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Abstract 

Thermomechanical pulping (TMP) is a highly energy intensive process where most of the 
energy is used in the refining of chips to fibres. Various ways of reducing the energy 
consumption have earlier been studied, for example change of refiner pattern, addition of 
various chemicals, and also some biochemical implementation in the form of fungus and 
enzymes. This study includes pre-trials with the enzymes pectin lyase and pectin esterase, 
multipectinase, xylanase, and mannanase. The results are studied via a reducing sugar assay, 
an enzymatic assay using spectrophotometry, and capillary zone electrophoresis. The study 
also includes results from a pilot scale refining with multipectinase, xylanase, and 
mannanase, performed with a wing refiner at Helsinki University. Reductions of energy 
consumption in TMP by pre-treatment of Norwegian spruce chips are investigated and a 
potential reduction of energy consumption of 6 % is indicated. 

 
 
 
Key words: Thermomechanical pulping (TMP), Energy reduction, Enzyme, Pilot scale refining, 
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The reader is most 
welcome to this work. 
Although it has some 

over-simplifications, 
omissions, and l ikely a few errors despite a painstaking 
proofreading by the author as well as by others, it is a sincere hope 
that the reader will find a stimulating reading and possibly new 
insights to the topic of enzymes and wood. This report is addressed 
to those who are acquainted with the theory of either proteins or 
wood industry. First off an elaborated chapter will guide the reader 
through the background of the thesis.  It will  start by introducing 
the reader to wood with an emphasis on the wood chemistry, 
history of pulping and the process of thermomechanical pulping 
(TMP), introduction of enzymes that are to be used, cases of 
applications, and assays for studying enzymatic properties of the 
proteins. 

  

 1. INTRODUCTION 
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1.1 Aim 

Thermomechanical pulping (TMP) has a high demand of energy due to the thermal 
treatment of chips. Year 2010, Sweden produced approximately 3 550 000 metric ton of 
mechanical pulp, close to 30 % of the total Swedish production of pulp. Europe represented 
close to 24% of the world’s total production of pulp year 2009. The total electrical 
consumption for the pulp and paper industry in Sweden was approximately 21 TWh and the 
expenditures for environmental protection year 2009 close to 2000 MSEK. (Statistik om 
skogsindustri) The same year, mechanical pulps represented approximately 20 % of the 
world pulps (Chen et al. 2009). One way to reduce the energy consumption could be to 
modify the raw material, i.e. wood chips, with enzymes prior to the refining. Enzymes have 
specificity for targeting of particular molecules, and are effective catalysts even in low 
dosages. There are also studies where fungal treatment have been tested, however, this 
method has limitations in the forms of possible need for decontamination, a long incubation 
period, temperature control and airing which makes it hard to implement. 
 
One way to both reduce the use of chemicals, i.e. part of pollutions, and energy 
consumption, i.e. production cost, is the implementation of enzymes into various parts of a 
process. We have already seen enzymes in industries such as baking, brewing, dairy, 
household detergents, textile production, etc. Not to mention the paper and pulp industry, 
where enzymatic application have been developed since the 1980s when xylanase was 
introduced on a mill scale due to the effect on bleaching (Aehle 2007, p.231-244). 
 
This project aims for a reduction of energy consumption in TMP by pre-treatment of 

Norwegian spruce wood chips with tested enzymes: pectin lyase (Pectinex® SMASH XXL) in 

combination with a pectin methylesterase (NovoShape®), a multipectinase (Pectinex Ultra), 

a xylanase (NS51115), and a mannanase (NS51054). The effects of the pre-trials will be 
studied through assays, and based on the results a pilot scale study will be performed with 
enzymes that show positive outcomes in the pre-trials. By testing the catalytic properties of 
the enzymes with enzymatic assays during the process, correlation between any possible 
reduction of energy consumption and a functional enzyme can be made. 

1.2 Background 

The following section will start by introducing basic knowledge about wood, pulping and 
enzymes. It will further describe the problem involved with enzymatic treatment of wood, 
what has been done, and methods both used and those of potential use. 

1.2.1 Wood - Structure 

Wood is divided into conifer trees and deciduous trees, often called softwood and 
hardwood respectively. What differs between these two is mainly the type of cells that 
make up the tree: fibres, tracheae, tracheid, and parenchyma cells. All cells can be found in 
deciduous trees but only the latter two are found in conifer trees. The current thesis will be 
based on Norwegian spruce (Picea abies), which is a softwood and is commonly used for 
TMP production. 
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The central section, the very beginning of a tree, is called pith, while heartwood represents 
an area discernible due to its lighter colour separated from sapwood, which is darker. 1 
Sapwood is transporting water along with substances from the root to the crown. The 
substances are stored in rays. The two different cells of softwood are described below 
(Kettunen 2006, p.1-114). 
 
Tracheid cells are long, narrow, and closed at both ends. The cells are positioned either in 
the growth (axial) direction of the stem, or from pith to bark (radial direction). The length 
and thickness depends on the type of wood but is usually 2-4 mm and 20-40 µm, 
respectively. Tracheid cells make up about 90-95 % of the volume of the wood. Inside the 
cell is an open space called lumen and it constitutes approximately 30 % of tracheid cells. 
The axial tracheid cell transport water by the use of pits to tracheid and parenchyma cells, 
and give support to the crown. The quality of paper is very much affected by the 
characteristics of tracheid cells which in turn affects the way wood is treated in for example 
refining. 
 
Parenchyma cells occur in both axial and radial directions and are much shorter than 
tracheid cells. Separate, or as a part, they constitute a radial cell structure called rays which 
function as transportation of water or storage of liquids and as resin channels. The latter 
does not occur in all rays. For a pine, a ray with a resin channel is on average 52 µm in width 
and 406 µm in height. Pits connect tracheid cells whereby water can be transported. If wood 
is dried out, pits can be dried out too which will affect the permeability of liquids for 
example in an impregnation. The latter only concerns bordered pits, however, for more 
information about pits the reader is referred elsewhere. 
 
The cell wall is constituted according to figure 1.1 (made with the author’s humble artistic 
talents). Each layer is further built up by layers, thus composing a multilayer laminate which 
is distinguished by the way it is fibre-reinforced. The middle lamella (M) is the interface 
between two cells. It is amorphous without any kind of reinforcement. The fibres of the 
single lamina of the primary wall (P) are randomly oriented. The secondary wall (S) is mainly 
responsible for the strength of the cell wall and consists of three layers: outer (S1), middle 
(S2) and inner (S3). S1 consists of four laminas. S2, which consists of 30-150 laminas, make up 
85% of the thickness of the secondary wall and influences factors such as strength and 
stiffness of the whole stem. The orientation of fibres along with the chemical composition 
differ S1 from S3. (Kettunen 2006, p.1-114) 

                                                      
1
 The dark colour of sapwood is due to the water it transports 
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Figure 1.1, Visualisation of the different layers of a wood cell. Middle lamella (M), Primary wall (P), Secondary 
wall (S) consisting of: Outer layer (S1), Middle layer (S2), and Inner layer (S3). Warty layer on the inside of the 
cell. 

1.2.2 Wood - Chemical Composition 

The elementary chemical components of wood and their oven-dry weight (none or a very 
small amount of water) in percentage are carbon (C: 49-50 %), oxygen (O: 44-45 %), 
hydrogen (H: 6 %), nitrogen (N: 0.1-1 %), and trace elements. Cellulose (40-45 %), 
hemicellulose (20 %), and lignin (25-35 %) make up the general compounds that are 
commonly associated with wood. Also, small amounts of pectic substances and extractives2 
are present in wood. The respective compounds are described below. (Tsoumis 1991, p.34-
56) 
 
Cellulose is a linear polymer3 of the glucose molecule, C6H12O6. The molecules are linked 
together by β-1-4-bonds, and every second molecule is turned 180 °, as can be seen in figure 
1.2(a). Cellulose has the empirical formula (C6H10O5)n and reinforces the cell wall laminates, 
as described earlier. 
 
Hemicellulose is related to cellulose because of its carbohydrate build-up. Whereas cellulose 
consists only of glucose, hemicellulose includes a variety of monosaccharide molecules, 

                                                      
2
 The term extractives come from extractability of inclusions with water or solvents such as alcohol, benzene, 

acetone or ether 
3
 A netlike molecule chain is called starch 
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although mostly mannose and some xylose. See figure 1.2(d, e) for representations of 
structures. The chains of hemicellulose are also shorter than for those of cellulose.4 
 

 
Figure 1.2, Structures (and reactions described later) of some previously mentioned compounds in wood: (a) 
Cellulose, (b) – (c) pectin (R = CH3 or H) (pectin lyase and pectin methylesterase), (d) xylan (R and R

1
 = 

Arabinose, other polysaccharides, etc.) (endoxylanase), and (e) mannan (endomannanase). (Jayani et al. 2005 
& Ek et al. 2009, p. 208-232) 

 
 

                                                      
4
 Old definition: By testing the solubility in a 17.5% solution of caustic soda (NaOH), the cellulose, due to 

insolubility, will separate from hemicelluloses which are soluble 
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Lignin is complex due to heterogeneity in chemical composition and large size. The task of 
lignin is to act as glue at the interface of the hemicellulose layers enclosing cellulose 
microfibrils, as well as between cell walls. Lignin is composed of aromatic molecules, 
generally derivatives of hydrocarbons and phenyl propane units. 
 
Last of all mentioned compounds is pectin, a polysaccharide consisting mainly of monomers 
of galacturonic acid, C6H10O7, which are linked primarily through α-D-1,4-bonds (Jayani et al. 
2005). The actual pectin has some methylated carboxyl groups, as can be seen in figure 
1.2(b)-(c). Pectin is present in small amounts in the middle lamella and in the primary wall. 
Its role in the cell structure is to act as glue between cell walls when they expand and 
change form, and later act as a base for lignin which is formed when the cells reaches their 
final form. If bound to cellulose, pectin confers rigidity to the cell wall. Pectin is classified 
into different groups, for example protopectin6, foremost depending on solubility and 
degree of methylation (DE). 

1.2.3 Pulping – a Historical View 

From prehistoric times when human used stone and clay, via the use of papyrus, parchment 
and bamboo, paper was to be developed somewhere between 60 B.C.E and 105 C.E. (Kappel 
1999, p.3-44). The fibre material came from different origins such as fishing nets, bast in 
China7, to Europe where old linen rags were used as raw material (Paulapuro 2000, p.51-57). 
It was not until later when machines were built for the use of paper, and a lack of old rags 
was markedly expressed by a suggestion to bury the dead without customary linen, that the 
idea of using wood as a source for fibres arose. By grinding wood against stone, mixing with 
water and adding a small amount of old clothes, groundwood pulp (GWP) was produced. 
Grinding wood in the presence of water gives something that came to be called pulp, or 
more accurately mechanical pulp since the pulp is achieved by mechanical degradation. To 
make the invention of using wood as a source for pulp economically possible, a refiner with 
the purpose of refining coarse material into fibres and fines was developed. A combination 
of grinder and refiner into one concept spread from Europe. Although the process of making 
pulp from wood has been developed into several techniques and further optimized, the 
refining has undergone little development and approximately resembles the original process 
of wood chips being pressed in between plates, for example a rotator and a stator, foremost 
producing separate fibres along with a high proportion of fibre fragments. Fibres from 
mechanical pulp are chemically unaltered and therefore rich in lignin and give a resilient 
sheet of paper.8 (Walker 1993, p.481-533) 
 
There are several methods for making pulp, foremost: thermal and/or mechanical, and 
chemical pulping. What characterize a method are the conditions, e.g. heat and chemicals. 
Chemical pulp means treatment with chemicals at a high temperature and high pressure. 
Mechanical pulp is distinguished by the mechanic energy which is applied. The refining can 
damage the fibres by breakage if lignin is not sufficiently softened, thus the process must be 

                                                      
6
 Protopectin, a water insoluble macromolecular pectin, is normally the basic pectin in unripe fruit. The 

softening of fruits is a result of protopectins turning to pectins by hydrolysing. (Kettunen 2006, p.53) 
7
 Wherefrom the secret of making paper originated 

8
 The reason for paper yellowing with age is due to chemically untreated lignin exposed to light. (Walker 1993, 

p.487) 
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assisted by a high temperature. The thermal energy can be comprised of mechanical energy 
transformed into thermal energy, as well as by pre-steaming. Today several mechanical 
methods such as pressure groundwood pulp (PGW), refinermechanical pulp (RMP), 
chemimechanical pulp (CMP), thermomechanical pulp (TMP), etc., are used to produce pulp. 
(Kappel 1999, p.3-44) The refining process of this project is TMP. It will be used in the pilot 
scale trial, and is further described below.  

