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ABSTRACT

The rising price of petroleum and environmental concerns regarding CO2 emissions have
increased interest in alternative renewable resources. Biomass can be considered as an excellent
alternative raw material. A biorefinery uses biomass and produces fuel, energy, and value-
added chemicals. The biorefinery is an emerging industry and requires much development to
compete with established petroleum-based industries. One of the greatest challenges to the
biorefinery is that the raw material; biomass, has a complex chemical composition and physical
structure. Enzymatic hydrolysis of native biomass for the production of biofuel yields very
small amounts of product. A pretreatment process is necessary to induce physico-chemical
changes in the biomass and transform it into easily hydrolysable material. The main factor
limiting enzymatic digestion of biomass is accessibility to chemical constituents. Steam
explosion pretreatment is a promising pretreatment that modifies both the physical and chemical
structure of biomass and significantly enhances the subsequent enzymatic hydrolysis of the
pretreated material.

Steam explosion pretreatment can be studied as a three-step process that involves; (i) the
treatment of wood with pressurized steam for a specific period of time, (ii) the rapid release of
pressure which causes vapours inside the wood cells to expand, and (iii) the discharge of the
wood chips into a blow tank which results in collisions between wood chips and impact with
vessel walls. This thesis is based on experimental and modelling studies performed with the
aim of gaining knowledge of the basic mechanisms of the steam explosion process.

In the experimental part, the three steps of steam explosion pretreatment were carefully isolated,
and the effect of these steps on the structural changes in spruce wood pieces was studied. The
study revealed that all the steps of the steam explosion process contribute to structural changes
in the wood material, which increases the enzymatic hydrolysis of the material. It was found
that wood chips disintegrate into small fragments and that the microstructure of the wood is
vigorously destroyed as a result of the collision between wood chips and vessel walls.

The deformation in the cellular structure of softwood due to the rapid decompression of vapour
inside the wood cells was modelled using the Finite Element Method. Simulations identified
the regions where microcracks were likely to appear. These regions showed much resemblance
to the experimentally obtained steam-exploded wood. Simulations of collisions between wood
chips and impact with a steel wall were also performed. It was found that the wood chip that
moves at high velocity and impacts with the steel wall in the radial direction acquires the most
damage.
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1. INTRODUCTION

1.1. Background

Everyday growing numbers of vehicles and industries increase the demand for fossil fuels.
Extensive use of fossil fuels has brought to the fore economic and environmental issues,
which has steered the attention of researchers to the utilization of sustainable and renewable
resources for the production of bio-fuels and other useful chemicals. Lignocellulosic
biomass is a widely available low-cost renewable resource that can be an excellent
alternative (Goldstein 1981; Claassen et al. 1999). It is a promising solution to the
environmental problems and the rise in CO. production caused by the increased use of
petroleum products (Hamelinck et al. 2005; Sun and Cheng 2002).

The conversion of lignocellulosic biomass, e.g. wood, to ethanol is typically carried out
through enzymatic hydrolysis and fermentation (Romani et al. 2013; Xu and Huang 2014).
This is technically difficult because the digestibility of cellulose and hemicelluloses is
hindered by the complex physical and chemical structure of wood (Sanchez and Cardona
2008). The enzymatic hydrolysis of native wood produces a negligible amount of glucose
(Martin-Sampedro et al. 2014). In order to make the hydrolysis process feasible, efficient
utilization of the raw material to obtain high product yield should be considered. A
pretreatment process that induces certain physical and chemical modifications in the wood
and improves the subsequent hydrolysis is necessary (Mosier et al. 2005). However, the
pretreatment process has been considered as one of the most expensive process steps in the
conversion of lignocelluloses to ethanol based on enzymatic hydrolysis (Mosier et al.
2005). Many pretreatment technologies have been investigated for different biomass types,
and several review articles have been published (Alvira et al. 2010; Carvalheiro et al. 2008;
Mosier et al. 2005; Xu and Huang 2014).

Steam Explosion (STEX) is one of the pretreatment processes that significantly improves
the enzymatic hydrolysis of pretreated wood. It is a widely employed physico-chemical
pretreatment for lignocellulosic biomass (Alvira et al. 2010). It has some major advantages
as compared to the alternatives, for instance a significantly lower environmental impact,
lower capital investment, greater energy efficiency, and less hazardous process chemicals
and conditions (Avellar and Glasser 1998). Several researchers have observed a remarkable



increase in glucose yield as a result of STEX pretreatment (Grous et al. 1986; Wu et al.
1999).

Studies related to the STEX process largely include investigations of the chemical and
physical changes in the pretreated wood (Negro et al. 2003; Tanahashi et al. 1982;
Toussaint et al. 1991). Knowledge about the mechanisms behind physical structural
modifications and the contribution of these to enhanced enzymatic hydrolysis is limited.

STEX pretreatment can be studied as a three-step process:

(i) Steam treatment step: treatment of wood chips with steam at high temperature
in a pressurized vessel

(i) Explosion step: rapid decompression of steam, which creates a difference in
pressure between the inside of the wood cells and outside them in the vessel

(ili)  Impact step: discharge of the wood chips into a blow tank, which results in
collisions between the wood chips and impact with the walls of the vessel

STEX pretreatment causes both chemical and physical structural changes in the pretreated
wood. The chemical modifications that take place in wood during the steam treatment
involve the degradation of hemicelluloses and depolymerisation/repolymerization of
lignin, which exposes the cellulose to enzymes (Li et al. 2007; Wang et al. 2009). In
addition, the chemical reactions that take place in the wood during the steam treatment
have a major impact on the elastic and strength properties of the wood (Gerhards 1982;
Salmén and Fellers 1982). The wood chip becomes soft and easily deformable during the
succeeding steps. This facilitates the physical structural alterations, which include the
creation of microcracks in the cell walls and disintegration of wood chips during the
explosion and impact steps.

A number of experimental studies demonstrate the structural changes in wood caused by
STEX pretreatment (Tanahashi et al. 1982; Toussaint 1991; Zhang and Cai 2006). Most
commonly, the microstructure of wood obtained after STEX pretreatment is analysed with
Scanning Electron Microscopy (SEM) (Donaldson et al., 1988; Zhang and Cai, 2006).
However, this technique only provides 2D images of the surface of the material. The 3D
interior structure of the pretreated wood without disruption can be visualized through high-
resolution X-ray tomography (Gilani el al. 2013; Bulcke et al. 2013).

The explosion step takes place at a high rate, and an investigation of the mechanics of this
step at the microscale by means of experiments is impractical. Finite Element Modelling
(FEM) is an excellent approach that can be used to study the modifications in the cellular
structure of wood during this step. This approach has been used to study the deformation
of wood cells caused during pulp and paper processes (De Magistris and Salmén 2008;
Fortino et al. 2015). Similarly, FEM can be used to simulate wood chip disintegration
during the impact step. Damage criteria, e.g. Hashin’s damage initiation criteria (Hashin
1980), can be used to predict the damage in a wood chip as a result of collisions between



wood chips and impact with vessel walls. Numerical modelling of the explosion and impact
step can reveal the mechanisms and possible reasons behind the structural modifications
that take place in a wood chip. These models can provide suggestions for STEX process
improvement.

1.2. Objectives

The objective of this thesis is to study and characterize the structural changes that take
place in wood during the STEX process through experiments and modelling. The three
steps of the STEX process were isolated and studied in detail. Several experimental
techniques were utilized, which improved the understanding of the process. Finite Element
Models were developed to simulate the explosion and impact steps.

1.3. Outline of the thesis

This thesis presents a summary of the experimental and numerical studies performed to
gain better understanding of the STEX process.

The beginning of Chapter 2 first gives information about the chemical composition and
physical structure of wood. Then, the biorefinery and the need for a pretreatment process
are discussed briefly, and a detailed introduction to the STEX process is given. In Chapter
3, the experimental setup and sample preparation are discussed. The experimental
techniques utilized to characterize the untreated and pretreated wood are also introduced in
Chapter 3. Chapter 4 covers the background and basic theory behind the FEM of the
explosion step. The geometry of the modelled cellular structure is presented, and a method
for calculating the elastic properties of a wood cell is included. In Chapter 5, modelling of
the impact step is briefly summarized.

Results from the experiments are discussed in Chapter 6, and the results from modelling
are presented in Chapter 7. Finally, in Chapter 8, the conclusions from both the
experimental and numerical investigations are summarized.

The five papers on which this thesis is based are attached at the end of this thesis.






2. BACKGROUND

2.1. Wood

Wood has a very complex physical structure and chemical composition. Its structure and
chemical composition make it useful for many applications. Wood is used in construction,
furniture, paper and packaging, fuel, and for obtaining many valuable chemicals. There
are mainly two types of wood; softwood (from gymnosperm trees) and hardwood (from
angiosperm trees). Examples of softwood are Spruce, Pine, and Fir; and examples of
hardwood are Birch, Beech, and Oak. This study is focused on the softwood Norway
spruce which is commonly grown in Sweden and is readily available. Norway spruce is
a basic raw material for many biorefineries. Below are some details about the physical
structure and chemical composition of Norway spruce.

2.1.1. Structure of softwood

The outer dead layer of the wood stem (trunk) in Figure 2.1 is called bark. It protects the
wood from physical, chemical, and biological degradation. The phloem, which consists
of inner cells, serves in the transport of nutrients and the storage of products. Vascular
cambium comes after the phloem and is a thin layer of cells that produce phloem cells on
the outside and xylem cells on the inside. Xylem constitutes the bulk of wood material. It
is divided into sapwood and heartwood. Sapwood is composed of living and dead cells
and heartwood is composed of entirely dead cells. At the centre of the stem is pith. It
contains tissues produced in the initial stages of plant growth. Based on the season of the
production of wood cells, the wood contains earlywood and latewood cells. Together
earlywood and latewood form a growth ring. Earlywood cells have a larger cross-section
and thinner walls than latewood cells.
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The cells in softwood are arranged in longitudinal and radial directions. Norway spruce
mainly contains two types of cells, tracheids in the longitudinal direction and ray
parenchyma, also called ray cells, in the radial direction. Cells have different cross-
sectional shapes, e.g. circular, hexagonal, square, rectangle. Figure 2.1 illustrates a
simplified cell structure. Cells are joined together with middle lamella, M. The middle
lamella is composed of hemicelluloses and lignin. A cell wall is made of primary and
secondary layers, i.e. P, S1, S2, and S3. These layers differ in chemical composition,
thickness, and micro-fibril angle (MFA). Figure 2.2 illustrates the composition
distribution in different layers of a cell wall. A cell wall layer can be considered as a
micro-composite type layup with cellulose forming the micro-fibrils and hemicelluloses
and lignin mixture forming the matrix surrounding the fibres. The cellulose micro-fibrils
are randomly oriented in the primary layer and uniformly oriented in secondary layers.
There is a large variation in MFA in different layers of a cell wall, as found in different
studies included in a review article by Brandstrém (2001). The thickness and MFA of
different cell layers are given in Table 2.1. Ray cells, in contrast, have a smaller cross-
sectional size, thinner cell wall, and consist of an extra secondary layer S4 (Harada and
Wardrop 1960).

