweden. A major disadvantage of AQ is 

the decrease in bleachability, i.e., more bleaching chemicals are required to obtain 

a given brightness for unbleached pulps in a given lignin content (Håkansdotter 

and Olm, 2002). Recently, a number of reports have indicated that AQ might be 

carcinogenic (NTP, 2005; NCASI, 2008; EFSA, 2012; IARC, 2012; BfR, 2013). The 

industrial use of AQ in the future is uncertain. 
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Fig. 2. Peeling reaction of glucomannan and stopping reaction of arabinoxylan. 
 

 
Fig. 3. Mechanisms for the stabilization of glucomannan with sodium borohydride, polysulfide and 
anthraquinone.  
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1.2.4 Steam explosion 
 

Since the invention of steam explosion (STEX) by Mason in the late 1920’s (Mason, 

1928), steam explosion has been an effective way to disrupt different lignocellulosic 

plant materials. Steam explosion is a method in which biomass materials, such as 

wood chips, are subjected to high pressure steam, followed by a rapid release to 

atmospheric pressure. The liquid inside the wood chips vaporizes, and the wood 

structure is ruptured (Overend and Chornet, 1987). Steam explosion has been 

commonly performed to separate the fibers in the wood chips and, for example, to 

produce fermentable sugars for bioethanol production (Saddler et al., 1982; 

Grethlein and Converse, 1991; Schell et al., 1991; Martin et al., 1995). During STEX, 

the increased temperature also leads to the release of acetic acid from the wood, 

which decreases the pH. The slightly acidic conditions lead to degradation 

reactions, such as acidic hydrolysis, which could result in the breakage of the 

glycosidic bond (Sjöström, 1993); consequently, the degree of polymerization of the 

polysaccharides decreases. This phenomenon is often referred to as autohydrolysis. 

Further degradation products, such as furfurals and uronic acids, may also be 

formed (Fengel and Wegener, 1989). During STEX, lignin is also softened by the 

decreasing content of β-O-4 structures (Robert et al., 1988), which leads to higher 

defibrillation without the excessive damage of individual fibers. Steam explosion 

will therefore affect not only the structure of the wood chips but also the chemical 

composition of the wood, as hemicelluloses are significantly degraded when the 

temperature is relatively high (Grethlein and Converse, 1991; Shimizu et al., 1998). 

To prevent large losses of hemicelluloses in the wood, mild STEX with a lower 

temperature/pressure should be considered. Under milder conditions, it might be 

possible to open the wood structure, thereby making it accessible to chemicals or 

enzymes, without losing large amounts of the hemicelluloses. 

 

1.2.5 Enzymes and enzymatic attack 
 

Enzymes are protein molecules that are mainly composed of linear heteropolymers 

that consist of 20 different amino acids (Bugg, 2012). The different amino acids 

join to form a long linear polypeptide, which folds to a three-dimensional structure 

that is controlled by the amino acid sequence. Thus, the full activities of enzymes 

are determined by their three-dimensional structures. Enzymes are efficient and 

very specific catalysts. One enzyme typically only catalyzes a single reaction, which 

is determined by the type of substrate that is recognized and the type of chemical 

bond that is cleaved or synthesized. Enzymes with suitable specificities for 

cellulose, hemicellulose, and lignin structures are produced by different molds and 

wood-degrading microorganisms (Rabinovich et al., 2002; Shallom and Shoham, 

2003; Ten Have and Teuningson, 2001). Many enzymes can be commercially 

produced in large quantities and industrially applied in various areas, such as the 

textile and food industries (Kirk et al., 2002). There are two principal types of 

commercial enzyme products, culture filtrate and monocomponent. Culture 

filtrates are a complex mixture of enzymes that may have diverse specificities, and 
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their uncontrollable side reactions limit their applications. Along with the 

development of gene technology in the 1980s, monocomponents, which consist of a 

single type of enzyme, can be produced on a large scale by genetically modified 

microbial strains (Kirk et al., 2002). Because of the high specificity of 

monocomponent enzyme products, it is possible to design a well-controlled process 

for industrial application. The main advantage of using enzymes in industrial 

processes is their high specificity, which is rare among industrial chemicals (Li et 

al., 2012). Furthermore, enzymatic reactions are carried out at mild conditions, 

whereas many other chemicals require high temperatures or a high or low pH, 

which may affect the product structure. 

 

Enzymatic reactions occur when high-energy transition states of the enzyme 

substrate are tighter compared with its ground state. In general, enzymes convert 

one material, the substrate, into another material, the product. The essential 

features of enzymatic catalysis are as follows: 1) the recognition and binding of the 

substrate, 2) catalysis, and 3) the dissociation of the enzyme substrate-complex to 

release the products (Koshland, 1953). For woods, enzymatic attack is very 

challenging because of the compact lignified cell wall structure, which prohibits a 

single enzyme from efficiently degrading the wood polymers to separate 

components. Various approaches have been established to overcome the poor 

accessibility of enzymes to wood structures for different industrial applications.   

 

 

1.3 Aim of the thesis work 
 

The primary aim of this thesis was to identify suitable pretreatment methods for 

the penetration of enzymes to the compact wood structure to accomplish the 

specific attack. This study was primarily performed on spruce, which is the basic 

raw material in the Wallenberg Wood Science Center. The main study comprised 

the pretreatment method based on the kraft pulping technique with very mild 

working conditions, not only for the wood structure opening but also for 

hemicellulose preservation. Additionally, regarding other techniques for wood 

structure opening, such as mild steam explosion, the wood structure opening 

efficiency was also tested. Furthermore, the establishment of a new concept, the 

chemo-enzymatic separation of wood components in a biorefinery, was also an 

objective of this work. 
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2. EXPERIMENTAL CONDITIONS 

Only the general principles of the experimental conditions are described here. A 

detailed description of the materials and methods is provided in papers I-VII. 

 

2.1 Materials  
 

2.1.1 Spruce  

 

The wood chips used were from Norway spruce (Picea abies). The wood chips that 

were used in papers I-III were supplied by Hallsta Pappersruk. For paper VI, the 

wood chips were obtained from Innventia. For paper IV and paper VII, the wood 

chips were provided by Chalmers, who received them from a Scandinavian pulp 

mill.  

 

2.1.2 Model compounds 
 

Glucose, mannose and galactomannan (from the seeds of Ceratonia siliqua, 200 

kDa) were obtained from Sigma Aldrich, St. Louis, Missouri, USA. 

Galactoglucomannan, which had a molecular weight of approximately 40 kDa, was 

prepared from thermomechanical pulp from Norway spruce that was generated by 

hot water extraction as described by Willför (Willför et al., 2003). Konjac 

glucomannan (1,000 to 2,000 kDa) was obtained from Konson Konjac Gum Co., 

Ltd, Wuhan, China. 

 

2.1.3 Synthesized lignin polysaccharide networks 
 

The water from the thermomechanical pulping (TMP) process of Norway spruce 

(Picea abies) was obtained from the process stream of a Swedish TMP mill. The 

sample was filtrated by microfiltration (Mini Kerasep module, Novasep) with a 

0.45-µm ceramic membrane (kerasep 0.45 µm, Novasep) and upgraded by 

ultrafiltration (Kerasep 5 kDa molecular weight cut-off membrane, Novasep). After 

upgrading, the sample was freeze-dried. Laccase enzyme (NS51002, Novozymes 

Bagsværd, Denmark) was used for the oxidative cross-linking of the purified 

polysaccharides. The cross-linked samples were fractionated to high and low 
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molecular weight fractions by ultra-filtration (Solvent-Resistant Stirred Cell, 

Millipore) using a cellulose membrane with a molecular weight cut-off of 30 kDa 

(PLTK07610, Millipore). After repeated ultra-filtration, three fractions were 

collected, which included a high-molecular weight retentate (high Mw) and two 

low-molecular-weight permeate (low MW) fractions. The retentate fraction was 

used for the degradation studies. The molecular weight and chemical composition 

are shown in Table 1. 

 
Table 1. Molecular weight and chemical composition of galactoglucomannan obtained from 
thermomechanical pulping process galactoglucomannan rich stream before (sample TMP GGM) 
and after (sample TMP GGM HMw) the enzymatic treatment and fractionation.  
Sample Mn (kDa) Mw (kDa) Mw/Mn 

TMP GGM 14.8  0.2 22.4  0.1 1.5  0.01 
TMP GGM HMw 20.5  0.1 59.5  0.2 2.2  0.01 

 Lignin 
(%) 

Carbohydrates 
(%) 

Man 
(%) 

Glu 
(%) 

Xyl 
(%) 

Gal 
(%) 

Ara 
(%) 

TMP GGM 16 49 65 17 2 13 3 
TMP GGM HMw 27 36 56 15 4 19 6 

 

2.1.4 Enzymes  

 

The enzymes used were Novozym 342 (Novozyme, Denmark), which is a 

cellulolytic culture filtrate that primarily contains endoglucanase, 

cellobiohydrolase, β-glucosidase, xylanase and other hemicelluloses (Liu et al. 

2009; Žnidaršič-Plazl et al. 2009); Gamanase, a culture filtrate that is rich in 1,4--

D-mannan mannanohydrolase obtained from Aspergillus niger and that also 

contained beta-glucuronidase activity (Redgwell et al. 2005); and Pulpzyme HC, a 

monocomponent endo-1, 4-β-D xylanase (Roncero et al. 2003). The enzymes were 

kind gifts from Novozyme, Denmark. 

 

2.2 Methods  
 

2.2.1 Kraft pulping and extended impregnation (Papers I-II) 
 

The wood chips were pretreated in a pilot plant circulation digester (Fig. 4) 

according to two different conditions, EI and kraft cooking; the liquor-to-wood 

ratios, temperature, incubation times, and chemical concentrations are 

summarized in Table 2.  

 
Table 2. Conditions for the pretreatment of wood. 

Pretreatment 
Liquid-to-wood 

ratio (mass) 
Incubation times Temperature (ºC) [OH-] 

(g/L) 

Sulfidity 
(%) 

Extended 
impregnation 

7:1 40 min, 2 h 110 25 60 

Kraft cooking 4:1 
30 min, 1 h, 2 h, 

4 h 
150 35 60 
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Fig. 4. Pilot Plant Circulation Digester that was used for the kraft cooking and extended impregnation process. 