1.2.4 Thermomechanical Pulp – TMP 

The name thermomechanical pulping implicates a use of thermal as well as a mechanical 
approach for producing pulp. What characterize mechanical pulp are relatively low strength 
properties and high energy consumption in production. The general steps of TMP are 
described below. 
 
First the chips are preheated by steam at 80-140 °C for approximately four minutes to 
soften the lignin which encloses the fibres. Without preheating, the resulting fibres would 
be shortened in the refining and loose quality. The heated chips will then be fed into the 
first refining step where discs have a specific surface pattern to tear the chips into coarse 
material, and thereby exposing the fibres to a higher extent. Most fibres are separated from 
the chips through defibration (freeing fibres from each other) in a pressurized disc refiner at 
about 100-360 kPa. (Walker 1993, p.481-533) The grated chips are introduced to a second 
refining step where the fibres are being worked at to develop fibrils, whose main purpose is 
to adhere to other fibrils, thereby making a network of fibres (a fine material production). 
After the refining procedures, too long fibres and other materials generally called reject, are 
filtered out to be reintroduced into the refining process for further treatment. The heat 
produced in the refining process is used for drying pulp in the paper machine. The resulting 
pulp is drained of water (a process called drainage). Thermomechanical treatment removes 
the P and S1 layer and exposes the S2 layer (Chinga-Carrasco et al. 2010). 
 
The TMP process demands a high amount of energy input. By introducing and implementing 
any improvements, one would receive a profit directly proportional to the amount of saved 
energy, as well as an environmental benefit. Concerning the energy consumption in TMP, 
the pre-heating of chips causes defibration in the refiner to be carried out with a lower 
energy input. The subsequent fibrillation however requires a high amount of energy. 
Approximately 2000-3000 kWh/metric ton pulp for 2-3 refiner stages in TMP is needed 
(Kappel 1999, p.79-172). The temperature need to be low during several steps instead of 
using a high temperature in a few steps. This is due to hardening of lignin surrounding the 
fibres when the temperature rises above a certain level. A high demand for improving paper 
quality is the main cause for new developments to increase the energy consumption in TMP. 

1.2.5 Enzymes 

Enzymatic activity of certain proteins, referred to as catalytic activity, i.e. the capability to 
catalyse (speeding up) specific biochemical reactions without being permanently altered or 
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consumed, can achieve impressive magnitudes.9 An enzyme can be said to, to some extent, 
lower the energy consumption for an uncatalyzed reaction, and is in addition also more 
benign towards the environment. The limitations of enzymes are a high price for production, 
factors governing their catalytic activity, structural stability, and life time influence by 
factors such as temperature, pH, inhibitors, concentration, and co-factors. The latter factors 
have to be monitored for an optimized enzymatic treatment, but will however often work 
within certain ranges.  
 
Furthermore, the size of enzymes can be problematic. Concerning the implementation of 
enzymes for treatment of fibres, enzymes have to be small enough to have access to 
channels in wood. Since the time for enzymatic wood chip treatment needs to be short for 
an industrial implementation, it is difficult to know whether the enzymes are readily 
diffused into the wood to such an extent that enough degradation can occur. Several 
approaches are possible whereof two were tried in this project. By using as small wood 
chips as possible the enzymes will have a greater access to the fibres by an increased 
surface area and shorter diffusion distances. Because of this theory, Impressafiner chips 
were used as material. Of course it will demand more energy to break down the wood in the 
first place. The second theory has to do with pressure impregnation. If the chips are 
steamed before enzymes are added, a lower pressure will build up as the steam 
condensates which in turn will help the liquid outside (higher pressure) to be pulled in 
alongside with the enzymes. 
 
When searching through old material, enzymatic activity is often denoted either (U) or (kat). 
The former unit was recommended by the International Union of Biochemistry (IUB) in 1961 
whereas the latter was recommended by IUB and several other bodies (Institute For Clinical 
Chemistry (IFCC) and International Union of Pure and Applied Chemistry (IUPAC)) and was 
accepted as a SI-unit in 1999. [1 U] is defined as 1 µmol min-1 (µmol of substrate 
transformed per minute under defined conditions, usually optimal). [1 kat], or katal for 
catalytic activity, is defined as 1 mol s-1. 1 U = 1 µmol min-1 ≈ 16.67 · 10-9 kat.10 (Dybkaer 
2001) Below are described actual implementations of enzymes. 

1.2.6 Cases of Application 

When an implementation of enzymes is considered, it is often due to earlier successful 
implementations in similar processes or because of resembling substrates, i.e. the molecule 
one want enzymes to interact with. Most likely, only the company providing the enzymes 
will know specific characteristics such as primary structure, of the tested enzyme, unless of 
course the implementer produces the enzyme by own means. Typically the project team 
trying to implement one or several enzymes in an industrial process knows a recommended 
pH and temperature as well as an approximation of the catalytic activity. 

                                                      
9
 One of the fastest enzymes, carbonic anhydrase, has a rate of 10

5
 - 10

6
 s

-1
. The protein with the lowest 

reaction rate is rubisco, a protein abundant in chloroplasts (making up 30 % of all proteins in chloroplasts and 
is probably the most abundant protein in the biosphere). Rubisco achieves a maximal catalytic rate of only 3 s

-1
. 

(Steiner et al. 1975, p.253-259) 
10

 The reader is suggested to read the work “The tortuous road to the adoption of katal for the expression of 
catalytic activity by the general conference on weights and measures” by Dybkær (2002) for further 
comprehension of the path to, according to some, an almost universally accepted SI-unit. 
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Depending on what characteristic the protein is desired for, e.g. enzymatic activity, or 
perhaps medical treatment, it is crucial for the protein to have access to the substrate to 
have any effect. If the protein is too large to have access to the area where reaction should 
take place, it will most likely be indicated by absence of desired products, but might as well 
be indicated by other less tangible effects due to other parameters in the test. For example, 
it is a theory that an enzyme in a pit will degrade the wall and diffuse between the middle 
lamella and the primary wall, degrade specific bonds between the fibres and causing fibre 
separation. The latter will result in an energy reduction in a refining process due to a 
weakened structure in the wood. However, it is a suspicion that enzymes are too large to 
have access to the cell wall between fibres for an effective impregnation and reactions to 
occur. Also, diffusion of the enzymes has to occur for the enzymes to react inside the wood, 
which will take a shorter amount of time for smaller wood chips. It is important to keep in 
mind that any absence of activity can imply, amongst several other possibilities, foremost 
processes such as surface adsorption and inactivation, but also steric hindrance, inhibitors, 
active site-substrate mismatch, etc. 
 
The enzymes in this project were chosen to reduce the paper qualities as little as possible 
and at the same time reduce the refining energy as much as possible. For example, 
pectinases are thought to degrade specific bonds between the middle lamella and the 
primary cell wall (see figure 1.1), causing fibre separation as described earlier. The specific 
enzymes were recommended from Novozymes, however, the enzyme groups (pectinases, 
xylanases, and mannanases) were chosen by the whole project team. In some cases similar 
enzymes have been tested before with interesting results. Pectinex SMASH/Novoshape, 
Pectinex Ultra, xylanase, and mannanase were reported to be active at 50, 50, 55, and 80 °C 
respectively. 
 
It was not until recently that the introduction of enzymes as a pre-treatment of wood was 
studied, for example see (Richardson et al. 1998 & Peng et al. 2003). Since then, tests in 
both laboratory and mill scale have been performed. In respect to the novelty of the area, 
relatively few reports have been published on pre-treatment of wood chips and results from 
experiments suggest a non-conformity regarding the possibility of introducing reductions in 
energy consumption. Furthermore, the quality of the pulp and paper has been affected by 
the enzymatic treatment depending on which enzyme or mixture of enzymes that was 
tested. Of course this necessitates further studies. Table 1.1 sums up some studies that have 
been done regarding the implementation of enzymes into TMP. As can be seen, the values 
are differing a lot depending on the type of enzyme and source of wood which has been 
used. It can be discussed whether the differences are due to different methods or simply 
the experimental parameters. Tensile and tear index are strength properties of paper, tests 
that are not done in this project. 
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Enzyme Dosage  Wood Treatm. (h) Freeness 

(CSF) 
ΔEnergy ΔTensile 

index 
ΔTear index Reference 

Xylanase 

 

20 U g 
-1 

5 U g 
-1

 

Poplar 
A
 

Norwegian Spruce 

4 

1 

600 

100 

-12.4% 

-27% 

+20.6% 

-10% 

+23.5% 

-20% 

(Chen et al. 2009) 

(Meyer et al. 2009) 

Pectinase 

Pectinase  

Pectinase  

Pectinex3XL 
C
 

Novozym 863 
D
 

500 nkat g
-1

 

100 U g
-1

 

10 U g 
-1 

720 g/t wood 

830 g/t wood
 

Mixture 
E
 

Scots Pine 

Norwegian Spruce  

Black Spruce
 B

 

Black Spruce
 B

 

1.5 

6 

1 

2.5 

2.5 

100 

Ca. 130 

100  

const.80  

const.80 

-10% 

-16% 

-11% 

-2% (-9%) 

-3% (-10%) 

0 

- 

-5% 

+6% (+39%) 

-2% (+28%) 

0 

- 

-10% 

+5% (+25%) 

+1% (+20%) 

(Peng et al. 2003) 

(Maijala et al. 2008) 

(Meyer et al. 2009) 

(Sabourin et al. 2009)  

MnP mixed with 

Glucose oxidase 

100 U g 
-1 

200 U g 
-1 

Scots Pine 

Norwegian Spruce 

6 

6 

150 

150 

-11% 

- 

+ Ca. 10% 

- 

Const. 

- 

(Maijala et al. 2008) 

Cellulase 

Cellulase 

Viscozyme
TM

 L 

5 U g 
-1

 

0.63 mg g 
-1 

3 ml enz. sol. 