Cell walls have small pores called pits for the transportation of fluid between cells. The
pits between tracheids are called bordered pits, and the pits between tracheids and ray
cells are called cross-field pits. The number of bordered pits can be as high as 144 per
tracheid (Meyer 1971). The presence of a bordered pit in a cell wall effects the MFA. The
micro-fibrils in a pit border generally curve around the pit aperture (Imamura and Harada
1973). In contrast, the local MFA of the small areas between the cross-field pits of
earlywood tracheids usually show uniform micro-fibril distribution (Sedighi-Gilani et al.
2005).

Table 2.1: Thickness and MFA of Norway spruce cell. Thickness values are taken from Fengel
and Stoll (1973). MFA values are taken from different studies included in review article by
Bréndstrém (2001)

Thickness (um)

Cell wall layer Earlywood T eood MFA
M -
P 0.05-0.16 0.04-0.16 Random
S1 0.12-0.40 0.19-0.71 45-55°
S2 0.91-2.32 1.50-5.60 5-30°
S3 0.02-0.19 0.01-0.36 40-50°




2.1.3. Constituents of wood

Cellulose is the most common compound present in wood and the most abundant organic
compound on Earth. Cellulose constitutes about 38-50% of wood. It is a polysaccharide
in which the monomers -D-glucose units are linked together with (1-4) glucosidic bonds.
Native cellulose has a degree of polymerization of 800-10000 monomers. Cellulose
chains arrange themselves to make fibrils. Cellulose has crystalline and amorphous
regions. The crystalline regions are more stable to chemical and thermal conditions than
the amorphous regions. Cellulose is, nowadays, of great interest for the production of
many products like textiles, composite plastics, ethanol, and paper.

Hemicelluloses are heterogeneous polysaccharides with a branched structure and a degree
of polymerization of 100-200 monomers. Hemicelluloses constitute 28-32% of wood.
Common monomers of hemicelluloses are D-glucose, D-mannose, D-galactose, D-
Xylose, and L-arabinose. Small amounts of L-rhamnose, D-glucoronic acid, 4-methyl-D-
glucuronic acid, and D-galacturonic acid are also present. Common hemicelluloses
include xylan, glucuronoxylan, arabioxylan, glucomannan, and Xxyloglucan.
Hemicelluloses differ in different species of wood. Hemicelluloses are found in the matrix
between the cellulose fibrils in the cell wall. The chemical and thermal stability of
hemicelluloses is generally lower than that of cellulose. Hemicelluloses can be extracted
and converted to ethanol.

Lignin is a complex compound with a three-dimensional molecular structure consisting
of phenyl propane units. It is amorphous and sensitive to moisture and thermal changes.
It is present in the middle lamella and in the cell wall. Lignin acts as a bond between cells
and micro-fibrils. Lignin constitutes15-35% of wood. Its concentration is higher in
softwood than in hardwood.

2.2. Biorefinery

Biomass can be used to produce electricity by being burned directly in a furnace and
producing electricity through steam generators. However, in the current infrastructure of
vehicles in which electric vehicles are less common, the demand for liquid fuels is
essential. A biorefinery is a facility that takes biomass as a raw material and produces
liquid fuel, energy, and value-added chemicals. There are several types of biorefineries
depending on the type of raw material used. Lignocellulosic biomass can be used for the
extraction of biopolymers and the production of ethanol through the hydrolysis of
cellulose and hemicelluloses. However, access to hemicelluloses and cellulose is hindered
by the complex chemical and physical structure of biomass. The pretreatment of biomass
is essential for modifying its structural and chemical characteristics. However, this step
is one of the main economic costs in the process. There is much ongoing research focused
on identifying, evaluating, developing, and demonstrating promising pretreatment
techniques that enhance the subsequent enzymatic hydrolysis of pretreated biomass.



2.2.1. Factors limiting enzymatic hydrolysis

One of the main factors limiting the enzymatic hydrolysis of biomass is the accessibility
of enzymes to the polysaccharides in it. The main objective of pretreatment is to make
the polysaccharides accessible to enzymes by increasing the available surface area. The
linkages of lignin with hemicelluloses and cellulose inhibit the accessibility of enzymes
and make biomass difficult to digest (Mansfield et al. 1999). Lignin acts as a physical
barrier to enzymes and prevents hydrolysis (Chang and Holtzapple 2000). The
pretreatment process aims to break this linkage.

The removal of hemicelluloses also increases the available pore area of the biomass,
increases accessibility, and the probability that the cellulose will be hydrolysed. However,
hemicelluloses can be fermented to ethanol, and the degradation of hemicelluloses may
not be required for some applications. The pore size of the substrate in relation to the size
of the enzymes is another limiting factor. An increase in the porosity of the substrate
during the pretreatment process can significantly improve hydrolysis (Grous et al. 1986).

2.2.2. Pretreatment processes

The selection of pretreatment technology depends on several factors. Some of these
factors are an increase in the digestibility of pretreated biomass, no significant sugar
degradation, and the use of a minimum amount of toxic compounds. The reduction of
biomass size to a very small scale that increases cost should be avoided. The operation
should be of a reasonable size as well as economic with minimum heat and power
requirements (Alvira et al. 2010).

Kumar and Murthy (2011) have recently studied the economic aspects of ethanol
production using common pretreatment technologies such as dilute acid, dilute alkali, hot
water, and steam explosion. The process included feedstock handling, pretreatment,
simultaneous saccharification and co-fermentation, ethanol recovery, and downstream
processing. Their results are given in Table 2.2.

Table 2.2: Techno-economic aspects of ethanol production using common pretreatment
technologies (Kumar and Murthy 2011)

Pretreatment Ethanol yield Capital cost of Ethanol Water use
(L/dry MT ethanol plant production cost (kg/L)
biomass) processing (/L)
250,000 MT
biomass/year
($/L)

Dilute acid 252.62 1.92 0.83 5.96
Dilute alkali 255.80 1.73 0.88 6.07
Hot water 255.27 1.72 0.81 5.84
Steam explosion 230.23 1.70 0.85 4.36




It is necessary to adopt suitable pretreatment technologies based on the properties of the
raw material. Several pretreatment technologies are available, and the most common ones
are discussed below.

2.2.3. Alkali pretreatment

Alkali pretreatment increases cellulose digestibility by affecting the lignin in the biomass
(Yan et al. 2015). This pretreatment has been found effective in increasing enzymatic
hydrolysis of biomass (Mirahmadi et al. 2010; Park and Kim 2012). Alkaline reagents
such as ammonium hydroxide, sodium hydroxide, and calcium hydroxide have been used
as pretreatment reagents (Kim et al. 2016). The degradation of hemicelluloses and
cellulose is minor as compared to acid and hydrothermal pretreatment (Carvalheiro et al.
2008). Alkali pretreatment can be performed at room temperature, and the time ranges
from a few minutes to several hours (Park and Kim 2012). This pretreatment has been
found more effective for hardwood than for softwood (Mirahmadi et al. 2010).

2.2.4. Acid pretreatment

In acid pretreatment, hemicelluloses are solubilized to make the cellulose more accessible
to enzymes (Saha et al. 2005). Concentrated or diluted acid can be used, but the use of
concentrated acid is not suitable for ethanol production because of the degradation of
hemicelluloses and cellulose and the formation of inhibiting compounds which affects
the fermentation step (Lee et al. 2015; Zhang et al. 2013). Other drawbacks are the
problem of equipment corrosion and acid recovery (Brodeur et al. 2011). This
pretreatment is carried out at a high temperature for a short period of time or at a low
temperature for a longer period.

2.2.5. Liquid hot water pretreatment

The pretreatment of biomass with liquid hot water does not require any catalyst or
chemicals. Biomass is processed with liquid hot water at 160-240 °C. High pressure is
required to maintain the water in its liquid state. During liquid hot water processing,
hemicelluloses are solubilized, and lignin is degraded to make cellulose more accessible.
The problem of the formation of inhibitors is, thus, reduced. However, high demands for
water and energy make this process very expensive (Alvira et al. 2010; Zhuang et al.
2016).

2.2.6. Steam explosion pretreatment

Steam Explosion (STEX) is a widely employed physico-chemical pretreatment for
lignocellulosic biomass (Alvira et al. 2010). This process combines both chemical and
mechanical effects. It does not require chemicals or a catalyst, and the problem of the
formation of inhibitors is reduced. The energy requirement for this pretreatment is less
than for the liquid hot water process. The important parameters that affect the STEX
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process are temperature, pressure, processing time, moisture content, and particle size.
Overend and Chornet (1987) have introduced a severity factor to characterize the STEX
process. The factor includes the combined effect of both temperature, T (°C), and time, t
(min), and is given by:

Log(R) = Log[texp{(T —100)/14.75}] (2.1)

A large value of Log(R) correlates to severe process conditions (i.e. high temperature
and/or time). Wu et al. (1999) referred to Log(R) = 3 as low severity, Log(R) = 3.5 as
medium severity, and Log(R) = 4.2 as high severity.

2.2.6.1. Chemical modifications

As the treatment severity increases, the degradation of hemicelluloses also increases due
to an autohydrolysis reaction that results in the breakage of glycosidic linkage (Martin-
Sampedro et al. 2011; Wang et al. 2009; Boussaid et al. 2000). The acetic acid formed from
the acetyl group and the role of water as an acid at high temperature catalyses the reaction
(Ramos 2003). In combination with the partial hydrolysis and solubilisation of
hemicelluloses, a degradation of cellulose also takes place. Josefsson et al. (2002) have
observed a decrease in the molecular weight of cellulose with an increase in treatment
severity. At very high severity, furfural and hydroxyl-methylfufural are produced from
pentoses and hexoses, respectively (Li et al. 2005).

During the steam treatment step, lignin is mainly degraded through the cleavage of p-O-4
ether linkage (Martin-Sampedro et al. 2011). The depolymerisation and repolymerization
of lignin take place almost simultaneously (Li et al. 2007). The changes in lignin structure
may contribute to non-productive enzymatic adsorption (Rahikainen et al. 2013).