 
2.2.2 Modified extended impregnation (Paper III) 

 

Extended impregnation performed by the addition of NaBH4, elemental sulfur (PS), 

anthraquinone (AQ), or sodium dithionite (Na2S2O4) is referred to as modified EI 

(Table 3). The impregnation was also performed using a pilot-scale circulation 

digester. The additives were added to the wood chips, such as NaBH4, PS, and AQ, 

or white liquor, such as Na2S2O4. The temperature was increased from 100 °C at a 

rate of 1 °C/min until it reached 110 °C, which was maintained for 2 h. 
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Table 3. Modified extended impregnation and additives. 

Extended impregnation  

Wood-to-liquor ratio 1:7  

Alkali charge ([OH-] g/L) 25  

Sulfidity (%) 60  

Maximum temperature (ºC) 110  

Impregnated time (min) 120  

Additives charge (w/w%, based on 
the o.d. weight of wood) 

NaBH4 3  

Sulfur  4  

AQ 0.15  

Na2S2O4 4  

 

2.2.3 Wood structure opening test of pretreated wood chips (Papers I 

and IV) 

 

The wood structure opening efficiency of the pretreated wood chips was tested 

using Novozym 342. The samples were placed in Eppendorf tubes with 20 mM pH 

7 phosphate buffer and enzyme. The reaction was performed in a Thermomixer 

comfort (Eppendorf AB, Hamburg, Germany). The reactions were performed in 

duplicate and then terminated by increasing the temperature to 99 °C. The opening 

efficiency of alkaline pretreatment and mild STEX was investigated by measuring 

the reducing sugar content that was produced during the enzymatic treatment. 

 

2.2.4 Enzymatic treatment for the extraction process (Papers II and III) 
 

The enzymatic treatment of the biomass was performed as follows: for Pulpzyme 

HC (xylanase), a 20 mM phosphate buffer, pH 7, 40 °C and a 24-h incubation time 

were used (Roncero, et al., 2003). The pulp concentration was 3%. For the 

Gamanase treatment, the buffer was 50 mM sodium acetate, pH 5, the temperature 

was 60 °C, and the incubation time was 24 h. In each case, the enzymatic treatment 

was terminated by incubation at >90 °C for 15 min.  

 

2.2.5 Model compound study of synthesized water-soluble lignin-
polysaccharide networks with Gamanase (Paper V)  

 

Samples of 10 mg synthesized water-soluble lignin-polysaccharide networks were 

incubated with 10 μL of Gamanase in 50 mM sodium acetate buffer, pH 5, in the 
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Thermomixer comfort (Eppendorf, Hamburg, Germany) with shaking at 60 °C and 

600 rpm for 24 h. The enzyme dosage was 1 VHCU/mg (1 μL/mg). The control 

experiment was performed by mixing only the model compound samples with 

buffer under the same conditions. 

 

2.2.6 Model compound study of Na2S2O4 (Paper VI) 
 

Two types of monosaccharides, glucose and mannose, and three types of 

polysaccharides, commercial galactomannan, commercial konjac glucomannan, 

and GGM, were used to study the reductive ability of Na2S2O4 for sugar polymers. 

The substrates were reacted under mild basic conditions to prevent the too rapid 

decomposition of Na2S2O4, which is sensitive to acid. Prior to adding Na2S2O4 to 

the reaction system, a nitrogen flow was dipped into the solution to prevent the air 

oxidation of Na2S2O4. The reactions were performed in an 85ºC water bath and 

refluxed for 4 h (DeVries and Kellogg, 1980).  

 

2.2.7 Mild steam explosion (Paper IV and VII) 
 

Prior to the mild STEX treatment, the wood chips were impregnated with de-

ionized water or an aqueous solution of Na2S2O4. For the water impregnated 

samples, each batch of 500 g (dry basis) of wood chips were submerged in de-

ionized water in a large steel vessel at a liquor-to-wood ratio of 10:1 overnight. A 5 

min vacuum followed by pressurization to 5 bars with nitrogen gas was performed 

to improve impregnation. The impregnations with Na2S2O4 were performed in steel 

autoclaves at a liquor-to-wood ratio of 4:1. An amount of 4 % (w/w o.d. wood) 

Na2S2O4 was added to the liquor. The autoclaves were pressurized with nitrogen 

gas and then put in a pre-heated polyethylene glycol bath with a temperature of 

85°C for four hours with constant rotation. Subsequently, the autoclaves were put 

in a cooling bath for at least 15 minutes and left overnight.  

 

The impregnated wood chips were heated with steam to a desired temperature and 

maintained at this temperature for 10 min to ensure that the temperature was also 

obtained inside the chips. The time was estimated using Fourier’s law of heat 

conduction. The pressure was then released, the temperature immediately 

dropped, and the pressure simultaneously returned to atmospheric pressure. 

 
2.2.8 Analysis method (Papers I-VII) 

 

The chemical composition and Klason lignin content were determined using SCAN-

CM 71:09. The contents of cellulose, GGM and xylan were calculated after 

correcting the hydrolysis yield (Janson, 1974). Anhydro sugars were calculated 

from sugar monomers via the withdrawal of water, i.e., multiplication by 0.88 in 

the case of pentosans and 0.90 in the case of hexosans. GGM was calculated as the 

sum of galactan, mannan, and part of glucan (GGM = galactose + (1 + (1/3.5)) * 

mannose). The molar ratio between mannose and glucose in GGM was assumed to 
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be 3.5:1 (Meier, 1958), and the measured galactan was included in the GGM. 

However, the acetyl groups were not included. Xylan was calculated as the total 

sum of xylan and arabinan. Cellulose was calculated as the content of glucan after 

withdrawal to contribute glucan to GGM (cellulose = glucose – (1/3.5) * mannose). 

 

The molar mass distribution of the lyophilized extracts was determined via size 

exclusion chromatography. For detection, a Waters 2487 dual-wavelength 

absorbance detector (Milford, MA, USA) and a Waters 410 refractive index (RI) 

detector (Milford, MA, USA) were used. 

 

The released reducing sugar content was determined using the dinitrosalicylic acid 

(DNS) method (Miller, 1959), which measures the amount of reducing sugar 

released from polysaccharides after enzymatic hydrolysis by DNS reagent solutions. 

DNS has a color reaction on the reducing sugar that can be used for concentration 

determination (as shown in Fig. 5). The released reducing sugar is visible as an 

absorbance at 575 nm, and the concentration of the released reducing sugar can be 

determined from the glucose standard. 

 

 
Fig. 5. The reaction of a reducing sugar with DNS reagent. 

 

The kappa numbers were analyzed according to the SCAN-C 1:77 method. 

 

The intrinsic viscosity was analyzed according to the SCAN-C 15:62 method.  

 

The ISO brightness of the pulps was determined in accordance with the ISO 

standard 2470-1:2009.  

 

The physical properties of the paper sheets, i.e., the tensile strength and the tensile 

strength index, were measured using a Frank Tensile Tester according to ISO 1924-

2:2008.
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3. RESULTS AND DISCUSSIONS 

3.1 Chemo-enzymatic separation of the wood components 
(Papers I-III and VI ) 
 

The wood chips were pretreated with alkali to “open up” the compact lignified cell 

wall structure. The pretreated wood was then incubated with enzymes to improve 

the extractability of lignocelluloses during the subsequent extraction processes. The 

entire process is named the chemo-enzymatic separation process. 

 

Wood structure opening by alkaline treatment (Paper I) 
 

The purpose of this study was to determine whether this type of pretreatment 

method, especially the mild alkaline treatment, can sufficiently open up the 

compact wood structure to enable the enzymes to attack the wood cell wall 

(Pedersen and Meyer, 2010). Here, a commercial cellulolytic culture filtrate 

(Novozym 342) was selected because it is able to degrade most cell wall 

polysaccharides (Liu et al., 2009; Žnidaršič-Plazl et al., 2009). If the compact wood 

structure was opened to Novozym 342, there should be some sugars obtained after 

the enzyme attacking, which we took as a characteristic of the wood structure 

opening to the enzymes. 

 

Norway spruce (Picea abies) wood chips were treated with white liquor (a solution 

of Na2S and NaOH) at different intensities as represented by the H-factor (Table 4). 

The delignification extent was expressed as the Klason lignin. For EI, the 

defibration of the pretreated chips was more difficult compared with the 150 °C 

pretreated samples. Following defibration, the number of rejects was substantially 

larger compared with that of the defibrillated materials. Therefore, the wood 

structure opening of both the rejects and the defibrillated materials were tested. 

First, the pretreated materials were incubated with Novozym 342 for 2 h. The 

released reducing sugar was then measured to determine whether the enzymes 

could attack the wood polysaccharides. The reducing sugar analysis results are 

shown in Fig. 6.  
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Fig. 6. Released reducing sugar content after 2 h of enzymatic hydrolysis. w: original wood, 11040’: 
110 °C for 40 min reject sample, 1102h’: 110 °C for 2 h reject sample. The descriptions for the other 
names are provided in Table 4. 

 
Table 4. Lignocellulosic composition of spruce wood & pretreated wood. 

Samples 
H-

factor 

Klason 
lignin 
(%) 

Glucose 
(%) 

Galactose 
(%) 

Mannnose 
(%) 

Arabinose 
(%) 

Xylose 
(%) 

Name in Fig. 6 
& Fig. 7 

Spruce wood -- 28.3 65.98 2.98 19.34 2.06 9.65 W 

110ºC 

40 
min 

2.2 28.2 76.80 2.21 8.36 1.70 10.92 11040min 

2 h 6.5 28.2 78.82 1.62 7.57 1.45 10.54 1102h 

150ºC 

30 
min 

97.6 18.2 80.97 1.09 7.17 1.07 9.70 30min 

1 h 183.6 13.7 81.33 0.90 7.14 1.00 9.64 1h 

2 h 350.6 10.9 81.70 0.78 7.02 0.93 9.56 2h 

4 h 688.9 6.9 82.81 0.52 6.75 0.71 9.21 4h 

* The sugar content is the relative amount which makes the total sugar amounts as 100%. 