Norwegian Spruce 

Spruce Sapwood 

Scots Pine 

1 

22 

6 

100 

108 

Ca. 130 

-21% 

-9% 

-16% 

-10% 

+4% 

- 

-13% 

-5% 

- 

(Meyer et al. 2009) 

(Pere et al. 2005) 

(Maijala et al. 2008) 

 
Table 1.1, an overview of some implementations of enzymes into TMP. Use of an enzyme (at a specific dosage) when impregnating a certain wood during a given time of 
treatment results in a certain freeness (Canadian Standard Freeness, CSF), energy reduction, and change of tear and tensile index. Tensile and tear index indicates whether 
the differences in energy consumption have had any effect on the quality of the fibres. Freeness is described under Method and Abbreviations. Enzyme, dosage, type of 
wood, time of treatment, freeness and energy are of primarily interest for this project. const. = constant level. MnP = Manganese Peroxidase. - = no values were given in 
reference. 
A
 Wood chips were not fiberized before enzymatic treatment 

B
 Reference was fiberized and impregnated with water; percentage without fiberizing in brackets when supplied 

C
 A polygalacturonase 

D
 Activities: polygalacturonase, other pectolytic activities, and hemicellulytic activities 

E
 Mixture of white spruce, red and black spruce, and balsam fir
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Considering the paper and pulp industry, enzymes have been implemented at an industrial 
scale in: Bleaching of pulp (mainly xylanases but lignin oxidizing enzymes are being tested) 
and thereby reducing the use of chlorine and energy; Improving the drainage of recycled 
fibres (initially by a cellulase and hemicellulase mixture and currently by cellulase 
preparation based on Trichoderma) by increasing the freeness (measure of how quickly 
water is able to drain from a fibre sample, often based on gravity dewatering through a 
screen (further described under Method)) and thereby yielding savings of energy (Bajpai 
2011); Pre-treatment of wood chips for a reduction of energy and also effects on pulp and 
paper properties (Eachus and Kaphammer 1997); Enzymatic treatment of wood fibrous 
material for energy reduction (Vaheri et al. 1991). Meanwhile, enzyme producers 
concentrate at generating candidates for each area of implementation. For example, Savile 
and Lalonde (2011) and Blumer-Schuette et al. (2008)  compared thermostable enzymes for 
industrial use in biomass conversion. When studying the introduction of enzymes into 
processes, the following demands should at least be fulfilled for a successful implementation:  
 

 Profitable enzymatic application 

 A maintained or higher quality (or a decrease proportional to the possible profit) of 
the product 

 No decreases in process run ability 

 The enzyme should be available in large quantities at a relatively low price 
 

1.2.7 Implemented Enzyme Groups 

Pectinases 
Because of the many types of pectic substances, there are also many pectinases evolved for 
different substrates. The enzymes can however be divided into three main categories 
depending on their ability to catalyse a reaction for a certain substrate. The categories are 
protopectinases, esterases and depolymerases. The former degrade protopectin by adding 
water; esterases remove methoxyesters (-R-COOCH3  -R-COOH); and the latter cleave α-
1,4-bonds in galaturonic acid either by a hydrolytic mechanism, where a water molecule is 
introduced across the oxygen bridge, or by trans-elimination lysis, where no water molecule 
is needed to break the glycoside bond. For a complete classification of pectinases the reader 
is referred to Jayani et al. (2005). According to Jakób et al. (2009) pectin lyases by 
themselves can degrade pectin, whereas pectinesterases and polygalacturonases must co-
work to degrade pectin completely. Reactions can be seen in figure 1.2 (b) – (c). 
 
Protopectinases react on the polygalacturonic acid region of protopectin and the 
polysaccharide chains between the polygalacturonic acid chains and the cell wall. (Seibert 
and Atno 1946). 
 
Polygalacturonases belong to depolymerizing enzymes. Pectin lyases (used in this study) 
perform non-hydrolytic breakdown of polygalacturonate or polymethylgalacturonate. The 
absorbance of an unsaturated product (a double bond) can be measured at 235 nm 
(Albersheim 1966 & Hansen et al. 2001). The latter, in this project referred to as A235, is used 
in this project and is described further under Method. It has been noted that 
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endopolygalacturonate lyases require Ca2+ for activity, why EDTA, which bind Ca2+, act as 
inhibitors. (Jayani et al. 2005) 

Xylanases 
As can be seen in table 1.1, studies indicate that a use of xylanases in pre-treatment of chips 
for TMP reduces the energy consumption during refining. Due to the complexity of the 
substrate (xylan) for this class of enzymes, there are no definite reactions (although a 
general reaction can be seen in figure 1.2 (d)). The product of the xylanase reactions can 
however be studied by a reducing sugar assay. The methods described below indicates 
possible future assays for activity.  
 

1. Reducing sugar assay (for example DNS described later) with xylan as substrate, as 
well as in combination with the filter paper assay. (Chen et al. 2009 & Cosson et al. 
1999 & Christakopoulos et al. 1996) 

2. High-throughput whole-cell screening by labelling a substrate with 4-
methylumbelliferyl and measuring the fluorescence of enzymatic activity. (Wagschal 
and Lee 2012)  

3. Isothermal titration calorimetry (ITC) for studying continuous reaction rates. 
(Baumann et al. 2011) 

4. Electrospray ionization mass spectrometry (ESI-MS) for studying steady-state kinetic 
parameters. Also characterizes substrate specificity. (Jänis et al. 2007) 

 
While reducing sugar assays often can be applied to experiments and therefore usually is 
considered as sufficient, other high technology instruments might find their way into future 
studies of the activity of xylanases in treatment of wood, for example due to a higher 
sensibility. 

Mannanases 
Mannanases break down mannan which is a polysaccharide of mannose (see figure 1.2(e)). 
Mannanases have been used in studies of pulp treatment (with respect to quality), bleaching 
of softwood pulps, as well as for increasing drainage, and to some extent lowering of the 
energy consumption (Oksanen et al. 2011 & Lecourt et al. 2010). Furthermore, mannanases 
are used for hydrolysis of coffee extract, detergent industry, poultry feeds, oil drilling, etc. 
(Dhawan and Kaur 2007). A general reaction can be seen in figure 1.2(e). Early 
measurements of mannanase activity relied on: 
 

1. Viscometry (for example with carob galactomannan). (McCleary and Matheson 1974 
& McCleary and Matheson 1975 & Grant Reid et al. 1977) 

2. Colorimetry, for example with Congo red in combination with gel diffusion (the 
method detects specific activity for endo-β-mannanase as low as 0.07 pkatal). 
(Downie et al. 1994 & Bourgault and Bewley 2002) 

3. Reducing sugar assays, for example with glucomannan as substrate. (Villarroya et al. 
1978) 

 
Performing reducing sugar assays is a common way to follow the enzymatic activity 
independent on the type of assayed enzyme. After all, degraded wood takes the form of 
polymers to monomers of sugars. Following is an explanation of this method which also acts 
as one of the implemented methods in this thesis. 
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1.2.8 Reducing Sugar Assay 

Basically, this chemical-reducing-end assay can be applied to most of the chosen enzymes 
whose enzymatic activity result in products with reducing sugar ends. This section will 
summarize some of the methods in the area in respect to their accuracy and in some cases 
special characteristics. 
 
Two widely used assays for measurement of different polysaccharides are the Nelson-
Somogyi (N-S) method, and the 3,5-dinitrosalicylic acid (DNS) assay. The latter, described by 
Miller (1959), is recommended by IUPAC for measuring standard cellulase activities against 
filter paper and carboxymethylcellulase which is described by Ghose (1987). It is used in 
many laboratories and also implemented in studies of other enzymes, e.g. mannanses, 
pectinases, xylanases, etc. N-S, described by Nelson (1944) and Somogyi (1945 & 1952), is 
reported to have 10 times higher sensitivity than DNS and furthermore provide a more 
accurate value of different reducing sugars. Gusakov et al. (2011) compared the N-S method 
with the DNS method by studying 12 enzymes for cellulase, β-glucanase, xylanase, and β-
mannanase activities against different polysaccharides and concluded that the DNS method 
provide approximate values or overestimations from 3 to 13-fold. For example, a 3.5-fold 
difference was observed when studying xylanase activity by the DNS method, whereas the 
difference when N-S was used did not exceed 20 %. According to Hu et al. (2008) the 
accuracy of the DNS method is estimated at 10 %. 
 
Mellitzer et al. (2012) recently developed a microassay for high-throughput screening for 
detection of reducing sugars. By using para-hydroxybenzoic acid hydrazide (pHBAH) and 
osazones from reducing sugars, a method was accomplished that detects reducing sugars 
down to 10 µM, about five times more sensitive than the DNS method mentioned earlier. 
 
Lever (1972) used p-hydroxybenzoic acid hydrazide (PAHBAH) for a colorimetric method 
where acid hydrazides react with reducing sugars in alkaline solutions. The method is 
sensitive enough to detect less than 1 µg glucose or similar sugars. Interfering factors are 
reported to be calcium and high protein concentrations. The reader might take note on the 
fact that this method is referred to later. 
 
Anthon and Barrett (2002) further developed the 3-methyl-2-benzothiazolinonehydrazone 
(MBTH) method, in which one aldehyde molecule reacts with two MBTH molecules, first 
under neutral pH and second under acidic or oxidizing conditions to produce a coloured 
product. Their method instead used alkaline conditions and heat during the first step, 
whereafter an oxidizing agent was used. A response for up to 20 nM of various reducing 
sugars was observed and neither proteins nor reducing agents interfered. 
 
A photometric method based on the reagent 2,2’-bicinchoninate (BCA) was improved by 
Waffenschmidt and Jaenicke (1987) who optimized the conditions. They reported a linear 
optical density between 1 and 25 nM sugar per sample and a method unaffected by borate, 
phosphate or other buffer anions. 
 
Whereas reducing sugar assays is a common method for observing the effect of enzymatic 
activity, it seldom displays the whole picture of how enzymes have reacted in wood. A total 
amount of degraded sugars might be due to heat, mechanic treatment, other chemical 
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interactions etc., in addition to enzymatic activity. Furthermore, an increased amount of 
degraded sugars due to enzymatic treatment does not state that the enzymes have reacted 
in the wood, but they might as well have reacted at the outer wood chip walls. Thus, future 
methods would have to account for what types of saccharides have been degraded as well 
where they have been degraded. To evaluate the first, this thesis has implemented capillary 
zone electrophoresis, which also can relate the amount of degraded saccharides.   
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As this chapter 
describes how 
the work was 
set up and how 
results were to 

be followed up, a reader concerned with the experimental part 
might skip three pages ahead. If by chance such a topic as how the 
project was initially planned is of interest, the reader might very 
well find the following part entertaining. 

  

 2. SYSTEM AND PROCESS 
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During the start of the thesis, a preliminary flow chart was created. See figure 2.1. The thesis 
was planned to consist of 4 weeks of literature study, 12 weeks of experimentations, and 4 
weeks of analysis of results and report writing. The parts in the flow chart are described 
below. 

 
Figure 2.1, Flow chart visualizing the implementation of the project. 

 
The literature study was to be written during four weeks, whereafter it was to be inspected 
by supervisors. Any complementation was to be done in parallel to the next project task. 
One week of planning of the laboratory work resulted in a schedule of the work for the 
remaining 11 weeks of experiments. The schedule was to be assessed by supervisors a few 
days prior to the start of experiments. A half time report was performed with supervisors for 
further ideas of experiments and for a control of the time line. Any major deviations from 
the latter would have resulted in a revised planning report and a change of the time line. 
Two meetings with the stakeholders of the project, in which this master thesis is a part, was 
to be held in the end of the pre-trials and close to the PREX11. The first meeting to 
summarize the results from performed experiments, whereas the second meeting was to 
conclude which enzymes to use in the PREX. Summarizing of results was done during the 
course of the experiments and prior to the impregnation of the enzyme candidates. The 
latter analysis in combination with the impregnation of wood chips resulted in material 
ready for pilot scale trials at HUT, Finland. The results from earlier experiments, as well as 
the pilot scale trails, were to be summarized and analysed in the report. The latter was to be 
handed to supervisors 2 weeks prior to the presentation, and 1 week before to opponent. 
The presentation was to be held in early June. 
 
Continuous updates and follow-up meetings with supervisors at INNVENTIA AB were to 
consider new results from experiments and discuss whether any deviations from the 
laboratory plan were needed to be done. Mail and telephone conversation with supervisors 

                                                      
11

 PREX (PRessureEXpansion) is a screw press developed by INNVENTIA AB. It works by compressing wood chips 
(press fluid out) as well as facilitate for fluid to be soaked up when the chips come in contact with liquid. In this 
study it is used as a method to impregnate wood chips with enzymes during the large scale impregnation 
described later 
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at the university, along with the half time report and drafts of the final report, was to work 
as material for discussion. 
 
The experimental part was planned for factorial designs to be performed. The layout for the 
work can be seen in figure 2.2. 
 