2.2.6.2. Physical modifications

A large amount of energy is required to reduce the size of a wood chip before pretreatment
(Hamelinck et al. 2005). Ballesteros et al. (2000) have studied the effect of chip size on
STEX pretreatment of softwood. They found that the utilization of very small chips in
STEX is not necessary, and this is one primary advantage of STEX pretreatment.

The mechanical effects caused by the explosion and impact steps during the STEX process
create microcracks in the cellular structure and disintegrate the wood chips. The
disintegration of the wood chips is caused by the impact of highly softened chips in a blow
tank (Law and Valade 1990). At the microscale, several researchers (Donaldson et al. 1988;
Tanahashi et al. 1982) have observed considerable ultrastructural rearrangements. Zhang
and Cai (2006) have found cracks in cell walls and ruptures in pits in steam-exploded Sub-
alpine fir. The STEX process increases the porosity and available surface area of the wood
with an increase in treatment pressure (Grous et al. 1986).
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The following chapters summarise the experimental and modelling studies performed in
order to understand the basic mechanisms of the STEX process.
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3. EXPERIMENTAL

Several experimental techniques were utilized to study the modifications in wood
structure during the different steps of STEX pretreatment. The different steps of STEX
pretreatment were carefully isolated using specially designed experimental apparatuses.
The physical structure of the pretreated wood sample was characterized using scanning
electron microscopy (SEM), high-resolution X-ray tomography, and mercury
porosimetry analysis. The contribution of the physical structural modification to an
increase in enzymatic hydrolysis was studied as well.

3.1. Steam explosion experiments and apparatus

Steam treatment
“vessel 18 L

Wood piece _—
enclosed in basket
only explosion

Steam in

Wood piece free to move
and make impact
—_Steam explosion

valve (knife gate valve)

\
\

\ :
Steam treatment \\Steam Li

vessel 3.8 L™

Glass window < _@

Steam explosion
valve (ball valve)

—1To exhaust

Impact of wood
piece with vessel

Figure 3.1: Steam explosion equipment and schematic of experiments

Two STEX apparatuses were specifically designed for the experimental purpose (Figure
3.1). Steam was inserted through the steam inlet pipe into the steam treatment vessel and
exited through the steam explosion valve into a blow tank. The equipment was designed
for an operating pressure of 18 bar and a vessel volume of 3.8 and 18 litres. Two glass
windows were installed to watch the process during the experiment in the 3.8 L STEX
equipment. Experiments could be performed on a single wood piece and the different steps
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of STEX could be isolated in these apparatuses. Wood chips after each different step, i.e.
steam treatment, steam explosion, and impact, were obtained as follows:

Steam-treated wood (STW)

In the small STEX apparatus (3.8 L), a wood piece was steam treated for a specific amount
of time, and then the steam release valve was opened slowly to avoid explosion, and
unexploded steam-treated wood was obtained.

Steam-exploded wood (SEW)

In the experiments in which the wood samples were subjected to only steam explosion
without impact, the wood samples were enclosed in a wire frame either in the small or the
big STEX vessel, and the pressure was rapidly released to obtain steam-exploded wood
samples.

Steam-exploded and impacted wood (SEIW)

In order to obtain steam-exploded and impacted wood, wood chips were placed in the big
steam treatment vessel. After treatment with steam, the pneumatically controlled knife gate
valve was quickly opened, and the wood chips were discharged into the blow tank (at
atmospheric pressure) and were allowed to collide with other chips and equipment walls.

In this way, it was possible to isolate the different steps during the STEX process and study
the effect of each step on a wood chip in detail. The STEX experiments were mainly
performed at 7, 10, and 14 bar pressure with treatment times of 5 and 10 minutes. These
are moderate operating conditions for STEX pretreatment, and the values of the severity
factor are between 2.7 and 3.8 (Wu et al. 1999).

The terms untreated wood UTW, steam-treated wood STW, steam-exploded wood SEW,
steam-exploded and impacted wood SEIW will be used consistently in the thesis. It should
be noted that these terms have been used differently in the individual papers attached at the
end of the thesis.

3.2. Material and sample preparation

The ultra-structure of wood is very complex and variable. In order to study and compare
the different steps of the STEX process, wood pieces with dimensions of 120 mm x 20
mm x 4 mm of Norway spruce were used as samples. These large pieces were divided
into small parts (with the dimensions 30 x 20 x 4 mm? and 20 x 20 x 4 m®) with a band
saw. From each large wood piece, one part was saved as the reference, and the other parts
were used for the experiments. This made the samples comparable.
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3.3. Acid hydrolysis (Paper 1V)

Acid hydrolysis of UTW, STW, and SEIW samples was performed to determine the
carbohydrate and lignin composition according to Theander and Westerlund (1986). The
samples were oven-dried and ground to 1 mm sieve size. Then 200 mg of dried powder
was added to 3 mL of 72% H>SOs. The samples were evacuated for 15 min and were
placed in a water bath at 30 °C for 30 min. After adding 84g of distilled water, the samples
were heated in an autoclave at 125 °C for one hour. Next, the solution was filtered into a
100 mL round flask, and the flask was filled with distilled water up to the mark. The
monosugar contents in the solution were determined using High Performance Anion-
Exchange (HPAE) chromatography. The remaining acid insoluble solid fraction was
weighed to estimate Klason lignin. The acid soluble lignin was determined by measuring
UV absorbance values at a wavelength of 205 nm (Lin and Dence 1992) in a Specord
205, Analytik Jena.

3.4. Enzymes and enzymatic hydrolysis (Paper IV)

The cellulolytic complex Cellic® Ctec3 (Novozymes A/S, Denmark) was used for the
enzymatic hydrolysis of UTW, STW, and SEIW. Cellic® Ctec3 is a cocktail consisting
of cellulases, hemicellulases, and a high level of B-glucosidases for the conversion of
carbohydrates into monosaccharides.

The hydrolysis reactions (in triplicates) were carried out in 50 mL falcon tubes with a
total volume of 15 mL. Incubation was performed for 30 and 72 hours with an enzyme
dose of 10 % w/w (g Cellic Ctec3/100 g carbohydrate) in a rotary shaker, at 200 rpm, 45
°C and pH =5 (using 50 mM sodium acetate buffer). The reactions were stopped by
boiling for 15 min at 100 °C. The solid residue was separated from the liquid by
centrifugation, and supernatants were filtered through 0.2 pm sterile nylon filters. The
glucose released during enzymatic hydrolysis was determined using HPAE
chromatography.

3.5. High Performance Anion-Exchange (HPAE)
chromatography (Paper IV)

Monosaccharides released after acid and enzymatic hydrolysis were analysed using a
Dionex 1CS-3000 system equipped with a 4 x 250 mm Dionex Carbopac™ PA1 column
with a 4 x 50 mm guard column maintained at 30 °C and a pulsed amperometric detector
(HPAEC-PAD). Calculations were performed using the Chromeleon software (Thermo
Scientific, Sweden).
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3.6. Scanning electron microscopy (Paper I, V)

SEM images of the outer surface of untreated and pretreated wood samples were taken
using a EVOHD15 (Carl Zeiss, UK) ESEM instrument (Paper I1) and a Table-top ProX
(Phenom, Netherlands) SEM (Paper V).

3.7. High-resolution X-ray tomography (Paper 1V)

High-resolution X-ray tomography was performed to construct 3D images of the internal
structure of UTW and SEIW samples. The analysis was conducted in a SkyScan 1172
(Bruker, Sweden) equipped with 11 megapixel, 12-bit dynamic range cooled charge-
coupled device (CCD) camera at Angstrém laboratory Uppsala University, Uppsala,
Sweden. The 3D images of the material were reconstructed based on a set of two-
dimensional projections taken from different angles by rotating the sample 192° in the X-
ray beam at increments of 0.2° on a high precision stage. A stack of 2D images was
reconstructed from raw tomographic projections using NRecon 1.6.10.1 software
(Bruker, Sweden). These images were post-processed to obtain 3D images of internal
structures using Avizo 9.0 (FEI, France). Image post-processing included image
enhancement, noise removal, cropping to sub-volume, surface smoothening, and rotation
for the alignment of the sub-volume. Cubical sections with the approximate dimensions
of 1.4 mm were sliced from UTW and SEIW samples in wet conditions with a sharp razor
blade. Further details about the analysis are given in Paper IV.

3.8. Mercury porosimetry analysis of wood (Paper II)

The structural changes in a wood piece during the STEX process were characterized using
mercury porosimetry analysis in an AutoPore IV (Micromeritics, USA). This is a useful
technique that provides information about a sample’s total pore volume, porosity, and
pore size distribution (Moura et al. 2002). The theory behind the analysis is based on the
fact that mercury does not penetrate pores through capillary action, unless a pressure is
applied. The applied pressure is inversely proportional to pore diameter and is calculated
using the Washburn equation (Washburn 1921)

4ycos6

- (3.1)

D =

where D is the pore diameter, P is the pressure, 6 is the contact angle, and y is the surface
tension. A contact angle of 130° and surface tension of 0.485 N/m were used for the
calculation since these values for wood material are not known (Pfriem et al. 2009). An
average pore diameter was calculated as

Davg = 4V /A (3.2)
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where V is the total intrusion volume and A is the total pore area calculated with a
cylindrical pore assumption. The wood samples were freeze-dried at -20 °C prior to
analysis.
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4. MODELLING THE EXPLOSION
STEP

4.1. Background

During the steam treatment step, the wood chips are processed with steam at high pressure.
At this step of the process, equal pressure exists inside the wood sample and outside the
sample in the vessel. After the steam treatment step, the pressure in the vessel is rapidly
reduced to atmospheric pressure. The pressure drop inside the wood sample is not as fast
as it is in the vessel. This causes a difference in pressure between the inside and outside of
the wood chip. The net pressure exerted on a cell wall depends on the pressure release rate
in the vessel and inside the cell (Zhengdao et al. 2012). The stresses created during the
explosion step contribute to structural modifications at the cellular scale.

Since the stresses during the explosion step are created at the cellular scale, it is necessary
to study the mechanism at this scale to gain a better understanding of the explosion step.
Li et al. (2010) have derived an analytical model for stress distribution in a single
cylindrical-shaped cell for the application of microwave explosion pretreatment. However,
for simulation of a cellular structure with a complex geometry, FEM is an excellent
approach. Several studies have been published related to the modelling of wood cells using
FEM for different applications (De Magistris and Salmén 2008; Qing and Mishnaevsky Jr.
2009; Astley et al. 1998). De Magistris and Salmén (2008) have modelled a bundle of cells
with a square shape to study the effect of compression and combined shear and
compression during the refining process of the pulp and paper industry.

