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Tiivistelmä 

 
Työn tavoitteena oli hydrolysoida SPORL esikäsiteltyä Douglaskuusen metsätähdettä. Entsymaattisen 

hydrolyysin avulla on mahdollista erottaa monosokereita puunäytteestä.  Työssä käytettiin neljää erilaista 

lakkaasia ja yhtä sellulaasia entsymaattisessa hydrolyysissä. Tuloksia voidaan hyödyntää jatkossa tutkittaessa 

tarkemmin lakkaasin vaikutusta hydrolyysiin ja fermentointiin SPORL esikäsittelyä hyödyntäen. 

 

Työn kirjallisuusosassa käsitellään SPORL esikäsittelyä ja entsymaattista hydrolysiä. Ensin esitellään 

yleisimpiä happokäsittelyjä ja tarkastellaan SPORL esikäsittelyä. SPORL esikäsittelymenetelmästä 

tarkastellaan parametreja liittyen esikäsittelyyn, keittoliuoksen kierrätyssysteemiin. Tärkeimmät entsymaattista 

hydrolyysiä rajoittavat tekijät käsitellään. Ligniini ja muut phenolit, joita on puussa lisäaineena ovat tärkeimpiä 

rajoittavia tekijöitä hydrolyysissä. Työssä esitellään erilaisia tapoja vähentää rajoittavia tekijöitä. 

 

Tutkimusosassa tutkittiin esikäsiteltyä Douglaskuusen metsätähdettä entsymaattisessa hydrolyysissä. 

Hydrolyysit toteutettiin ensin 72 tunnin entsymaatisella hydrolyysillä, jotta voitiin määrittää neljän eri 

lakkaasin välisiä eroja reaktionopeuden tai saannon perusteella. Tämän jälkeen valittiin parhaiten toimiva 

entsyymikombinaatio (lakkaasi ja sellulaasi), joista tehtiin tarkempi tarkastelu. Tarkemmassa tarkastelussa 

tehtiin lyhyt 14 tunnin hydrolyysi osana 72 tunnin hydrolyysiä, annostesti valittuja entsyymejä käyttäen ja 

tutkittiin teollisuusmittakaavassa 20 % sakeudella kuinka valittu entsyymikombinaatio toimi teollisessa 

ympäristössä. 

 

Tuloksien perusteella olisi syytä tehdä vielä tarkempi tarkastelu SPORL käsitellystä Douglaskuusesta 

esimerkiksi lakkaasin ja mediaattorin yhdistelmällä. Myös reaktioparametrien, kuten pH:n optimointi on 

tarpeellista, jotta entsymaattisen hydrolyysin korkein saanto voidaan selvittää. 
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Abstract 

 
The aim of the thesis was to study the enzymatic hydrolysis of SPORL-pretreated Douglas fir forest 

residue. Monosaccharides can be generated from pretreated wood sample with enzymatic hydrolysis. Four 

laccases were used and one cellulase in the enzymatic hydrolysis. Results can be used later when impact of 

laccases on the hydrolysis and fermentation is examined using the SPORL-pretreated forest residue as a 

carbohydrate-rich raw material. 

 

The literature part reports about the general properties of the pretreatment methods. The main focus lies on 

SPORL-pretreatment and the enzymatic hydrolysis of the pretreated solid residue. Parameters of cooking 

and the recovery system of SPORL are discussed in detail. The most important factors promoting the 

inhibition of enzymatic hydrolysis are discussed. Lignin and other phenolics, derived from wood 

extractives, have been identified as the most critical inhibitors. Ways to overcome the inhibition of 

enzymatic hydrolysis are proposed and discussed. 

 

In the research part, the SPORL- pretreated Douglas fir forest residue is hydrolysed. Firstly, enzymatic 

hydrolyses conducted for 72h hydrolysis to reveal the differences between reaction rates or yields by using 

four different laccases and one cellulase. Secondly, the best enzyme combination was chosen from the first 

experiments and used for the short hydrolysis (14h) and in the dosage test. Finally, the results were 

confirmed by using industrial relevant substrate consistency of 20 % in industrial reactors with a 

combination of different enzymes, which were selected by previous optimization trials.  

 

As a conclusion of this work a continuation of the research is recommended by using SPORL pretreated 

Douglas fir forest residue. Thereby, the efficiency and the sugar yield of the laccase mediator system 

should be investigated. Further reaction parameters, such as pH require optimization studies to exploit the 

highest hydrolysis yield from a SPORL pretreated forest residue. 
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List of abbreviations 
 

Pre-treatment method – A chemical method that reduces recalcitrance of the biomass 

SPORL – Sulphite pre-treatment to overcome the recalcitrance of the lignocellulose 

Fermentation – Ethanol production from monosaccharides with yeast 

SHF – Separate hydrolysis and fermentation 

SSF – Simultaneous saccharification and fermentation 

SEW – SO2-ethanol-water 

Da – Dilute acid pre-treatment method 

Steam explosion – Fast pre-treatment method at high temperatures for different biomass 

Organosolv – Pre-treatment method that uses ethanol in the cooking process 

Hydrolysis – Chemically liquefying method in liquid (buffer or water) 

Enzyme – Liquefying agent in the hydrolysis of biomass  

CBH – Cellobiohydrolase (enzyme) 

EG – Endoglucanase (enzyme) 

Laccase – Oxidising enzyme that can aid cellulases during enzymatic hydrolysis 

Low consistency hydrolysis – Low-substrate solid content hydrolysis (solids between 2–10%) 

High consistency hydrolysis – High-substrate solid content hydrolysis (solids over 20%) 

LMS – Laccase mediator system 

Mediator – Oxidative component used with laccase 

SED – Substrate enzymatic digestibility 
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1. Introduction 
 

1.1. Background and motivation 
 

Enzymes are used to liquefy and hydrolyse pre-treated lignosellulosic feedstock-producing 

monosaccharides to convert them into fuels and chemicals. Various enzymes can be used to 

assist in the hydrolysis of cellulose by cleaving hemicellulose and lignin fractions. It has been 

suggested (Modenbach and Nokes, 2013) that laccase may increase fermentation yields, and 

thus fermentation yields, by modifying lignin content. Lignin is the most complicated 

component in wood. Lignin-related problems could hinder hydrolysis and fermentation. Lignin 

inhibits enzymatic hydrolysis by binding the hydrolytic enzymes in its structure (Zhao, Zhang 

and Liu, 2012). The inhibition of lignin can be prevented using sulphite pre-treatment to 

overcome the recalcitrance of the lignocellulose (SPORL) method and then continuing with 

hydrolysis or fermentation. SPORL is a pre-treatment method that can be used with various 

softwood species to reduce the recalcitrance of feedstock. This method has clear advantages 

over other pre-treatments. For example, there is no need to wash solids using the SPORL 

method (Zhang, Houtman and Zhu, 2014). SPORL can also be combined with the fermentation 

method to produce ethanol from feedstock. The fermentation method is used to produce 

ethanol from agricultural and forest residues (Gu et al, 2016; Lan, Hongming and Zhu, 2013; 

Leu et al., 2013). Ethanol fermentation can be done via separate hydrolysis and fermentation 

(SHF) or through simultaneous saccharification and fermentation (SSF). Ethanol production via 

SSF is reported to be 40–65% (Wang et al., 2012). However, fermentation is a complex method 

involving several variables, such as yeast metabolism; therefore, ethanol can act as an inhibitor 

of hydrolysis and sugars released in the SSF process can inhibit hydrolysis (Galbe and Zacchi, 

2002). The lack of unknown variables can result in wrong results regarding the effects of the 

variables. In contrast, hydrolysis is a simpler process with fewer variables (it has no 

metabolism and not much inhibition), which could be easily examined in experiments and by 

analysing the sugar composition of monosaccharides, especially glucose and xylose. 

Theoretically, the amount of glucose examined in the hydrolysis should indicate how much 

yeast is needed to produce ethanol because yeast metabolises glucose to produce ethanol.  
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1.2. Aim of the thesis and research questions 
 

This thesis aims to present ways to reduce the recalcitrance of lignocellulosic materials with 

the use of pre-treated materials and discuss the possibility of using laccases with cellulases to 

reduce the time of hydrolysis or increase the yield of glucose or xylose (Heap et al., 2014; 

Oliva-Taravilla et al., 2016; Zhu et al., 2009) by modifying the lignin content. Four types of 

laccases with 10% consistency and a cellulase mixture were used in this research. Hydrolysis 

with 20% consistency was tested in small-scale reactors to confirm the findings on a larger 

scale.  

Furthermore, the hydrolysis of cellulose to glucose is examined, and the hydrolysis of SPORL-

treated Douglas fir forest residue with commercial enzyme MetZyme® SUNOTM 036 is tested. 

The impact of adding laccase six hours before hydrolysis to MetZyme® SUNOTM 036 is also 

investigated.  

This thesis aims to answer the following research questions: 

 Is SPORL a competitive pre-treatment method? 

 What is the hydrolysis conversion rate of the given enzymes? 

 Do laccases have a positive effect on yield of enzymatic hydrolysis? 

 Could the combination of laccases and cellulase be beneficial on an industrial scale? 

 Could SPORL be a suitable pre-treatment method for a given enzyme mixture? 

 

1.3. Working case: hydrolysis of SPORL-treated material 
 

This research was carried out in cooperation with Metgen and Aalto University. The laboratory 

work was conducted partly at Metgen’s laboratory and Aalto University. Metgen provided the 

enzymes used for the hydrolysis and Junyong Zhu generously provided the SPORL-treated 

softwood residue. 

 

1.4. Contribution of this study 
 

The enzymatic hydrolysis of lignocellulose with laccase has not been investigated with high or 

industrial consistency using SPORL-treated softwood. This thesis represents a preliminary 

study to investigate the effects of laccase on SPORL-treated softwood. 
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1.5. Limitations of this study 
 

Preliminary research on hydrolysis with certain enzyme combinations was limited to four 

laccase enzymes and one cellulase enzyme mixture. The cooking conditions for the SPORL-pre-

treated feedstock were fixed. The types of equipment and amounts of time and feedstock 

were also limited. The fermentation method was not included in the experiments. 

Furthermore, it is rather difficult to compare hydrolysis yields with recent research because 

unique combination of enzymes, feedstock, pre-treatment methods, conditions of SPORL and 

hydrolysis were used in each study. 

 

1.6. Structure of the thesis 
 

This thesis contains a theoretical section and a practical section. A detailed discussion of 

SPORL, enzymatic hydrolysis and lignin-related problems are discussed in the theoretical 

section, while the experimental methods and results of the enzymatic hydrolysis are discussed 

in the practical section. 

 

2. Literature review 
 

2.1. Comparison of softwood and hardwood components  
 

This chapter compares different feedstock properties (Table 1). Differences between 

softwoods and hardwoods can be seen in glucuronoxylan and glucomannan, and in the level of 

lignin components. Other components such as cellulose and glucoronoxylan present 

themselves within the same range. Hemicelluloses are depolymerised by acid, which makes 

them soluble within enzymes (Wardhani, Azizah and Ananta, 2016). Precipitated softwood 

lignin contains fewer phenolics and more galactoglucomannan than hardwood (Weizhen and 

Theliander, 2015). SPORL pre-treatment, in particular, modifies the feedstock’s lignin content 

through sulfonation reactions; therefore, softwood’s high lignin content is not problematic for 

subsequent enzymatic hydrolysis. Hexoses and pentoses, which are found in the dissolved 

hemicellulose stream in softwood’s feedstock, can be used for fermentation and ethanol 

production (Chittaranjan, Joshi and Shonnard, 2012). Monosugar yields from the hydrolysis of 

SPORL-pre-treated feedstock are reported (Zhu and Pan, 2010) to be about 90% for softwood 
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and hardwood, while the consistency is 2% with enzyme loadings of 15 and a substrate of 7 

FBU/g. Moreover, sulphite pulping of softwood gives a higher pulping yield and kappa number 

(Ragnar and Henriksson, 2000). Therefore, it is reasonable to use softwood as a feedstock for 

this study.  

 

Table 1. Comparison of common wood components (modified from Sjöström, 1993). 

Softwoods Extractives 

(% of dry 

wood 

weight) 

Lignin 

(% of 

dry 

wood 

weight) 

Cellulose 

(% of 

dry wood 

weight) 

Glucomannan 

(% of dry 

wood weight)a 

Glucuronoxylan 

(% of dry wood 

weight)b 

Other 

polysaccarides 

(% of dry 

wood weight) 

Douglas fir 5.3 29.1 38.8 17.5 8.4 3.4 

Scots pine 3.5 27.7 40.0 16.0 8.9 3.6 

Norway 

spruce 

1.7 27.4 41.7 16.3 8.6 3.4 

Monterey 

pine 

1.8 27.2 37.4 20.4 8.5 4.3 

Hardwoods       

Silver 

birch 

3.2 22.0 41.0 2.3 27.5 2.6 

Paper 

birch 

4.6 24.8 38.4 1.4 29.7 3.4 

a Includes galactose and acetyl in softwood. 

b Includes arabinose softwood and acetyl in hardwood. 