 

Figure 2.2 Experimental work

Week Description Comment

v8 Start Making of chemical solutions, maybe test of enzymatic activity

Start impregnation trials with temp., pH, pressure and references

v9 Pectin lyase + Pectin esteras References

Possible temperature optimization

v10 Pectin lyase + Pectin esteras References

Shorter time due to routine

v11 Pektinlyas + Pektinesteras Backup + preparations for v12

v12 Multipectinase References

v13 Multipectinase

Shorter time due to routine

v14 Mannanase, Xylanase or Protease

v15 Mannanase, Xylanase or Protease Backup

Shorter time due to routine

v16 PREX

v17 PREX

v18 Finland Test of 2, possibly 3, enzymes

Departure 2nd of May?

v19 Finland

Figure 2.2, Initial plan for the experimental work. Routine work will take less time than during optimization 
and/or implementation of the method. 
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As the previous two chapters have 
described the frames of the work, this 
chapter focus on what have been done. 
Initially the theory of two methods will 

be explained. One chapter ahead are the results from the methods 
that are described here.  

  

 3. METHOD 



[19] 
 

3.1 Theory 

3.1.1 Capillary Zone Electrophoresis 

Capillary zone electrophoresis (CZE) measures monosaccharides and is based on differences 
in the electrophoretic mobility of analytes in the presence of an applied electric field. 
Electrophoretic mobility is a function of size and charge. The high efficiency separation is 
achieved by a silica capillary which has a small inner diameter. A buffer filled capillary inlet 
end is immersed into the sample, whereby a small amount of sample is injected by either 
pressure, gravity, or applied voltage. The inlet and outlet capillary ends are then submerged 
into electrolyte solutions, whereafter a voltage is applied between the solutions, conferring 
an electro-osmotic flow of buffer toward the outlet. Depending on charged analytes in the 
sample solution, different attractions for the negative or positive electrode will correspond 
to various times by which the analyte molecules are observed by measuring absorbance in a 
small part of the silica capillary. (Stewart et al. 2011) 
 
In this study, capillary zone electrophoresis is used for determining the carbohydrate 
composition of the eluted samples from the wood chip treatment in the pre-trials. It can also 
be implemented in the study of carbohydrate composition of paper, pulp, etc. By enzymatic 
treatment the sample, i.e. different polysaccharides, is hydrolysed, whereafter separation 
and quantification of the resulting monosaccharides is done by CZE. 

3.1.2 Reducing Sugar Assay 

Nelson-Somogyi (N-S) is a method based on detecting reducing sugars, i.e. sugars that 
contain aldehyde groups that are oxidised to carboxylic acids. Copper (Cu) (II) ions are 
reduced to Cu (I) ions by a saccharide molecule, e.g. D-glucose, D-galactose, maltose, etc., 
which in this case is released after enzymatic hydrolysis of the saccharide chain. The Cu (I) 
ions are thereafter oxidised back to Cu (II) by a colourless arseno(poly)molybdate complex, 
which in a reduced form is blue and has an absorption at 520 nm that is observed with a 
spectrophotometer. Also, absorbance of 500 nm, 610 nm, 620 nm, and 870 nm have been 
used in earlier studies. (Farnet et al. 2010 & Wrolstad 2001 & Sadasivam and Manickam 
2007) 
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3.2 Practical 

All chemicals used in this thesis were of reagent grade or higher. The wood chips for the pre-
trials were frozen Norwegian spruce Impressafiner chips from Braviken (thawed two weeks 
before trials), and finer Norwegian spruce chips supplied by supervisors at INNVENTIA AB. 
For visualization of the kinds of chips, see figure 3.1. All methods used in this thesis are 
described below. 
 

 
Figure 3.1, Visualization of the used wood chips, Norwegian spruce. a = Impressafiner, b = Finer wood chips. 

3.2.1 Enzymes 

Enzymes were pectin lyase (Pectinex® SMASH XXL) in combination with a pectin 

methylesterase (NovoShape®), a multipectinase (Pectinex Ultra SP-L), a xylanase (NS51115), 

and a mannanase (NS51054) supplied by Novozymes, wherefrom the author has no 
economic interest. The latter two enzymes are referred to as xylanase and mannanase 
respectively. The recommended dosages were 1 kg of enzyme /tonne of dry weight wood, 
except for Novoshape which was recommended at 0.1 kg/tonne DMC (dry matter content) 
wood. The optimal conditions were 50 °C and pH 5.0 for all pectinases, 55 °C and pH 5.5 for 
xylanase, and 80 °C pH 5.0 for mannanase. Xylanase was reported to have a minor cellulase 
background and in major an endo-1,4 activity. 

3.2.2 Buffers 

Buffers were prepared in respect to the recommended pH from Novozymes. Buffers of 
sodium acetate were prepared by addition of glacial acetic acid mixed with sodium acetate 
trihydrate and diluted with dH2O to pH 5.0 (Pectinex Ultra and the mannanase), 5.1 
(Pectinex SMASH/Novoshape), and 5.5 (xylanase) (0.1 M). Buffers were stored at room 
temperature. 
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3.2.3 Dry Matter Content in Wood 

To normalize the amounts of used wood chips, the dry matter content in the applied wood 
(Norwegian spruce (Picea abies)), was measured according to SCAN-CM 39:94. Two samples 
of the wood were weighed (about 200 g respectively), dried for 24 hours (105 ± 2 °C), 
weighed, dried for two hours, and weighed again. The last two steps were repeated until the 
weight differed no more than 0.5 g. The mean of the two samples was calculated to one 
decimal. The dry matter in the finer spruce wood was decided according the same standard, 
although with a lesser weight of sample (approximately 37 g) due to a limited amount of 
wood. Values were calculated according to appendix 1. 
 
During the trials, dry matter content in the wood chips was measured with a moisture 
analyser (Sartorius MA 30). 
 
Dry matter content in pulp was measured according to SCAN-C 3:78. The pulp was dried 
overnight in oven (105 ± 2 °C), put in desiccator for 30 minutes and weighed. 

3.2.4 Nelson-Somogyi 

The reducing sugar assay was used for measuring the amount of reducing sugars in the 
drained solutions from respective experiment.  
 
The Nelson-Reagent or arsenomolybdate reagent, as well as the low-alkalinity copper 
reagent described later was prepared according to Wrolstad (2001). 25 g ammonium 
molybdate was solved in 450 ml dH2O in a 37 °C water bath under continuous stirring. 21 ml 
concentrated sulphuric acid was added as well as 3 g of disodium hydrogen arsenate 
heptahydrate solved in 25 ml dH2O. The stirring was continued in a 37 °C water bath for 24 
hours, whereafter the mixture was transferred to a 1 l glass-stoppered volumetric flask 
covered in aluminium foil and was stored in room temperature. 
 
The low-alkalinity copper reagent was prepared by adding 12 g of sodium potassium tartrate 
(Rochelle salt) and 24 g of anhydrous sodium carbonate in 250 ml dH2O. 4 g of copper 
sulphate pentahydrate and 16 g of sodium hydrogen carbonate were solved in 200 ml dH2O. 
The solutions were pooled. To the latter mix was added a solution of 180 g of anhydrous 
sodium sulphate solved in 500 ml boiling dH2O. The final mixture was diluted to 1 l and 
stored at room temperature in a 1 l glass-stoppered volumetric flask. 
 
A standard curve was performed. 0.005 g of D-glucose was diluted in 5 ml dH2O. 1 ml low-
alkalinity copper reagent was added to all standards, containing a volume ranging from 5 to 
600 µl of the prepared glucose solution. The solutions were heated in boiling water for 40 
minutes. To standards with less or equal to 100 µl glucose, 1 ml of arsenomolybdate was 
added, whereas 2 ml were added to standards with more than 100 µl glucose. The standard 
solutions were cooled for 15 minutes in room temperature. Samples were diluted to a total 
volume of 5 ml with dH2O. According to earlier described theory, absorbance of wavelengths 
500, 520, 610, 620 and 870 nm were measured with a spectrophotometer (Hewett-Packard 
Agilent 8453). Trend lines were fitted to the absorbance of A500, and A520 (R-value 0.99 and 
0.99 respectively) due to a too rapidly increasing absorbance for the latter three 
wavelengths. Samples were measured against the standard curve and a mean value of 
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glucose equivalents was calculated from the trend lines. A second standard curve was 
performed with 5 - 200 µl glucose for a second batch of Nelson-reagent. New trend lines 
with R-values of 0.99 (A500) and 0.99 (A520) were fitted to the absorbance curves. Unknown 
sugar concentrations up to 100 µg/ml were measured due to a strange value at 200 µg/ml. 
Graphs are visualized in appendix 2. 
 
Activity of samples from impregnation of wood chips was calculated. Samples were taken 
after 0, 10, 20, 30, 40, 50, 60, 70, 80, and 90 minutes of wood chip incubation. The amount 
of reducing sugars in equivalents of glucose was calculated in U g-1 (µmol glucose 
equivalents/min/g of dry wood) over 90 minutes. A reference of wood chips incubated with 
only buffer was withdrawn from the activity of enzymatically treated wood chips. 
 
Total sugar content of the drained solutions (visualized in figure 3.2) was calculated for all 
runs and the amount of enzymatically treated wood chips was compared to a reference 
treatment of wood chips with only buffer but under the same conditions. 
 

 
Figure 3.2, Visualization of wood chip pre-treatment in pre-trials. The perforated container in the lower left 
corner was covered in a 200 MESH (74µm) net. For a close up view on the apparatus, see appendix 4. 

3.2.5 Activity by Spectrophotometry at 235 nm  

To evaluate the activity of pectinases, measurements were done according to Hansen et al. 
(2001), with the extinction coefficient from Albersheim (1966) and Silva (2005). The method 
is later referred to as A235 and should not be mistaken for activity calculated from N-S 
described later. 
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Two pectins from citrus (DE 9 % (Sigma) and 71-75 % (KEBO)), diluted with dH2O to 0.1 % 
solutions, and polygalacturonic acid (Sigma) diluted with dH2O to a 0.25 % solution were 
tested using a mixture of Pectinex and Novoshape. The concentrations of the enzymes were 
chosen as to resemble the concentrations in the pre-trial incubations. The enzymatic 
solutions were: 
 

 1 µl of Pectinex SMASH XXL and 0.1 µl of Novoshape per ml buffer (Sodium 
acetate, pH 5.1, 0.1 M) 

 0.1 µl of Pectinex SMASH XXL and 0.01 µl of Novoshape per ml buffer (Sodium 
acetate, pH 5.1, 0.1 M) 

 0.317 g of Pectinex Ultra SP-L in 230 ml buffer (Sodium acetate, pH 5.0, 0.1 M) 

 0.032 g of Pectinex Ultra SP-L in 230 ml buffer (Sodium acetate, pH 5.0, 0.1 M) 

 Selected samples from the incubation of wood chips were also tested 
 
Blanks were prepared: Enzyme, buffer, dH2O (1:1:3); pectin, buffer, dH2O (2+1+2). When a 
test was run, pectin, buffer, dH2O, and enzyme (2:1:1:1) were added to a cuvette. After 
addition of enzyme, the solvent was pipette shaken whereafter the absorbance was 
measured at 235 nm with a spectrophotometer (Hewett-Packard Agilent 8453) at 0, 2.5, 5, 
7.5, and 10 minutes after the start of the reaction. In cases where an incubation sample was 
measured, the enzyme was substituted with an equal amount of the sample. One unit was 
defined as the enzymatic activity which produced 1 µmol of unsaturated product per minute, 
which is to say (U) as described earlier. 
 
Due to a stronger absorbance, pectin with a methylation degree of 9 % was used as a 
substrate when testing further samples. 