Steam treatment causes a loss of stiffness and strength of the wood material, which
facilitates the deformation of the cells during the explosion step. For the simulation of the
explosion step, elastic properties of the wood cell wall are required at high temperature and
moisture content (MC). Several experimental studies show that the stiffness and strength
of wood decreases with an increase in temperature and MC (Keunecke et al. 2007; Salmén
and Fellers 1982; Kufner 1978; Goulet 1960). However, knowledge about the effect of
combined temperature and MC on cell wall properties is limited.
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In this attempt to model the explosion step, the cellular structure of wood was simulated
using FEM developed in the commercial software ABAQUS (Dassault Systemes, USA).
First, a single cell was modelled, and the effect of internal pressure on deformation in the
cell was studied. Then the cells were combined, and a cellular structure consisting of
earlywood and latewood cells was modelled. Finally, the effect of internal pressure on the
ray cells and tracheids containing pits was studied. The elastic properties of cell wall layers
were estimated at ambient conditions (12 % MC at 20 °C) and at elevated conditions (30
% MC and 160 °C).

4.1.1. Fibre-reinforced composite material and composite
layups

Fibre-reinforced composite material consists of fibres as a dispersed phase that is
surrounded by a matrix as a continuous phase. The composite layer has high values of
stiffness and strength in the direction parallel to the fibres and low values in the
perpendicular direction. In a composite layup, different layers of composite materials, with
varying properties and fibre directions, are joined over each other as shown in Figure 4.1.

A wood cell wall may be regarded as a biopolymer composite material in which fibres are
made of cellulose micro-fibrils, and the matrix surrounding the micro-fibrils is composed
of a hemicellulose-lignin mixture.

Figure 4.1: Fibre-reinforced composite material and composite layup
4.1.2. Linear elastic orthotropic material

The relation of stress and strain for a three-dimension orthotropic material written in the
matrix form with 1, 2, and 3 directions (local coordinates shown in Figure 4.1) is given as

011 _Cll ClZ 613 0 0 0 7 (511\
(022] Ciz Cy Gz O 0 0 ||é&22
O33( _|Ci3 Cp3 C33 0 0 0 ])és3 (4.1)
012 0 0 o G2 0 O | €12 |
013 0 0 0 0 Gz O 813J
023 L0 0 0 0 0 Gzzlless
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Ci1 = E1(1 —vp3v3)T (4.2)

Caz = E3(1 —vy3v3)T (4.3)
C33 = E3(1 —vy5v,)T (4.4)
Ci2 = E1(va1 +v31vp3)T (4.5)
Coz = E3(v32 +vipvs)l (4.6)
Ci3 = E1(v31 +vqv3)l (4.7)
I'=1/(1 —vi5Va1 — Va3V32 — V31V13 — 2V31V3,V13) (4.8)

where o and & denote stress and strain, Ej is the elastic modulus in the i direction, G;; is
the shear modulus in the ij plane, and vj; is the Poisson ratio in the ij plane. Direction 1

denotes along the micro-fibril, 2 denotes perpendicular to the micro-fibril in the plane of
the cell wall, and 3 denotes perpendicular to the plane (see Figure 4.1). Equation 4.1 can
be written in tensor form as

o =Ce¢ 4.9
o and & are the stress and strain written in tensor form, and C is the compliance matrix.
The compliance matrix in global coordinates (x, y, z in Figure 4.1), C, can be calculated

from the compliance matrix in local coordinates (1, 2, 3), C, using 3D transformation with
the transformation angle a as:

C=T;Y(a)CT{(a) (4.10)

The transformation matrixes T4 (a) and T, () are given as

[ cos® a sin? « 0 sin2a 0 0 ]
| sin? « cos? a 0 —sin2a 0 0 |
_ 0 0 1 0 0 0
T(a) = —(sin2a)/2 (sin2a)/2 0 cos2«a 0 0 (4.11)
0 0 0 0 cosa  sina
0 0 0 0 —sina  cosa
[ cos?a sin?a 0 (sinZa)/2 0 0 ]
sina  cos?a 0 —(sin2a)/2 0 0
_ 0 0 1 0 0 0 |
TZ (C{) = sin2a sin2«a 0 cos2a 0 _0 (4'12)
0 o O 0 cosa  sin aJ
0 0 0 0 —sina cosa
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4.2. Finite Element Model

The wood cells were modelled with orthotropic linear elastic material properties. The
viscoelastic nature of wood and damage in the material was not modelled because the
necessary properties of the cell wall at STEX conditions were lacking. A pressure of 8.01
bar was applied inside the cell as a uniformly distributed pressure to simulate the expansion
of vapours. The cell was free to expand from the outside, and atmospheric pressure (1.01
bar) was exerted on the cell surface from the outside. In the model composed of a bundle
of cells, the same internal pressure was applied inside each cell. The elements were linear
quadrilateral shell elements. Successive simulations were performed for each model to
ensure that the mesh was sufficiently dense.

4.2.1. Geometry
4.2.1.1. Single-cell model (PaperI)

The cell was modelled with primary layer P, secondary layers S1, S2, S3, and middle
lamella M surrounding the cell as shown in Figure 4.2. Each cell layer was modelled as a
composite material in which micro-fibrils were made of cellulose, and the matrix
surrounding the micro-fibrils was composed of a hemicellulose-lignin mixture. Different
layers of the cell were connected as the composite layup. The middle lamella, M, contained
a mixture of hemicelluloses and lignin.

g2 S1P M
S3
Outer margin
13 6 4 L — Aperture
Li\ Border
‘ Cell wall
Cellulose  Hemicelluloses- Bl i
micro-fibril  lignin mixture RS I8
Unidirectional micro-fibril c?é,
= for cell wall / o
Linear change /
of angle from 7/
cell wall to
outer margin
M i,
[} Cylinderical A
microfibril for A
outer margin Cross-field pit

Figure 4.2: Representation of wood cell in FEM
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In this study, the modelled cell was assumed to have a square cross-section. However, the
effect of the cross-sectional shape of the cell on deformation was also studied by modelling
cells with circular, hexagonal, and rectangular shapes. As mentioned earlier, there is a large
variation in cell dimensions, wall thickness, MFA, and chemical composition in spruce
cells. The specifications of the modelled cell are given in Table 4.1. A cell with a diameter
of 30 um and a length of 40 um in the longitudinal direction was modelled. The length was
sufficient to include the longitudinal effect of cell geometry.

Table 4.1: Component percentage, thickness, and MFA of different layers of spruce cell, (Bodig
and Jayne 1982; Brandstrom 2001)

Wall Composition (%) Thickness MEA
layers Cellulose Hemicellulose Lignin (Um)
S3 46 36 18 0.09 -40°
S2 48 30 21 2.3 10°
S1 26 30 44 0.26 -50°
P 14 30 55 0.09 Random
M 0 40 59 0.45 0°

4.2.1.2. Model with earlywood and latewood cells (Paper V)

Single cells were joined to construct a bundle of cells consisting of earlywood and
latewood cells. The earlywood cells had a larger cross-sectional dimension and thinner
cell walls than the latewood cells, as shown in Figure 4.3. The individual cells were joined
using the Tie constraint, which restricts the joining surfaces from slip.

A wood chip with the dimension of a few centimetres has several thousand cells. It is
computationally very expensive to simulate a model consisting of several thousand cells.
Therefore, a computationally cheap model was simulated, and the effect of increasing the
number of cells in both the radial and tangential directions on the stresses in the cells was
studied. The model shown in Figure 4.3 has 11 columns of cells in the tangential direction,
T, and 24 rows of cells in the radial direction, R. The model was successively enlarged
by adding a column of cells in the tangential direction from the smallest model composed
of 7 x 24 cells to the largest model with 35 x 24 cells. On the other hand, when the model
was enlarged in the radial direction, a row of cells was added at the bottom of the model.
The model was increased from 13 x 24 to 13 x 30 cells. The cells had a width of 30 pum
in the tangential direction and a length of 30 um in the longitudinal direction.
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Figure 4.3: Structure, dimensions, and direction of cells in model (all values are in um). Model
with 11 x 24 cells

4.2.1.3. Model with pits and ray cells (Paper V)

A separate model containing tracheids with bordered and cross-field pits and ray cells
was developed with a very fine mesh necessary to resolve complex geometric features.
This limited the total number of cells to 20 tracheids and 5 ray cells, as shown in Figure
4.4. 1t can be seen that two bordered pits exist on the wall between the tracheids. The
structure and dimensions of the bordered pit were obtained through a SEM micro-graph
of softwood (Schulte 2012). The MFA in the secondary layers (S1, S2, and S3) linearly
changed from being unidirectional in the cell wall to circular in the outer-margin, as
shown in Figure 4.4b. The bordered pit was modelled with S1, S2, and S3 layers as M
and P layers are not present in a bordered pit (Murmanis and Sachs 1969). The cross-field
pits between the tracheids and ray cells were modelled as elliptic holes at a 45° angle in
the cell walls with the dimensions taken from SEM images of Norway spruce. The micro-
fibrils in the cell wall around the cross-field pits were unidirectional (Sedighi-Gilani et
al. 2005). The cross-sectional dimension of the square tracheid was 30 pm, the length was
50 um, and the S2 layer thickness was 2 pum. In contrast, the cross-sectional dimension
of the rectangular ray cell was 5 x 10 um?, the length was 150 pum, and the S2 layer
thickness was 1 um.
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(a) Ray cell Cross-field pit

Bordered pit

Figure 4.4: (a) Model with bordered pits, cross-field pits, and ray cells, (b) mesh and MFA of S2
layer around bordered pit.

4.2.2. Elastic properties of wood cell

The elastic properties of a wood cell differ significantly depending upon ultra-structural
features. Bergander and Salmén (2000) have experimentally determined the elastic
modulus in the transverse direction (perpendicular to the longitudinal direction) of spruce
cells and found that three cells situated in the same annual ring but at different locations
had significantly different elastic moduli (750, 1400, 3050 MPa).

The elastic properties of wood are affected by changes in temperature and MC, thus, the
elastic properties of wood after steam treatment during the STEX process are much
different from the properties at ambient conditions. In this study, the elastic properties of
wood cells at elevated temperatures and MC were estimated in two steps. First, the elastic
properties of the cell wall were calculated at ambient conditions (20 °C and 12% MC)
using the elastic properties of the basic constituents of wood (given in Table 2 in Paper
). Then, the effect of high temperature and MC on the elastic properties of the wood
material was used to estimate the corresponding softening of the cell wall stiffness.