 

3. Pre-treatment methods used before enzymatic hydrolysis  
 

Pre-treatment methods should be used before hydrolysis and fermentation. This chapter 

focuses on different pre-treatment methods that enhance fermentation and hydrolysis. 

Section 3.1 describes pre-treatment methods generally, and Section 3.2 discusses SPORL in 

detail. 

 

3.1. General information about pre-treatment processes  
 

Pre-treatment methods have positive effects on biomass accessibility by solubilising 

hemicellulose or cellulose or softening the lignin. Pre-treatment methods soften the fibre cells 

and ensure that enzymatic hydrolysis liquefies the samples. Pre-treatment methods speed up 
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the chemical reactions in alkaline or acidic environments. The substrate cannot be liquefied 

without the proper chemical or mechanical treatments (Hendriks and Zeeman, 2009). In Figure 

1, pre-treatment methods breakdown parts of the cellulose so that the wood’s hard 

components are split into fibres. Then, the fibres are converted into monomeric sugars. Figure 

2 provides an overview of the pre-treatment methods, including the physical and chemical 

steps. The physical step includes temperature changes in biomass, and the chemical reactions 

are part of the chemical treatment. 

 

 

Figure 1. Effects of pre-treatment methods (Mosier et al., 2005). 

 

 

 

Figure 2. The chemical pre-treatment method in practise. The pre-treatment methods 
separate the biomass into solids, vapours and liquids. 
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Mechanically reducing the size of the particles is often a crucial first step before hydrolysis or 

pre-treatment. The aim of the mechanical pre-treatment is to reduce the particle size and 

decrease crystallinity. The reduction of the particle size leads to an increase in the available 

specific surface and a reduction in the degree of polymerization (DP). Furthermore, milling 

causes shearing of the biomass. The reduction of particle size increases the surface area and 

the shearing of the biomass increases the yield of the hydrolysis. The particle size should be 

reduced mechanically before the chemical treatments because the size reduction enhances 

the effectiveness of the chemical treatments (Hendriks and Zeeman, 2009). A mechanical size-

reduction process includes, for example, chipping wood into smaller particles.  

The chemical pre-treatment is often the second step in processing the biomass and reducing 

the recalcitrance of the feedstock to ensure enzymatic hydrolysis (Hu, Heitmann and Rojas, 

2008). The aim of the chemical pre-treatment method is to convert biomass sugars into 

monosugars, thus softening the cell fibres and making the pulp accessible for hydrolysis by 

breaking down the lignin (Demirbas, 2009). The obtained sugars can be further processed 

through fermentation. 

 

3.2. SPORL 
 

This chapter presents SPORL as a pre-treatment method for the practical experiments used in 

this study and discusses its several advantages over other acidic pre-treatments. Section 3.2.2 

discusses delignification and the subsequent carbohydrate reactions. Section 3.2.3 describes 

the recovery systems of SPORL. Section 3.2.4 discusses the products created through SPORL 

treatment, and Sections 3.2.5 and 3.2.6 discuss the competitiveness of SPORL as a treatment 

method. 

First, SPORL treatment facilitates the simultaneous enzymatic saccharification and 

fermentation of solids without solid or liquid separation or washing of solids. This is because 

lignosulfates that are produced in the soluble stream (spent liquor) by SPORL act as non-ionic 

surfactants and enhance saccharification (Zhang, Houtman and Zhu, 2014). Secondly, the 

SPORL method achieves savings in energy costs through the reduction of wood size and 

overcoming the recalcitrance of lignocelluloses (Wang et al., 2012). Moreover, SPORL produces 

lower amounts of inhibition compared to other pre-treatments such as dilute acid under the 

same dosage for the maximum sugar yield. The combined fermentation of enzymatic 

hydrolysate with hydrolysate pre-treatment can further reduce inhibitor concentrations 
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through dilution. Glucose is often supplemented to achieve better fermentation yields by 

keeping the yeast productive while the enzymes liquefy the wood components. Finally, ethanol 

production with the SPORL method is possible without detoxification, which means that there 

are no toxic components. Eliminating the detoxification of the wood components prevents 

sugar loss (Tian et al., 2010). Several final products can be produced from the monosugars 

produced through the SPORL method. One of these products is ethanol. A case study approach 

was chosen to help understand how SPORL could be used in the industry (Figure 3). There have 

been indications that SPORL could be used in commercial acid-sulphite pulp mills without 

modifying the chemistry of the process and that SPORL only needs a 1h reaction time instead 

of 4h (Gu et al., 2016). Furthermore, hydrolysate includes few amounts of levulinic acid and 

little amount of acetic acid, which are valuable in industrial world. The pretreated wood 

material and liquor are dark coloured. The typical yield for SPORL treatment is in the range of 

60–70% and the consistency of SPORL-treated material is 18–20% (Leu et al., 2013). Finally, 

SPORL can be used as a pre-treatment method for several commercial products, such as 

ethanol production, paper and pulp, or for fermentation processes (Wang et al., 2012). 

 

 

Figure 3. Typical yield of SPORL treatment (Leu et al., 2013). From 1000 g of forest residues, 

345 g of glucose is recovered after enzymatic hydrolysis and 20 g of glucose in hydrolysate. 

 

3.2.1. Cooking chemistry 
 

This section describes the cooking chemistry of acidic processes. Most of the chemistry 

described here applies to SPORL pre-treatment, at least to some extent. 
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Components used in sulphite pulping include aqueous sulphur dioxide and the base, which 

could be, for example, magnesium. The composition balance of cooking the liquor 

components, free SO2 and bound SO2, determine the delignification reactions (Ragnar and 

Henriksson, 2000). Depending on the sulphite cooking, the composition of the cooking liquor 

depends on the consumption of the bound SO2. The degree of delignification depends on the 

concentration of the product [H+]∙[HSO3], and the concentration of [H+] affects the rate of the 

cellulose hydrolysis in Equation (1) (Potthast, 2008). For example, the SPORL acid components 

(sodium bisulphite and sulfuric acid) are balanced with the wood composition and amount of 

water. In SPORL, the cooking temperature is in the range of 160–190°C, pH is in the range of 2–

5, the liquor-to-biomass ratio is typically in the range of 2–3 and sulphite and sulphuric levels 

are less than 10%, depending on the feedstock (Chittaranjan, Joshi and Shonnard, 2012). The 

cooking conditions can be determined using the Kaufmann diagram (Figure 4) (Potthast, 2008) 

in which black cooking conditions may lead to several unwanted cookings. First, an increase in 

temperature causes an increase in dehydration. Second, sulphite concentration decreases 

based on lignin consumption. Third, less lignin is available for the hydrogen sulphide, which 

prevents the sulfonation of lignin (delignification), and finally, the buffer capacity decreases 

towards the end of the cook.  

 

𝑆𝑂2 +𝐻2𝑂 ↔ 𝐻2𝑆𝑂3 ↔ 𝐻𝑆𝑂3
− +𝐻+ (1) 

 

 

Figure 4. Cooking profile in sulphite pulping depends on the Kaufman diagram (Potthast, 

2008). 

 

 



 

10 
 

3.2.2. Lignin-specific reactions in acidic systems 
 

This section reviews lignin reactions that occur during acidic pre-treatment methods. The same 

delignification reactions occur during SPORL, to some extent.  

The reactions of hydrogen sulphide or sulphur dioxide with lignin depend on the pH of the 

reaction (Potthast, 2008). The pH determines the reactive species and their nucleophilicity, 

while the formation of reactive intermediates within the lignin molecules is overseen by the 

pH. Lignin-degrading reactions in the acidic sulphite process are sulfonation, hydrolysis and 

sulfitolysis. Sulfonation reactions lead to dissolution, degradation and condensation reactions.  

 

3.2.2.1. Sulfonation 

 

Sulfonation is the most important reaction that occurs under acidic conditions (Potthast, 2008; 

Ragnar and Henriksson, 2000). Sulfonation provides the lignin molecule with a strong 

hydrophilic structure. The hydrophilic structure can be dissolved with the help of the cooking 

liquor. The sulfonation reaction is the fastest reaction at low pH levels and there is a strong 

dependence on pH. Sulfonation reactions are faster for softwood feedstock than for hardwood 

feedstock. Sulfonation of the lignin (Figure 5) has several steps, including protonation of the 

quinone methid-intermediate, breakage of lignin carbohydrate complexes (LLC) and sulphur 

dioxide reactions ending with complex structures in sulphite liquors (Ragnar and Henriksson, 

2000).  

 

Figure 5. Sulfonation reactions with lignin components using SPORL as an example (Ragnar and 

Henriksson, 2000). 
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3.2.2.2. Condensation reactions 

 

Acidity increases at the end of the cooking process, which allows condensation reactions to 

occur between benzylium cation and nucleophilic lignin. These condensation reactions can be 

seen in Figures 6 and 7 (Potthast, 2008). Condensation reactions include stable carbon-carbon 

bounds, as seen in Figures 6 and 7, which cause the molecular weight to increase and 

hydrophilicity to decrease. The condensation reactions act against the delignification reactions 

when molecular weight and hydrophilicity decrease. However, bisulphite ions decrease 

condensation reactions during sulphite cooking, and bisulphite ions are present in SPORL 

cooking. Furthermore, sulfonic acids presented during acid cooking can increase solubility, 

which may compensate for the increase in carbon-carbon bonds. 

 

 

Figure 6. Condensation reaction of reactive benzylium ion with nucleophilic resonance in lignin 

molecule at C1 (Potthast, 2008). 

 

 

Figure 7. Condensation of reactive benzylium ion with nucleophilic resonance at C6 (Potthast, 

2008). 
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3.2.2.3. Hydrolysis 

 

Hydrolysis is often a spontaneous reaction in liquid. Acid hydrolysis of lignin structures is the 

most common hydrolysis reaction in sulphite pulping (Figure 8) (Ragnar and Henriksson, 2000). 

Hydrolysis breaks down linkages between lignin and carbohydrates (Potthast, 2008) and is a 

slower process than sulfonation. Only α-benzyl ether inter-lignin linkages are cleaved to some 

extent. Therefore, the molecular weight of the lignin decreases. Lignin-degrading reactions can 

happen in liquid environments and are called ‘delignification reactions’. 

 

 

Figure 8. Lignin ethers, β-O-4, are acid-hydrolysed in sulphite pulping. (Ragnar and Henriksson, 

2000). 

 

3.2.2.4. Delignification reactions in an acidic system 

 

Delignification is an important hydrolysis process during acid sulphite pulping. Delignification is 

often needed to ensure the characterisation of the cellulose and hemicellulose in the 

lignocellulosic biomass (Hubbell and Ragauskas, 2010). During sulphite pulping, charged groups 

encounters lignin molecules, which increase solubility in low pH environments (Ragnar and 

Henriksson, 2000). Figure 9 shows the common delignification reactions during acidic sulphite 

pulping (Potthast, 2008). Delignification reactions begin when oxygen from the α-ether or α-

hydroxy group becomes protonated. Release of the α-substituent (water or alcohol) 

determines the reaction rate and resonance-stabilised benzyllium is formed afterwards. In the 

next step, hydrogen sulphide is added to nucleophilic. The benzyllium cation (3a) is favoured 

over the other form of methylene quinone resonance. A resonance structure can be formed if 

the α-proton and α-substituent are both on the aromatic plane. In the cooking process, other 

nucleophiles might be added to the bynzyllium cation that might compete with the sulfonation 

reaction (Figure 10). 
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Figure 9. Creation of benzyllium cation as the reactive intermediate in sulphite cooking 

(Potthast, 2008). 

 

 

 

Figure 10. Possible reactions with β-O-4-aryl ether structures, including sulfonation and 

condensation reactions (Potthast, 2008). 

 

3.2.2.5. Delignification in SPORL 

 

The delignification that occurs during the SPORL pre-treatment only reaches 20–30% from the 

potential delignification maximum (Zhu and Pan, 2010). Delignification in SPORL has at least 

two different degradation reactions: hydrolysis and sulfonation. The sulfonation reaction, 

which is often the dominant factor in SPORL, leads to the dissolution of the lignin, as well as 

degradation and condensation reactions with lignin. Lignin sulfonation in SPORL increases the 

hydrophilicity of the SPORL-pre-treated substrates (Chittaranjan, Joshi and Shonnard, 2012). 

Normally, lignosulfonates produced during the SPORL pre-treatment process do not inhibit the 

enzymatic hydrolysis yield, while lignosulfonates in other acidic pre-treatments decrease the 

enzymatic hydrolysis yield. Acid pre-treatments generally cause condensation reactions that 

make lignin removal difficult (Zhang, Houtman and Zhu, 2014). Furthermore, sulfur acts as 
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electron-transfer reagent under sulfite conditions and causes condensation reactions in lignin. 

The acidic cleavage of the ether bonds or protonation of the carbon-carbon double bonds 

cause the formation of carbocations that react further with bisulphite (𝐻𝑆𝑂3
−) to form 

lignosulfonates, which are found in sulphate (Sjostrom, 2013). 