 

For the untreated wood chips, the enzymes were not able to create significant 

amounts of reducing sugar, even after disintegration. However, after pretreatment, 

despite the EI treatment, the reducing sugar contents that were hydrolyzed by the 

enzymes could be clearly identified, which indicates this treatment can open up the 

tight structure of wood to help the enzymes penetrate the wood cell wall and attack 

the wood components. For the native wood chips, the compact cell wall limits the 

steric structure of enzymes that are in contact with the wood components and binds 

to them (Blanchette et al., 1997). Only after the EI process, the structure appears to 
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be opened to enable enzymes to contact the substrate, and the opening effect did 

not cause significant delignification (see Klason lignin in Table 4). The chemical 

pretreatment resulted in a swelling of the wood without the dissolution of lignin to 

large degree. One explanation for this result is that during the alkaline 

pretreatment, the phenolic and non-phenolic β-O-4 ethers in lignin are cleaved 

(Gierer, 1980); in addition, the covalent bonds between lignin and polysaccharides 

were consequently broken. Such reactions partly degrade the lignin-carbohydrate 

complex (LCC) networks in wood, thereby allowing enzymes to penetrate the 

structure and access the polysaccharides. Another reason is that some 

hemicelluloses, primarily GGM, previously underwent the primary peeling reaction 

at temperatures of approximately 100 °C (Wigell et al., 2007), and there was also a 

significant dissolution of the acetyl group in acetyl-galactoglucomannan during the 

pretreatment. The loss of hemicelluloses may also contribute to the cleavage of LCC 

networks and therefore the opening of the wood structure for enzymatic attack 

(Table 4). Thus, the compact lignin polysaccharide network may be destroyed by 

the combined effects of lignin dissolution and hemicellulose degradation in this 

pretreatment. Therefore, the structure of wood that prevents enzymatic attack is 

related to the compact nature of the LCC networks rather than only the inhibitory 

effects of lignin (i.e., the inhibiting substances bind to and inactivate the enzyme).  

 

Furthermore, longer incubation times of 5, 24, and 48 h were selected for 

hydrolysis with Novozym 342, and the obtained reducing sugar contents are shown 

in Fig. 7. With the prolongation of the incubation times, the obtained reducing 

sugar contents also increased, which indicates more materials were hydrolyzed. At 

longer incubation times, the pretreated materials produced substantially larger 

amounts of released reducing sugars. The longer enzyme incubation time is crucial 

because in the beginning of the incubations, the enzymes may be “saturated” with 

substrate; in contrast, during the longer incubations, the degradation rates 

decrease when the easily degradable carbohydrates, such as hemicelluloses and un-

ordered cellulose structures, have been consumed. However, the amounts of 

accessible carbohydrates are most likely substantially larger in the more intensively 

treated materials. The structure of the pretreated wood chips was open to the 

enzyme not only on the surface. The intensity of the pretreatment refers to the H-

factor (Table 4). The more intensive pretreatment with a higher H-factor led to 

greater polysaccharide degradation; this effect was stronger for the longer 

incubation times with enzymes. This result may be because the accessible amounts 

of carbohydrates were greater for the more intensive pretreated material. The 

dissolution of lignin does not proceed uniformly during kraft cooking. The middle 

lamella lignin requires a higher temperature to dissolve because of the structural 

differences and/or the lower accessibility of lignin (Saka et al., 1982). Therefore, 

the LCC networks of the pretreated fibers with EI (110 °C) were opened to a lesser 

degree compared with the kraft cooking conditions (150 °C), irrespective of the 

length of the treatment time. 
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Fig. 7. Released reducing sugar content after 2, 5, 24, and 48 h of enzymatic hydrolysis. w: original 
wood, 11040’: 110 °C for 40 min reject sample, 1102h’: 110 °C for 2 h reject sample. The 
descriptions for the other names are provided in Table 4. 

 

Extraction of polymers from the enzyme-treated spruce (Paper II) 
 

This study aimed to investigate the effects of the pretreatment and enzymatic 

treatment of spruce wood on extraction with organic solvents with the possibility of 

obtaining better yields of high molecular weight polymers, including hemicelluloses 

and lignin. Thus, a new chemo-enzymatic separation concept would be established 

based on the results. 

 

The alkaline pretreatment of wood chips at 150 °C for 30 min was selected for the 

enzymatic treatment to improve the extractability of lignocelluloses. A mixture of 

methanol and alkali was used to extract the lignocellulosic components. The 

schematic flowchart of the entire process is shown in Fig. 8. The alkaline-pre-

treated wood without enzymatic treatment was also extracted in parallel as a 

reference. The enzymes that were used were Pulpzyme HC, a monocomponent 

endo-xylanase, and Gamanase, a culture filtrate mannanase. 
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Fig. 8. Scheme of the isolation of high-molecular-weight polymers via chemo-enzymatic separation. 
For the controls, the extractions were performed on non-enzyme-treated samples. 

 
For the extraction process, a mixture of methanol and alkali was used with a 

temperature of 130 °C to lessen the depolymerization, which is aroused at high 

temperatures. The amounts of extracted material were increased by the enzyme 

assistant, as presented in Fig. 9. For different types of enzymes, different efficacies 

were obtained; the Gamanase treatment resulted in a significantly larger amount of 

material extracted compared with the reference by approximately 9% (w/w wood). 

In contrast, for the Pulpzyme HC-treated samples, the difference was smaller and 

enhanced the extraction by only 2% (w/w wood). The extracted material was 

purified from low-molecular-weight substances by ultrafiltration and diafiltration. 

The dried extracts were analyzed with Size Exclusion Chromatography to compare 

the average molar mass (Mw) of the extracted components. The SEC 

chromatograms in Fig. 10 indicate that material that was extracted from the 

Pulpzyme HC-treated wood clearly had a higher molecular weight compared with 

the material that was extracted from the reference sample. The molecular weight of 

the material that was obtained from the sample that was treated with Gamanase, 

however, was within the same range as the reference, possibly because of the 

excessive degradation of glucomannan by the Gamanase treatment. The reasons for 

the observed differences in the extract yields and molar masses when different 

enzymes were applied remain unclear. However, one potential reason may be the 

different types of xylanase and mannanase that were used. The xylanase that was 

used here was Pulpzyme HC, which is a monocomponent, whereas the mannanase 

that was used was Gamanase, which is a culture filtrate. Gamanase contains several 

enzyme activities that may have synergistic reactions, and more materials in the 

Extracted liquor
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LCC networks would be degraded. The corresponding results indicate that more 

materials were extracted but with a lower molecular weight compared with the 

more specific monocomponent, Pulpzyme HC. 

 

 
Fig. 9. Residues after the extraction of the enzyme-treated samples with respect to the reference. 
The data show that significantly more material could be extracted from the wood after hemicellulase 
treatment and that the effects were stronger for the Gamanase-treated material. 

 

    
Fig. 10. SEC chromatograms of concentrated extracts from the enzyme-treated wood and the 
references. a) Pulpzyme HC-treated, b) Gamanase-treated.  reference,  enzyme-
treated. 

 
The xylan chains of the pretreated materials were specifically cleaved by Pulpzyme 

HC, thereby improving the extraction of xylan (Fig. 11a). Gamanase attacked the 

glycosidic linkages of glucomannan, which resulted in a better extraction of 

glucomannan (Fig. 11b). Interestingly, the extraction of other polymers in the wood 

was also enhanced by enzyme attack. This finding could be because the two 

46 

48 

50 

52 

54 

56 

58 

60 

62 
g

/1
0
0
g

 o
f 

w
o

o
d

 

Reference Enzyme-treated 

Pulpzyme HC 

Gamanase 



RESULTS AND DISCUSSIONS 

 21 

hemicelluloses are morphologically located, in part, in layers. Thus, the increased 

extractability of one hemicellulose may enhance the extraction of another 

hemicellulose (Fig. 12). The fact that other types of wood polymers become easier 

to be extracted following one type of enzyme treatment is consistent with previous 

reports regarding the ultrastructural arrangement of wood polymers (Salmen et al., 

1998). Similarly, the enhanced extraction of lignin from Gamanase-treated wood 

may be explained by the existence of covalent linkages of lignin with glucomannan.  

 

 

 
Fig. 11. Amount and compositions of lignocelluloses in the extracted residues of enzyme-treated 
wood compared with the references. a) Pulpzyme HC-treated, b) Gamanase-treated. 
 

 
 

Fig. 12. Schematic presentation of how selective hemicellulases will affect a “mixed” 
hemicellulose/lignin molecule. As shown, a selective enzyme that attacks one hemicellulose will 
affect the entire molecule, thereby influencing the solubility and extractability of lignin and other 
polysaccharides. 
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The intrinsic viscosity of the residues was measured to determine if there was 

degradation of cellulose by the hemicellulases treatment. The intrinsic viscosity was 

approximately 900 g/mL of all enzyme-treated samples, which was similar to the 

reference and indicates no degradation of cellulose was caused by hemicellulases. 

 

From the results previously discussed, it is clear that improved extraction yields 

with higher molar mass materials were obtained by the application of enzymes. 

Therefore, the potential to develop wood separation processes based on the 

enzymatic treatment of wood biomass is promising. A chemo-enzymatic separation 

process could be established in a biorefinery. However, a problem with this 

technique is the relatively large loss of hemicelluloses, primarily GGM. Therefore, 

the following study attempted to preserve hemicelluloses in the pretreatment 

process. 

 

Extended impregnation with additives (Paper III and VI) 
 

Several additives were applied to solve the problem of GGM loss. A mild alkaline 

pretreatment, EI, was performed by impregnating the wood either without 

additives or with NaBH4, polysulfide (PS) or anthraquinone (AQ) as additives to 

the process. The lignin and carbohydrate contents were subsequently analyzed to 

determine the preservation efficiency of the additives, as provided in Table 5. The 

wood composition data were based on original o.d. spruce wood. 

 
Table 5. Composition of wood impregnated with or without additives presented as the % of the 
original wood.  