The elastic properties E1 and vi2 of unidirectional layers, i.e. secondary wall and middle
lamella, were calculated using a simple rule of mixing, i.e. volume fraction average. The
elastic modulus perpendicular to micro-fibrils, E>, and shear modulus, Gi, were
calculated using Halpin-Tsai (Halpin and Kardos 1976) equations. The properties of the
primary layer with long random micro-fibrils were calculated using the classical laminate
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theory (see Tsai, 1992). Details about these equations are given in Paper |. Estimated
elastic properties with local coordinates at ambient conditions are given in Table 4.2.

Table 4.2: Estimated elastic properties of different layers of a cell at 20 °C and 12% MC in local
coordinates

M P s1 S2 S3
E:(GPa) 4.2 10.3 38.8 68.3 66.0
E2(GPa) 1.9 10.3 35 5.4 5.0
Es(GPa) 1.9 2.7 35 5.4 5.0
G2 (GPa) 1.3 3.7 17 2.4 2.4
Gi3(GPa) 1.3 15 17 2.4 2.4
Gz (GPa) 1.3 15 1.6 2.1 2.1
Vi2 0.26 0.38 0.22 0.17 0.17
Vi3 0.26 0.44 0.22 0.17 0.17
Vo 029 0.4 0.08 0.31 0.19

4.2.2.1. Effect of temperature and moisture content on elastic
properties of cell

During the treatment of chips with steam, chip stiffness is reduced by a large amount.
Several experimental studies have been carried out that provide information about the
reduction in wood stiffness with an increase in temperature and MC. Keunecke et al.
(2007) have experimentally determined the effect of MC on elastic properties of Norway
spruce and found a large decrease in elastic properties due to the increase in MC (Figure
4.5a). Salmén and Fellers (1982) have measured the change in the elastic modulus of
water-soaked Norway spruce perpendicular and parallel to tracheids at temperatures up
to 140 °C (see Figure 4.5b). Table 4.3 shows the relative change in different elastic
properties of spruce wood with changes in temperature and MC.
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Figure 4.5: (a) Effect of MC on elastic modulus. Normalized elastic modulus is 1 at 12% MC
(Keunecke et al. 2007), (b) Effect of temperature on elastic modulus. Normalized elastic modulus
is 1 at 20 °C (Salmén and Fellers 1982)

Table 4.3: Fractional change in elastic properties of spruce with change in temperature and MC
(Keunecke et al. 2007; Salmén and Fellers 1982)

Fractional change in property with change in MC from 12% to 30% at 20 °C

amc
Modulus of elasticity parallel to cell Ex -0.28
Modulus of elasticity perpendicular to cell Ey -0.36
Shear modulus parallel to cell Gyy -0.26

Fractional change in property with change in temperature from 20 °C to 160 °C

ar %
Modulus of elasticity parallel to cell Ex -0.55*
Modulus of elasticity perpendicular to cell Ey -0.84*
Shear modulus parallel to cell Gxy -0.69**

*Result extrapolated from 140 °C
** Arithmetic mean of corresponding Ex and Ey

According to a study compiled by Gerhards (1982), the change in shear modulus lies in
between the change in the elastic modulus parallel to the cell and perpendicular to the cell
with an increase in temperature from 20 to 70 °C. The relative change in shear modulus
with change in temperature was taken as the arithmetic mean of the corresponding change
in the elastic moduli parallel and perpendicular to the cell. The degradation in the
properties in the z-direction was assumed to be same as in the y-direction.
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In the second step, the elastic properties of a cell at elevated temperatures and MC were
estimated. The relative changes in elastic properties with change in temperature, a , and
MC, ayc , are given as parallel and perpendicular to the cell in Table 4.3. In order to use
these factors, it was necessary to transform the elastic properties of the cell wall from

local coordinates to global coordinates using Equations 4.10 - 4.12. The elastic properties
of a wood cell were estimated at elevated temperatures and MC using equation

Pim = Pn(1 + ayc)(1 + ap) (4.13)

where Py, is the elastic property in the global coordinate at ambient conditions, and P, is
the corresponding elastic property at elevated conditions. The estimated elastic properties
in the local coordinates at 160 °C and 30% MC are given in Table 4.4. It should be noted
that these properties are estimates of cell wall properties and may differ from actual cell
wall properties.

Table 4.4: Elastic properties of different layers of a cell at 160 °C and 30% MC in local coordinates

M P s1 S2 S3
E;(GPa) 1.4 3.3 1.1 9.5 2.0
E»(GPa) 0.2 1.1 1.1 0.6 1.1
Es(GPa) 0.2 0.3 0.4 0.6 0.5
G2 (GPa) 0.3 0.9 0.3 0.6 0.4
Gi3 (GPa) 0.3 0.3 0.2 0.5 0.3
G (GPa) 0.1 0.2 0.3 0.2 0.3
Vi2 0.26 0.38 021 0.0 -0.39
Vi3 0.26 0.4 0.10 0.24 0.21
Vo3 029 04 0.09 0.30 0.19
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5. MODELLING THE IMPACT STEP

5.1. Background

After the steam treatment step, the steam discharge valve is rapidly opened, which causes
the steam and the wood chips to escape the vessel at a very high speed. These fast moving
wood chips collide with each other and with the walls of the equipment and disintegrate
into smaller pieces. It is desirable to obtain highly damaged and disintegrated wood as it
has a large surface area and accessibility to hemicelluloses and cellulose is greater.

A FEM was developed to simulate collisions between wood chips and impact with walls
of the equipment. The macroscale FEM provided insight into the actual process without
performing expensive and time-consuming experiments.

Wood is usually modelled as a homogeneous continuum material with linear elastic
and/or viscoelastic orthotropic material properties until failure. The initiation of failure is
predicted by applying a strength-based failure criterion, e.g. Tsai—Hill, Tsai-Wu, and
Hashin’s criteria. Guindos and Guaita (2013) have compared eight different failure
criteria to model knotty wood and found that Hashin’s failure criteria show an average
absolute error of 9.8 %. Hashin’s damage criteria have been used by several researchers
for strength prediction as well as for progressive damage analysis, and have shown good
agreement with experiments (McCarthy et al. 2005; Kermanidis et al. 2000; Camanho
and Mathews 1999).

The evolution of damage is most commonly modelled by using the Material Property
Degradation model (MPD). Rubio-Lopez et al. (2015) have used MPD to model the
progress in damage in composite materials by using the approach that when the damage
initiation criterion is satisfied in an element, it loses its corresponding stiffness
completely.

The modelled wood chips followed linear elastic deformation until failure. The failure
initiation was predicted by using the 3D Hashin’s failure initiation criteria, and the
damage evolution was modelled using the MPD model. This was achieved by developing
a user-defined subroutine and implementing it in the software ABAQUS/Explicit. The
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elastic and strength properties of spruce wood were obtained from the literature at 12%
MC at 20 °C (ambient conditions) under quasi-static conditions, and these were used to
estimate chip properties at 30 % MC at 160 °C (elevated conditions).

5.2. Finite Element Model (Paper III)

5.2.1. Geometry and mesh

There can be uncountable combinations of collisions and impact events between wood
chips and equipment walls during the impact step. Six representative cases were simulated
as shown in Figure 5.1. The six cases differed in angle and direction of the striking wood
chip. Case A: Chip at 60° angle to the wall, longitudinal direction along the wall; Case B:
Chip at 60° angle to the wall, radial direction along the wall; Case C: Chip perpendicular
to the wall, longitudinal direction along the wall; Case D: Chip perpendicular to the wall,
radial direction along the wall; Case E: Mid-air collision between two chips in the radial
direction; Case F: Mid-air collision between two chips in the longitudinal direction.

Figure 5.1: Simulation cases; A: Chip at 60° angle to the wall, longitudinal direction along the
wall; B: Chip at 60° angle to the wall, radial direction along the wall; C: Chip perpendicular to
the wall, longitudinal direction along the wall; D: Chip perpendicular to the wall, radial direction
along the wall; E: Mid-air collision between two chips in the radial direction; F: Mid-air collision
between two chips in the longitudinal direction.

An initial velocity (ranging from 5 to 35 m/s) was applied to the striking wood chips
(dimensions of 20 x 20 x 4 mm?3) to model chip impact with a steel wall. The steel wall
(dimensions of 40 x 40 x 2 mm?) was modelled as an elastic material without damage,
since the elastic modulus of steel is several orders of magnitude higher than that of spruce
wood. A fixed boundary condition was appointed on four-side faces of the steel wall.
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The mesh was successively refined to obtain a mesh-independent solution. The final mesh
of chip and steel wall had 7623 and 7500 (8-node linear brick, reduced integration,
hourglass control C3D8R) elements, respectively. Contacts between all the exterior and
interior elements of a chip with itself or the steel wall surface were defined using the built-
in hard contact algorithm for normal contact and the frictionless formulation for tangential
behaviour in ABAQUS.

5.2.2. Linear elastic deformation

The modelled wood chips followed linear elastic deformation until failure according to
the equations described in Section 4.1.2. The relation of stress, @, and strain, &, for linear
elastic orthotropic material written in tensor form is given in Equation 4.9

o=Cs (4.9
where C is the compliance matrix.

5.2.3. Hashin’s damage initiation criteria

Hashin’s damage initiation criteria was basically proposed for unidirectional fibre-
reinforced composite material. The wood material, containing tracheids mainly oriented
in the longitudinal direction acting as fibres, can be assumed to be a unidirectional fibre-
reinforced composite material. Hashin (1980) has proposed four separate failure initiation
criteria parallel and perpendicular to fibres under tensile and compressive load. The
damage in the material initiates when one of the following damage criteria just exceeds
1.

Fibre tensile damage (damage in the longitudinal direction); o, = 0

2
LR

2 2 2
O o + o
If <—L> +—LRS o1 db=1 (5.1)
Fibre compressive damage (damage in the longitudinal direction) oy, < 0

lo|
.

If >1;df = 1 (5.2)

Matrix tensile damage (damage in the radial and tangential directions) og + o1 = 0

or + 01)*>  (Opr® — OROT)  OLR® + Op7”

(or zT) (OrT 2R T)_I_ LR 2LT >1;dt =1 (5.3)
t
XR SRT SLR

If

Matrix compressive damage (damage in the radial and tangential directions) og + o7 <
0
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XS 2S5k Srr’ (5.4)

SLR

where X[, X{ and Sy, are the tensile, compressive, and shear strengths, respectively. L
refers to the longitudinal direction, R refers to the radial direction, and T refers to the
tangential direction, as shown in Figure 5.1.

5.2.4. Damage evolution using the Material Property
Degradation model

Once the damage had been identified in an element, the response of the material was
computed using a degraded compliance matrix, €4, as

o= Cl (5.5)
A detailed description of damage evolution is given in Paper Il1.