 

3.2.3. Carbohydrate reactions in acidic systems 
 

Acids catalyse glycosidic linkages in cellulose. These chemical reactions are called acid 

hydrolysis in the sulphite cooking process (Potthast, 2008). The polymerisation of dissolved 

polysaccharides decreases to the monosaccharides level. However, oligo- and polysaccharides 

are more frequent in bisulphite spent liquors than in sulphite pulps. 

Protonation in the carbohydrate reaction can take place in either glycosidic oxygen (dominant 

way) or ring oxygen (Figure 11). Substituents released in the protonated form in position C1 

are converted into a carbonium ion. The addition of water leads to a new reducing end group. 

New reducing end groups correlate linearly with the reduction of molecular weight, which can 

be described as the degree of polymerisation (DP). Hemicelluloses are hydrolysed faster than 

cellulose under acidic conditions. Finally, arabinofuranosidic bonds are hydrolysed faster than 

glucopyranosidic bonds. 

 

Figure 11. Acid hydrolysis in cellulose molecule (Potthast, 2008). 

 

3.2.3.1. Carbohydrate reactions in SPORL 

 

This section summarises the relevant carbohydrate reactions in the SPORL process. Cellulose is 

partially depolymerised in the SPORL process because of the low cooking pH and high cooking 
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temperature (Yan, 2015; Chittaranjan, Joshi and Shonnard, 2012). The monosugar yield can be 

increased by adding sodium bisulphite with acidic sulphite, which accounts for the SPORL 

process. It has been proven that pine bisulphite contains much more aldonic acid (GlcA, ManA 

and XylA) than pulp cooked under neutral conditions, which means that the bisulphite ion is an 

effective oxidant for reducing end groups (Potthast, 2008). In addition, sodium bisulfite is a 

weak base that elevates the pH value of the pre-treatment liquor, which prevents 

hemicellulose and cellulose from redundant acid that is catalysed during hydrolysis, as well as 

decomposition due to fermentation inhibitors (furfural and HMF) (Zhang et al., 2013). 

However, hemicellulose is dissoluted in the SPORL process, which increases the lignin content 

by 35% (Zhu and Pan, 2010). Therefore, dissolved lignin sulfonate or five-carbon hemicellulose 

sugars can be used to produce a value-added co-product (Chittaranjan, Joshi and Shonnard, 

2012).  

 

 

3.2.4. Product recovery in SPORL  
 

The hydrolysate pre-treatment in the SPORL process can be more easily fermented than 

sulphite spent liquor because of its high sugar concentration and low lignosulfonate content 

(Zhu and Pan, 2010). Lignosulfonate can be directly marketed as a co-product and sold as a 

dispersant in existing markets. Lignosulfonates are water-soluble and contain large amounts of 

carbohydrates that are dissolved in the liquor or attached to the lignin (Potthast, 2008). Pre-

treatment acid can be easily and efficiently recovered because SO2 uses scrubbing technology 

(Zhu and Pan, 2010). The metal base of the sulphite is chemically associated with lignosulfate. 

If lignosulfate is not recovered, magnesium sulphite may be used to create sodium and calcium 

sulphite because magnesium can be easily and completely recovered using a low-cost, 

fluidised bed reactor. 

Although this process should be as air tight as possible, it is still possible for gases to leak. In 

the sulphuric process, harmful gases are captured using recovery systems in the industrial 

environment (Figure 12). Volatile gas is saturated with water, which creates a counter-current 

flow with the absorbing solution. Sulphur dioxide is absorbed into the sodium sulphite and 

reacts to form bisulphite. The scrubbing solution is re-circulated through the scrubber to 

obtain a concentrated solution of bisulphite. After several other steps, sulphite, SO2, can be 
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oxidised to produce sulfuric acid or it may be reduced into elemental sulphur a Claus plant 

(Weiss, 1976).  

If SPORL is used in existing old sulphite mills, cooking liquor can be recovered and re-circulated 

to some extent using conventional sulphite recovery systems (Knowpulp, 2016). First, weak 

black liquor (sulphate spent liquor) is washed in a counter-current flow to remove unnecessary 

components. Second, the washed liquor is often concentrated into a solid content of 18–22% 

with the secondary stage liquor. Third, weak black liquor with a dry solids content of 15–16% is 

led to the effective evaporator, which removes the water from the weak black liquor. Fourth, 

the black liquor is concentrated to 80%, and the sulphur within the black liquor is reduced into 

sodium sulphate. The reduction of sodium sulphide into sodium sulphate is an important step 

in the recovery process. This is called the reduction degree. Sodium that remains in the black 

liquor creates sodium carbonate when black liquor burns and reacts with the carbon dioxide-

producing smelt. Smelt is dissolved into the weak wash, forming green liquor. The heat energy 

produced by the recovery process is captured and used to produce steam. Finally, green liquor 

is processed further into white liquor (cooking liquor) in the causticizing plant. 

 

 

Figure 12. Possible volatile gas capturing system. 
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3.2.5. Comparison of softwood components using SPORL, SEW and DA  
 

SO2-Ethanol-Water (SEW) is competitive method with SPORL because it can handle forest 

residue and has a fast cooking speed (Yamamoto et al., 2014). The SEW process is a fractioning 

method for lignocellulosic materials that relies on cooking with sulphates. SEW fractioning 

could be used for forest residues; the only restriction is how much wood pulping a bomb can 

handle. Some residual solid hemicelluloses stay in the solid fraction. In the SEW process, 

nucleophiles, such as ethanol, water and other carbohydrates, take part in the hydrolysis. 

Lignin is easily digested in the SEW process, but cellulose and hemicellulose have lower 

digestibility. One of the main problems in the SEW process is the bark’s inferior delignification 

ability. Extractives, such as ash and polyphenolic acids, are present in coniferous bar and 

impair delignification. High sugar yields can be obtained using SEW at moderate temperatures 

and in a short timeframe of only 40 minutes. Hardwood (HW), softwood (SW) and DIP (deinked 

pulp) can also be used in this process (Yamamoto, Iakolev and van Heiningen, 2011). 

The dilute acid (DA) pre-treatment method is another option to soften wood before hydrolysis 

or fermentation. Dilute sulfuric acid is used in the DA method and is mixed with biomass to 

solubilise the hemicellulose and increase the accessibility of the cellulose in the biomass. The 

substrate is heated to the desired temperature and pre-treated using sulfuric acid 

(concentrations of <4 wt %) in a stainless-steel reactor. Pre-treatment begins upon adding the 

acid. The temperature range is 140–215°C. The residence time is from a few seconds to 

minutes, depending on the temperature. The advantages of this method include high reaction 

rates and improved hydrolysis of the cellulose and hemicellulose. The disadvantage is that 

feedstock may be harder to ferment when it is subjected to the dilute acid pre-treatment 

because of the presence of inhibitors and the need for expensive materials to prevent 

corrosion caused by the DA method. Furthermore, DA could be used to produce furfural and 

has been applied in the pre-treatment of corn residues and for the short rotation of woody 

herbaceous crops (Agbor et al., 2011). Table 2 compares the pre-treatment compositions of 

DA, SEW and SPORL. The glucan level is highest with SPORL-pre-treated softwood and lowest 

with SEW. 
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Table 2. Compositions of softwoods using three different methods. SW = softwood (Modified 

from Alvarez-Vasco et al., 2015;1 Yamamoto et al., 2011;2 Harde et al., 20163). 

Component DA, based on 

SW1 (wt%) 

SEW,  
(% based on 
dry mater), 
SW2 

SPORL, (% 

w/w), based 

on SW3 

Glucan 43.2 37.6 

 

69.40 

Mannan 11.3 9.9 2.59 

Xylan 3.0 6.7 2.05 

Galactan 1.6 

 

3.1 0.03 

Acetic acid 3.2 ND ND 

Arabinan 1.2 1.4 ND 

Acid-insoluble 

lignin 

29.9 30.7 21.02 

Acid-soluble lignin 0.5 0.8 0.98 

Ash 0.3 1,2 ND 

Extractives 1.3 3.4 ND 

Total amount 96.5 94.8 96.07 

 

3.2.6. Organosolv as an alternative pre-treatment method for SPORL  
 

The organosolv process involves a cooking pre-treatment method that dissolves lignocelluloses 

in alcohol and ethanol or methanol and acid catalyst (Smith, Reith and Uil, 2011). The purpose 
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of the organosolv process is to delignify the lignocellulosic biomass for enzymatic hydrolysis. 

Enzymatic digestibility is improved by reducing the recalcitrance of the biomass and 

minimising the non-productive binding of hydrolytic enzymes to lignin. Extracted lignins tend 

to have high purity and are essentially free of sulphur and ash. Organosolv is needed for lignin 

removal and efficient enzymatic treatment in this experiment. Lignin prevents enzymatic 

treatments because lignin is a very complex compound. Organosolv is a very fast pre-

treatment method that makes enzymatic reactions faster and sorts out wood components for 

enzyme treatment. The chemical processes involved in orgonosolv treatment include 

hydrolysis of the internal bonds in lignins, hydrolysis of lignin hemicellulose bonds (ether and 

4-O-methylglucoronic acid ester bonds the carbon of lignins), hydrolysis of glycosidic bonds in 

hemicelluloses and some cellulose hydrolysis (Zhao, Cheng and Liu, 2009). 

In conclusion, organosolv could be used instead of SPORL as a pre-treatment in industrial 

environments. Organosolv is an alcohol-based pre-treatment method, while SPORL is a 

sulphite-based method. Both pre-treatment methods are effective at modifying (SPORL) and 

removing the lignin content (organosolv), as well as reducing the binding of the enzymes for 

lignin. The organosolv process is also a fast method that takes about 210 minutes of cooking 

time, while the SPORL pre-treatment method has a cooking time of 140 minutes. Furthermore, 

ethanol-based pre-treatments can be carried in a neutral pH, which prevents cellulose 

degradation similar to SPORL pre-treatment method. The organosolv pre-treatment method 

has some industrial variations because organosolv was further developed by the Canadian pulp 

and paper industry (AlcellTM pulping process). Other companies, such as Organocell (Germany) 

and Chempolis (Finland), are involved in researching and studying the organosolv pre-

treatment method, but the organosolv process has not been commercialised because, for 

example, the recovery of ethanol is expensive (Zhang et al., 2016). 

 

3.2.7. Comparison of SPORL and steam explosion 
 

Steam explosion is a viable pre-treatment method in Finland and St1 is currently building a 

factory using this method (Novozymes, 2015). The factory plans to use sawdust from Northern 

forests (located in Kajaani) and production is expected to be as high as 10 million litres of 

cellulosic ethanol per year. The plant will be ready for operation in 2017. On the other hand, 

SPORL-pre-treated Douglas fir forest residue was recently used as fuel for a commercial flight 

in Alaska (KOMO, 2016). Jet fuel is generally made of 80% renewables and 20% of petroleum. 



 

20 
 

Acid-catalysed steam explosion is one of the most common pre-treatment methods (Zhu and 

Pan, 2010) and is carried out in the vapour phase rather than the aqueous phase (dilute acid 

pre-treatment). First, wood chips are impregnated with an acid catalyst in the gas phase with 

SO2 or in the aqueous phase with sulfuric acid. Then, pre-treated wood chips are disintegrated 

into fibres through steam explosion. There has also been some discussion that SPORL and 

steam explosion could be combined, but no significant research has been conducted (Zhu and 

Pan, 2010). 

Steam explosion and SPORL are competitive methods. Choosing the right chemical pre-

treatment method depends on the needs of the company and available equipment (Gu, Gilles, 

Gleisner, & Zhu, 2016). One of the strongest advantages of steam explosion is the relatively 

short amount of time (6–7 mins) it takes to complete, while the cooking duration for SPORL is 

approximately 60 mins. Steam explosion needs high temperatures of 205°C whereas SPORL 

needs only 140°C. SPORL also has several advantages over steam explosion, such as no need 

for detoxification, higher ethanol yields and lower cooking temperatures. A recent study by 

(Gu, Gilles, Gleisner, & Zhu, 2016) showed that ethanol yield was higher with SPORL pre-

treatment (84.9%, Douglas fir forest residue) compared to steam explosion (72.0%, Spruce).  

 

4. Enzymatic hydrolysis 
 

This chapter summarises the features of enzymatic hydrolysis. Section 4.1 discusses industrial 

consistency, Section 4.2 describes lignin related problems and Section 4.3 describes the 

advantages of laccases during hydrolysis and compares the possibilities of using laccases with 

or without a mediator. 

Enzymatic hydrolysis is used to liquefy SPORL-treated material and convert polysaccharides 

into monosaccahrides. Enzymatic hydrolysis is a complex process because of the structure of 

the lignocellulose and the enzyme-related effects and interactions of these two (Yang, Dai, Shi-

You and Wyman, 2011). Enzymatic hydrolysis has positive advantages, such as mild operation 

conditions and low energy costs. Because of the importance of saving energy, residual 

feedstock is the ideal choice for hydrolysis. Figure 13 presents a possible industrial application 

for enzymatic hydrolysis (Munpondwa, Li, Tabil, Sokhansanj, & Adapa, 2016). 
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Figure 13. The role of enzymatic hydrolysis in the industrial environment. 