3.2.6 Capillary Zone Electrophoresis 

To study types of saccharides in the drained solutions, capillary zone electrophoresis was 
used. The drained solutions from the pre-treatment of wood chips were concentrated by 
heating the pooled solution (approx. 250 ml) to 94-96 °C until a small amount of liquid 
remained. The following method was done according to Dahlman et al. (2000). To 
concentrated samples as well as to a reference sample consisting of pulp from leaf (chemical 
components decided by INNVENTIA AB to evaluate the accuracy of the respective runs) was 
added 0.5 ml of internal standard (2 ml of 10 mg/ml ribose diluted to 25 ml with sodium 
acetate buffer (50 mM, pH 4)) and 0.5 ml enzyme solution (Celluclast and Novozyme 188 
from Sigma Aldrich, twice purified separately on PD-10-columns). A blank consisting of the 
enzyme and internal standard was also prepared. The samples were then hydrolysed during 
30 hours in a 40°C heating block under continuous stirring. 200 µl of the hydrolysate was 
mixed with 240 µl of derivatization solution (10 mg sodium cyanoborohydride solved in 1 ml 
4-aminobenzoic acid ethyl ester (ABEE) solution (5 g ABEE and 5 g acetic acid glacial diluted 
to 50 ml with methanol)). The solutions were shaken with vortex and placed in an 80 °C 
heating block for 60 minutes, whereafter 500 µl dilution solution (437.5 mM borat and 130 
mM sodium hydroxide, pH 8.5) was added to precipitates the derivatization reagent. The 
solutions were filtered with a 0.2 mm filter and were run in capillary zone electrophoresis 



[24] 
 

(Agilent CE G1600) where the absorbance was determined at 306 nm. The blank was 
subtracted from the samples. 
 
Samples R3.1, P1.4, P2.2, P3.2, and P4.1 from the pre-trial impregnations were treated 
according to the described method. The names refer to P/R (sample/reference) number (1 = 
Pectinex SMASH/Novoshape; 2 = Pectinex Ultra; 3 = Mannanase; 4 = Xylanase) . number 
(run). 

3.2.7 Wood Chip Treatment, Pre-trial 

The experiment was used to impregnate wood chips with either buffer (used as reference) 
or enzyme and buffer. The procedure is summarized in laboratory outline 1 (appendix 3) and 
figure 3.2. The working area and the apparatus can be seen in appendix 4. 
 
Norwegian spruce chips were weighed (63.7 g DMC of Impressafiner chips and 45.7 g of the 
finer spruce chips) and steamed for 5 minutes (pressure at 1 bar) whereafter mechanical 
press was applied to 50 % of the height of the filled container. 30 ml sodium acetate buffer 
was added (pH 5.5 (0.1 M) for xylanase, pH 5.1 (0.1 M) for Pectinex SMASH/Novoshape and 
pH 5.0 (0.1 M) for Pectinex Ultra and mannanase, according to recommendations from 
Novozymes). The apparatus was moved to a water bath, maintained at approximately 18 °C, 
for 10 minutes during which 200 ml buffer was added. When mannanse was tested, the 
apparatus was cooled at room temperature for 5 minutes, reaching a temperature of 79 °C. 
The apparatus was emptied of liquid and moved to a water bath (80 °C for mannanase, 50 °C 
for all pectinases, and 55 °C for xylanase) for 5 minutes. 30 ml of enzyme solution was added, 
the mechanical press was released, the cap was substituted to the foot of an E-flask, the 
wood chips were loosened with a spoon, and the rest of the enzyme solution poured on the 
wood. Time was taken from when all the enzyme solution had been poured. During the 
incubation, samples of the solution were taken every 10 minutes. After an incubation of 90 
minutes the solution was drained, collected, and sampled with N-S. The wood chips were 
steamed for 5 minutes with a bottom tap open, during which the drained solution was 
collected. The wood chips were pressed (approx. 50 %) for liquid, which was collected as 
well. Samples taken were thus enzyme solution (buffer solution for references), samples 
during the incubation, drainage after incubation, drained solution during the second 
steaming, drainage of the last pressing and the treated wood chips. The samples were 
analysed with N-S, and some with CZE. Also, some tests with pectinases were tested with 
A235. Samples were stored in a freezer (approx. -20 °C). 
 
Due to an initially low amount of reducing sugars for Pectinex SMASH/Novoshape when 
using Impressafiner chips, finer wood chips were tested. To compare the different amounts 
of chips, the total amount of reducing sugars measured with N-S were normalized to dry 
matter content of the applied wood chips. 

3.2.8 Studies Regarding Liquid Uptake 

A study was performed to conclude the amount of liquid impregnating of the wood chips in 
the container. Container and wood chips were weighed, steamed for 5 minutes, 
mechanically pressed, and weighed. An equal amount of wood chips were steamed for 5 
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minutes, pressed, cooled by introduction of dH2O, drained of the latter, and weighed. Finally, 
the whole laboratory outline was performed and the wood chips weighed. The amount of 
drained liquid in the different steps was measured. 

3.2.9 Measurements of Activity 

The amount of reducing sugars from 1 ml samples was measured with Nelson-Somogyi to 
study what activity the enzymes had during the incubation time of the pre-treatment of 
wood chips in the pre-trials. The activity was calculated according to: 
 

woodofDMCgU
DMCgmolg

YX
Activity 1

1 7.63min9016.180









  

 
Where X is equal to the amount of reducing sugars (grams) in the sample after 90 minutes, 
and Y is the amount of reducing sugars (grams) in the sample after 0 minutes. 180.16 g mol-1 
is the molar mass of glucose, 90 minutes the total length of incubation, and 63.7 g the dry 
weight of wood chip sample incubated. 
 
The activity for Pectinex SMASH/Novoshape, and Pectinex Ultra SP-L, as well as for samples 
from the pre-trial treatment of wood chips, was calculated according to: 
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Where 10 minutes was the length of the experiment and 5500 M cm-1 the extinction 
coefficient for the unsaturated product according to Albersheim and Silva, as previously 
explained.  

3.2.10 Impregnation of Wood Chips for Pilot Trials 

Wood chips were impregnated in large scale before the ensuing refining trial. 
 
A tank of approx. 400 l was filled with 200 l dH2O to a temperature of 43-48 °C. Enzyme (1.5; 
2.0; 2.0 kg enzyme product/tonne dry wood of Pectinex Ultra, mannanase, and xylanase 
respectively) was added to the water and stirred. Due to a low amount of wood chip 
material, 3 kg of fresh Norwegian spruce Impressafiner wood chips was mixed with 7 kg of 
thawed Norwegian spruce Impressafiner wood chips; both supplied from Braviken. The mix 
was steamed for 10 minutes whereafter it was fed into the tank by a rotating screw. The 
suspension in the tank was stirred half way through the feeding. When all wood chips had 
been fed into the tank the solution was stirred, temperature measured, and a sample was 
taken. The samples were tested for pH (ranging from 5.9 up to 6.4), and also filtered by a 
200 MESH (74 µm) net before they were tested for reducing sugars with N-S. The incubation 
of the wood chips was continued for 60 minutes whereafter half of the chips were taken 
(excessive water was put back in the tank before the wood chips were transferred to 
another container). The collected wood chips were steamed for 10 minutes to stop any 
enzymatic activity, and put in refrigerator. The remaining chips were incubated for another 
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60 minutes (not used in this project). The solution was drained and the chips were steamed 
for 10 minutes and kept in refrigerator. 
 
63.7 g DMC of wood chips from the different pilot scale impregnations after 1 hour were 
pressed 50 % as described earlier. The liquid was collected and measured for reducing sugars 
with N-S. 

3.2.11 Refining Experiments 

The impregnated wood chips described earlier were portioned into 125 g DMC batches and 
refined in a low-intensity wing refiner (se appendix 4). The wing defibrator chamber 
consisted of a 20 counter blade cylinder with a distance of 1 mm from 4 wing-like rotating 
blades to the counter blades. The refining machine was heated and three empty runs were 
used as blank. The steaming temperature was 124 °C ± 0.6 °C. The wood chips were steamed 
for 5 minutes, during which the 4 wing-like blades were rotated 90° every 1.25 minutes to 
heat the chips evenly. After 2 minutes of steaming the condensate was let out during 10 
seconds. After 4 minutes and 50 seconds of steaming the valve was closed, puls-meter 
zeroed and the run started after 5 minutes of steaming. The experiments were done for 2, 4, 
6, and 8 minutes of refining. When the time had passed, the experiment was stopped 
directly when the puls-meter changed value. The pressure in the chamber was 1.9 – 2.6 bars 
and the temperature rising from about 124 °C to 136 °C, depending on how long the 
experiment was continued. All enzymatic trials were run in singles, as well as 2, 6, and 8 
minutes for the reference. 4 minutes of refining for the reference was run 4 times. 
Unrefined/less refined wood chips/pulp between the wing refiner body and the wing refiner 
cap was removed. Small pieces of unrefined wood chips were observed inside the wing 
refiner. 
 
The pulps were centrifuged and measured for DMC (according to SCAN-C 3:78, described 
earlier) and freeness: by hot disintegrating 40 g pulp and subsequent dilution to a 20 °C 
solution, the mixture is measured with a Canadian Standard Freeness tester (see appendix 4). 
The total amount of consumed energy was plotted against freeness and trend lines were 
calculated for the reference, Pectinex Ultra, xylanase, and mannanase (R = 0.99; 0.95; 0.99; 
and 0.99 respectively). The energy consumption was compared at constant levels of freeness 
(from 300 to 80 ml). 
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Finally, after a long wait  here are the 
results. A process analysis based on the 
chapter System and Process is followed by 
the experimental outcomes. 

  

 4. RESULT 
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4.1 Process Analysis 

The literature study (the first task in figure 2.1), was initiated by a search for sources such as 
articles, conference proceedings, literature, etc. A high amount of sources was soon 
collected which made a reference system essential. RefWorks, supplied through Linköping 
University, was chosen due to the capacity to work with Internet Explorer and Mozilla 
Firefox, as well as Word 2010. Conference proceedings were gained access to via INNVENTIA 
AB’s library while articles were found on PubMed and Scopus, and books found in libraries at 
Linköping University, KTH and at INNVENTIA AB. While the literature study was being written, 
the apparatus for pre-trials (figure 3.2 and appendix 4) was modified to suit the intended 
setup, described in method. Two meetings were held during a period of four weeks: in the 
beginning of the work and at the end. The literature study was not finished after four weeks, 
mainly due to lack of figures but also absence of a chapter of proteins. Instead of delaying 
the initiating of the laboratory work, it was decided to complete the literature study in 
parallel to the laboratory work. 
 
The second phase, laboratory work, was initiated by a search for chemicals and 
introductions to the apparatus that were needed for the methods of choice. Out of three 
reagents that were sent for, one, sodium arsenate was delayed until 1 of mars due to 
restrictions. The apparatus was modified during the initial week. The initial tests revealed 
several problems which made new solutions crucial. In the start of the pre-trials 
impregnation of wood chips, the method showed no increase in the amount of reducing 
sugars when a mix of Pectinex and Novoshape was tested, as described earlier. Four reasons 
for the lack of an increase were thought of (however several more are possible): 
 

 The enzymes can be inactive 

 Active site – Substrate mismatch 

 Steric hindrance 

 Too low sensibility of Nelson-Somogyi for reducing sugars 
 
To rule out the named explanations several precautions were taken: The activity of Pectinex 
SMASH and Novoshape was measured (A235); an additional step in the laboratory method 
was applied – the loosening of the chips prior to the addition of enzymes in buffer; and a 
test with a more finely treated wood, although still Norwegian spruce, was conducted. Due 
to the different arrangement than earlier described in the flowchart, the factorial design was 
no longer considered as possible when bearing in mind the need to test further enzymes and 
time running short. The problems and other in kind were solved during the initial weeks by 
repeating the same experiments with small improvements until a robust method was 
achieved. 
 