% of wood Yield KL Ara Gal Glu Xyl Man 
Total sugar 

content 

Raw spruce wood 
chips 

100 28.3 1.38 2.00 42.20 6.05 12.20 63.83 

Spruce treated with EI 76.6 22.4 0.77 0.69 39.74 4.27 3.61 49.08 

Spruce treated with 
EI-NaBH4 

89.5 23.2 0.91 1.00 42.67 5.20 9.15 58.93 

Spruce treated with 
EI-PS 

80.0 22.8 0.83 1.00 41.37 4.87 5.18 53.25 

Spruce treated with 
EI-AQ 

81.3 22.7 0.74 0.63 40.69 5.00 4.97 52.03 

Abbreviations: Ara = arabinan (arabinose ×  0.88); Gal = galactan (galactose ×  0.9); Glu = glucan (glucose ×  0.9); Man = mannan 
(mannose ×  0.9); Xyl = Xylan (xylose ×  0.88); KL = Klason lignin 

 

The samples that were treated via the EI process with any additives exhibited 

considerably higher yields, while NaBH4 had the highest yield. The Klason lignin 

data indicated that all treated samples had similar lignin contents (Table 5); 
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therefore, the yield increase is most likely because of the increased carbohydrate 

content. The total monosaccharide content that was obtained after EI with 

additives was higher in the samples with the NaBH4 additive, which generated the 

highest sugar content (Table 5). In the monosaccharides, the largest effect occurred 

with mannose, which that the increased yield is largely because of the preservation 

of glucomannan by the additives. 

 

Of the three additives, the reducing agent NaBH4 was more efficient compared with 

the oxidizing agents PS and AQ (Table 5). The possible reason might be that the 

reduction of the reducing end of polysaccharides results in a hydroxyl group where 

there are no double bonds to initiate the peeling reaction, whereas the oxidation of 

the reducing end generates a carboxylic group, which can create an enol tautomer 

or enolate anion intermediates to initiate the peeling reaction (Klein, 2012). 

However, because the carboxylic acid form is resonance stabilized, the formation of 

other intermediates occurs at a very low rate, and oxidation additives still affect the 

preservation of GGM from a peeling reaction. Thus, reduction is likely a very 

efficient way to hinder the peeling reaction, which is consistent with previous 

studies (Istek and Özkan, 2008). Thus, this might explain why NaBH4 worked 

better in our extended impregnation system for preserving polysaccharides, but 

there might also be other factors influenced, such as efficiency of reactions or 

chemical dosage. The degradation of the polysaccharides under alkaline conditions, 

such as those that occur during kraft pulping, is believed to proceed through two 

main reactions: alkaline hydrolysis, which attacks a random bond in the 

carbohydrate chain and creates two shorter chains, and the peeling reaction, which 

removes step-wise the monosaccharide residues from the reducing end (Fig. 2). A 

temperature of 100 °C is sufficient for the peeling reaction to occur, whereas 

alkaline hydrolysis begins at temperatures greater than 130 °C. During the EI 

process, the working temperature is 110 °C, at which alkaline hydrolysis is less 

important. Therefore, the spruce wood chips that were treated by EI with additives 

clearly had a high hemicellulose content, especially glucomannan (Table 5). In 

addition, the absolute Klason lignin values were approximately identical, which 

indicates that the additives did not influence the Klason lignin content. In the 

traditional kraft pulping of softwood, the initial lignin dissolution occurs rapidly at 

temperatures less than 140 °C and dissolves approximately 20% of the lignin. 

During EI at 110 °C, a similar amount of lignin was previously lost; therefore, no 

acceleration of the delignification rate by the additives was observed.  

 

The fact that the EI process could open up the compact wood structure to enable 

enzyme penetration was previously demonstrated. However, for the EI with 

additives, more hemicelluloses were retained in the materials. Thus, whether large 

enzymes could also penetrate the materials was uncertain. Novozym 342 was also 

used to investigate the wood structure opening efficiency by EI with additives. The 

released reducing sugar was measured to determine whether the enzymes were 

capable of attacking the wood polysaccharides. The DNS reducing sugar analysis 
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results are presented in Fig. 13.  

 

 
Fig. 13. Released reducing sugar analysis and yield comparison. The yield increased from 76.6% to 
80.0% (PS), 81.3% (AQ) and 89.6% (NaBH4) under the same conditions; the reducing sugar 
analysis data indicate that the enzymes could also penetrate and attack the wood. 

 

Fig. 13 demonstrates that some reducing sugars were also released from the 

modified extended impregnated materials, which indicates that although more 

hemicelluloses were retained in the materials, the enzymes can still penetrate the 

wood and attack the polymers. One potential explanation for this result is similar to 

before, where some lignin is dissolved, and some hemicelluloses are lost. During EI 

with additives, approximately 20% of the lignin, which is called the extractable 

lignin, was lost during the impregnation process, as indicated in Table 5. The 

phenolic and non-phenolic β-O-4 ethers in the lignin, which are sensitive to 

alkaline conditions, are cleaved (Gierer, 1980), which also results in the breakage of 

covalent bonds between lignin and polysaccharides. Thus, the LCC networks would 

also be partly destroyed, thereby rendering the structure of the wood “looser” and 

more flexible and enabling the enzymes to penetrate the structure and access the 

polysaccharides. In addition to the lignin, some hemicelluloses were lost during the 

EI, even though additives were applied, which could also lead to the cleavage of the 

LCC networks. However, because more glucomannan was preserved in the 

modified extended impregnated samples, the reducing sugar content from the 

respective samples was slightly lower compared with the extended impregnated 

sample without additives, with the exception of the AQ-modified material. For the 

AQ additive, the percentage of reducing sugars that were released from the 

pretreated sample was slightly higher compared with the EI sample and was 

accompanied by an increased yield, as indicated in Fig. 10. This observation may be 

a result of the catalytic cycle of AQ, which can react with both glucomannan and 

lignin, as presented in Fig. 3. The reduced form of the AQ, i.e., AHQ, can react with 

the condensed lignin structure, which could prevent undesirable side reactions (e.g., 

condensation) of lignin and enhance delignification. Combining the stabilization of 
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glucomannan and the enhanced delignification of the AQ additive, the compact 

wood structure could be opened more widely for the enzymes. Thus, more reducing 

sugars would be released from the EI-AQ sample compared with the EI-PS, EI-

NaBH4, and EI samples. 

 

Similar to before, the EI and EI-NaBH4, EI-PS, and EI-AQ samples were treated 

with one type of hemicellulase, Gamanase, and the following extractions were 

performed. The extraction results are compared in Fig. 14. When no additive was 

used, the yield of the extracted material was 9% w/w wood, and the Gamanase 

treatment had no apparent effect on the extraction yield. However, the additives, 

which preserved more hemicelluloses in the wood, led to 11–12% w/w wood 

extracted for all three additives. For the NaBH4-treated sample, the yield of the 

extracted materials increased to 14% w/w with the Gamanase treatment. However, 

with PS and AQ, the quantity of extracted material did not significantly increase 

following Gamanase treatment. This result may occur because PS and AQ did not 

preserve as much polysaccharide compared with NaBH4. 

 
 

The amount of Klason lignin and sugars that were isolated from the impregnated 

wood samples are summarized in Table 6. The extended impregnated wood 

without additives only had 3.6% w/w wood mannose content left in the material 

(Table 5). Following extraction, only 13% of the mannose in the material was 

extracted, which increased to 20% by the application of Gamanase prior to 

extraction. NaBH4 preserved a significant quantity of mannose in the wood, i.e., 9% 

w/w wood; therefore, a comparatively larger quantity of 25% of mannose could be 

extracted, which increased to 30% with Gamanase treatment. For the PS and AQ 

additives, the mannose contents that remained in the materials were nearly the 

same, approximately 5% w/w wood. However, because of the more opened 

structure of the EI-AQ sample, approximately 39% mannose was extracted, which 

increased to 41% with the application of Gamanase. Regarding EI-PS, a lower 

mannose content was extracted (27%), which increased to 31% with the assistance 

of Gamanase. Gamanase can facilitate the extraction of more materials irrespective 

of the use of additives. However, the SEC analysis demonstrated that the material 

that was extracted from the non-enzyme-treated wood had a molecular weight up 

to 20 kDa, which indicates the opened wood structure enables the extraction of 

high-molecular-weight materials. The molecular weight of the material that was 

extracted from the Gamanase-treated wood was not high, and most extracted 

hemicelluloses were identified in the oligomeric region with some larger lignin-

polysaccharides networks because of the polysaccharide hydrolysis by Gamanase. 

Therefore, various processes should be selected regarding the application of 

enzymes and the specific type of enzymes that should be used, for example, 

applying monocomponent instead of culture filtrate enzymes or controlling the 

enzyme dosages. 
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Fig. 14. Yield of the extracted wood residues after the enzymatic or non-enzymatic treatment of 
impregnated wood compared with the yields of the wood after impregnation. Sodium borohydride 
preserved more carbohydrates than the other additives, which led to a higher extraction yield from 
EI-NaBH4. The Gamanase treatment slightly improved the extraction. 
 
Table 6. Amount of lignocellulose that was extracted from the impregnated wood. 

% of wood KL. Ara Gal Glu Xyl Man 

EI 

Non-enzyme-treated 5.77 0.06 0.08 2.36 0.18 0.48 

Gamanase-treated 6.77 0.07 0.14 1.89 0.18 0.79 

EI-NaBH4 

Non-enzyme-treated 4.64 0.23 0.43 2.68 1.06 2.26 

Gamanase-treated 5.86 0.10 0.47 3.92 0.44 2.72 

EI-PS 

Non-enzyme-treated 5.76 0.02 0.48 3.28 1.24 1.39 

Gamanase-treated 7.27 0.09 0.51 3.67 0.55 1.63 

EI-AQ 

Non-enzyme-treated 5.01 0.10 0.08 1.96 1.16 1.96 

Gamanase-treated 6.40 0.09 0.16 1.04 0.51 2.02 

Abbreviations: Ara = arabinan (arabinose ×  0.88); Gal = galactan (galactose ×  0.9); Glu = glucan (glucose ×  0.9); Man = mannan 
(mannose ×  0.9); Xyl = Xylan (xylose ×  0.88), KL = Klason lignin 

 

The samples of EI with additives, the extraction of xylan also increased compared 

with the samples without additives (see the xylan content in Table 6). This increase 

may be a result of the preservation of glucomannan that protects xylan from 

alkaline hydrolysis. Thus, more xylan remained in the materials for the extraction 

process. For the EI of the sample without additives, the amount of xylose was 

approximately the same regardless of Gamanase, which may be because the 

remaining xylan in the material was so low that the Gamanase treatment had no 

influence on the extraction. For the EI with additive samples, less xylose was 
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extracted after Gamanase treatment compared with the non-enzyme-treated 

samples. One potential reason for this result is similar to the kraft pulping process: 

with the decreasing alkali concentration during the EI process, the dissolved xylan 

was partially deposited onto the wood fiber surface, which is vulnerable to 

enzymatic degradation. Gamanase is a culture filtrate that may contain some 

unknown xylanase activity; thus, the re-adsorbed xylan would be easily degraded 

and would flow to the buffer solution with the washing liquor. Therefore, the liquor 

after the enzyme treatment should also be analyzed.  