 

Enzymatic hydrolysis is a heterogenous reaction, which means that insoluble cellulose is 

broken down at the solid-liquid interface via synergetic action of endoglucanases and 

cellobiohydrolases to form soluble oligomers, which are hydrolysed by beta-glucosidases into 

sugar monomers during the second step (Arantes & Saddler, 2010). Table 3 shows the 

common cellulose-related actions. 

 

Table 3. Catalytic reactions between biomass and enzymes (modified from (Sorensen, et al., 
2008)). 

Cellulases          

endo-1,4-β-gluconases (EG) 
Internal β-1,4-glycosidic bonds are hydrolysed in the 
amorphous region. 

Cellobiohydrolases 

Cellobiose disaccharides are formed from the 
reducing end (CBH I) of the cellulose  
and the non-reducing end (CBH II) of the 
cellulose chain.  

β-glucosidase  

Separate cellobiose 
Disaccharide to glucose    

Hemicellulases     

Xylanase   

Degrade beta-1,4.xylan to xylose (breaks down 
hemicellulose).  

 

Enzymatic hydrolysis of the lignocellulose is limited by crystallinity, degree of the 

polymerisation, available surface area and lignin content. Lignin in softwood is the most 

problematic component of hydrolysis because it functions as a barrier that prevents enzymes 

from accessing celluloses (Mosier, Wyman, Dale and Elander, 2005). Lignin also absorbs 

enzymes, but lignin modification can reduce this effect (Moilanen, Kellock, Galkin and Viikari, 

2011). The removal of hemicellulose can improve significantly the accessibility of cellulose to 

hydrolysis due to the strong synergetic interactions between xylanes and cellulases (Hu, 

Arantes, and Saddler, 2011). The enzymatic hydrolysis process can be divided into two stages. 

In the first stage, the long chains are hydrolysed by endoglucanases and cellobiohydrolyses to 

Lignocellulose 
biomass

Size reduction Pretreatment
Cellulose, lignin 

and hemicellulose 
in finer form

Enzymatic 
hydrolysis

Glucose and 
xylose 

Fermentation of 
hexose and 

pentose
Ethanol
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form soluble oligomers, which limits the hydrolyse rate (Deepak et al., 2013). In the second 

step, oligomers are hydrolysed into sugar monomers. 

It is essential to use an optimised pre-treatment method before enzymatic hydrolysis. The pre-

treatment method softens the cellulosic biomass by removing or changing the lignin or 

liquefying the cellulose or the hemicellulose. For example, SPORL causes changes in lignin and 

ensures a high-yield product. After pre-treatment, the biomass can be hydrolysed into building 

blocks. Even the pre-treatment stage can hydrolyse hemicelluloses. Arabinose and xylose in 

the hemicellulose are five carbon sugars that can be linked together to form the chain 

𝑛(𝐶5𝐻8𝑂4). The acids or enzymes in Equation 2 can catalyse the breakdown of carbohydrate 

chains in the water to release the individual five carbon sugars, 𝑛𝐶5𝐻10𝑂5 (Wyman, 2013). This 

reaction is called hydrolysis.  

𝑛(𝐶5𝐻8𝑂4) + 𝑛𝐻2𝑂 → 𝑛𝐶5𝐻10𝑂5 (2) (Wyman, 2013). 

The six carbon sugars can be catalysed similarly to the five carbon sugars (Equation 3).  

 𝑛(𝐶6𝐻10𝑂5) + 𝑛𝐻2𝑂 → 𝑛𝐶6𝐻12𝑂6 (3) (Wyman, 2013) 

Monosaccharides can be fermented with ethanol or other products using a suitable organism, 

such as Saccharomyces cerevisae, also called baker’s yeast. Neither Saccharomyces cerevisae 

nor Escherichia coli can ferment the five carbon sugars, xylose and arabinose, to ethanol with 

high yields; however, these strains can be modified genetically to produce ethanol from the six 

or five carbon sugars (Wyman, 2013). The second option for hydrolysis is to use acids. Acids, 

such as sulfuric, nitric and hydrochloric acid, have been used to hydrolyse the hemicellulose 

and its component with theoretical yields of 80–90%. The catalysed breakdown of the 

hydrolysis of cellulose to glucose has emerged as a leading option for making commodity 

products due to its theoretically high yields. The enzyme-based costs have been reduced by a 

factor of four, and the factors discussed above have been vital for the economic success of this 

method (Wyman, 2013). 

In conclusion, enzymatic hydrolysis involves several steps that affect how complete the 

hydrolysis is. The first step is to achieve close contact between the reactants, which means 

having better cellulose accessibility and binding of cellulase to cellulose. The second step is to 

achieve reactivity of the reactants, which depends on cellulose crystallinity and enzymatic 

activity. The final step is to have good reaction conditions, such as the right temperature, pH, 

mixing speed and solid-to-liquid ratio. However, most of these problems are associated with 

the accessibility of cellulose to cellulase (Saini, Patel, Adsul and Singhania, 2016). Enzymatic 
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hydrolysis is often used to determine the effectiveness of the enzymes with different 

feedstocks or enzyme combinations, for example, laccase and cellulase. 

 

4.1. High-consistency enzymatic hydrolysis  
 

This section discusses and compares the advantages and disadvantages of the different 

consistencies in enzymatic hydrolysis. Consistencies in the experiments range from 10–20%. 

High-consistency hydrolysis has solid content between 20–25% and low consistency hydrolysis 

has solid content between 2% to approximately 10% (Alvarez, Reyes-Sosa Francisco and Diez, 

2016). A consistency of 10% indicates industrial suitability. However, high consistency is 

necessary because industries cannot handle the required sold volume of 10% consistency to 

produce all the sugars needed (Alvarez, Reyes-Sosa Francisco and Diez, 2016). 

High-consistency enzymatic hydrolysis has several disadvantages compared to lower 

consistency hydrolysis (Alvarez, Reyes-Sosa Francisco and Diez, 2016; Kristensen, Felby and 

Jorgensen, 2009). First, high concentrations of fibrous materials reduce the mass transfer rate 

and the high substrate consistency leads to high concentrations of inhibitory substances. 

Second, the reduction of the mass transfer causes severe product inhibition effects. However, 

accessibility can be achieved with the proper pre-treatment method and the right enzyme 

mixture. For, example the most abundant polymers in softwood are galactoglucomannans and 

glucomannans. Therefore, the needed enzymes are mannases and beta-mannasidases. Other 

appropriate enzymes include 4-O-glucuronoyl methylesterases, arabinofuranosidases, alpha-

galactosidases and acetylxylan esterases. These enzymes are involved in removing the 

hemicellulose and increasing accessibility of the hydrolysis. This diverse array of enzymes has 

been tested using the high loading of enzymes at 20–25% total solid and test results have led 

to a wide range of results. For example, glucose yields are reported (Alvarez, Reyes-Sosa 

Francisco and Diez, 2016) to be between 60–69%. The sugar content of the results varies 

because of the variation between the different raw materials, lignin content, different pre-

treatment methods and consistency. The most important advantage of using high-consistency 

hydrolysis is saving money on an industrial scale.  
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4.2. Lignin- and phenolic-related problems in enzymatic hydrolyses 
 

Lignin is a polymer with cross-linked phenylpropane units that confer hydrophobicity, rigidity 

and microbial resistance to plant cell walls. Lignocellulosic biomass lignin is closely associated 

with cellulose and hemicelluloses chemically and physically. Lignin provides structural support 

(Figure 14) and impermeability for the cell wall, as well as creating physical and chemical walls 

(Liu, Zhu and Fu, 2010). 

 

Figure 14. Lignin-derived phenolic compounds that affect enzymatic saccharification (Saini et 

al., 2016). 

 

Lignin-related problems have several negative effects on ethanol production and hydrolysis. 

First, the lignin can bind non-specifically to cellulases that are employed in saccharification, 

resulting in reduced catalytic activity of these enzymes by blocking active sites and preventing 

cellulose binding (Figure 15). This is called non-specific enzyme binding. The binding of the 

cellulases to the lignin decreases the glucose yield. The resulting hydrolysis can be incomplete, 

as only part D in Figure 15 results in a complete hydrolysis. Parts A to C in Figure 15 indicate 

incomplete hydrolysis. Second, a lignin that stays bound to the cellulose following pre-

treatment causes a reduction in the surface area of the cellulose, which is available for 

enzymatic hydrolysis. Third, lignin-derived products, such as aromatic phenols, acids and 

aldehydes, are toxic to yeast, which performs fermentation. Lignin-derived products are called 

inhibitors because they prevent growth of yeast and sugar assimilation. Small concentrations 

of these inhibitors have been found to destroy the integrity of the yeast membrane. These 

obstacles make second-generation bioethanol production a costly and energy intensive 

process (Heap et al., 2014).  
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Figure 15. The various ways in which cellulases bind to lignin components (Saini, et al., 2016). 

Phenolic hydroxyl groups are attached at the lignin and the cellulose. The hydroxyl groups in 

the lignin are thought to create hydrogen bonding (Saini et al., 2016). For example, organosolv 

lignins absorb cellulase more efficiently than those used in steam explosion because 

organosolv lignins have higher levels of the phenolic hydroxyl group.  

The presence of carboxylic acids reduces the negative effects of lignin’s phenols during 

enzymatic hydrolysis by increasing hydrophilicity (Saini et al., 2016). Phenols are known to be 

inhibitors for cellulases (Oliva-Taravilla et al., 2016). 

In the native lignocellulose, the cellulosic fibrils are embedded in a hemicellulosic feedstock. 

The pre-treated lignocellulosic feedstock’s network is distributed to improve enzyme 

accessibility to the cellulosic fibrils (Saini et al., 2016). The lignin-related problems in the 

hydrolysis could be avoided by adding metal ions, such as Ca (II) and Mg (II). Ca (II) and Mg (II) 

have been proven to reduce unbound lignins by forming lignin-metal complexes (Liu, Zhu and 

Fu, 2010). The explanation for this phenomenon is that the lignin-metal complex can 

deactivate enzyme adsorption sites in the lignin. Adding metals to the enzymatic hydrolysis 

process could make costly washing processes unnecessary. Therefore, lignin-related problems 

could be solved enzymatically with suitable laccase and cellulase mixtures.  
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4.3. Laccases as a solution for the lignin problem 
 

The recalcitrance of softwood hinders the profitable use of the wood as a raw material for 

platform sugars. Typically, the guaicyl type of lignin is the most problematic because it binds to 

hydrolytic enzymes, thus rendering them inactive towards the cellulose (Figure 16). An enzyme 

mixture of laccase and cellulase may improve, for example, the yield of spruce that is pre-

treated with steam. Laccases can change the binding properties of lignin so that non-specific 

enzyme binding is decreased, and mobility, action and recyclability of the hydrolytic enzymes 

are increased (Moilanen et al., 2014). Laccases belong to a group of oxidoreductases (EC 

1.10.3.2) and include copper-containing oxidases that can catalyse a reduction in molecular 

oxygen in water that bypasses the hydrogen peroxide formation (Equation 4 and Table 4) 

(Morozova et al., 2007). Laccases catalyse the oxidation of different organic substances, such 

as o-p-diphenols, aminophenols, polyphenols, polyamines, methoxy phenols lignins and aryl 

diamines. Laccases can be used without or with a mediator, such as syringate or HBT, but 

laccases with a mediator are reported (Rico et al., 2014) to be more effective at removing the 

lignin from the substrate compared to laccases without a mediator. However, syringate is a 

natural mediator and cheaper than HBT (Rico et al., 2014). Therefore, phenolic syringate 

should be used with laccases as a mediator. Adding a mediator with laccase leads to 

depolymerisation or polymerisation, while laccase without a mediator leads to only 

polymerisation, as shown in Figure 17. Laccases with phenolic mediators help to delignify the 

substrate with reduction-oxidation (redox) potential. Typical oxidative redox reactions can be 

seen in Figure 18 (Canas and Camerero, 2010; Christopher, Yao and Ji, 2014). Laccases should 

have the following properties: large substrate specificity, high redox potential, high tolerance 

for inactivation by radicals (organic solvents and shearing forces), ability to work with different 

mediators, extensive pH and optimal temperature, high enzyme activity and stability, and low 

production costs (Christopher, Yao and Ji, 2014). Since this list of properties is long, there are 

no ideal laccases available.  

Equation 4 reduces molecular oxygen into water: 𝐴𝐻2 +
1

2
𝑂2

𝐿𝑎𝑐𝑐𝑎𝑠𝑒
⇒     𝐴 + 𝐻2𝑂 (Morozova et 

al., 2007). 

Table 4. Laccase-related reactions without a mediator and with a mediator (modified from 

Sorensen et al., 2008). 

Laccases  Oxidise phenolic compounds without mediators.  