Due to limited information concerning the capillary zone electrophoresis, too small amount 
of samples were tested from the start, which was indicated by no signals.  Due to the time it 
takes to prepare and run samples with CZE, it was not until the end of the laboratory work 
that a functional test could be run. Enzymes were delivered one by one at irregular basis 
which made the first enzyme (Pectinex SMASH/Novoshape) to be thoroughly analysed, but 
the rest less studied. The delays in combination with initial problems made time scarce and 
when the enzymes for impregnation for pilot scale trials were to be chosen, it was mostly 
based on the reducing sugar assays as well as knowledge from similar earlier enzymatic 
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implementations. The half time meeting took place as planned, as well as the meeting with 
the stakeholders. Since not all enzymes had been tested at the time of the latter meeting, 
there was an additional meeting 20th of April, when three enzymes were chosen for the pilot 
scale trial. The fresh Impressafiner wood chips from Braviken arrived the week before the 
pilot scale impregnation (PREX) and the tests at HUT (Helsinki, Finland) could begin 3rd of 
May and continue until 11th of May. Due to holidays, the stay at Finland was shorter than 
expected at the start of the master thesis. 
 
The third phase, writing, was done continuously during the project, however, mostly the 
literature study was worked on until the end of the laboratory work. It was not until during 
the stay in Finland that different chapters were put together and worked at as a whole 
report. The last few days which had been planned for refining in Finland were used for 
completing the report, which had to be submitted earlier than expected. The remainder of 
the time until the presentation (decided to be 4th of June) was dedicated to complete final 
minor changes to the report as well as preparing an opposition. 

4.2 Pre-trials 

4.2.1 Generally 

The dry matter content of the wood chips used in the pre-trials was calculated to be 36.7 % 
for Impressafiner and 59.4 % for the finer wood chips. 
 
The outcome of the study regarding liquid uptake was that 14.1 ml water were pressed out 
of the wood chips after the first steaming, 18 ml were absorbed into the wood chips during 
the cooling process, and 8.2 ml of water were absorbed after 30 minutes of incubation 
before the last steaming. 

4.2.2 Reducing Sugar Measurements with Nelson-Somogyi 

For Pectinex SMASH/Novoshape in the pre-trials (summarized in table 4.1), use of 1.5 times 
the recommended amount of enzyme product only showed a slightly higher degree of 
degraded (reducing) sugars compared to the reference, according to the N-S method. When 
testing the finer wood chips a markedly increase of degraded sugars was observe (figure 4.1). 
No difference was seen between Pectinex SMASH and Novoshape at dosages of 1.5 + 0.5 
and 5 + 1 kg/tonne of dry wood, which showed the lowest amount of degraded sugars 
compared to other enzymes. Of the Impressafiner wood chips, Pectinex Ultra and xylanase 
resulted in the highest amount of reducing sugars, followed by mannanase. For the latter 
enzyme, using 5 kg/tonne dry wood instead of 1.5 only increased the amount of degraded 
sugars by 1.6 times. The reducing sugar activity was in the order of (from highest to lowest): 
xylanase, Pectinex Ultra and mannanase, and Pectinex SMASH/Novoshape. 
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Table 4.1, Reducing sugars: Pre-trial impregnations

Name Enzyme

Dosage                     

(kg/tonne dry 

wood) Wood

∑(Reducing Sugars)                  

(µg/g dry wood)

Sugars                  

Enzyme  /  Reference

Activity                  

(U/g)

R1.1 Reference Impressafiner 430

P1.3 Pectinex + Novoshape 1,5 + 0,5 Impressafiner 490 1,1 *

R1.2 Reference 1 Fine chips 450

R1.3 Reference 2 Fine chips 420

P1.4 Pectinex + Novoshape 1,5 + 0,5 Fine chips 670 1,5 *

P2.1 Pectinex Ultra 10 Fine chips 1610 3,7 *

R2.1 Reference Impressafiner 300

P2.2 pectinex Ultra 1 Impressafiner 540 1,8 13

P1.5 Pectinex + Novoshape 5 + 1 Impressafiner 370 1,2 1

R3.1 Reference Impressafiner 570

P3.1 Mannanase 1,5 Impressafiner 650 1,2 13

P3.2 Mannanase 5 Impressafiner 710 1,2 22

R4.1 Reference Impressafiner 440

P4.1 Xylanase 1,5 Impressafiner 660 1,5 49  
Table 4.1 Summarized results from wood chips treatment in pre-trials. The amount of reducing sugars was measured with Nelson-Somogyi. Enzymatic runs under 
respective reference depending on optimal conditions (temperature and pH) for the enzymes. Activity was calculated with references as blanks. * = No samples during the 
incubation were tested with N-S.  
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Figure 4.1, Degraded amount of (reducing) sugars in the pre-trial impregnations of Impressafiner and finer 
wood chips with Pectinex SMASH/Novoshape. A markedly increased amount of reducing sugars is observed 
when finer wood chips are used. 

4.2.3 Absorbance of Unsaturated Product at 235 nm 

As can be seen in table 4.2, activity for Pectinex SMASH/Novoshape and Pectinex Ultra was 
observed with foremost pectin from citrus 9 % degree of methylation, as substrate. A 
mixture of Pectinex SMASH/Novoshape showed an activity of about 0.2 to 1.9 µmol min-1, 
whereas Pectinex Ultra showed an activity of about 0.02 to 0.4 µmol min-1, depending on 
the dilution. As also can be seen in table 4.2, the enzymatic concentrations resembling the 
concentrations in the pre-trial impregnations indicate an activity. The supplied enzymes 
were thus considered to be active. An unexplained increasing activity was observed for 
samples taken from the pre-trial incubations. The latter result is referred to under discussion. 
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Table 4.2, Absorbance of unsaturated product

Sample Dosage Substrate Activity (µmol/min)

A High DE 9 % 1,9

A High DE 71-75 % 0,2

A High PolyG 0,0

A Low DE 9% 0,2

B Low DE 9% 0,0

B High DE 9% 0,4

P1.3.1 DE 9% 0,3

P1.3.2 DE 9% 0,5

P2.2.1 DE 9% -0,1

P2.2.2 DE 9% 0,2

P2.2.3 DE 9% 0,3  
Table 4.2 Summarized results from A235 pre-trials. Absorbance of unsaturated products (degradation of pectin) 
at 235 nm is measured over 10 minutes. The negative value indicates fewer double bonds over time. Dosage 
for P-samples as described earlier in table 4.1. 
DE % = degree of methylation of Pectin (citrus);  
PolyG = Polygalacturonic acid;  
A = Pectinex SMASH XXL & Novoshape (P + N). High = 1/0.1 µl/ml buffer, low = 0.1/0.01 µl/ml buffer;  
B = Pectinex Ultra SP-L. High = 0.32 g /230 ml buffer, low = 0.032 g/230 ml buffer; 
P1.3.1 = Enzyme + 460 ml Buffer before added to wood chips and incubation 
P1.3.2 = Enzyme + 460 ml Buffer after 90 minutes of incubation with wood chips 
P2.2.1 = Enzyme + 510 ml Buffer before added to wood chips and incubated 
P2.2.2 = Enzyme + 510 ml buffer after 0 min of incubation with wood chips 
P2.2.3 = Enzyme + 510 ml buffer after 10 min of incubation with wood chips 

 

4.2.4 Capillary Zone Electrophoresis 

Results from the capillary zone electrophoresis are summarized in figure 4.2. Xylanase 
(sample P4.1) seems to have degraded more xylan and glucomannan than other samples. 
Very small differences are observed between other enzymes. 
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Figure 4.2 Summarized results from capillary zone electrophoresis of samples P1.4, P2.2, P3.2, and P4.1 (see 
table 4.1 for explanations). All samples have a blank and respective reference subtracted. Negative values 
indicate that the blank and the reference had higher values than the sample itself. Lower values than 0.05 
mg/ml were excluded before any further subtractions were done. 

4.3 Pilot Scale Trial 

Pextinex SMASH/Novoshape was not used in the pilot scale trial due to a low amount of 
degraded reducing sugars for Impressafiner chips despite activity in A235, and no difference 
in CZE compared to Pectinex Ultra and mannanase. All other enzymes were tested in the 
pilot scale trial. 

4.3.1 PREX Impregnation Measured by Reducing Sugars with N-S 

The pilot scale impregnations (table 4.3) resulted in a markedly reduced amount of degraded 
(reducing) sugars for Pectinex Ultra, whereas the amount for mannanase and xylanase was 
about the same as in the pre-trials. The reducing sugar content of the pressed pilot scale 
impregnation wood chips is visualized in figure 4.3. Of the three enzymes, Pectinex Ultra 
showed the lowest amount of reducing sugars (about 11 % less than mannanase) whereas 
xylanase showed the highest amount (about 5 % more than mannanase). The reference was 
about 26 % lower than Pectinex Ultra. The amount of degraded sugars over time of 
incubation is visualized in figure 4.4. As seen, the reducing sugar concentration increases, 
but decreases during the outtake of wood chips after 60 minutes of incubation, and does not 
change considerably during the remaining 60 minutes. 
 
 

-0,2

-0,1

0

0,1

0,2

0,3

0,4

0,5

Pectinex
S./Novoshape

Multipectinase Mannanase Xylanase

M
o

n
o

sa
cc

h
ar

id
e

s 
(m

g/
m

l)
 

Glucose

Mannose

Arabinose

Galactose

Xylose



[34] 
 

 
Table 4.3, Reducing sugars: PREX impregnations

Name Enzyme

Dosage                       

(kg/tonne DMC) Wood

∑(Reducing Sugars)                  

(µg/g dry wood)                                       

(after 60 min)

Sugars                     

Enzyme  /  Reference

Activity           

(0 - 60 min)

R1 Reference - Impressafiner 1150

P1 Pectinex Ultra 1,5 Impressafiner 1070 0,9 0,003

P2 Xylanase 2 Impressafiner 1430 1,2 0,168

P3 Mannanse 2 Impressafiner 1220 1,1 0,025

Name Enzyme

Dosage                       

(kg/tonne DMC) Wood

∑(Reducing Sugars)                  

(µg/g dry wood)                                       

(after 120 min)

Sugars                     

Enzyme  /  Reference

Activity              

(60 - 120 min)

R1 Reference - Impressafiner 1590

P1 Pectinex Ultra 1,5 Impressafiner 1580 1,0 0,052

P2 Xylanase 2 Impressafiner 2120 1,3 -0,035

P3 Mannanse - - - - -  
Table 4.3 Summarized results from wood chips treatment in PREX impregnation after 60 minutes (blue) and 120 minutes (lilac). Pressing of 63.7 g dry wood chips is 
illustrated in figure 4.3. The amount of reducing sugars was measured with N-S. ∑ Reducing sugars after 120 minutes include degraded sugars after the first 60 minutes. The 
reference (named R1 in the table) is used as a blank for activity measurements. Mannanase was only incubated for 60 minutes. Amount of degraded sugars per 10 minutes 
over 90 minutes is illustrated in figure 4.4. 
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Figure 4.3, Amount of reducing sugars (divided by 10

3
) after 50 % pressing (see appendix 4: Impregnation pre-

trials, apparatus, and appendix 3 for definition of the pressing) of 63.7 g dry wood chips from pilot scale 
impregnations. The amount of reducing sugars was measured with N-S. 
 

 
Figure 4.4, Pilot scale impregnations. Amount of degraded sugars per 10 minutes. The amount of reducing 
sugars was measured with N-S. Different slopes are observed in the beginning (from 0 to about 20 minutes) 
whereafter the slopes are about the same. 