 

The lignin content of the material that was extracted from the Gamanase-treated 

wood also slightly increased (Table 6), possibly because of the degradation of 

hemicelluloses by Gamanase, which enabled more lignin connected to the 

hemicelluloses to be extracted out.  

 

Glucomannan was successfully preserved by these three additives during the EI 

process. With more hemicelluloses retained in the samples, Gamanase can still 

penetrate the materials and further improve the extraction yield, but the polymers 

are degraded to oligomers or monomers. Therefore, various processes should be 

selected based on the chemo-enzymatic wood component separation concept in a 

biorefinery.  
 

Among the three stabilizing agents, the reducing agent NaBH4 was the most 

efficient additive for hindering the peeling reaction. One potential reason for this 

result was discussed previously, i.e., that the reduction of the reducing end of 

polysaccharides makes the peeling reaction impossible, whereas the oxidation of 

this group slows the peeling reaction. However, NaBH4 is too expensive to use in 

large-scale applications. Furthermore, the use of NaBH4 would introduce boron to 

the white liquor, which would disturb the chemical recovery system. Thus, an 

alternative reducing agent is required. Na2S2O4 is an alternative because it is a less-

expensive reducing agent compared with metal hydrides and only contains sodium 

and sulfur, which will not introduce new elements to the recovery system.  
 

As a reductive agent, Na2S2O4 has many applications. This chemical is an important 

reductant in vat dyeing and has achieved commercial utilization (Aspland, 1997; 

Westbroek et al., 1999). Another important application is in reductive bleaching, 

which is a well-established process in mechanical pulp (Ganguli, 1980). Sodium 

dithionite is also used in biochemistry to prepare the reduced forms of several 

enzymes, coenzymes, and electron-transfer proteins and to remove small amounts 

of dissolved oxygen for solutions that are required to be anaerobic (Ohlsson et al, 

1986). However, looking through these many applications the reports on kraft 

pulping for retaining glucomannan were very few.  Only in the early 1950s, Na2S2O4 

was tested by German scientists as an additive for kraft pulping (Jayme and 

Wörner, 1952 a;b). However, these scientists used a lower alkalinity and longer 

pulping times, which made the process uneconomical. In the thesis, the prevention 

of the peeling reaction of glucomannan in spruce wood during alkali treatment by 
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Na2S2O4 would be studied in detail. 

 

To determine whether Na2S2O4 can reduce the reducing end of sugars, i.e., a 

hemiacetal, Na2S2O4 was first reacted with the monosaccharides, glucose and 

mannose, whose residues are frequent as reducing ends in glucomannan. The 

results demonstrate that Na2S2O4 can reduce both monosaccharides to their alditol 

forms (Fig. 15). Furthermore, three types of polysaccharides, commercial 

galactomannan (GM), commercial konjac glucomannan (KGM), and 

galactoglucomannan (GGM), were also reacted with Na2S2O4. A DNS reducing 

sugar analysis was performed to determine whether Na2S2O4 can still reduce the 

reducing end of polysaccharides. The results (Fig. 16) indicate that the content of 

reducing sugars decreased. After the reduction of the polysaccharides by Na2S2O4, 

the reducing ends were most likely reduced to alcohols, which cannot react with 

DNS reagent to produce a color change. 

 

 
Fig. 15. Reductive reaction results of glucose and mannose with sodium dithionite. The black lines 
represent pure monosaccharides, the blue lines represent pure alditols, and the pink lines represent 
production after the monosaccharides were reacted with dithionite.  
 

 
Fig. 16. Reductive reaction results of different polysaccharides with sodium dithionite. The 
absorbance data (575 nm) were correlated with the reducing sugar content. After reduction by 
sodium dithionite, the reducing sugar content decreased.  

 

Because the model compound reaction with Na2S2O4 appears promising, EI using 
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Na2S2O4 as an additive was performed. The process conditions were the same 

compared with the former EI process (Table 3). To determine the efficiency of 

Na2S2O4 on wood chips, the yield and lignocellulose composition were measured 

and are shown in Table 7. The yield also increased because of the stabilization of 

polysaccharides via the reduction of the reducing end group to an alditol structure. 

The decreasing Klason lignin contents indicate that the presence of dithionite 

contributed to the delignification of kraft pulping. This result may be a result of at 

least two different principles. One principle is that lignin can be sulfonated by the 

existence of Na2S2O4, which would increase the solubility of lignin. Furthermore, 

the covalent bonds to polysaccharides may also be broken (Fig. 17). Alternatively, 

Na2S2O4 may reduce quinones to phenols, which is similar to the role of Na2S2O4 in 

the bleaching of mechanical pulps. Because phenolic end groups can react with 

sulfide in kraft pulping, thereby causing delignification, quinones are more stable 

under these conditions. By the Na2S2O4 reduction, the “dead end” for 

delignification was activated, which would also increase the dissolution of lignin 

(Malkavaara et al., 2000). 

 
Table 7. Lignocellulose composition and yield data of spruce impregnated with or without sodium 
dithionite. 

% based on wood Yield Ara Gal Glu Xyl Man 
Total sugar 

content 
Klason 
lignin 

Name 

1102 h 76.6 0.77 0.69 39.74 4.27 3.61 49.08 22.4 EI 

1102 h+Na2S2O4 78.2 0.74 0.68 41.59 5.57 4.63 53.21 20.3 EI-Na2S2O4 

Abbreviations: Ara = arabinan (arabinose ×  0.88); Gal = galactan (galactose ×  0.9); Glu = glucan (glucose ×  0.9); Man = 
mannan (mannose ×  0.9); Xyl = Xylan (xylose ×  0.88) 

 

 
Fig. 17. Formation of hydrogen sulfite ions during dithionite reactions and the alkaline sulfonation of 
lignin. a) Reduction of the reducing ends of a polysaccharide by dithionite, which stabilizes the 
carbohydrate and forms sulfur dioxide ions as byproducts. b) The sulfur dioxide forms sulfite ions. c) 
The sulfite ions sulfonate lignin, which leads to increased solubility and better delignification. 
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From Table 7, we can determine that Na2S2O4 preserves hemicelluloses. The ability 

of an EI process with additives to open the compact wood structure to enable 

enzyme penetration has previously been demonstrated. For the EI with Na2S2O4 

samples, a DNS released reducing sugar analysis was also performed to compare 

the wood structure opening with the former study of additives (Fig. 18). Fig. 18 

indicates that after the addition of Na2S2O4 to the EI process, not only was the yield 

increased, i.e., some hemicelluloses were retained, but most importantly, the wood 

structure opening (enzyme penetration effect) was also enhanced by Na2S2O4. This 

result is also because of the losses of hemicelluloses and lignin, which, in part, 

broke the LCC networks and permitted the enzymes to contact the wood 

components. A positive aspect of Na2S2O4 is similar to that of the AQ additive, in 

that the enhancement of delignification is accompanied by less hemicellulose 

degradation (Table 7).  

 

 
Fig. 18. Comparison of the wood structure opening by extended impregnation with or without 
additives. 

 

Wood structure opening is a very important factor for the extraction process. 

Therefore, the extraction was also performed on Na2S2O4-modified extended 

impregnated samples using the same working conditions compared with the other 

modified materials. The results are shown in Fig. 19. The extraction yield was 9% 

w/w wood for the normal extended impregnated materials, and approximately 11% 

w/w wood was extracted from the NaBH4-, PS-, and AQ-modified extended 

impregnated samples. However, after adding Na2S2O4 to the EI process, the 

extraction yield increased to approximately 15% w/w wood. Na2S2O4 is very 

efficient for facilitating the extraction process. 
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Fig. 19. Extraction results comparison of extended impregnation with or without additives. 

 

The modified EI has substantially better extraction results compared with the wood. 

However, some hemicelluloses are lost during the EI. Thus, additional types of 

pretreatment methods should be considered, such as mild steam explosion.
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3.2  Wood structure opening by mild steam explosion 
(Paper IV) 

 

Industrially chipped Norway spruce wood chips were subjected to mild STEX in a 

small-scale steam explosion reactor at different temperatures (115, 130, 145, and 

160 °C) for 10 min. The steam-exploded wood chips were cut into small pieces at 

different places close to the edges, as well as the middle of the chips, to determine 

whether there were large differences depending on the location during the mild 

steam explosion. The exploded wood chips were also disintegrated in a 

disintegrator to release the fibers to obtain a value that was independent of where 

the samples were obtained. As previously described, Novozym 342 and a DNS 

reducing sugar analysis were used to test the wood structure opening efficiency by 

mild STEX. The results are shown in Fig. 20, which indicates some reducing sugar 

was released even at very low temperatures (115 °C) during the mild STEX. In 

contrast, no reducing sugar was released for non-exploded wood samples, which 

indicates the wood structure was opened slightly to the enzymes. The disintegrated 

samples exhibited a higher reducing sugar content up to a STEX temperature of 145 

°C (Fig. 20) most likely because of more available material surfaces to the enzymes 

by the disintegration. However, for the samples that were treated at 160 °C, no 

differences between the disintegrated samples and the small wood pieces were 

identified, which may be because of an additional effect of autohydrolysis by 

deacetylation at high temperatures. Thus, the results suggest that at lower 

temperatures (115 and 130 °C), the influence of mechanical forces is the main factor 

for the wood structure opening; at higher temperatures, especially at 160 °C, the 

additional chemical reaction effects become more important to opening the 

compact wood structure for enzyme penetration.  

 

 
Fig. 20. The results from the reducing sugar analysis were recalculated for the reducing sugar 
content. The reducing sugar content is presented for the samples that were obtained from different 
parts of the wood chips and treated at different temperatures during mild steam explosion. 