  Oxidise non-phenolic and phenolic compounds with mediators. 
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Figure 16. Structure of a lignin. Syringyl unit (S), guaicyl unit and p-hydroxy phenol unit in lignin 

(Saini et al., 2016). The inset describes the lignin units in detail: A) paracoumaryl alcohol (p-

hydroxyphenol [H]), b) coniferyl alcohol (guaiacyl [G]) and sinapyl alcohol (syringyl [S]). 
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Figure 17. The reaction mechanism of laccases without a mediator and laccases with a 

mediator (modified from Munk et al., 2015). 

 

 

Figure 18. The oxidation reactions of non-phenolic lignin model compound (p-anisilic alcohol) 

by a laccase mediator (left). Two oxidation mechanisms are shown: electron transfer (ET) and 

hydrogen transfer (HAT) (Canas and Camerero, 2010). 

Toxic phenolic components are often the problem with fermentation and ethanol production. 

For example, enzymatic detoxification with laccases is an efficient way to remove phenolic 

compounds from lignocellulosic materials that are pre-treated with steam (Oliva-Taravilla et 
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Activation of lignin structure with 
mediator

Attachment of mediators

Grafting (single attachment)

•Changes in properties (eg. lignin 
solubility)

Depolymerization 

•Release of lignin substructures 

•Decrease in average molecular weight
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al., 2016). Enzymatic hydrolysis with laccases reduces the lag phase of the fermentative 

microorganism and improves volumetric productivities in the ethanol process. However, sugar 

yields are reported to be lower within the laccases (Oliva-Taravilla et al., 2016). Furthermore, it 

has been observed that the oxidation of the lignin that is catalysed by laccases can also induce 

an inhibitory effect on the enzymatic hydrolysis. The ratio of free and active enzymes plays a 

critical role when using laccases in hydrolysis.  

 

4.3.1. Possible commercial applications of laccase systems 
 

This section concentrates on the products that can be created with laccase systems (Morozova 

et al., 2007). For example, surface charges in the lignocellulose can be increased and paper and 

cellulose fibre can be made hydrophobically using laccases or laccase mediator systems (LMS). 

The environmentally safe process of LMS could replace the chlorine bleaching of pulp. Laccases 

can also be used in fabric industry, such as DeniLite®(Novozyme, Denmark) in the degradation 

process. The laccase preparation process includes a redox changer, phenothiazine-propionate 

and nonionic surfactants. Laccases are obtained from genetically modified species, such as 

genus Aspergillus.  

Laccases and LMSs can be used in a number of other applications, such as dyeing keratin 

fibres, bleaching tooth enamel, binding biodegradable polymers, enzymatic synthesis and 

modification of synthetic and polymeric materials.  

 

4.4. The effect of pH in enzymatic hydrolysis 
 

Hydrolysis can be done in either a low-pH or high-pH environment, depending on the chemical 

pre-treatment methods and pH. Sections 4.4.1 and 4.4.2, describe briefly the advantages and 

disadvantages of both environments. The starting pH level for the experiments was in the mid-

range at about 6.2. 

 

4.4.1. Low-pH hydrolysis  
 

Low-pH hydrolysis occurs after the acidic pre-treatment (Trajano and Wyman, 2013). Two 

primary advantages of low-pH reactions are: high availability of H2SO4 and SO2 and high 
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product yields. The disadvantage of low-pH hydrolysis is the high capital costs of equipment 

and reactors. These costs are high because the process calls for expensive and corrosion-

resistant materials. In addition, the solid and liquid streams resulting from low-pH pre-

treatment need washing or neutralisation, extended times and high temperatures are needed 

for the hydrolysis of cellulose. Mild acid conditions also lower the effects on cellulose 

crystallinity. Hemicellulose is branched, amorphous and more susceptible to hydrolysis by 

acids than cellulose. The hemicellulose degradation into monosaccharides in acids depends on 

the hydrolysis conditions and acidifying agent. For example, the pre-treatment of sugarcane 

with H2SO4 resulted in the complete removal and partial degradation of the xylan and SO2. The 

pre-treatment removed less xylan and produced substantially fewer degradation products, 

such as furfural. The differences were due to the amount of H2SO4 and SO2 that was absorbed 

before the treatment.  

 

4.4.2. High-pH hydrolysis 
 

High-pH hydrolysis often occurs after the alkaline pre-treatment method. The alkaline 

treatment targets the cellulose, hemicellulose and acetyl groups. This treatment is less 

expensive and controlling the operation conditions is less important than low pH hydrolysis. 

The disadvantage of the alkaline treatment is that delignification is needed for effective 

hydrolysis because decreasing the amount of the lignin increases the digestibility of the 

biomass. Delignification can be done with oxidative methods, and a basic oxidative reaction is 

presented below in Equation 5 (Ramirez, Holtzapple and Piamonte, 2013). 

𝑂2
𝑒−,𝐻+

→   𝐻𝑂 ∗
𝑒−,𝐻+

→   𝐻2𝑂2
𝑒−,𝐻+

→   𝐻𝑂 ∗
𝑒−,𝐻+

→   𝐻2𝑂 

 

5. Experimental design  
 

Various enzyme combinations were used to find the combination of laccases and cellulases 

that would lead to the highest glucose yields. Laccases without a mediator was used in the 

experimental part of this thesis because there was no knowledge about how laccases improve 

the enzymatic yield of the SPORL without mediators. Table 5 presents the conditions under 

which SPORL-pre-treated material can be found. The sulphate spent liquor values were taken 

from the literature because liquor was not produced by the SPORL-treated material. 
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Moreover, the feedstock’s pH was neutral (6.2). Experiments were used to determine if the 

laccases could help to reduce the lignin inhibition effects during the enzymatic hydrolyses and 

to measure the glucose yield with each chosen method. The best laccase and cellulose 

combinations were examined during the 72h hydrolyses to determine if laccases could have 

positive effects on the hydrolysis yield by increasing the speed of the hydrolysis reaction or 

increasing sugar concentrations. The 14h hydrolyses were done as part of the 72h experiments 

to find out how fast the hydrolyses were. The industrial environment was examined by finding 

the right dosage of the chosen laccase within the dosage tests. The findings were confirmed by 

examining the industrial environment with high-consistency experiments. Possible industrial 

applications can be found in Figure 19. Residual feedstock is often ideal because, otherwise, it 

is burned in pulp mills. As shown in section 4.3, the mixture of the laccases and cellulases may 

increase the accessibility of the lignin by polymerising or modifying the lignin (Munk et al., 

2015). 

                      

Figure 19. Industrial application with laccases and cellulases. 

Table 5. Typical conditions for SPORL-treated feedstock (modified from Gu and Gilles, 2016). 

 

Condition/component 

  
C-t160 (name for 
method) 

T (C°) 
  
140 

Heat-up time to T (min) 
  
32 

Time at T (min) 
  
60 

Metal base 
  
Mg 

Total SO2 on wood   
(wt %)    32 (28.6) 

Combined SO2 on wood    
(wt%)1   4.4 (4.8) 

Liquor-to-wood ratio 
  

4 

Mixing mechanism   
Liquor 
circulation 

1 So2 in -Mg(HSO3)2 or Ca (HSO3)2 
  
  

Pulp mill  wood, 
pretreated with 
SPORL (residual 

feedstock)

Hydrolysis:Enzyme 
addition eg. 

laccases+cellulase 
(reduce 

recalcitrance)

Lignin 
polymerization, 

depolymerization 
or modification in 
residual feedstock

• Monosugars are 
accessible for 
fermentation
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6. Materials and methods 
 

The enzymatic hydrolysis experiments were done with a shaker and the laccases were added 

after 6 h of shaking before the cellulase enzymes were added for the cellulose hydrolysis. The 

experiments were done on SPORL-pre-treated feedstock, and commercial preparations of 

enzymes were used in the experiments. 

 

6.1. Sample preparation and properties 
 

The experiments were conducted with the SPORL-treated Douglas fir forest residue. The forest 

residue, FS10, was collected from the regeneration harvest where Douglas fir primarily stand 

on Mosby creek, located Southeast of cottage Grove in Lane Country (USA) or the residue was 

owned by the Weyerhaeuser company (Federal Way, WA) (Gu et al., 2016). The dry matter 

content in the SPORL-pre-treated material was 24.7%. The wood material was not mixed 

before hydrolysis, and there were no other preparations made for the feedstock before 

hydrolysis.  

 

6.2. Composition analysis of Douglas fir forest residue 
 

Table 6 presents the composition of the Douglas fir forest residue. The main components of 

Douglas fir forest residues are glucan (37.30%) and lignin (33.5%). The values were taken from 

literature because there was no spent liquor available. 

Table 6. Results calculated based on particle size distribution and fractions of different sizes of 

the Douglas fir forest residue (modified from Sessions et al., 2012). 

Bark 

content 

(%) 

Wood 

content 

(%) 

Ash 

content 

(%) 

K.Lignin 

(%) 

Arabinose 

(%) 

Galactose 

(%) 

Glucan 

(%) 

Xylan 

(%) 

Mannan 

(%) 

Overall 

content 

(%) 

22.62 76.79 1.46 33.53 1.74 3.02 37.30 6.96 6.57 90.58 
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6.3. Pre-treatment analysis 
 

The substrate composition was analysed with the acid hydrolysis in 3 ml of 72% sulphuric acid, 

based on the NREL/TP-510-42618 method. The standards were set according to the NREL/TP-

510-42618 method and were used to correlate the acid hydrolysis loss in the autoclave. First, 

about 300 mg of sample was weighed and put into the water bath. Second, after 15 minutes, 3 

ml of sulphuric acid was added to the sample. The sample was mixed every 15 minutes with a 

glass rod each time. The total mixing time for the water bath was 60 minutes. Next, the sample 

was transferred to autoclave bottles using 85 ml of water and autoclaved at 121°C for about 

one hour. Finally, monosugars and acid-soluble compounds were analysed from the spent 

liquor produced by the acid hydrolysis. Morover, acid-insoluble lignin was gravimetrically 

analysed with G3 sinter after the G3 sinter was dried in the oven (Sluiter et al.,2012). 

 

6.4. Laccase activities 
 

Laccase activity can be measured with different methods, and the chosen method for this 

study was 2,2’-Azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS; Irshad et al., 2011). L111 

was diluted to 1:50, and L204 and L311 were diluted to 1:10 with water or buffer. All laccases 

aliquots were transferred to a centrifuge tube and centrifuged for 1–2 min with the maximum 

speed on the table centrifuge. Finally, supernatant was used for the measurement.  

Next, 5 mM of ABTS solution in 100 mM of Na acetate with a buffer pH of 4.2 was prepared 

and chilled on ice. Then, 10 µl of enzyme was pipetted into a 96-well spectra plate on ice. The 

samples were left on ice for 10–12 min (until a green colour was developed) and the 

incubation plate was read at 405 nm (readings OD 0.3 and 3.0). The background was 

subtracted from each sample, and relative activity was calculated by comparing it to the 

reference sample.  

 

6.5. Protein concentration of cellulase enzyme samples 
 

Protein concentrations were measured using the cellulose MetZyme® SUNOTM 036 with the 

BCA-method (Binicchonic Acid Protein Assay Kit) (sigma-aldrich.com, 2016). The protein 

amount can be used by comparing the cellulases. The BCA method relies on the formation of a 
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Cu2+-protein complex under alkaline conditions, followed by a reduction of Cu2+ to Cu1+. The 

amount of reduction is proportional to the protein present in the cellulase. Peptide, cysteine, 

cysteine, tryptophan, tyrosine and peptide bonds can reduce Cu2+ to Cu1+. Furthermore, BCA 

forms a blue complex with Cu1+ in alkaline environments and provides the basis upon which to 

monitor the reduction of alkaline Cu2+ by proteins.  

The working reagent of BCA was made by mixing 8 ml of reagent A with 0.16 ml of reagent B. 

Reagent A is comprised of bicinchoninic acid, sodium carbonate, sodium tartrate and sodium 

bicarbonate in 0.1 N NaOH (final pH 11.25). Reagent B is comprised of copper (II) Sulphate 

Pentahydrate 4% solution. Standard dilutions were made so that the protein concentrations 

were in the range of 200–1000µg/ml (in a 96-well plate: 5–25 µg). The sample was diluted with 

different dilutions and the absorbance was read at 562 nm. The standard curve was drawn (x-

axis = protein content, y-axis = absorbance) and the correct protein concentration was found 

with a sample dilution of 1:500. The protein content of MetZyme® SUNOTM 036 was calculated 

from the standard curve, and the protein content was measured because there were no 

measurements done earlier on cellulase activity or protein content.  

 

6.6. Experiments with four different laccases 
 

Four different laccase samples were tested to determine how the preceding treatment with 

laccase increases the efficiency of cellulose hydrolysis by a commercial cellulase mixture. 

Efficiency was measured by monitoring the monosaccharide yield. 