 
Dry matter content for the pilot scale impregnated wood chips of reference, Pectinex Ultra, 
xylanase, and mannanase were calculated to be 33.3 %, 31.2 %, 33.4 %, and 34.3 % 
respectively after the impregnations. In relation to this, DMC for pulps from the refining is 
summarized in table 4.4. 
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Table 4.4, Pilot scale refining

Sample SEC (MWh/t) CSF (ml) DMC (%)

Test (2h)

3 min 1,858 288 32,6

3 min 4,454 59,5 35,5

Ref (1h)

2 min 1,405 428 38,5

4 min_1 2,408 164,3 43,3

4 min_2 2,256 207,5 32,7

4 min_3 2,348 175 36,9

4 min_4 2,329 192,5 36,3

6 min 2,928 127 33,4

8 min 4,575 38 37,9

Pectinex Ultra (1h)

2 min 1,412 383 34,8

4 min 2,483 158,2 36,3

6 min 3,264 87,5 37,5

8 min 4,030 75 33,8

Xylanase (1h)

2 min 1,484 373 35,5

4 min 2,430 162,5 31,5

6 min 3,437 84 32,5

8 min 4,458 48,5 34,3

Mannanase (1h)

2 min 1,404 427,5 36,5

4 min 2,489 165 37,1

6 min 3,413 82,5 35,0

 
Table 4.4 Summarizes results from refining at HUT. 
Specific energy consumption (SEC), Canadian 
standard freeness (CSF), and Dry matter content 
(DMC). Relatively high dry matter content for 
sample 4 min_1 is observed, the reason is likely 
due to an inhomogeneous sample (pieces of 
unrefined/less refined wood chips from any spaces 
in the refiner not in contact with the wings). 

4.3.2 Energy Consumption 

As can be calculated from figure 4.5, Pectinex Ultra had about 4.5 % higher energy 
consumption than the reference at a level of 80 in Canadian Standard Freeness (CSF) 
(mannanase had 2.6 % lower and xylanase had 2.6 % higher energy consumption than the 
reference). At higher levels of freeness, the difference in energy consumption was lower, 
and was inverted at a freeness over 170 ml. At a freeness of 300 ml, wood chips treated with 
Pectinex Ultra had lower energy consumption (about 6.4 %) than the reference (mannanase 
had 4.3 % higher and xylanase had 3.9 % lower energy consumption compared to the 
reference). The standard deviation for the energy consumption of the four reference runs at 
4 minutes of refining was approximately 0.06 MWh/t and the mean 2.34 MWh/t. The 
freeness for the same group had a standard deviation of about 19 ml, whereas the mean 
was 185 ml. The energy consumption during the refining runs is visualized in figures 4.6 to 
4.9. As can be seen, the stringency is relatively high. Curves that differ are likely due to the 
pulp going dry (as seen in figure 4.6 for 8 minutes of refining), or a higher/lower amount of 
condensate in the wing refiner. The total energy consumption, freeness, and dry matter 
content, are summarized in table 4.4. 
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Figure 4.5, Level of Canadian standard freeness (ml) plotted against total energy consumption (MWh/t) for the 
refining trial with samples marked: Red = reference, blue = Pectinex Ultra, green = xylanase, and lilac = 
mannanase. Added trend lines have R-values: 0.99, 0.95, 0.99, and 0.99 respectively. The difference in energy 
consumption between the reference and the respective enzymes are calculated from the intersection of 
freeness/energy curve. Intersection of all curves is at approximately 2.5 MWh/t. 
 
 

 

 
Figure 4.6, Energy consumption during 2, 4, 6, and 8 minutes of refining of reference. The increasing energy 
consumption after 6 minutes is likely due to pulp going dry. 
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Figure 4.7, Energy consumption during 2, 4, 6, and 8 minutes of refining of Pectinex Ultra. 

 
 
 

 
Figure 4.8, Energy consumption during 2, 4, 6, and 8 minutes of refining of xylanase. 
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Figure 4.9, Energy consumption during 2, 4,and  6 minutes of refining of mannanase. 
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The discussion is divided into 
three parts: scientific results, 
overall  analysis of the process, 
and possible values for the society.  

  

 5. DISCUSSION 
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5.1 Pre-trials 

5.1.1 General 

The use of finer wood chips allowed the Pectinex SMASH/Novoshape and Pectinex Ultra to 
have access to a relatively larger wood surface than for Impressafiner chips. It also allowed 
the enzymes to have shorter ways of diffusion to the wood component substrates. The 
former is likely the most relevant reason why a higher amount of reducing sugars is 
observed when applying finer wood chips. 
 
The enzymatic promiscuity (the ability to bind other molecules than the “preferred”) is likely 
a reason why the effect of enzymes is not as high as might be possible. Even if the enzyme 
has a low ability to bind to an “unwanted” substrate, the enzyme will bind to most of the 
substrates if the concentration of the latter is high enough. A higher specificity of the 
enzymes needs to be developed if the reasoning above is to be circumvented. By 
implementing a higher dosage of enzymes to solve the problem, the price will go up and a 
relatively low industrial gain is achieved unless the price of the enzymes is low. 
 
The project in which this thesis was done also included refining trials with Pectinex Ultra and 
xylanase incubated for 2 hours in the PREX impregnation. The pulps from the refining trials 
are at first to be tested for tensile strength, light scattering, and in Fibertester (Properties 
Analysed - Innventia) to assess if any paper properties have been influenced due to the 
enzymatic treatment. The results of refining with the 2 hours incubations, as well for the 
strength and fibre properties, were not available when this thesis was submitted. 

5.1.2 Reducing Sugar Assay, Nelson - Somogyi 

Reducing sugar assay by Nelson-Somogyi resulted in overall acceptable values. However, as 
can be seen in appendix 2, standard curve 2 has a low value for 200 µg/ml glucose compared 
to standard curve 1. The trend line that include the latter point underestimates the amount 
of sugars by 10 and 5 % for absorbance at 500 and 520 nm, respectively, if compared to a 
linear trend line (see appendix 2) for 5 to 100 µg/ml glucose at a value of 100 µg/ml. Since a 
mean of the two curves is used, the underestimation is about 7.5 % at 100 µg/ml. Use of the 
underestimating curve will not have had a great effect on the result since few of the samples 
were close to 100 µg/ml reducing sugars, but often were between 30 to 60 µg/ml where no 
or very small difference between the curves is seen. 
 
Nelson-Somogyi seems to have served its purpose as a crude method for fast determination 
of the degree of reducing sugars in unknown samples. One apparent disadvantage is the 
high degree of safety measurements one needs to implement when doing the test because 
of the use of arsenate.  

5.1.3 Absorbance of Unsaturated Product at 235 nm 

The increasing activity observed when studying the samples from the incubations (for 
example, sample 1.3.2 in table 4.2) is difficult to explain. If the enzymes in fact have a higher 
activity when in the same solution as wood, or if any other products or substances absorb at 
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235 nm, such a result would be seen. It would seem that the latter theory is more plausible 
than the former. Further tests would be needed to propose the correct reason. 
 
By measuring activity (A235) of Pectinex SMASH/Novoshape it was found that the enzymatic 
mixture had an activity with pectin DE 9 % as substrate (table 4.2), and that the finer wood 
chips resulted in a high amount of reducing sugars (as measured by N-S) (e.g. figure 4.1 and 
samples P1.3 and P1.4 in table 4.1). It is thus possible that the low amount of degraded 
sugars observed for Pectinex SMASH/Novoshape might be because of a low accessibility to 
wood substrates. It is not clear however, whether the effect seen relates to either one 
enzyme having low accessibility, or if it is both enzymes. It is also possible that the effect is 
due to other substances in the wood working either as substrates (products not seen by N-S) 
or as inhibitors to one or both enzymes. It was not tested if a longer incubation time would 
improve the amount of degraded sugars since more than 90 minutes would be of no interest 
in an industrial implementation. By increasing the dosage of enzyme one would possibly also 
improve the amount of degraded sugars, however as enzymes can be expensive, such a 
method will demand a higher reductions of energy to be economical. 

5.1.4 Capillary Zone Electrophoresis 

The first sample that showed signals in capillary zone electrophoresis was in itself a rough 
test for acquiring the right method to study the amounts of sugars. Because of the latter fact, 
it is difficult to compare the first sample, Pectinex SMASH/Novoshape (samples P1.3 and 
R1.1), to the next samples that were run. R1.1 is however used as a reference for all but 
mannanase (samples P3.2 and its reference R3.1) which makes these samples comparable 
with each other as well as, with caution in mind, samples P3.2 and R3.1. Peaks were 
observed for galacturonic acid and glucuronic acid, however, the signals were too small to 
make any statements. It is possible that concentrating more liquid would result in 
measurable signals for similar saccharides. The amounts of xylose and glucose observed for 
xylanase likely derives from xylan and glucomannan. 

5.1.5 Enzyme by Enzyme 

Pectinex Ultra was expected to be a candidate for pilot trials. It was thus not a surprise that 
it degraded a high amount of sugars in the pre-trials. What was a surprise is the low amount 
of sugars that were degraded in the pilot scale impregnation. Out of the three candidates, 
Pectinex Ultra produced the lowest amount even when considering the amount of sugars 
from pressing of the impregnated wood chips. The most likely possibility for this outcome is 
the higher temperature when the chips are fed into the tank. Since in the pre-trials, the chips 
are cooled after steaming, the enzymes have no risk of being denatured. A higher 
temperature close to the drained solution of chips might denature the enzymes in close 
proximity resulting in a low activity compared to results in the pre-trials and to the other 
enzymes. Another explanation might be that deionized water was used instead of buffers as 
in the pre-trials, causing a higher pH as mentioned earlier. From Novozymes however, it was 
said that the change of pH would not affect the activity too much. The reduced activity might 
be one possibility for the low energy consumption seen in the refining (although at a 
freeness of 80 ml, it shows higher energy consumption compared to the reference). Of 
course, another possibility for the low energy reduction might be that Pectinex Ultra only 
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has a low, or none, effect on the supporting structure in the wood. As a low freeness is 
preferred before a high (generally a freeness of about 100 ml is desired for newspaper), the 
6.4 % energy saving at 300 ml freeness seems less valuable. 
 
Mannanase, which was hoped to be good due to its tolerance for high temperatures 
(reported to be active at 80 °C), was applied to wood chips at about 50 °C in the pilot scale 
impregnations. This might have been too low of temperature for the enzyme to be fully 
active. The degraded sugars might possibly originate from when the wood chips are fed into 
the tank, warming the water nearby and increasing the activity of the enzyme locally. This 
might explain the steeper slope for mannanase (and xylanase) seen in figure 4.4. The reason 
the test was performed with only 50 °C has its explanation in a low amount of available 
Impressafiner wood chips, not making a reference for 80 °C possible. It is not unlikely that 
lower energy consumption in the refining had been observed, had the temperature during 
the incubation been higher. 
 
Xylanase with its relatively high amount of degraded sugars both in the pre-trials and in the 
pilot scale impregnation was expected to result in lower energy consumption compared to 
the reference. However, as seen in figure 4.5, the energy consumption is between those for 
mannanase and Pectinex Ultra, close to the reference. The values of the energy 
consumption are unreliable considering the uncertainty which is discussed later. It is 
somewhat reassuring that the enzyme likely reacted with the xylan in the wood with respect 
to the CZE result in figure 4.2.  