5.2.5. Element deletion

Elements with reduced stiffness distort easily, and these were removed based on a
maximum strain criterion in order to prevent elements from large deformations (Rubio-
Lopez et al. 2015). An element was deleted if the maximum principal nominal strain
exceeded 1.0 or if the minimum principal nominal strain was lower than -0.8. In order to
set a criterion for a comparison between different simulated cases, a damage parameter
d,, was defined as

__ Number of deleted elements of chip
p =

X1 )
Total number of elements of chip 00 (5.6)

A high value of d, corresponds to a highly damaged wood chip.
5.3. Material properties

The mechanical properties of a spruce wood chip were obtained from the literature. Most
of the mechanical properties of spruce wood reported in the literature have been
determined under quasi-static ambient conditions. Uhmeier and Salmén (1996) and
Widehammar (2004) have found that the stiffness of spruce wood increases with an
increase in strain rate. However, due to the lack of experimental data on the effects of
strain rate on all the elastic and strength properties of spruce wood, strain rate effects were
neglected in this study. As discussed earlier, the steam treatment of wood chips
significantly decreases the stiffness and strength of the chips. The properties of a spruce
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wood chip at ambient conditions were multiplied with certain degradation factors (c.f.
cell wall properties) to obtain mechanical properties at elevated conditions according to
Equation 4.13

Plvm = P (1 + apc)(1 + ar) (4.13)

where P, and Py, are the properties at ambient and elevated conditions, respectively.
amc and ag are factors that include the effects of MC and temperature, respectively.
Table 5.1 summarizes the estimated mechanical properties of spruce wood at 12% MC at
20 °C and at 30% MC at 160 °C along with apc and at. The steel wall was modelled
with Young’s modulus 180 GPa and Poisson ratio 0.3.

Table 5.1: Mechanical properties of wood at ambient and elevated conditions

Property Valueat12 Reference amc Reference, ar Reference, Value at 30
% MC at 20 Fractional wood Fractional wood specie, % MC at
°C (ambient change with  specie  change with MC 160 °C

condition) increase in increase in (elevated
for spruce MC from 12 temp from condition)
(MPa) % to 30 % at 2010 160 °C (MPa)
20 °C
E|, 11700 -0.28 -0.55 *Salmén and 3790
Ex 1680 -0.36 Keunecke -0.84 Fellers 172
Er 618 Kaelur(‘gg'g%*“t -0.36 (g(t) 8'7) -0.84 (1982), 63
Gir 642 ' -0.26 Sprucé -0.69 Spruce, water 147
Gir 615 -0.26 -0.69 soaked 141
Grr 51 -0.36 -0.84 5
VLR 0.018 0.018
Vi 0.014 Kf;ggg)ke 0.014
VRT 0.21 0.21
Kufner **Kollmann
Xt 90 -0.26 (1978), -0.25 (1940), 50
Douglas fir Spruce, 20 %
Wilson
Sell (1997) (1932), *x*|shida
Xr 50 -0.47 Sitka -0.50 (1954), 13.3
spruce Spruce, FSP
Keunecke Goulet
Xg 3.6 (2008) -0.49 (1960), -0.55 0.83
Spruce *Goulet
Wilson (1960),
Kretschmann 1932), Spruce, FSP
X5 4.3 (2010) -0.48 (Sitka) -0.55 1.01
spruce
Stk 6.1 -0.40 0.73 Or{fg‘r’]":dznd 1
Dahl and Leont’ev (1978)
Malo (2009) (1960), Ezomats’u
Skt 1.64 -0.44 Spruce -0.62 Todomatsd, 0.35
FSP

*Result extrapolated from 140 °C
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**Result extrapolated from 100 °C
***Result extrapolated from 60 °C
FSP: Fibre saturation point
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6. EXPERIMENTAL RESULTS AND
DISCUSSION

In this chapter, the results from the experimental studies are presented and discussed.
6.1. Sugar composition of the wood samples (Paper IV)

Carbohydrates and lignin contents of UTW, STW, and SEIW were determined through
acid hydrolysis and are given in Table 6.1. The steam treatment was performed at 14 bar
pressure for 10 minutes. It can be seen that the mono-sugars present in hemicelluloses
decreased significantly in STW and SEIW because of the steam treatment. A plausible
reason for the further decrease in hemicelluloses from STW to SEIW wood is that when
the wood chips left the steam treatment vessel, they were collected at the bottom of the
blow tank along with condensed steam, which removed additional hemicelluloses.

Table 6.1: Lignin and mono-sugar contents of oven-dried solid residue of UTW, STW, and SEIW
spruce wood. The values are averages of two samples. Pretreatment conditions for STW and
SEIW: 14 bar 10 min.

utw STW SEIW
(w/w %) (wiw %) (w/w %)

Klason lignin 27.52 29.58 33.23
Acid soluble lignin 0.48 0.61 0.45
Glucose 42.52 43.04 46.65
Xylose 5.69 5.17 3.74
Mannose 11.91 11.00 6.86
Arabinose 1.06 0.49 0.29
Rhamnose 0.06 0.00 0.00
Galactose 1.46 1.23 0.45
Others 9.30 8.89 8.32
Total
carbohydrates 62.70 60.92 57.99
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6.2. Enzymatic hydrolysis (Paper IV)

STEX pretreatment creates physical and chemical modifications in wood. The chemical
modifications are created during the treatment of the wood chip with steam at high
temperature. The chemical modifications include degradation of hemicelluloses and
redistribution of lignin (Li et al. 2007; Wang et al. 2009). The physical modifications are
the result of the explosion and impact steps. The physical modifications include
microcracks in the cells walls, cellular structural deformation, and the disintegration of
the wood chips. The contributions of the chemical and physical modifications to the
increase in enzymatic hydrolysis were studied by comparing three wood chip samples

(1) Untreated wood, UTW (no chemical and physical modifications)

(i)  Steam-treated wood, STW (only chemical modifications)

(iii)  Steam-exploded and impacted wood, SEIW (both chemical and physical
modifications)

The wood material used for enzymatic hydrolysis is shown in Figure 6.2. The glucose
release percentage (w/w %) was calculated by dividing the amount of glucose released
because of the enzymatic hydrolysis with the amount of glucose initially present in the
dried solid mass. Figure 6.1 shows that the enzymatic hydrolysis of UTW resulted in a
very low glucose yield. The glucose yield increased to 5 % because of the steam
treatment, i.e. chemical modification, and almost doubled in SEIW. This implies that the
physical modifications during the explosion and impact steps play a significant role in the
increase in the glucose yield of the wood obtained after STEX pretreatment. The
experimental techniques discussed in the next sections provide a detailed description of
the microstructural changes that took place during the explosion and impact steps, which
contributed to an increase in enzymatic hydrolysis.

12

10
530 hr

N72hr

Glucose release (w/w %)

Py

utw STW SEIW

Figure 6.1: Glucose released after enzymatic hydrolysis with incubation times of 30 and 72 hrs.
Standard deviations of triplicates are presented as error bars. Pretreatment conditions for STW
and SEIW: 14 bar 10 min.
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6.3. Physical appearance

(b)

Figure 6.2: Wood samples for enzymatic hydrolysis; (a) untreated UTW, (b) steam-treated STW
(pretreatment conditions: 14 bar 10 min), (c) steam-exploded and impacted wood SEIW
(pretreatment conditions: 14 bar 10 min).

Figure 6.2 illustrates the UTW, STW, and SEIW material used for the enzymatic
hydrolysis study (Paper IV). It can be seen that the colour of the wood chips changed as
a result of the chemical reactions during the steam treatment. In addition to that, impact
and collisions caused the wood chips to disintegrate to small fragments. The pretreated
wood attained large variations in the size of and the damage to the fragments. Some wood
chips disintegrated to small fragments (Figure 6.2c) while others remained fairly intact
and less damaged, as shown in Paper I1l. On the other hand, the explosion step did not
result in chip breakage. The SEW sample appears similar to the STW sample, as shown
in Paper II. It can be concluded that the explosion step under moderate conditions does
not result in chip breakage, but breakage is instead a result of collisions between wood
chips and impact with the walls of the equipment.

6.4. Scanning electron microscopy

The effect of the explosion step on ultra-structural features of wood was analysed with
SEM. The STEX experiment was performed with saturated steam at 14 bar for 10 min.
Since the wood chips were obtained by saw cutting, the surface of the wood was rough
and it was difficult to differentiate the microcracks created during the explosion step from
the microcracks created during the saw cutting. Therefore, the surface of each sample
shown in Figure 6.3 was shaved and smoothened using a sharp blade prior to STEX
experiments. Although the wood chips did not break because of the explosion step, at the
microscale, several cracks were found in the SEW sample (see Figure 6.3). It seems that
the microcracks appeared in the cell wall at some angle to the longitudinal axis of the
tracheids. Small cracks seemed to join and form larger cracks oriented in the longitudinal
direction. Closer examination of the microcracks in Figure 6.3c reveals that the cracks
curve around the bordered pit and do not pass through the pit. In contrast, the microcracks
in the cell wall containing cross-field pits mostly initiated from the poles of the elliptic
pits. Similar microcracks were observed by Zhang and Cai (2006) near cross-field pits.
The microcracks in the SEW sample were mainly observed on cells close to the surface.

37



This indicates that the explosion step under moderate treatment conditions is not
sufficient to induce large structural modifications in the interior of wood. However,
microcracks have been observed in the inner cell walls of a SEW sample by Zhang and
Cai (2006) under severe operating conditions.
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Figure 6.3: SEM images of (a) UTW, (b) SEW, (c) enlarged SEM image of microcracks in cell
walls of SEW, and (d) SEM image of microcracks near cross field pits of SEW sample.
Pretreatment conditions: 14 bar 10 min.
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6.5. High-resolution X-ray tomography (Paper 1V)

In order to visualize the structural modifications in the interior of wood that took place
during the STEX pretreatment, high-resolution X-ray tomography of the UTW and SEIW
samples was performed. The STEX experiment was performed with saturated steam at
14 bar for 10 min. The ortho-slices shown in Figure 6.4 are approximately 1 mm in size
and were obtained from a larger sample after alignment and cropping. It can be seen in
the figure that, in contrast to SEIW, the UTW sample is fairly intact and free from
damage. For X-ray tomography, two SEIW samples were selected. Sample SE-1 was
derived from fairly intact SEIW while sample SE-2 was taken from a defibrillated
fragment. To study the internal structure of these samples in detail, 3D sub-volumes (SV)
were created at random locations. The locations of SVs are also shown in Figure 6.4.