Flasks with 125 ml of solution were used to perform the experiments. A sample of 30 g of 

substrate with 10% consistency was used in these experiments. Half of the flasks were filled 

with MilliQ water and half of the flasks were filled with the buffer (succinate 0.1 M). Four 

different laccases were tested one by one. The hydrolysing enzyme was MetZyme ® SUNOTM 

036 and 0.1 M of succinate buffer with a pH level of 5 or MilliQ water were used. The controls 

were flasks without hydrolysing enzyme and laccase (only substrate). Table 7 presents the 

laccase activities in each laccase sample. The amount of MetZyme® SUNOTM 036 was 300 µl 

and the laccase amount was 150 µl in each experiment. The laccases were incubated for 6 h 

before adding the cellulose enzyme. After this, the hydrolysis lasted 72h. Every experiment 

was done three times to calculate the error bars. The samples were collected at 0 h, 24 h, 48 h 

and 72 h in Eppendorf tubes of 2 ml and the tubes were centrifuged for 30 min at 13 500 RPM. 

The glucose results were measured using YSI 2950 from the reaction supernatants. 
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Table 7. Activities of different laccases. 

Laccase Activity (µkat/L) 

Laccase (L311)1 1600 

Laccase (L111) 2000 

Laccase (L204) 204 

MetZyme® Ligno 250 

 1Has an alkaline pH. 

 

6.7. Short hydrolysis 
 

Short hydrolyses were done to investigate the fast time response of laccase L311 and cellulase 

combinations. Laccases were added 6 h before the experiment. A short hydrolysis of 14h was 

part of the 72h hydrolysis.  

Trials were conducted using flasks with a total volume of 30 g and a 14h time limit. The 

consistency was chosen to be 10%. The amount of Laccase L311 was 150 µl, the MetZyme® 

SUNOTM 036 amount was 300 µl and the buffer amount was 0.1M succinate with a pH level of 

5. A reaction with only MetZyme ® SUNOTM 036 (without laccase) was used as the control. The 

samples were collected in 2 ml Eppendorf tubes and centrifuged at 10 000 RPM for 3 min and 

then the sugar concentrations from the supernatants were measured using HPLC. The 

experiments were done two times.  

 

6.8. Dosage measurements 
 

The aim of the dosage tests was to investigate the optimal amount of laccase for producing 

sugar in order to say on the production costs of the enzyme.  

Trials were run with flasks of 125 ml. Substrate of 30 g with 10% consistency in 0.1 M of 

succinate buffer with a pH level of 5 was used. Dosage amounts of laccase L311 were used 

with the following amounts: 150 μl/30 g, 300 μl/30 g, 75 μl/ 30 g, 37.50 μl/30 g and with 25 μl/ 

30 g. MetZyme® SUNOTM 036 was kept at a constant level of 300 µl/30 g. The control sample 

with only MetZyme® SUNOTM 036 was used to determine the yield increase with laccase. The 

duration of the hydrolysis was 24 h. The tests were done two times with amounts of 300 µl/ 30 

g, 150 µl/ 30 g, 75 µl/ 30 g, 37.50 µl/ 30 g and 25 µl/ 30 g. The dilution tests were measured 

after the dosage tests to determine if the laccases had an effect on the reaction rate. The 
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dilutions were 0.04 µl/ 30 g, 0.0133 µl/ 30 g and 0.01 µl/ 30 g. The duration of the dilution 

tests was 14 h and they were repeated two times. Samples of 2 ml of Eppendorfs were 

collected and centrifuged within 3 minutes at 10 000 RPM. The sugars in the supernatants 

were measured using HPLC.  

 

6.9. High-consistency enzymatic hydrolysis with reactors 
 

Experiments with reactors were conducted to show the results of hydrolysis in the industrial 

environment, as the reactors used in this experiment were much smaller than those used in 

the industry. Laccase was added 6 h before the addition of the cellulase enzymes.  

High-consistency hydrolysis was conducted using Kenwood reactors (cooking chef) with a 

volume of 5 l, as well as 365 g of substrate, 5 ml of Laccase L311, 10 ml of MetZyme® SUNOTM 

036 and 153 g of MilliQ water. The temperature was kept at 50 °C. A control sample with only 

MetZyme® SUNOTM 036 (without laccase) was used to define the increase in the monosugar 

yield with laccase. The consistency for this experiment was set at 20% and the enzymes were 

based on the results from the 72h flask experiments. The hydrolysis duration was set to 72 h. 

The samples were collected at 0h, 24h, 48h and 72h after cellulase treatment. Two parallel 

samples were used and collected in 2 ml Eppendorf tubes, which were then centrifuged at 

10 000 RPM for 3 min. The monosugars from the supernatants (glucose and xylose) were 

measured using YSI 2950.  

7. Results and discussion 
  

This section discusses the results from all of the experiments. Sugar concentrations were 

calculated from supernatants based on the amount of substrate, consistency, average values 

and dryness of the samples. SPORL-treated feedstock was washed to find a good balance of 

mass. No significant differences in sugar yields between samples were examined. Laccase L311 

had the highest sugar concentration in every experiment. Overall, laccase L311 had a positive 

but insignificant effect on sugar production. The error bars represent the standard deviations 

from the samples in each hydrolysis. Xylose amounts were measured in all of the experiments, 

which were small, and the xylose curves were illogical. For that reason, the xylose amounts 

were excluded from the results. 
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7.1. Pre-treatment results 
 

Table 8 describes the sulphate spent liquor values, which were taken from the literature 

because no liquor was produced by the Douglas fir residue. Mannose was the dominant 

component in the sulphate spent liquor with an amount of 47.96%. Table 9 shows the sugar 

content in the pre-treated SPORL. The average total composition of the solid residue was in 

the range of 91.24–94.24%. The average glucose amount was 59%, the average xylose amount 

was 2%, the average mannose amount was 3.40% and the average lignin amount was 28.2% 

based on the two samples. The total amounts of the glucose and Klason lignin varied based on 

the experimental analysis.  

Table 8. Sugar concentrations and lignin estimations in liquor from SPORL-treated Douglas fir 
residue (modified from Gu et al., 2016). 

Component Amount of component based 

on total concentration (%) 

Glucose 18.25  

Mannose 47.96 

Xylose 22.51 

Acetic acid 11.27 

Levulinic acid 0.24 

HMF 0.22 

Furfural 0.90 

Lignin1 5% to 10% 

Total amount (g/L) 36.82 g/L (no lignin in total 

amount) 

 
1Lignin was determined from (Leu, Zhu, Gleisner, Sessions, & Gevan, 2013). 

Table 9. Measured results (left) and results from study (right) (Harde, et al., 2016)2. 

Component SPORL-measured 

(% dry matter), 

SW, glucose 

SPORL from 

study2 (% w/w), 

SW, glucan 

Glucose/glucan 59.0  69.4 

Xylose 2.0  2.1 

Mannose 3.4 2.6 

Klason lignin 28.2 21.0 

Acid soluble lignin 0.080557 ND 

Total amount (%) 92.6 94.7 
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7.1. Control experiments that produced monosaccharides 
 

The ability of laccase L311 to release monosaccharidess without the presence of MetZyme® 

SUNOTM 036 was tested. The samples were collected after 72h of incubation in 2-ml Eppendorf 

tubes and centrifuged at 10 000 RPM for 3 min. The experiment was performed as two-parallel 

incubations. The supernatants were analysed with HPLC. The laccase L311 treatment alone did 

not produce any detectable monosaccharides from the SPORL-treated material.  

The presence of monosaccharides in the commercial enzyme samples was also tested with 

HPLC. Laccase L311 did not contain any monosaccharides (glucose and xylose), and the 

MetZyme® SUNOTM 036 solution had 16 mg/l of glucose. This was taken into account when 

calculating the sugar amounts that resulted from the enzymatic hydrolysis.  

 

7.2. Experiments with four different laccases 
 

MetZyme® SUNOTM 036 liquefied the SPORL-pre-treated samples quite quickly. The flask 

experiments were used to study whether the treatment with different laccases would improve 

the ability of the commercial MetZyme® SUNOTM 036 enzyme mixture to hydrolyse SPORL-pre-

treated softwood. The L111, L204 and L311 laccases improved the glucose yield when the 

experiments were done in a succinate buffer (Figure 21 and Figure 23). Laccase L311 was 

clearly the most effective among the studied laccase enzymes when the experiments were 

done in water instead of buffer (Figure 22 and Figure 24). Other laccases did not show much 

effect. In the experiments with the buffer, the laccase activity in the enzyme sample (Table 10) 

did not seem to play a particularly crucial role. Although L111 and L311 have the highest 

enzyme concentrations and showed the highest effects in the buffer, laccase L204 showed a 

low amount of activity while still having a significant effect on the glucose yield (Figure 22). 

However, only L311 was effective in the experiments done in the water, which indicates that 

reasons other than just the amount of activity is important for the effect of laccase on 

improving glucose yield in cellulose hydrolysis. Laccase L311 increased glucose production by 

14% in the hydrolysis with MetZyme® SUNOTM 036 at 72 h and 26% at 48h. There is more 

uncertainty when calculating the exact improvement percentage in the graphs that used a 

buffer. The amount of laccase activity in the commercial enzyme sample depends on the 

microbial production efficiency (and processing of the sample, if done). Therefore, laccase 
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production with the L311 strain appears to show the most promising activity for further 

optimisation of the production strain.  

The protein concentration of MetZyme® SUNO 036 was 192.7 mg/ml, therefore, 300 µl of 

MetZyme® SUNO included 57.8 mg of protein. Figure 20 presents the standard curve for the 

protein analyses. Laccase L311 was the most effective in terms of glucose production as seen 

in Figures 21-24. One of the reasons for improving the effect of laccase is that they are said to 

modify the lignin so that enzymes are not inactivated by absorbing to lignin (Moilanen et al., 

2014; Grönqvist et al., 2005). The pH of the reaction mixture in MilliQ water dropped from 6.2 

to 4.2 during hydrolysis. In the succinate buffer, the pH stayed at 5 pH, which is generally 

recommended for enzymatic cellulose hydrolysis (Gu et al., 2016). However, the optimal pH 

depends on the enzyme type and for Novozymes’ Cellic Ctec 2, the pH should be 5.5–6.2 in 

SPORL-based experiments (Lan, Hongming and Zhu, 2013). For Cellulast 1.5 L, the pH is 

reported to be in the range of 5.2–5.7 in experiments with SPORL-treated material (Lan, 

Hongming and Zhu, 2013). Figures 21 and 22 show how much glucose was produced in the 72h 

hydrolysis, and Figures 21 and 23 include results from the short (14 h) hydrolysis, which 

includes four different measurements.  

Figures 23 and 24 show the hydrolysis yields based on the glucose concentrations in the 

SPORL-treated substrate. The total conversion yields of the 72h experiments were in the range 

of 54–70% based on three parallel samples. As seen in Figure 25, the results from the 72h 

hydrolyses were a bit higher with Cellic Ctec 3 (10 FPU/ g glucan) with hydrolysis yields of 

about 70% while hydrolysis yields in experiments were in range of 60 % with MetZyme® 

SUNOTM 036. Results with higher amounts of Cellic Ctec 3 (20 FPU/g glucan) were significantly 

higher than those acquired in the experiments with MetZyme® SUNOTM 036. The results may 

differ between studies since the solid loading and enzymes were different. Furthermore, since 

the goal of this thesis was to test the effect of laccases, the experiments with MetZyme® 

SUNOTM 036 cellulase were not optimised and the loadings of the enzymes were not based on 

FPU activity. Future studies should optimise these conditions. 

Table 10. Laccase activity in the samples used in this study. 

Type of laccase  

Activity 
nano kat/L 

Laccase 
(µL/30 g) 

 Laccase 
based on 
used laccase 
(nano kat) 

Laccase (nano 
kat)/hydrolysis volume 
(30 g) 

Laccase (L311) 1600 150 240 8 

Laccase (L111)  2000 150 300 10 

Laccase (L204)  500 150 75 2.5 
MetZyme® 
LIGNO™  250 150 37.5 1.25 
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Figure 20. Standard curve determined by Bicinchoninic Acid Protein Assay Kit test. X-axis 

presents protein concentration in µg/ml and Y-axis represents absorbance at 562 nm. 

 

Figure 21. Results from 10% consistency samples with 0.1 M succinate buffer (pH 5) based on 

the SPORL-treated sample. Y-axis presents the time in hours and x-axis presents the glucose 

amounts in the 30-g sample.  

y = 0,001x + 0,1109
R² = 0,9938

0,00

0,20

0,40

0,60

0,80

1,00

1,20

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0

A
B

SO
R

B
A

N
C

E 

PROTEIN CONTENT 

STANDARD CURVE

0

100

200

300

400

500

600

0 20 40 60 80

G
lu

co
se

 m
g 

b
as

ed
 o

n
 S

P
O

R
L 

(3
0

g)
 s

am
p

le

Time (h)

72h hydrolysis in buffer

Laccase (L311)+ MetZyme®
SUNOTM 036

Laccase (L111)+MetZyme®
SUNOTM 036

Laccase (L204)+MetZyme®
SUNOTM 036

Laccase MetZyme® 
LIGNO™+MetZyme® SUNOTM 036

MetZyme® SUNOTM 036



 

41 
 

 

Figure 22. Results from 10% consistency reaction in the SPORL-treated sample. The 

experiment was done in MilliQ water. X-axis presents the time in hours and Y-axis presents the 

obtained glucose amounts from the 30-g sample. 