5.1.6 Refining Trial 

The uncertainty when studying the refining trial is due to the possible factors of error. The 
dry matter content was only measured once, when all the samples were divided into bags of 
125 g dry matter content. Any water evaporating during the procedure will have an effect on 
the energy consumption due to amount of water in the sample and the weight of the sample. 
Also, the standard deviation of 0.06 MWh/t might be too large to draw any real conclusion 
about the 6.4 % lower energy consumption when comparing reference to Pectinex Ultra. It is 
however interesting to see that the refining trials show a high stringency. Even though little 
can be stated about the refining energies, it is relatively clear that the enzymes have had an 
effect during the PREX impregnations. As can be seen in table 4.3 and figures 4.4 and 4.3, the 
enzymes have degraded some material. Furthermore, as can be seen in figure 4.4, the wood 
chips seem to act as a filter for degraded sugars as the concentration of reducing sugars 
drastically decrease when wood chips are taken out. The effect might also depend on no 
remainder of substrate (although this theory is hardly likely) or on the dilution factor when 
water is put back when wood chips are taken out. Due to lack of time as well as restrictions 
concerning the analysis of the enzymes, a study to see whether the same phenomenon in 
respect to amount of filtered enzymes, was not performed. However the latter theory would 
seem possible considering the lack of an increase of sugars during the last 60 minutes. When 
comparing the refining energy consumptions with the reducing sugar assays, it is hard to find 
any direct connections since the former did not show any distinct differences. However, the 
highest amount of degraded sugars for all enzymes seems to correlate to the highest 
reduced energy consumption at 6.4 %, considering Pectinex Ultra. 
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A general goal when trying to implement enzymes is to reach above 20 % energy reduction. 
The latter is set to correspond to a break even when implementing enzymes industrially. As 
the energy reduction for this study only reached 6.4 % energy reduction at a freeness of 300 
ml, it would seem that the enzymes need to be further optimized or other candidates for 
degradation of wood need to be found. 

5.2 Process Analysis 

The dates in the original flowchart have mostly been followed. The major deviations are 
PREX taking 1 week, refining trials at HUT only lasting from 2nd to 11th of May, and the report 
writing lasting from 14th to 20th of May. What really differs from the original plan is the fact 
that the impregnation conditions (temperature, pH, time, mix of enzymes, etc.) were to be 
optimized during the experimental part. Since temperature and pH came as 
recommendations from Novozymes, those parameters were set. Due to initial delays, it was 
concluded that factorial designs were not possible to perform, but instead carefully planned 
experiments had to be executed. Since the project had expertise from earlier 
implementations of enzymatic treatment of wood chips as well as for the enzyme products 
that were used, the relatively low amount of experimental results were somewhat balanced. 
 
The experimental part was planned with few details, except of course for the PREX and visit 
at Helsinki University of Technology (HUT). Only what enzyme was to be tested during which 
week was planned, not how the experiments were to be performed. This resulted in a 
relatively independent timetable where interesting results could be followed up instead of 
going forth with the original plan. If an effective process is to be accomplished, the planning 
needs to be strict, for example, day 1: perform R1.1, reducing sugar assay, and analysis. Day 
2: perform P1.1, reducing sugar assay, and analysis. Etc. It is however in the nature of this 
project, i.e. the implementation of enzymes to degrade wood, to be freer since it is an area 
where few reports have been made and interesting follow-ups might lead to new discoveries. 
 
The results of this thesis indicate a possible reduction of energy consumption by enzymatic 
pre-treatment of wood chips in TMP refining. However, to be sure of the refining energy 
consumption, further trials need to be run for a statistical study to be made. There are 
further tests of paper and fibre quality left to be done, which might establish a more robust 
statement. If such tests show an increase in strength or fibre length, it would implicate that 
enzymes could possibly be successfully employed in respect to reach better paper qualities. 
Potentially such discoveries would lead to less energy input for the same paper quality. For 
society this would possibly lead to less energy being consumed by the pulp industry, which in 
turn would be more environmental friendly.  
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   6. CONCLUSIONS 
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6.1 Pre-trials 

6.1.1 Generally 

The enzymatic activity in amount of reducing sugars over 90 minutes varied markedly 
probably due to inhomogeneous mixing. Therefore, the parameter was hard to compare 
between samples. Also, due to small differences in capillary zone electrophoresis results, it 
was hard to compare the samples. 

6.1.2 Reducing Sugar Measurements with Nelson-Somogyi 

 The finer wood chips resulted in higher amounts of reducing sugars compared to 
Impressafiner chips when both pectinases were studied 

 In relation to dosage, Pectinex Ultra resulted in the most reducing sugars, followed 
by: xylanase; Pectinex SMASH/Novoshape and mannanase at about the same level 

6.1.3 Absorbance of Unsaturated Product at 235 nm 

 Pectin from citrus at 9 % degree of methylation resulted in the highest activities 
when studying activity of pectinases 

 Activity measurements indicated active pectinases supplied from Novozymes 

 An unexplained increase in activity over time of incubation (in pre-trials) was 
observed 

6.1.4 Capillary Zone Electrophoresis 

 Compared to studied enzymes, xylanase resulted in the most degraded xylose and 
glucose 

6.4 Pilot Scale Trial 

6.3.1 Generally 

Due to only one run for each enzyme and refining time (except for the reference at 4 
minutes), the uncertainty makes it hard to draw any robust conclusions. Even though 
stringency is observed for the curves, this should be considered when studying the energy 
consumption data. 

6.1.3 PREX Impregnation Measured by Reducing Sugars with N-S 

 Xylanase and mannanase were observed to have a higher activity in the beginning of 
the incubation whereas Pectinex Ultra followed the reference 

 After 1 hour of incubation, xylanase resulted in the most reducing sugars, followed by 
mannanse and last Pectinex Ultra 
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 Pressing of the incubated wood chips indicated a high amount of reducing sugars 
remaining in the chips 

6.3.1 Energy Consumption 

 At a freeness of 80 ml, Pectinex Ultra and xylanase resulted in 4.5 % and 2.6 % higher 
energy consumption, respectively. Mannanase resulted in 2.6 % lower energy 
consumption compared to the reference 

 At a freeness of 300 ml Pectinex Ultra and xylanase resulted in 6.4 % and 3.9 % lower 
energy consumption, respectively. Mannanase resulted in 4.3 % higher energy 
consumption compared to the reference 
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During the work some 
ideas have come to the 
mind of the author. Thus 
a few hints for future 

studies with reducing sugar assays and refining energy consumption 
are mentioned here.   

 7. FUTURE STUDIES 
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When further studies are done with reducing sugar assays as a method for determining 
degraded sugars, N-S should be thought of as a second, or possibly third, alternative. The 
method demand both time and safety measurements. Also restrictions make the arsenate 
reagent tedious to buy. If such limitations are unwanted, the reader is referred to other 
methods, for example PAHBAH (described earlier) that requires less safety measurements. 
 
It is the belief of the author that similar studies should implement capillary zone 
electrophoresis either in combination with reducing sugar assays, or by itself. The method, if 
used correctly, will result in a detailed analysis of what has happened to the wood in forms 
of saccharides as products. 
 
The 6.4 % lower energy consumption would have to be backed up by a statistical study with 
further refining trials for a more robust statement to be made.  
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Appendix 1: Dry matter content calculations 

 

Impressafiner       
 

  

# w. can (g) w. can+wood (g) 1st test (g) 2nd test (g) 3rd test (g) 

1 10.400 210.400 84.4634 83.921 83.8 

2 11.442 211.454 87.900 84.88 84.8 

3 12.089 212.090 87.556 85.73 85.23 

 

Finer spruce wood         

# w. can (g) w. wood (g) 1st test (g) 2nd test (g) 

1 2.013 40.012 24.490 24.488 

2 3.053 39.999 25.115 25.108 

 
Calculation: 
The dry matter content is calculated, separate for the two determinations, from the 
expression: 
 

)(

)(100

ca

cb
X




  

 
where 
X is the dry matter content of the sample, expressed as a percentage; 
a is the mass of the container with sample before drying, in grams; 
b is the mass of the container with sample after drying, in grams; 
c is the mass of the empty and dry container, in grams. 
 
The mean of the two results is calculated to the first decimal place. 
 
Result: 
Impressafiner = 36.7 % DMC (Dry matter content) 
Finer wood chips = 59.4 % DMC (Dry matter content) 
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Appendix 2: Standard curve, Nelson-Somogyi 

 
Standard curve 1 
Abs 870 nm as well as 610 and 620 nm passes over 1 absorbance units (AU) too fast to be 
used. Samples with an absorbance over 1 AU are to be diluted according to references 
mentioned under method. 520: y=-1E-07x3+4E-05x2+0.0053x+0.0406; 500: y=-8E-08x3+3E-
05x2+0.0044x+0.0347 

 
Standard curve 2 
The curves were only used for samples close to or under an amount of 100 µg/ml reducing 
sugars due to a strange value at 200 µg/ml. Curves are visualized in next figure as well. 
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Standard curve 2, linear curve added 
Linear curves were added (R-values of 0.99 and 99 for A500 and A520 respectively) to observe 
the overestimation of the old curves. Little difference is seen for most glucose 
concentrations. About 7.5 % difference (mean of A500 and A520) is observed for a 
concentration of 100 µg/ml. Blue = A520, pink = A500. Graph was made in the program Graph. 
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Appendix 3: Laboratory outline 1 

Workflow when doing the wood chips pre-treatments at the pre-trials. 
 
 
 
 
 

- Weigh chips, approx. 400 g (not DMC) including container (226.36 g). 

- Steam chips  5 min  Lower tap open 
- Press   

     Lower tap closed 

- Add buffer (approx. 30 ml)  Upper tap open  
- Place apparatus in cool waterbath and add buffer (230 ml)  

10 min 
- Drain buffer    Lower tap open 

     Lower tap closed 

- Place apparatus in 50 °C water bath 5 min 
- Add enzyme  (approx. 30 ml) 90 min  

 Release press 
 Substitute cap, add 100 ml enzyme. Use e-flask floor as cap. 

 Stir the wood chips 
 Add the rest of the enzyme solution 
 Take sample (0, 10, 20…, 70, 90 min) 

- Drain enzyme solution in a bottle, measure volume, shake 
 Take samples for Nelson-Somogyi, (1 ml) and additional 2 ml 
     Upper tap closed 

- Steam chips, collect liquid, take 1 ml samples        5 min. Lower tap open 
- Press liquid out, collect, take 1 ml samples  Upper tap open 

 Portion wood chips in 2 packages 
- Freeze samples and wood chips and/or run a Nelson-Somogyi test 

 
Modifications: 

 Depending on enzyme, the 50 °C water bath was substituted to optimize the 
enzymatic conditions. 

 460 ml (stirring, Impressafiner wood) and 570 ml (stirring, fine wood), decided 
to cover the wood.  
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Appendix 4: Pictures 

 
Hot disintegrator. Used for 
measurements of freeness. 

 
CSF tester. Used for Canadian Standard 
Freeness measurement
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Wing refiner, Used for Pilot scale trials 
 

 
Wing refiner, Used for Pilot scale trials 
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Wing refiner, Used for Pilot scale trials. Space between wing refiner body and cap with 
unrefined/less refined wood chips/pulp after a refining. 
 

 
Wing refiner, Used for pilot scale trials. In the upper right corner is the puls-meter as well 
as a watt-meter. The beige box on the piping display temperature and RPM. 
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Impregnation pre-trials. Workspace when performing the wood chips pre-treatments. The steam-boiler can be seen in the upper left 
corner. To the left is the warm water bath. The aquarium is used as the cold water bath. 
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Impregnation pre-trials, apparatus. The steam is applied through the left valve and 
is let out via the bottom tap (barely visible). The first 30 ml enzyme and/or buffer are applied 
through the right tap. The valve and the tap are attached to the cap, which can be removed. 
The press is screwed by hand-force and is seen uppermost in the picture. The drained 
solutions are collected from via the bottom tap. The samples during the incubation are 
collected with a pipette from above, with the cap substituted to an E-flask bottom. 
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Pilot scale impregnation. The box in the middle of the picture is where wood chips are 
fed. The tank to the right is where the chips are being incubated. Connecting the box and the 
tank is the PREX screw. 
 
 
 

 
Pilot scale impregnation. The wood chips are being stirred. After 1 hour the wood chips 
are taken out at the top by plastic buckets and stirring. After 2 hours the chips are taken out 
with the screw at the bottom of the tank. 
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The enzymes tested in this project. 
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