 

The results of the reducing sugar content of the mild steam-exploded samples 

treated at different temperatures indicated that a more accessible wood structure 
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was obtained by mild STEX even at very low temperatures, interestingly renders 

the structure available for enzyme molecules. Mild STEX “opens” the wood 

structure in a way that can be beneficial as a first step in biorefinery concepts for 

the separation of different wood components based on enzymatic treatments or as 

a pre-treatment for traditional pulping. A more even chemical profile through the 

chip via mild STEX can lead to more homogenous kraft cooking with smaller 

differences between the outer layer of the chip and the inner part of the chip.  Thus, 

it may prevent an outer part of the chip from becoming over-delignified and the  

inner part maintain undelignified at the same time.
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3.3 Model compound study of synthesized water-soluble 
lignin-polysaccharide networks with Gamanase (Paper V) 

 

To examine the degradation of lignin-polysaccharide networks with enzymes, a 

type of synthesized water-soluble lignin-polysaccharide network (Oinonen et al. 

2013) was selected as model compound to incubate with Gamanase. The control 

experiment was performed by mixing only the synthesized LCC samples with buffer 

under the same conditions. The results in Fig. 21 demonstrate that the complex 

networks are cut into smaller parts by the enzymes and that both peaks related to 

the carbohydrates and lignin (UV absorption) move toward a lower molecular 

weight, although the enzymes only attacked the polysaccharides. From the RI 

detector figure, we can determine that some monosaccharides or dimers (<342 Da) 

were obtained following Gamanase treatment. Because the decreased molecular 

weight can be associated with increased extractability, both by increased solubility 

and avoidance of physical entrapment, these results provide a plausible explanation 

for the better extraction results obtained by the chemo-enzymatic extraction 

process. The fact that hemicellulase treatment enhances the extraction of not only 

polysaccharides but also lignin can be explained by the partial degradation of 

covalent lignin polysaccharide networks. When enzymes attack one polymer, such 

as glucomannan, the extractability of another polymer, such as xylan, may also 

increase (Fig. 12). 

 

 



RESULTS AND DISCUSSIONS 

 35 

 

 
Fig. 21. SEC of synthetic lignin polysaccharide networks before and after treatment with Gamanase. (a) Chromatogram of 
the degradation of synthetic lignin polysaccharide networks by a UV 280 nm detector. (b) Chromatogram of the 
degradation of synthetic lignin polysaccharide networks by a RI detector. (c). compare the control and reaction 
chromatogram of both UV and RI.  
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3.4 Effects of sodium dithionite on kraft pulping and 
biorefinery (Papers VI-VII) 

 

Because the model compound study and EI with Na2S2O4 produced good results, a 

kraft pulping experiment that used Na2S2O4 was performed in a pilot scale 

circulation digester. Na2S2O4 was directly added to white liquor in the kraft pulping 

of spruce to determine the reductive efficiency of Na2S2O4 on wood chips, which 

indicates the peeling reaction prevention efficiency of Na2S2O4 to wood 

polysaccharides, especially GGM. Compared with normal cooking under the same 

conditions, the addition of Na2S2O4 to kraft pulping produced several interesting 

effects: 

 

 The yield increased as a result of the stabilization of polysaccharides via the 

reduction of the reducing end group to an alditol form. This result is 

supported by the results from the carbohydrate analysis data that are shown 

in Table 8. The explanation for this result is Na2S2O4 could reduce the 

reducing end group of polysaccharides to an alditol structure to restrain the 

peeling reaction of polysaccharides (Fig. 17). Compared with the EI-Na2S2O4 

results, the protection efficiency was weaker for the kraft cooking process. 

The reason for the smaller effect in kraft cooking should be a result of the 

high working temperature causing the alkaline hydrolysis of carbohydrates, 

which would cleave the carbohydrates to form new reducing ends for a rapid 

second peeling reaction, to become dominant. Furthermore, Na2S2O4 is not 

very stable during the longer incubations, and under higher temperatures, 

the preservation ability will decrease. Nevertheless, the addition of Na2S2O4 

still can retain more GGM in the pulp and thereby shield xylan and cellulose 

from suffering alkaline hydrolysis. 

 
            Table 8. Carbohydrate composition of Na2S2O4 cooking and reference cooking. 

Pulp 
Ara Gal Glu Man Xyl 

% based on the original o.d. wood 

Kraft 0.33 0.35 37.79 3.01 3.85 

Kraft-Na2S2O4 0.36 0.36 39.22 3.07 3.93 

Abbreviations: Ara = arabinan (arabinose ×  0.88); Gal = galactan (galactose ×  0.9); Glu = glucan (glucose ×  0.9); 
Man = mannan (mannose ×  0.9); Xyl = Xylan (xylose ×  0.88) 

 

 The Klason lignin and kappa number decreased (Table 9), which indicates 

another important effect of Na2S2O4, delignification enhancement, in the 

kraft pulping process. This theory is similar to EI-Na2S2O4, which was 

previously discussed and includes lignin sulfonation (Fig. 13) and the 

reduction of quinones to phenols (Fig. 22). The reaction of Na2S2O4 reducing 

quinones to phenols is similar to the role of Na2S2O4 in the bleaching of 

mechanical pulps. Quinones are more stable in the kraft cooking process, 

which is the “dead end” of delignification, and phenols can react with sulfide 
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ions to cause delignification. Thus, delignification was enhanced in the 

presence of Na2S2O4.   

 
Table 9. Comparison of the Na2S2O4 cooking pulp and the reference pulp. 

Pulp 
Klason 

lignin (%) 
Kappa 

no. 

Intrinsic 
viscosity 
(mL/g) 

Brightness 
(%) 

Tensile strength 
index (N·m/g) 

Yields % of the o.d. 
wood 

Total Rejects 

Kraft 7.4 49.3 1205 19.4 70.7 49.1 0.1 

Kraft-Na2S2O4 6.6 47.6 1266 22.8 75.6 51.0 0.3 

 

 
Fig. 22. Creation and reduction of quinone structures during kraft pulping. a) Elementary sulfur 
created during kraft cooking reacts with sulfide ions, thereby forming polysulfides. b) Polysulfides 
are cleaved homolytically and form sulfur radicals. c) These radicals oxidize phenolic groups (here, 
a catechol structure formed by the mercaptan-forming reaction) on lignin to radicals that are 
disproportionate to phenols and quinones. The quinone is colored and a “dead end” in kraft pulping 
delignification, i.e., it is relatively stable for further degradation. d) Sodium dithionite reduces 
quinone, which forms a phenol that can react in kraft pulping and causes lignin degradation. 

 

 The brightness of the pulp was higher (Table 9). The exact nature of the 

colored components in the kraft pulp is not known, but quinones may be 

formed via the action of sulfur radicals on phenolic lignin structures (Fig. 

22). Sodium dithionite is used as a bleaching agent for mechanical pulp, and 

the main effect is believed to be the reduction or sulfonation of colored 

structures, such as quinones, quinone methides, coniferaldehyde side-chain 

units and oxidized transition metal ions (Dence, 1996; Ellis, 1996). The 

structures of p- and o-quinones that formed during the kraft pulping process 

could also be reduced by Na2S2O4, which is consistent with a previous study 
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(Carreira et al., 2012). Therefore, the brightness increased after adding 

Na2S2O4 to the white liquor, but it was not enhanced as much, which may be 

a result of the decomposition of Na2S2O4 during the long cooking time.  

 

 The degree of polymerization of cellulose is higher (expressed as intrinsic 

viscosity, Table 9). The loss of the degree of polymerization in the kraft 

pulping process is normally attributed to the alkaline hydrolysis of cellulose. 

With the addition of Na2S2O4 to the white liquor, some additional 

hemicelluloses were preserved during the kraft pulping process, as 

previously discussed. As suggested in Fig. 23, the hemicellulose content is 

higher, and the cellulose surfaces are wrapped with hemicelluloses; the 

concentration of water is therefore lower at the cellulose surface, and the 

alkaline hydrolysis slows. Thus, the water activity is lower on cellulose when 

the hemicellulose content is higher; therefore, there is less alkaline 

hydrolysis, i.e., hemicellulose “shields” the cellulose from degradation.  

 

 
Fig. 23. Hypothesis for the higher viscosity of cellulose, i.e., higher degree of polymerization, in 
Na2S2O4 cooking. a) Low content of hemicellulose. The concentration of water is high close to 
cellulose, and the alkaline hydrolysis occurs relatively quickly. b) In Na2S2O4 cooking, the 
hemicellulose content is higher, and the cellulose surfaces are wrapped with hemicellulose. Thus, 
the concentration of water is lower at the cellulose surface, and alkaline hydrolysis slows. 

 

 The pulp exhibited improved tensile strength compared with the reference 

(Table 9), primarily because of the higher degree of polymerization of 

cellulose, which is the most important parameter of the pulp strength. 

Furthermore, the hemicellulose content was higher, as previously discussed, 

which most likely led to a higher flexibility of the fibers and a stronger inter-

fiber bonding that could resist axial compressions in the bonding areas 

better than the reference kraft fibers, which resulted in an increase in the 

tensile stiffness index. Therefore, a higher hemicellulose content is also an 

important parameter for the pulp tensile strength (Fiserova et al., 1987). 

 

The addition of Na2S2O4 to the kraft pulping process provides a number of positive 

effects. The great strength of the fiber may be interesting in numerous applications, 

such as strong papers and packaging materials. The higher brightness and lower 

lignin content make the pulp easy to bleach; therefore, bright and strong papers 

OH

a)

OH

b)
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may represent suitable products. In addition to traditional pulp and paper products, 

pulp made by methods similar to those described in this study may be interesting 

in different types of biorefinery concepts, where hemicellulose can be extracted and 

used for various types of applications, such as barrier films. Furthermore, the 

remaining lignin may have different and interesting properties compared with 

“ordinary” kraft pulp lignin, as its color appears to be less dark. Cellulose may have 

a higher degree of polymerization compared with ordinary kraft pulp, which is 

desired in many products, such as composites and cellulose derivatives. 