 

 

Figure 23. Results from 10% consistency reaction in the SPORL-treated sample with 0.1 M 

succinate buffer (pH 5). X-axis presents the time in hours and Y-axis presents the obtained 

glucose amounts from the 30 g sample. 
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Figure 24. Results from 10% consistency reaction in the SPORL-treated sample. The 

experiment was done in MilliQ water. X-axis presents the time in hours and Y-axis presents the 

obtained glucose amounts from the 30-g sample. 

 

Figure 25. Enzymatic hydrolysis results from the study with different enzyme loadings and 

enzymes, same feedstock and 15% consistency. SED = substrate enzymatic digestibility (Yang 

et al., 2016). 
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average yields between Laccase 311 + MetZyme® SUNOTM 036 treatment and the control 

(MetZyme® SUNOTM 036 alone) was about 2%. The reason could be that during the 14h 

reaction the enzyme proceeds quite well in both cases and the bigger differences appear when 

the initial fast stage is passed. No arabinose, mannose and galactose were detected in HPLC 

measurements. 

 

7.4. Dosage tests 
 

The optimal laccase dosage was 1.3 nkat/30 g in the SPORL-treated substrate. Table 11 

describes the differences between the different laccase L311 activities based on the hydrolysis 

volume. Figure 26 shows the laccase L311 dosage experiment was in the range of 0–16 nkat 

laccase/30 g in the SPORL sample. Figure 27 gives the glucose yields from this experiment. A 

comparison with the zero point indicated that hydrolysis yields did not improve when laccase 

amounts were too high. However, adding small amounts of laccase produced more sugars than 

the sample with cellulase (MetZyme® SUNOTM 036) alone. Figure 28 presents the results from 

the dosage tests with even lower amounts of laccase (0–1.3 nkat/30 g). The same optimal 

point of 1.3 nkat /30 g showed the highest amount of glucose production, as in the earlier 

experiment. Table 12 shows the glucose yield results from this experiment. These results 

indicated that too much laccase might modify lignin in such a way that the lignin might 

become inactivate during cellulose hydrolysis. This finding is very preliminary and requires 

confirmation from further experiments.  
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Table 11. Experimental design and amounts of laccase L311 based on activity. 

Activity 

nano 

kat/ml 

Sample Laccase 

(µL/30 g) 

 Laccase 

activity based 

on amount of 

laccase used in 

the 

experiment 

(nano kat) 

Laccase amount 

(nano 

kat)/hydrolysis 

volume (30 g) 

1600 1 300 480 16 

1600 2 300 480 16 

1600 3 150 240 8 

1600 4 150 240 8 

1600 5 75 120 4 

1600 6 75 120 4 

1600 7 37.5 60 2 

1600 8 37.5 60 2 

1600 9 25 40 1.333 

1600 10 25 40 1.333 

 

 

 

Figure 26. Glucose yield in cellulose hydrolysis depends on dosage of laccase L311. Y-axis 

presents the glucose amount in mg based on an oven-dried SPORL sample (30 g). X-axis 

presents different amounts (µl) of laccase L311. The hydrolysis time was 24 h. 
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Figure 27. The glucose yield in percentages based on data in Figure 26. Y-axis shows glucose 

yields in percentages and X-axis shows the amount of laccase. A laccase amount of zero 

indicates that there is only MetZyme® SUNOTM 036 in the sample. 

 

Figure 28. Impact of Laccase L311 dilution on hydrolysis based on the SPORL sample (30 g). Y-

axis represents the glucose amount based on the OD wood and x-axis shows the different 

dilutions as µl. A laccase amount of zero indicates there is only MetZyme® SUNOTM 036 

enzyme in the sample. 
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Table 12. Glucose yields based on different dilutions at 14h. 

Dilutions 
(µl/30 g) 

Laccase (L311) + 
MetZyme® 
SUNO™ 036 
Yields (%) based 
on glucose 
content 

0.01 41% 
0.013 45% 
0.02 45% 
0.4 43% 
25 46% 

 

7.5. High-consistency enzymatic hydrolysis 
 

The effect of laccase L311 was tested at 20% consistency in MilliQ water. The samples were 

hydrolysed for 72h. Figure 29 shows the yields based on the amount of glucose. The yields 

from the high-consistency experiments were not in the same range as the flask experiments in 

the 72h hydrolysis experiment. The yields were in the range of 49–45%. The laccase L311 

treatment before MetZyme® SUNOTM 036 hydrolysis did not produce essentially higher yields 

compared to the treatment with MetZyme® SUNOTM 036 enzyme alone. The yield difference 

was 10–20% compared with the flask experiments (10% consistency), which was probably 

caused by the overall lowering effect of high solids on reaction efficiency, for example, the 

mass transfer effect and inactivating the binding of enzymes to solid fractions (Modenbach 

and Nokes, 2013) (Kristensen, Felby and Jorgensen, 2009). Because of the general problems 

caused by high levels of solids, it is possible that the laccase treatment and dosing should have 

been optimised for these conditions. 
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Figure 29. Glucose yield of laccase L311 combined with MetZyme® SUNOTM 036 compared with 

MetZyme® SUNOTM 036 alone. X-axis presents the time in hours and y-axis shows the yield. 

 

8. Conclusion 
 

SPORL is competitive as a pre-treatment method because it has several advantages over the 

other common pre-treatment methods, such as steam pre-treatment. All the experiments and 

tested enzyme mixtures with Douglas fir forest residue were successful as monosaccharides, 

especially glucose, which were produced from the samples used in all of the experiments.  

The purpose of this study was to determine how a 6h treatment with laccase before enzymatic 

cellulose hydrolysis improved the yield of glucose. The enzyme treatments were done either in 

0.1 M of succinate buffer (pH 5) or in water (pH changed from 6.2 to 4.2). The results obtained 

from the MilliQ water experiment differed from the results with 0.1 M of succinate buffer: the 

cellulose hydrolysis saw more improvement with more laccases in 0.1 M of succinate buffer 

than in water. Laccase L111 was most active in the buffer, whereas L311 was most active in 

water but was also active in the buffered conditions. The yields (glucose and xylose) were in 

the range of 60–70% after a 72h treatment. At best, the laccase treatment increased the 

glucose yield by 14–26% at 48h and 72h, respectively. Laccase treatment before cellulose 

hydrolysis may also shorten the required hydrolysis time. Despite the lack of milling, all the 

samples were hydrolysed within 14h with a yield of 47–48%. The optimal dosage amount for 

laccase L311 was 1.3 nkat/30 g in the SPORL-pre-treated material. Errors in experiments were 
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probably due to the lack of milling of the SPORL substrate and pipetting of the time-response 

samples into the Eppendorf tubes (Hendriks and Göran., 2009).  

The yield in the laboratory-scale reactor with 20% consistency was in the range of 45–49% in 

the 72h reaction. Therefore, the glucose yield clearly dropped from the 10% consistency level. 

Furthermore, the laccase treatment did not appear to bring any clear benefit in the 20% 

consistency reaction. The reason might be that the mass transfer problems and probably the 

enzyme absorption of solids behaved in such a way that the laccase treatment was not 

successful. To transfer the benefits of the laccase treatment seen in the 10% consistency 

experiment to the 20% consistency experiment likely requires optimisation of the reaction 

conditions.  

In conclusion, the experiments might show that laccases reduced the recalcitrance of SPORL-

pre-treated softwood. However, the results might be affected by the fact that the starting 

material already contained lignin in a ‘softened’ form (Tian et al., 2010; Moilanen et al., 2014)  

 

8.1. Future experiments 
 

Several variables were not investigated during these experiments. First, the optimal pH was 

not tested for the reactions with laccases. Experiments with different pH values could be done 

later. Second, other types of laccases should be examined with more carefully administering 

the enzyme dosages (Oliva-Taravilla et al., 2016). Since the production levels of laccases can 

differ between different production strains, the full comparison should contain equal amounts 

of laccase activity in the reaction. Third, it is important to test if the addition of a mediator to 

laccase could have a positive effect on the hydrolysis yield since there is about 28.2% lignin in 

the SPORL-pre-treated feedstock (Rico et al., 2014). Moreover, enzymatic saccharification with 

other hydrolytic enzymes (e.g., hemicellulases) could be tested with the laccases to see if there 

is a significant advantage for the fermentation yield (Lou et al., 2013). Lastly, the optimisation 

of the SPORL process with various assisting enzymes should be studied further.  

 

 

 

 

 



 

49 
 

 

9. References 
 

Agbor, V.B., Cicek, N., Sparkling, R., Berlin, A., Levin, D.B., 2011. Biomass pre-

treatment:Fundamentals toward application. Biotechnology Advances (29), pp.675–685. 

Alen, R. and Viikari, L., 2011. Biochemical and chemical conversion of forest biomass. In R. 

Alen, Biorefining of forest resources, 7, pp.232–258. 

Alvarez, C., Reyes-Sosa Francisco, M. and Diez, B., 2016. Enzymatic hydrolysis of biomass from 

wood. Microbiological biotechnology, (9), pp.149–156. 

Alvarez-Vasco, C., Guo, M. and Zhang, X., 2015. Dilute acid treatment of douglas fir forest 

residues: Pre-treatment yield, hemicellulose degration, and enzyamtic hydrolysability. 

Bioenergy resources, (8), pp.42–52. 

Arantes, V. and Saddler, J. N., 2010. Access to cellulose limits the efficiency of enzymatic 

hydrolysis: the role of amorphogenesis. Biotechnology for biofuels, 3, pp.2–11. 

Canas, A.I. and Camerero, S., 2010. Laccases and their natural mediators: Biotechnological 

tools for sustainable eco-friendly processes. Biotechnology Advances, 28, pp.694–705. 

Chittaranjan, K., Joshi, P.C. and Shonnard, D.J., 2012. Sulfite Pre-treatment-SPORL. In: 

Handbook of bioenergy crop plants. CRC Press. pp. 387–390 

Christopher, L.P., Yao, B. and Ji, Y., 2014. Lignin biodegradation with laccase-mediator systems. 

Energy research, 2, pp.1–12. 

Deepak, K. and S.Murphy.Ganti., 2013. Stohastic molecular model of enzymatic hydrolysis of 

cellulose for ethanol production. Biotechnology for biofuels. 

Demirbas, A., 2009. Biorefineries: Current activities and future developments. Energy 

conversion and managament, 50, pp.2782–2801. 

Energy, oil & gas (2016, 3). Challenging the conventional. St1 Biofuels Oy. Available at: 

http://www.energy-oil-gas.com/2016/03/14/st1-biofuels-oy/ [Accessed 8 May 2017] 

Göran, G., 2015. Softwood kraft lignin: Raw matarial for the future. Industrial crops and 

products, 77, pp.845–854. 

Galbe, M. and Zacchi, G., 2002. A review of the production of the ethanol from softwood. 

Applied Microbial Biotechnology, 59, pp.618–628. 

Grönqvist, S., Viikari, L., Niku-PAavola, M.L., Orlandi, M., Canevali, C. and Buchert, J., 2005. 

Oxidation of milled lignin with laccase tyrosine and horsedish peroxidase. Applied Microbial 

Biotechnology, 67, pp.489–494. 

Gu, F., Gilles, W., Gleisner, R. and Zhu, J. (2016). Fermentative High-Titer Ethanol Production 

from Douglas-Fir Forest Residue without Detoxification on Using SPORL: High SO2 loading at 

Low Temperature. Industrial Biotechnology, 2, pp.1–9. 

Harde, S., Wang, Z., Horne, M., Zhu, J. and Pan, X., 2016. Microbial lipid production from 

SPORL-treated Douglas fir by Mortierella isabellina. Fuel, 175, pp.64–74. 

http://www.energy-oil-gas.com/2016/03/14/st1-biofuels-oy/%20%5bAccessed


 

50 
 

Heap, L., Green, A., Brown, D., van Dongen, B. and Turner, N., 2014. Role of laccase as an 

enzymatic pre-treatment method to improve lignocellulosic saccharification. Catal. Sci Technol, 

4, pp.2251–2259. 

Hendriks, A. and Zeeman, G., 2009. Pre-treatments to enchance the digestibility of 

lignocellulose biomass. Bioresource Technology, 100, pp.10–18. 

Hu, Gang., Heitman John.A. and Rojas, Gaona, Orlando., 2008. Feedstock pre-treatment 

strategies for producing ethanol from wood, bark and forest residues. Bioresources, 3(1), 

pp.270–294. 

Hu, G., Heitmann, J.A. and Rojas, J.O., 2008. Feedstock pre-treatment strategies for producing 

ethanol from wood, bark and forest residues. Bioresources, 3, pp.270–294. 

Hu, J., Arantes, V. and Saddler, J.N., 2011. The enchanment of enzymatic hydrolysis of 

lignocellulose substrates by the addition of accessory enzymes such as xylanase: is it and 

additive or synergetic effect? Biotechnology for biofuels, 4, pp.1–13. 