38



i

ik
M

i

|

|

{ A
|

-

Figure 6.4: Ortho-slices of (a) untreated, (b) SEIW sample SE-1, (c) SEIW sample SE-2, and
locations of 3D sub-volumes (SV) and cell walls (W), pretreatment conditions: 14 bar 10 min
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Figure 6.5 illustrates the sub-volumes extracted from the UTW sample showing a short
section of ten tracheids (SV-1) and a long section of two tracheids (SV-2). It can be seen
in the figure that the tracheids in the UTW sample are intact, and the only passage between
the tracheids is through pits visible on some tracheid walls. These untreated spruce wood
tracheids resemble those presented by Trtik et al. (2007). The X-ray tomographic
resolution could not capture the membranes in the bordered pits. In addition, the ray
parenchyma with thin walls are not resolved efficiently with this method, as can be seen
in the long section of two tracheids (SV-2).

Sv-1

ey, SV-2

Figure 6.5: Internal structure of untreated spruce wood. The locations of sub-volumes SV-1 and
SV-2 are shown in Figure 6.4
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The structural modifications in the interior of the sample SE-1 are shown in Figure 6.6.
It can be seen that the cross-sectional shape of the tracheids has completely changed, and
microcracks are clearly visible in all the sub-volumes. Microcracks exist in the tracheid
walls in SV-3, but no large cracks are visible. On the other hand, SV-4 has large cracks
between the tracheids, and, in SV-5, the structure has been destroyed completely. The
SV-5 was taken from close to the edge of the disintegrated SEIW sample, and the SV-3
was taken from deep inside the same sample. This indicates that the wood was vigorously
ruptured close to the edge because of impact and collisions, while tracheids deep inside
the wood were less affected.

SV-3

=y X cxj
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Figure 6.6: Internal structure of SEIW sample SE-1. The locations of sub-volumes SV-3, SV-4
and SV-5 are marked in Figure 6.4
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It can be seen in Figure 6.7 that the tracheids visible in all of the sub-volumes have a
completely destroyed structure. The shape and connections between the tracheids have
changed as a result of the STEX process. It can be concluded that the internal structure of
the defibrillated fragment of SEIW is also ruptured. Numerous cracks and pores in the
tracheid walls are evidence of increased accessibility to the internal structure of the wood
sample, which was not readily accessible when untreated. A detailed discussion of high-
resolution X-ray tomography analysis is presented in Paper 1V.

SV-6

Figure 6.7: Internal structure of SEIW wood, the sub-volumes SV-6, SV-7, SV-8, and SV-9
have been extracted from SE-2. The location of these is shown in Figure 6.4

6.6. Mercury porosimetry analysis (Paper II)

Mercury porosimetry analysis was performed to study the variation in average pore size
and pore size distribution caused by the different steps of the STEX process. In order to
study the different mechanisms of the STEX pretreatment in detail, the experiments were
divided into three series. The different settings are summarized in Table 6.2. The values
of average pore diameter are average of four measurements.
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Table 6.2: Steam explosion conditions for the different experimental series, average pore
diameters (nm)

. Avrg.

Time  Pressure pore
Experiment (min) (bar) Explosion  Impact  diam. (nm)
Exp. series 1
UTW-1 595
SE-1 (SEW) 10 7 Yes No 680
SE-2 (SEW) 10 14 Yes No 883
UTW-2 638
SE-3 (SEW) 5 7 Yes No 970
SE-4 (SEW) 5 14 Yes No 789
EXxp. series 2
UTW-3 553
SE-5 (STW) 10 14 No No 711
SE-6 (SEW) 10 14 Yes No 933
Exp. series 3
UTW-4 637
SE-7 (SEW) 10 7 Yes No 945
SE-8 (SEIW) 10 7 Yes Yes 1130

The first experimental series was performed to study the effect of steam treatment time
and operation pressure on SEW samples. The wood pieces were pretreated with saturated
steam at 7 and 14 bar and with treatment times of 5 and 10 minutes. In order to obtain
SEW samples, the wood pieces were enclosed in a small basket to prevent them from
impacting with vessel walls. Figure 6.8a shows the incremental intrusion volume for the
different pore sizes in the wood exploded at 7 and 14 bar with a treatment time of 10
minutes. A comparison with a UTW (reference) piece shows that significant structural
changes took place in the wood material after the explosion step. The average pore
diameter increased with an increase in pressure (Table 6.2). The two peaks in Figure 6.8a
are in the range of 1-2 and 3-4 um. These correspond to the pore size of cross-field and
bordered pits in the cell wall. This means that most of the penetration into the wood
sample took place through pits in the cell walls. The basic theory behind this analysis
assumes the pores to be perfect cylinders. However, wood material has a complex internal
structure, and pores are not perfect cylinders. During mercury porosimetry analysis of a
wood sample, the mercury penetrated open cells at low pressures. With an increase in
pressure, the mercury penetrated through the pores into the inner cells and filled the
volume. Thus, the size of the pit diameters resulted in high intrusion volume peaks that
originated from the volume of the lumens. Steam treatment for 5 min led to strange
results, and it was difficult to deduce any conclusion for the 5-minute treatment time.
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Figure 6.8: Incremental intrusion volume (ml/g) vs. pore diameter to study the effect of (a)
explosion pressure, (b) slow and rapid release of pressure, and (c) impact step

In the second series of experiments, the effect of the explosive release of pressure after
treatment with steam was studied. Wood samples were treated with steam at 14 bar for
10 minutes followed by the slow release of pressure and the rapid release of pressure to
obtain STW and SEW pieces, respectively. Figure 6.8b shows that much structural change
occurred in both exploded (SEW) and unexploded (STW) wood samples. The average
pore diameter increased from 553 nm of UTW to 711 nm of STW and 933 nm of SEW.
The structural changes in the STW sample might be due to the degradation and removal
of hemicelluloses and lignin during steam treatment. The explosive release of pressure
imparted an additional effect and further increased pore size.

The third series of experiments was conducted to investigate the effect of the impact step
on pore size distribution. As discussed earlier, the wood pieces disintegrate into small
fragments as a result of impact and collisions. Figure 6.8c shows significant change in the
pore size distribution of both SEW and SEIW samples. The disintegration of wood
samples into small pieces, as a result of the impact step, increased the average pore size
of the SEIW sample as compared to the UTW and SEW samples (Table 6.2).

To summarize, the average pore size diameter varies as follows:

UTW < STW < SEW < SEIW

44



7. MODELLING RESULTS AND
DISCUSSION

7.1. Modelling the explosion step

The mercury porosimetry results and SEM images indicated that the expansion of vapours
inside wood cells during the explosion step creates alterations to the structure of the wood
at the microscale. In the modelling part, the effect of stresses created during the explosion
step on the wood cells was studied. The elastic properties of cell wall layers at ambient
conditions (20 °C at 12% MC), given in Table 4.2, and at elevated conditions (160 °C at
30% MC), given in Table 4.4, were used in the simulations.

7.1.1. Single-cell model (PaperI)

P

&

+5114e-02
+4 384e-02
+3 hode-02
+2 924e-02
+2.194e-02
+1.464e-02
+7.342e-03
+4 207e-05
-7.258e-03
-1.456e-02
-2.186e-02
-2916e-02
-3 646e-02

Figure 7.1: Contour of strain perpendicular to micro-fibril direction on different layers of cell,
deformation scale factor = 3, elastic properties: elevated conditions
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Figure 7.1 illustrates the strain perpendicular to the micro-fibril direction, e, in different
layers of the modelled cell. The cell wall has less stiffness and strength in the direction
perpendicular to the micro-fibrils and large deformation in this direction is expected to
form cracks in the cell walls. It can be seen in the figure that the cell has expanded and
large tensile and compressive strains are visible in some parts of the cell as a result of
internal pressure. Inside the S2 layer, high tensile strain can be observed at the corners and
compressive strain can be observed midway between two adjacent corners. On the outside
of the cell, the trend is the opposite.

The stiffness of wood decreases with increasing temperature and MC and facilitates cell
deformation. A major increase in deformation in the cell under elevated conditions was
observed in comparison to the cell modelled at ambient conditions (Fig. 7 in Paper I).
However, the trend of deformation for both cells was similar.

In order to investigate the importance of different layers of cell wall, three cases were
simulated

(i) cell with all layers,
(i) cell with P, S1, and S2 layer, and
(i) cell with S2 layer only

The total thickness of the cell wall was made the same in all the cases by increasing the
thickness of the S2 layer. It was found that the deformation was the highest in the cell
modelled with only the S2 layer. The average transverse strain was 22% higher in the cell
with an S2 layer only than in the cell with all layers. The S1 and S3 layers, although very
thin, prevented the cell from expanding. The stiffness of the cell layer was high in the
micro-fibril direction and a large MFA in the S1 and S3 layers increased the stiffness of
the cell in the transverse direction. However, the trend of deformation was the same in all
three cases.

Figure 7.2 illustrates the effect of MFA and thickness of the S2 layer on the average strain
(%) in the S2 layer perpendicular to the micro-fibril direction. The S2 layer had high
stiffness in the micro-fibril direction, and, with an increase in the MFA, the micro-fibrils
turned toward the transverse direction, which resulted in an increase in cell stiffness in that
direction, and a decrease in cell expansion. Furthermore, it was found that the average
strain decreased with an increase in cell wall thickness.
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Figure 7.2: Effect of MFA (degree) and thickness (um) of S2 layer on average strain (%)
perpendicular to micro-fibril direction, elastic properties: elevated conditions

There is great diversity in the cross-sectional shape of wood cells. To study the deformation
in cells with different cross-sectional shapes, cells with circular, square, hexagonal, and
rectangular shapes were modelled (Figure 7.3). The circumference and length of cells with
different cross-sectional shapes were kept the same in order to make all the shapes
comparable (circumference = 120 um, length = 40 pum). It can be seen in the figure that the
cells with sharp corners experienced high tensile and compressive strains in different parts
of the cell wall. In contrast, the stresses were evenly distributed, and no point of maximum
strain is visible in the circular-shaped cell. Therefore, sharp corners in the cell cross-section
result in higher local stresses and strains, which are beneficial for the initiation of damage.