 

Jayme and Wörner (1952a; b) also reported improved strength, higher 

bleachability and improved lignin degradation of a kraft pulping system that 

contained Na2S2O4 in the 1950s. However, the lower alkalinity and longer pulping 

times compared with the modern kraft pulping system made the process 

uneconomical (Regnfors, 1957). Therefore, the application of Na2S2O4 in kraft 

pulping was not considered at that time. The modern kraft technique is mature, 

and the working conditions are more feasible for Na2S2O4 addition. However, the 

direct addition of Na2S2O4 to white liquor is not industrially feasible because it 

would lead to a higher load on the recovery boiler with the accumulation of sulfur 

and sodium in the pulping liquids because white liquor is generated from black 

liquor in the chemical regeneration system. Therefore, if Na2S2O4 could also be 

manufactured from black liquor, the technique would be feasible. There is an 

established technique that can manufacture Na2S2O4 from sulfur dioxide (Fig. 24). 

The potential sources of sulfur dioxide can be obtained by burning 

methylmercaptan and dimethylsulfide from weak black liquor (Jensen et al, 2007) 

or by burning part of strong black liquor directly. Another source can be considered 

is that direct from flue gas which is not desired in kraft mill. There are different 

methods to produce Na2S2O4, but electrical energy is essential to the approaches 

(Cook and Emergy, 1975). Electricity can be produced by the modern kraft mill 

itself. Thus, a kraft mill may produce its own Na2S2O4 without disturbing the sulfur 

sodium balance of the mill. A hypothetical flow of high-yield kraft pulp based on 

Na2S2O4 in this study is presented in Fig. 25.  

 

 
Fig. 24. Manufacture of Na2S2O4 from sulfur. Similar reactions can most likely be performed using 
various sulfur-containing fractions from kraft mills. Zn can be regenerated from Zn

2+
 using electricity. 

 

S + O2           SO2                NaHSO3              Na2S2O4

NaOH H2O
Zn      Zn2
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Fig. 25. Principal of flows in a hypothetical future closed kraft mill using Na2S2O4 in kraft pulping. 
Na2S2O4 can be generated by the kraft mill. 

 

From Table 9, it can be found that by adding Na2S2O4 directly to white liquor, more 

reject content was obtained after kraft cooking and defibration. These findings may 

be because of the increased concentration of white liquor by added salts, which 

results in less impregnation of white liquor into the wood chips. Recently, mild 

STEX at relatively low temperature/pressure was used for the pre-treatment of 

spruce wood to make the wood structure more accessible while retaining larger 

amounts of carbohydrates. This type of mild STEX is potentially useful, for example, 

as a first step in a biorefinery for the separation of the different wood components 

based on enzymatic treatments or as a pre-treatment for traditional pulping, which 

may result in a faster pulping process (Martin-Sampedro et al., 2011; Jedvert et al., 

2012; Jedvert et al., 2013). Therefore, mild STEX with Na2S2O4 pre-impregnation 

of wood chips prior to the kraft pulping process could be a potential approach to 

solve the impregnation problem.  

 

To investigate this idea, a series of processes, including impregnation with de-

ionized water or Na2S2O4, mild STEX, and kraft cooking, were performed on spruce 

wood. The experimental conditions for all cookings were the same (Table 10 and 

Fig. 26). A normal kraft cooking with Na2S2O4 directly added to the white liquor 

(sample 0_0) was performed to compare the results from the pre-impregnation 

and mild STEX.  
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Table 10. Conditions of the pre-impregnation, mild STEX and kraft cooking for the different samples; 
W = water-impregnated, D = sodium dithionite impregnated. 

Sample Pre-impregnation STEX Kraft cooking 

0_0 -- -- 

4 w/w% Na2S2O4 (based on 
dry wood) was added to the 
white liquor (otherwise, the 
cooking conditions were the 
same as below) 

W_0 

Water 
L:W: 10:1,  
Pressurize with 5 bars of N2 gas 
overnight, RT  

-- 

Temp.: 160 ° C 
Time: 4 h 

Sulfidity: 35% 
[OH-]: 35 g/L 

L:W = 4:1 

W_S4 4 bars (144 ° C), 10 min 

W_S7 7 bars (165 ° C), 10 min 

D_0 

Na2S2O4 

L:W: 4:1, 
4% (w/w wood) Na2S2O4 
pH 8 basic conditions by NaHCO3, 
N2 gas atmosphere, 85 ° C, 4 h.  
Pressurize with 5 bars of N2 gas 
overnight, RT 

-- 

D_S4 4 bars (144 ° C), 10 min 

D_S7 7 bars (165 ° C), 10 min 

 

The results kappa number, chemical compositions, and Klason lignin content from 

the different cooks are shown in Table 11. The Klason lignin and kappa number 

decreased after pre-impregnation and mild STEX, especially for the pulp from 

Na2S2O4 pre-impregnation combined with mild STEX. The results in Table 11 

indicate that both Na2S2O4 pre-impregnation and mild STEX aid delignification 

during the kraft pulping process. The cooking in which Na2S2O4 was added to the 

white liquor demonstrated the highest values of Klason lignin content and the 

highest kappa number. As previously discussed, the poor impregnation of white 

liquor into the wood chips occurred because of the increased concentration of the 

white liquor as a result of the Na2S2O4 addition. For the water-impregnated 

samples, the decreased Klason lignin and kappa number resulted primarily because 

of the mass transfer of cooking chemicals inside the wood chips, which occurred 

faster via the rapid filling and release of steam in the mild STEX process; these 

effects, in turn, changed the structure of the wood. The mild STEX treatment 

influenced the delignification, to some extent, under these cooking conditions. 

However, for the Na2S2O4-pre-impregnated wood chips, during the pre-

impregnation stage, Na2S2O4 had previously reacted well with the spruce wood 

chips. Combining the influence of the delignification of mild STEX, the greatest 

degree of delignification was observed for D_S7, i.e., a combination of Na2S2O4 

impregnation and STEX at seven bars.   
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Fig. 26. Experimental flow of pre-impregnation, mild steam explosion and the kraft cooking process. 

 
Table 11. Data summary of the chemical composition results from the different cooks 

Sample 
Klason lignin 
(%) 

Kappa number Cellulose (%) GGM (%) Xylan (%) 

0_0 7.67 43.2 66.9 7.2 6.3 
W_0 5.14 35.0 71.5 7.3 6.7 
W_S4 4.88 34.3 71.2 6.9 5.8 
W_S7 5.94 39.3 76.4 5.6 4.5 
D_0 3.04 20.9 73.4 7.9 6.9 
D_S4 3.13 22.6 74.0 7.7 6.9 
D_S7 2.68 18.9 74.3 7.8 6.6 

 

The carbohydrate contents of cellulose, GGM, and xylan in the pulps increased 

when pre-impregnation and mild STEX were performed prior to the kraft cooking 

compared with the pulp in which Na2S2O4 was added to the white liquor. 

Impregnation with Na2S2O4 resulted in a higher amount of retained cellulose and 

hemicelluloses during the kraft cooking process compared with water pre-

impregnation, as shown in Table 11. This result is most likely because of the 

reductive effect of Na2S2O4 to the reducing end of glucomannan as previously 

discussed. The hemicellulose contents decreased considerably for the water pre-

impregnated wood chips that were subjected to the mild STEX treatment at seven 

bars, while the four-bar treatment produced similar results compared with the pre-

impregnated, non-exploded samples. The degradation of the hemicelluloses in the 

seven-bar treatment is most likely because of autohydrolysis during the STEX 

treatment at this temperature. It is interesting that the pre-impregnation with 

Na2S2O4 appears to have a protective effect on the hemicelluloses during mild 

STEX because the values of the hemicellulose content were very similar to the 

pulps from the non-exploded wood chips. This finding may be a result of the 

protons being taken up by the dithionite ion, which decomposes and consumes 

protons. The other explanations include deacetylation because of slight alkaline 

conditions during the Na2S2O4 impregnation, which would lead to a more linear 
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GGM and a consequently lower solubility. In addition, the pre-impregnation of 

Na2S2O4 also led to higher carbohydrate content than 0_0 samples, neither 

impregnated nor exploded sample, which means during pre-impregnation the 

preservation effect of Na2S2O4 works better than in kraft cooking process. This 

result may occur because in kraft cooking, the working temperature is substantially 

higher compared with the pre-impregnation stage, which leads to the 

decomposition of the unstable chemical Na2S2O4. 

 

The physical properties of pulp from different cookings were also measured. A 

summary of the properties of the different pulps are presented in Table 12. Pre-

impregnation with Na2S2O4 increased the brightness but reduced the intrinsic 

viscosity. Impregnation with Na2S2O4 also appeared to influence the pulp 

properties to a higher degree compared with the mild STEX treatment. 

Table 12. Results of the brightness, viscosity and tensile index of the different pulp samples. 

Sample Brightness (%) Viscosity (mL/g) Tensile index (N·m/g) 

0_0 23.7 1324 74.8 
W_0 21.1 1284 81.0 
W_S4 22.8 1325 92.1 
W_S7 20.4 1238 83.0 
D_0 28.5 992 85.3 
D_S4 25.4 1066 85.3 
D_S7 26.4 939 83.3 

 

The brightness of the pulps after the Na2S2O4 pre-impregnation was substantially 

higher compared with the pulps after water pre-impregnation (Fig. 27). This 

finding is consistent with previous results regarding brightness measurements 

from kraft cooks with Na2S2O4 added to the white liquor, in which a higher 

brightness was obtained for cooking with the addition of Na2S2O4 compared with 

cooking without Na2S2O4 (under the same cooking conditions). Thus, these 

findings indicate that treatment with Na2S2O4 increases the brightness most likely 

because of the same reactions as when it is used to bleach mechanical pulps (Dence 

1996; Ellis 1996). The brightness was also higher for the pulp with Na2S2O4 

impregnation with or without mild STEX compared with the pulp that added only 

Na2S2O4 to the white liquor, the 0_0 sample (Table 12). These results indicate that 

during the pre-impregnation stage, Na2S2O4 had previously reacted well with 

spruce wood chips. In the subsequent mild STEX stage, Na2S2O4 may run out. 

Therefore, some properties are not improved after mild STEX, such as brightness; 

however, other properties, such as tensile strength, are slightly improved via mild 

STEX. More Na2S2O4 could be added to the mild STEX stage in a future study. 
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Fig. 27. Brightness values versus kappa number for different pulps. 