Hubbell, C.A. and Ragauskas, A.J., 2010. Effect of acid-chlorite delignification on cellulose 

degree of polymerization. Bioresource technology, 101, pp.7410–7415. 

Iakovlev, M. (2011). SO2-ethanol-water (SEW) fractionating of lignocellulose. Helsinki: 

Unigrafia Oy. 

Iakovlev, M., Pääkkönen, T. and Heiningen, A.V., 2009. Kinetics of SO2-ethanol-water pulping 

of spruce. Holforschung, 63, pp.779–784. 

Irshad, M., Asgher, M., Sheikh, M.A. and Nawaz, H. (2011). Purification an characterization of 

laccase produced by schyzophylum commune IBL-06 in solid state culture of banana stalks. 

Bioresources, 6, pp.2861–2873. 

J.J, Huijgen,Wouter., Smit, A.T., Reith, J.H. and Uil, H.D., 2011. Catalytic organosolv 

fractionation of willow wood and wheat straw as pre-treatment for ennzymatic cellulose 

hydrolysis. SCI: Research article, 86, pp.1428–1438. 

Knowpulp, 2016. Available at: 

<http://www.knowpulp.com/extranet/english/kps/ui/process/recovery/ui.htm> [Accessed 3 

March 2017]. 

KOMO, 2016. Alaska Airlines makes first commercial flight using fuel made from trees, forest 

residuals. Komo News, [online] 15 November. Available at: 

<http://komonews.com/news/local/alaska-airlines-makes-first-commercial-flight-using-fuel-

made-from-trees> [Accessed 5 May 2017]. 

Kristensen, J.B., Felby, C. and Jorgensen, H., 2009. Yield-determining factors in high-solids 

enzymatic hydrolysis of lignocellulose. Biotechnology for biofuels, 2, pp  

Lan, T.Q., Hongming, L. and Zhu, J., 2013. Enzymatic saccharification of lignocellulose should be 

conducted at elevated pH 5.2–6.2. Bioenergy Resources, pp.476–485. 

Leu, S.-Y., Zhu, J., Gleisner, R., Sessions, J. and Gevan, M., 2013. Rosbust enzymatic 

sacchrafication of Douglas-fir forest harvest residue by SPORL. Biomass and Bioenergy, 59, 

pp.393–401. 

http://komonews.com/news/local/alaska-airlines-makes-first-commercial-flight-using-fuel-made-from-trees
http://komonews.com/news/local/alaska-airlines-makes-first-commercial-flight-using-fuel-made-from-trees


 

51 
 

Liu, H., Zhu, J. and Fu, S., 2010. Effects of lignin-Metal Complexation on Enzymatic hydrolysis of 

Cellulose. Journal of Agricultural Food Chemistry, 58, pp.7233–7238. 

Lou, H., Zhu, J., Lan, T.Q., Lai, H. and Qiu, X., 2013. pH-induced lignin surface modification to 

reduce nonspecific cellulase binding and enhance enzymatic saccharification of lignocelluloses. 

ChemSusChem, 6, pp.919–927. 

Modenbach, A.A. and Nokes, S.E., 2013. Enzymatic hydrolysis of biomass at high-solids 

loadings – A review. Biomass and Bioenergy, 56, pp.526–544. 

Moilanen, U., Kellock, M., Galkin, S., & Viikari, L. (2011). The laccase-catalyzed modfication of 

lignin for enzymatic hydrolysis. NCBI (49), 492–498. 

Moilanen, U., Kellock, M., Varnai, A., Andberg, M., & Viikari, L. (2014). Mechanisn of laccase-

mediator treatments improving the enzymatic hydrolysis of pre-treated spruce. Biotechnology 

for Biofuels (177), 3–13. 

Morozova, O., Shumakovich, G. P., Shleev, S. V., & Yaropolov, Y. (2007). Laccase-mediator 

systems and their applications: A review . Applied biochemistry and microbiology (43), 523–

535. 

Mosier, N., Wyman, C., Dale, B., & Elander, R. (2005). Features of promising technologies for 

pre-treatment of lignocelluulose biomass. Bioresource technology (96), 673–686. 

Munk, L., Sitarz, A. K., Kalyani, J. D., & Meyer, A. S. (2015). Can laccase catalyze cleavage in 

lignin. Biotechnology Advances (33), 13–24. 

Munpondwa, E., Li, X., Tabil, L., Sokhansanj, & Adapa, P. (2016). Status of Canada's 

lignocellulosic ethanol: Part: II: Hydrolysis and fermentation technologies. Renewable and 

Sustainable Energy Reviews . 

Muurinen, E. (2000). Organosolv pulping A review and distillation study related to peroxyacid 

pulping. Thesis worker. 

Novozymes. (2015, May 4). Novozymes to supply enzymes to St1 Biofuels in Finland. Retrieved 

4 5, 2017 from http://www.novozymes.com/en/news/news-archive/2015/05/novozymes-to-

supply-enzymes-to-st1-biofuels-in-finland 

Oliva-Taravilla, A., Tomas-Pojo, E., Demuez, M., Gonzalez-Fernandez, C., & Ballesteros, M. 

(2016). Phenols and lignin: Key players in reducing enzymatic hydrolysis yields of steam-pre-

treated biomass in presence of laccase. Journal of Biotechnology (218), 94–101. 

Peter, W., & Höglinger O., A. L. (1986). Herstellung von Kunstfaserzellstoff nach dem 

Organosolv-AufschuBverfahren. (61). 

Potthast, A. (2008). Chemistry of kraft cooking. In S. Herbert (Ed.), Handbook of pulp, volume 

set 2 (pp. 405–421). 

Qing, Q., Hu, R., He, Y., Zhang, Y., & Wang, L. (2014). Investigation of novel acid-catalyzed ionic 

liquid pre-treatment method to imporve biomass enzymatic hydrolysis conversion. Appl. 

Microbial Biotechnology (98), 5275–5286. 

Ragnar, M., & Henriksson. (2000). Chemical pulp. In Ullman's encylopedia of industrial 

chemistry (pp. 1–89). Wiley. 



 

52 
 

Ramirez, R. S., Holtzapple, M., & Piamonte, N. (2013). Fundamentals of biomass pre-treatment 

at high pH. In Aquoeus pre-treatment of plant biomass for biological and chemical conversion 

to fuels and chemicals (pp. 145–169). 

Rico, A., Rencoret, J., Rio, J. C., MArtinez, A. T., & Gutierrez, A. (2014). Pre-treatment with 

laccase and a phenolic mediator degrades lignin and enhanses saccharification of Eucalyptus 

feedstock. Biotechnology for Biofuels (7), –. 

Saini, K. J., Patel, K. A., Adsul, M., & Singhania, R. (2016). Cellulase absorption on lignin: A 

roadblock for economic hydrolysis of biomass. Renewable Energy , 98, 29–42. 

Sessions, J., Zhang, C., Zhu, J. and Gleisner, R., 2012. Fraction of forest residues of Douglas-fir 

for fermentable sugar production by SPORL pre-treatment. Bioenergy Resources, 5, pp.978–

988. 

Sierra-Alvarez, Ryes and F.Tjeerdsma, Boke., 1995. Organosolv pulping of poplar wood from 

short-rotation intensive culture plantations. Division of Wood Science, Department of Forestry, 

27(4). 

sigma-aldrich.com. (2016). Technical Bulletin. Available at: 

http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Bulletin/b9643bul.pdf 

[Accessed date:8 May.2017] 

Sixta, Herbert.P., 2006. Handbook of pulp: Chemical pulping processes, (Vol. 1). WILEY-VH. 

Sjöström, Eero, 1993. Wood chemistry: Fundamentals and applications. Gulf professional 

publishing. 

Sjostrom, Eero, 2013. Wood chemistry. Elsevier. 

Sluiter, A., Hames, B., Ruiz, R., Scarlata, C., Sluiter, J., Templeton, D. and Crocker, D., 2012. 

Determination of structural carbohydrate and lignin biomass. Laboratory analytical procedure 

(LAP). 

Sorensen, B., Breeze, P.S., Bassam, E.N., Silveira, D.S., Yang, S.-T., Rosa, A.V., et al., 2008. 

Renewable Energy Focus e-Mega Handbook.  

Soudham, V.P., Raut, D.G., Anugwom, I., Brandberg, T., Larsson, C. and Mikkola, J.-P., 2015. 

Coupled enzymatic hydrolysis and ethanol fermentation: ionic liquid pre-treatment for 

enhanced yields. Biotechnology for biofuels, 8, pp.135. 

Tian, S., Luo X,L., Yang, X. and Zhu, J.Y., 2010. Robust cellulosic ethanol production from 

SPORL-pre-treated lodgepole pine using an adapted strain Saccharomyces cerevisae without 

detoxification. Biorecourse Technology, 101, pp.8678–8685. 

Trajano, H.L. and Wyman, C.E., 2013. Fundamentals of biomass pre-treatment at low pH. In: 

Aqueous pre-treatment of plant biomass for biological and chemical conversion to fuels and 

chemicals, Wiley, pp.103–129. 

Wang, Z.J., Zhu, J.Y., Zalesny, Ronald.Jr., S. and Chen, K., 2012. Ethanol production from poplar 

wood through enzymatic saccharification and fermentation by dilute acid and SPORL pre-

treatments. FUEL, 95, pp.606–614. 



 

53 
 

Wardhani, D.H., Azizah, A.A. and Ananta, M.Y., 2016. Physicochemical properties of acetylated 

glucomannan of Amorphophallus onchophillus as excipient of drug controlled release. 

American institute of Physics. 

Weiss, L.H., 1976. Evaluatiing sulfur-producing FGD process. New York N.Y.  Chem Systems Inc. 

Weizhen, Z. and Theliander, H., 2015. Precipitation of lignin softwood black liquor: An 

investigation of the equilibrium and molecular properties of lignin. Bioresources. 10, pp.1696–

1714. 

Wetterling, J., 2012. Modelling of hemicellulose degradion during softwood kraft pulping. 

Master of science Thesis. Chalmers 

Wyman, C.E., 2013. Introduction. In: Aquoues pre-treatment of plant biomass for biological 

and chemical conversion to fuels and chemicals. Wiley, pp.1–4. 

Yamamoto, M., Iakovlev, M., Bankar, S., Tunc, M.S., van Heiningen, A., 2014. Enzymatic 

hydrolysis of hardwood and softwood harvest residue fibers released by sulfur dioxide-

ethanol-water fractionating. Bioresource Technology,167, pp.530–538. 

Yamamoto, M., Iakolev, M., van Heiningen, A., 2011. Total mass balances of SO2-ethanol-

water (SEW) fractionating of forest biomass. Holzforshung, 65, pp.559–565. 

Yan, J., 2015. Handbook of Clean Energy Systems (6 ed.). John Wiley & Sons. 

Yang, B., Dai, Z., Shi-You, D. and E.W.C., 2011. Enzymatic hydrolysis of cellulose. Biofuels, 2(4), 

pp.421–450. 

Yang, M., Ji, H. and Zhu, J., 2016. Batch fermentation options for high titer bioethanol 

production from SPORL pre-treated Douglas-fir forest residue without detoxification. 

Fermentation, 2, pp.2–10. 

Zhang, D., Yang, Q., Zhu, J. and Pan, X.J., 2013. Sulfite (SPORL) pre-treatment of switchgrass for 

enzymatic saccharification. Bioresource technology, 129, pp.127–134. 

Zhang, Z., Harrison, M.D., Rackemann, D.W., Doherty, W.O. and O'hara, M., 2016. Organosolv 

pre-treatment of plaant biomass for enchanced enzymatic saccharification. Royal society of 

chemistry, 18, pp.360–381. 

Zhang, Z., Houtman, C.J. and Zhu, J., 2014. Using low temperature to balance enzymatic 

saccharification and furan formation during SPORL pre-treatment of Douglas fir. Process 

Biochemistry, 49, pp.466–473. 

Zhao, X., Cheng, K. and Liu, D., 2009. Organosolv pre-treatment of lignocellulosic biomass for 

enzymatic hydrolysis. Applied microbiol Biotechnology, 82, pp.815–827. 

Zhao, X., Cheng, K. and Liu, D., 2009. Organosolv pre-treatment of lignocellulosic biomass for 

enzymatic hydrolysis. Applied microbiol Biotechnology, 82, pp.815–827. 

Zhao, X., Zhang, L. and Liu, D., 2012. Biomass recalcitrance. Part 1:the chemical compositions 

and physical structures affecting the enzymatic hydrolysis of lignocellulose.Biofpr: biofuels, 

bioproducts and biorefining, 6, pp.465–482. 



 

54 
 

Zhu, J.Y., Pan, Wang, G. and Gleisner, R., 2009. Sulfite pre-treatment (SPORL) for robust 

enzymatic saccharification of spruce and red pine. Bioresource Technology, 100, pp.2411–

2418. 

Zhu, J. and Pan, X., 2010. Woody biomass for cellulosic ethanol production: Technology and 

energy consumption evaluation. Bioresource technology, 101, pp.4992–5002. 

 

 

 

 

 