(a) (®) (c) (d
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Figure 7.3: Deformation in cells with different shapes: (a) Circular, (b) Square, (c) Hexagonal,
and (d) Rectangular (deformation scale factor = 1, elastic properties: elevated conditions)
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7.1.2. Model consisting of earlywood and latewood cells (Paper
V)

Figure 7.4a shows the model with 35 x 24 cells (1050 x 528 um?). The model consists of
both earlywood and latewood cells. It can be seen in the figure that the earlywood cells
have deformed more than the latewood cells since earlywood cells have a larger cross-
section size and thinner cell walls. It should be noted that the radial cell walls have
experienced major deformation. Similarly, microcracks are visible predominantly in the
radial cell walls in the experimentally obtained steam-exploded wood by Zhang and Cai
(2006), see Figure 7.4c. A plausible reason for the large deformation in the radial cell walls
can be the geometric arrangement of the cells, which creates uneven stresses, whereas
stresses on the tangential cell walls are balanced as shown by the arrows in Figure 7.4b.
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Figure 7.4: Simulation results (deformation scale factor = 1): (a) stress perpendicular to micro-
fibrils, 622 (MPa), on the inside and outside of the cells shown on deformed bundle of cells
composed of 35 x 24 cells, elastic properties: elevated conditions (b) magnified section, and (c)
steam-exploded sub-alpine fir at 160 °C for 1 hour (Zhang and Cai 2006)
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The effect of increasing the model size (number of cells) in the tangential direction from 7
x 24 cells to 35 x 24 cells on the maximum stress perpendicular to the micro-fibrils, 622, in
the S2 layer of earlywood cells is shown in Figure 7.5. It was found that the maximum
stress increased in the outermost cell and decreased in the centre cell with an increase in
model size. However, the change in stress decreased with an increase in model size and is
expected to become independent of model size for a sufficiently large model. Furthermore,
it can be observed that major stress and deformation existed in only a few cells close to the
edge, while most interior cells had minor stresses. This indicates that the wood cells close
to the surface might break under moderate conditions, while most cells in the interior of
the wood chip would require severe conditions to break.
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Figure 7.5: (a) Effect of increasing the number of cells in the tangential direction on the maximum
stress perpendicular to the micro-fibrils in the S2 layer of the cells highlighted in the small model
in (b), elastic properties: elevated conditions
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perpendicular to the micro-fibrils in the S2 layer of the cells highlighted in the small model in (b)
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The plot in Figure 7.6a confirms that the stress was the least in latewood cells and the most
in earlywood cells. Moreover, increasing the cells in the radial direction had less effect on
the deformation in other cells than if the cells had been increased in the tangential direction.
The reason for this can be that the strong latewood cells did not affect the other cells in the
radial direction as they did in the tangential direction. Therefore, the wood chips used for
STEX pretreatment are suggested to have larger dimensions in the radial direction than in
the tangential direction.

7.1.3. Model consisting of ray cells and pits (Paper V)

Figure 7.7 shows the deformed model with ray cells and tracheids containing bordered and
cross-field pits. It can be seen that the ray cells experienced less stress and deformation
than the tracheids, since they had a smaller cross-section size. In addition, the presence of
ray cells in the direction perpendicular to the tracheids enforced the cellular structure.
Figure 7.8 shows that the presence of bordered and cross-field pits created stress
localization, which facilitates the formation of cracks. The location of pits in the cell wall
also affected the stress fields. Overall, the high stress regions curved around the bordered
pits. This could be because of MFA and the structure of the bordered pit that strengthened
this region. The shape of the high stress region correlates with the cracks formed in the
SEW sample (Figure 6.3c). However, high stresses in the cell walls containing cross-field
pits were localized at the poles of the elliptic pit, which is the same location where
microcracks were observed in the SEW sample (Figure 6.3d).

Ray cell

Cross-field pit
Bordered pit

G, (MPa)
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-1.800e+01

Figure 7.7: Stress perpendicular to micro-fibrils, a2 (MPa), on the inside and outside of the S2
layer shown on deformed bundle of cells with bordered pits, cross-field pits, and ray cells
(deformation scale factor = 1, elastic properties: elevated conditions)
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Figure 7.8: Stress perpendicular to micro-fibrils in the S2 layer around bordered pits in (a) and
(b), and around cross-field pits in (c)

7.2. Modelling the impact step (Paper III)

Obtaining highly damaged and defibrillated wood material, which has a large surface
area, and accessibility to the basic constituents of wood is one of the prime objectives of
STEX pretreatment. As discussed in the experimental results, the wood chips
disintegrated into small fragments during the impact step because of collisions between
wood chips and impact with the steel wall of the vessel. The 3D internal structure of the
SEIW sample showed several cracks in the cell walls. In this section, the findings from
the simulation of the impact step are presented. Different cases and parameters were
investigated in order to suggest improvements for STEX pretreatment.

7.2.1. Simulation results and comparison with experiments

Figure 7.9 shows the state of wood chips at four different time steps for all six cases
shown in Figure 5.1. The six cases differ in angle and direction of the striking wood chip.
Simulation results showed that, in Cases A and B, the wood chips impacted with the steel
wall at some angle and the striking edge attained damage. Then the wood chips rotated
and the other edge impacted with the wall and was also damaged. This type of damage in
wood chips was observed in experiments as well in which the wood chip was damaged
on both edges, as shown in Figure 7.10A. When a wood chip impacted in the radial
direction (Cases A and C) with the steel wall, it acquired more damage than with impact
in the longitudinal direction (Cases B and D). This was because wood chips had lower
stiffness and strength in the radial direction than in the longitudinal direction (see Table
5.1). The deleted elements represent the part of the wood chip that was deformed to a
large extent (Figure 10C). In Case D, the striking edge of the wood chip experienced a
brush-like opening, which was also observed in the SEIW sample (Figure 10D). In Cases
E and F, collision between two chips was modelled. In Case E, chip 2, at high velocity
(25 m/s), collided with the centre of chip 1 at low velocity (5 m/s). Because of the impact
in the centre of the chip, the lower chip broke into two large pieces. Some wood chips
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were found after STEX experiments that had no damage on the edges but were broken
into two pieces (Figure 10E). This might be because of the impact in the centre of the
wood chip as captured by Case E. The chips in Case F were impacted with each other in
the longitudinal direction. Because of high stiffness and strength in the longitudinal
direction, the chips, in this case, experienced the least damage.

Damage Mat-Comp 2

+1.000e+00
+9.167e-01 F QR
+8.333e-01 L
+7.500e-01
+6.667e-01
+5.833e-01
+5,000e-01
+4.167e-01
+3.333e-01
+2.500e-01

+1.667e-01 T

+8.333e-02

+0.000e+00 E il
R

t=0 0.175 ms 0.7 ms 1.225ms 1.75ms

Figure 7.9: Matrix compressive damage in chips at different time steps for Cases A-F; material
properties: elevated conditions; chip velocity: Cases A-D: 20 m/s; Case E, F: chip 1 = 5m/s, chip

2=25m/s

Figure 7.10: Comparison of model with SEIW sample
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As wood has less stiffness and strength in the matrix, i.e. the radial and tangential
directions than in the fibre, i.e. the longitudinal direction, compressive damage in the
matrix direction was found to be the dominant damage mechanism. Fibre tensile and
compressive damage were only observed in Cases B, D, and F where each chip impacted
in the fibre direction (Figure 7.11).

+1.000e+00 2
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Fibre Matrix
tension compression tension

Figure 7.11: Fibre tension, fibre compression, and matrix tension damage in wood chip at 0.175
ms for Cases A-F; material properties: elevated conditions; chip velocity: Cases A-D: 20 m/s;
Case E, F: chip 1 =5ml/s, chip 2 =25 m/s

7.2.2. Effect of velocity and steam treatment on damage
parameter

After the steam treatment step, the discharge valve of the steam treatment vessel is
opened. The steam at high pressure leaves the vessel rapidly and exerts drag force on the
wood chips in the vessel. The wood chips during the impact step attain different velocities
depending on the drag force they experience. Simulations were performed to study the
effect of velocity (ranging from 5 to 35 m/s) on the damage parameter (Figure 7.12). As
expected, it was found that an increase in velocity increased the damage. The wood chip
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that impacted in the radial direction (Cases A and C) experienced more damage than wood
chips that impacted in the longitudinal direction (Cases B and D). Case C was found to
be the most favourable for obtaining maximum damage to an SEIW sample.
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Figure 7.12: Effect of velocity of wood chip on damage parameter estimated at 5 ms, material
properties: elevated conditions

The effect on the damage parameter of the reduction in stiffness and strength of a wood
chip because of the steam treatment is shown in Figure 7.13. The elastic properties of the
untreated (12 % MC at 20 °C) and treated (30 % MC at 160 °C) wood used in simulations
are presented in Table 5.1. The velocity of the wood chips upon impact was 20 m/s. As can
be seen, a large increase in the damage parameter was found in all cases (A-D) because of
the steam treatment. Steam treatment at higher temperatures would further decrease the
stiffness and strength of wood chips and facilitate damage in the wood chips.

80

Untreated

B Treated

2

Case A

Case B

Figure 7.13: Effect of steam treatment on damage parameter estimated at 5 ms, chip velocity: 20

m/s
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8. CONCLUSIONS

Steam explosion is an effective pretreatment that enhances the accessibility of chemical
reagents and enzymes to wood constituents for obtaining useful chemicals and biofuel.
Steam explosion pretreatment induces both chemical and physical changes in biomass.
The chemical modifications are caused by the reactions that take place during the
treatment of wood chips with steam (the steam treatment step). Physical modifications
are the result of the expansion of vapours inside wood cells because of rapid
decompression (the steam explosion step) and collisions among highly softened wood
chips in a blow tank (the impact step).

It was found that both chemical and physical changes contribute synergistically to an
increase in enzymatic hydrolysis. The expansion of vapours inside wood cells created
microcracks in the cell walls. Cell wall damage is more likely to occur in cells with thin
walls, i.e. earlywood, with low MFAs, and with irregular cross-sections and sharp
corners. The presence of pits in the cell walls localized stresses and affected structural
deformation. Latewood cells reduced deformation in earlywood cells when the number
of cells was increased in the tangential direction and had little effect when the number of
cells was increased in the radial direction. Overall, the explosion step under moderate
operating conditions had a minor effect on the pretreated wood as compared to the impact
step.

The wood chips disintegrated into smaller pieces during the impact step. The internal
structure of the wood obtained after the steam explosion pretreatment was vigorously
ruptured in the defibrillated fragments and near the edge of the pretreated wood. It was
found that the wood chips that impacted with equipment walls in the radial direction
acquired the most damage, and this situation is the most favourable for obtaining highly
damaged and disintegrated wood. Damage to a wood chip increased with an increase in
its velocity at the time of impact. Treatment of wood chips with steam at high temperature
softened the wood chips and facilitated structural alterations both at the micro- and
macroscales. It was found that all the steps of the steam explosion process contributed to
an increase in the porosity of the material.
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