 
For the pulps after Na2S2O4 pre-impregnation plus mild STEX prior to kraft 

cooking, the viscosity decreased compared with the normal cooking with Na2S2O4 

added to the white liquor, (0_0). The tensile index was, however, not decreased, 

but increased (Fig. 28 and Fig. 29). This result may be because of the higher 

content of hemicelluloses as previously discussed, which most likely leads to 

stronger fiber-fiber interactions. For only mild STEX without Na2S2O4 

impregnation, the viscosity values were in the same range compared with the 0_0 

samples, which is shown in Fig. 28. However, the tensile index of the hand sheet 

from the normal cooking with Na2S2O4 addition to white liquor (0_0) was very low 

compared with the other pulps. One explanation for this result could be that the 

pulp from this cooking contained less cellulose and more lignin. Mild STEX can aid 

delignification because of the much more opened structure as previously discussed, 

and the accessibility of white liquor to wood chips increases. The more delignified 

fibers with lower viscosity values may indicate more flexible fibers, which also 

could lead to stronger intermolecular interactions. 

 

 

Fig. 28. Intrinsic viscosity values versus kappa number for the different pulps.  
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Fig. 29. Tensile index values versus kappa number for the different paper sheets. 

 

In summary, the combination of pre-impregnation with Na2S2O4 and mild STEX 

prior to kraft pulping appears to lead to several advantages compared with ordinary 

kraft pulping. Pulps with a high brightness and a large amount of retained 

hemicelluloses were obtained, and although the viscosity decreased, a high tensile 

index of the pulp sheets was maintained. Na2S2O4 could potentially be 

manufactured from the black liquor via a new recovery system as described in Fig. 

24. Thus, the application of Na2S2O4 in a kraft mill or biorefinery appears very 

promising. 

 

Analyses of the Klason lignin content and carbohydrate compositions were also 

performed on the liquors from the mild STEX treatments. The number of 

identifiable compounds was higher for the mild STEX liquor from the water-

impregnated samples compared with the Na2S2O4-impregnated samples (Table 13). 

One explanation could be that the pre-impregnation with Na2S2O4 preserved the 

hemicelluloses, both GGM and xylan, during the mild STEX treatments, which 

would support the results of a higher hemicellulose content in the pulp samples, as 

previously shown. 

 
Table 13. Results from the carbohydrate analysis and Klason lignin content measurements of the 
STEX liquor samples. 

Liquor sample Ara (mg/L) Gal (mg/L) Glu (mg/L) Xyl (mg/L) Man (mg/L) Klason lignin (mg/L) 

D_S7 56.3 128.7 79.2 92.4 54.9 9 

D_S4 12.3 36.9 15.3 18.5 18.0 3 

W_S7 374.0 162.0 265.5 212.1 862.2 1057 

W_S4 191.8 72.9 133.2 32.6 248.4 563 

Abbreviations: Ara = arabinan (arabinose ×  0.88); Gal = galactan (galactose ×  0.9); Glu = glucan (glucose ×  0.9); 
Man = mannan (mannose ×  0.9); Xyl = Xylan (xylose ×  0.88) 

 

The molecular weight measurements (Fig. 30) indicated that for the Na2S2O4-

impregnated samples, the higher molecular weights appeared to correspond to 

lignin fragments or LCC structures, while for the water-impregnated samples, the 
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higher molecular weight fractions appeared to contain more oligomer 

carbohydrates, as observed by a shift in the RI-signal. This result is also a result of 

the preservation of GGM by Na2S2O4 during the pre-impregnation and mild STEX 

processes. The high-molecular-weight wood components that were released into 

aqueous solutions could be interesting for biorefinery concepts, where they could 

be used for chemicals, materials or fuels. 

 

 Fig. 30. Results of the alkaline-SEC measurements of the STEX liquor samples: A) W_S4, B) 

D_S4, C) W_S7, and D) D_S7. The solid lines correspond to the signal from the RI detector, and 

the dashed lines correspond to the signal from the UV-Vis detector, as measured at a wavelength of 

280 nm.
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4. CONCLUSIONS  

 

1) Intact spruce wood fibers could not be attacked to any significant degree by 

enzymes. However, a relatively mild alkaline treatment was sufficient to 

enable the enzymes to attack wood polysaccharides. Under the mild 

treatments, the delignification was insignificant. A more intensive treatment, 

in which the delignification was greater, produced more reducing sugars 

when incubated with the culture filtrate. The application of endoxylanase 

enhanced the extraction of high-molar-mass material, whereas the 

mannanase culture filtrate treatment improved the yield of lower–molar-

mass material. The model compound study of in vitro prepared lignin 

polysaccharide networks with Gamanase confirmed that the increased 

extractability was due to the enzymatic untying of the networks. 

 

2) A problem with this pretreatment technique is, however, the relatively large 

hemicellulose losses, primarily GGM. To improve the carbohydrate yield, 

three glucomannan modification agents, NaBH4, PS and AQ, were used, 

which increased the yields of the impregnated materials from 76.6% to 

89.6%, 81.3% and 80.0%, respectively. The EI with additives opened the 

wood to the enzymes, which enabled the chemoenzymatic extraction to work. 

The use of additives during the EI enhanced the yield of the extracted 

material with molecular weights as high as 20 kDa. The Gamanase 

treatment further improved the extraction yield, but the polymers were 

degraded to oligomers or monomers. A monocomponent, such as endo-

mannanase, would be a better option compared with Gamanase. However, 

the most efficient additive, NaBH4, is too expensive for use in large-scale 

applications.  

 

3) Another reducing agent, Na2S2O4, could represent an alternative because it 

is less expensive compared with metal hydrides and only contains sodium 

and sulfur, which will not introduce new elements to the closing system. By 

adding Na2S2O4 to the EI process, the yield not only increased, i.e., some 

hemicelluloses were retained, but most importantly, the wood structure
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 opening (enzyme penetration effect) was also enhanced.  

 

4) Furthermore, the application of Na2S2O4 to the kraft pulping process 

resulted in pulp with a higher yield, carbohydrate content, viscosity, 

brightness and tensile index compared with the reference cooking, whereas 

the Klason lignin and kappa number decreased. The drawback of adding 

Na2S2O4 to kraft pulping was that the concentration of the white liquor could 

be increased, which led to poor impregnation and higher reject content. This 

result could be overcome by pre-impregnation with Na2S2O4 and/or mild 

STEX prior to kraft pulping. The pulps that were treated with Na2S2O4 and 

mild STEX also had low Klason lignin contents and high brightness. The 

lowering of the viscosity did not appear to influence the strength of the pulp, 

as demonstrated by relatively high tensile index values for the corresponding 

paper sheets. The mild STEX treatment can also provide an additional 

advantage during kraft cooking because it could reduce the mass transport 

resistance and aid in the penetration of Na2S2O4 into the wood chips. 

Different combinations of pre-treatment with Na2S2O4 and mild STEX will 

also increase the flexibility of kraft cooking. 

 

5) Mild STEX alone affects the opening up of the wood structure. A reducing 

sugar analysis following the enzymatic treatment of steam-exploded wood 

chips indicated that the enzymes have activity on the samples that were 

previously treated at very mild conditions. This activity increased for wood 

chips that were treated at higher temperatures during steam explosion, 

which indicates a harsher treatment opens up the wood structure more by 

             the action of both mechanical and chemical aspects. 
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5. FUTURE WORK 

 
The chemo-enzymatic separation of wood components concept was set up in this 

thesis. Based on the experimental results it was a good beginning on this research; 

but it was far away to reach the practical biorefinery industry. So, in the future 

more works should be done on it.  

 

1) The entire chemo-enzymatic separation process should be optimized for 

industrial utilization. For different requirements, specific processes should 

be designed. More enzymes should be examined for specific demands and 

more efficient extraction methods should also be investigated. 

 

2) The effects of Na2S2O4 on EI and the kraft pulping process should be 

emphasized. The optimized working condition and dosage of Na2S2O4 in 

different processes should be well defined. For kraft pulping combined with 

STEX, sodium dithionite should be added to the STEX process. The dosage 

must also be optimized. The addition of Na2S2O4 to hardwood species and 

the determination of proper working conditions and dosages are also 

important. 

 

3) The study of other mechanical or mild chemical pretreatment methods with 

different types of chemicals should be continued.
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6. TECHNICAL TERMS 

 

White liquor, the cooking liquor in kraft pulping, contains the compounds 

sodium hydroxide, NaOH, and sodium sulfide, Na2S. The active cooking species are 

hydroxide, OH-, and hydrogen sulfide ions, HS-. 

 

L:W, the liquor-to-wood ratio, provides the total amount of liquor, including chip 

moisture, and the weight unit of dry wood. 

 

Sulfidity is a measure of the relationship between the hydrogen sulfide ion and 

hydroxide ion concentrations in white liquor and is often expressed as a percentage. 

                  
      

           
 

 

H-factor (Vroom, 1957) provides a method to express the effects of cooking time 

and temperature as a single variable on the extent of lignin removal during kraft 

pulping. It assumes that the activation energy, E=134 kJ/mole, is the same 

throughout the delignification process. The H-factor is expressed as follows: 

                
      

   . 

 

Klason lignin, in the Tappi method, is defined as the insoluble constituent of 

wood or pulp in 72% sulfuric acid. 

 

Kappa number, in the SCAN method, is defined as the milliliters of 0.02 mol/L 

potassium permanganate consumed by one gram of dry pulp during 10 min at 

25 °C. For the Kappa number of the pulps, not only lignin but also HexA and other 

unknown non-lignin carbohydrate-related structures consume permanganate and 

contribute to it. This parameter is standard for the examination of the bleachability 

of pulp (Li and Gellerstedt, 1998).
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ISO brightness (%) is the diffuse intrinsic reflectance factor as the reflectance 

measured at 457 nm of an infinite pile of pulp sheets. This parameter is commonly 

used to estimate the pulp quality and to study the bleaching process. 

 

Intrinsic viscosity, measured according to the SCAN method, reflects the time 

required for a given amount of dissolved pulp in a cupriethylenediamine solution to 

pass through a standardized glass capillary. The obtained value is an estimate of 

the length of the cellulose chains. 

 

Tensile strength is defined as the force needed to accomplish the rupture divided 

by the width of the paper strip (N/m). Dividing the tensile strength based on the 

weight of the sheet provides the tensile index (kNm/kg). The initial increase in the 

stress-strain curve provides the tensile stiffness (N/m) or the tensile stiffness index 

(Nm/kg). 

  

ECU, endocellulase units. 

 

EXU, endoxylanase units. 

 

VHCU, viscosity hemicellulase units.
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