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Abstract 
In this work, industrially relevant mechanochemical processes of lignocellulosic materials 

were investigated. To this day, mechanochemistry remains unknown even to most chemists, 
and reports on its effects in the forest products industry are scarce. As many processes of the 
pulp and paper sector include mechanical treatments, the effect of such treatments on the 
chemical properties of the materials should be known. 

The treatments that were studied herein were: preparation of nanofibrillated cellulose (NFC) 
by Masuko refining, thermomechanical pulping at high temperatures (HT-TMP) and ball 
milling in the presence of a reactive vinyl monomer, namely, styrene. The HT-TMP was also 
studied as a potential reinforcing agent in biocomposites. Material properties were 
characterized with techniques such as electron paramagnetic resonance (EPR) and ultraviolet 
resonance Raman (UVRR) spectroscopies, optical analysis of fiber dimensions, tensile testing, 
and scanning electron microscopy (SEM). 

The main hypothesis of the work was that mechanoradicals are formed upon various 
mechanical treatments. This was confirmed for kraft pulp homogenization into NFC and 
reactive ball milling of cotton. With mechanical pulping, the situation is more complex: thermal 
and mechanical effects are simultaneous and therefore difficult to distinguish. The same holds 
true for composite preparation by extrusion, where both heating and shear forces are present. 

Mechanoradicals were shown to be able to act as starting points for cellulose 
copolymerization but the efficacy of these reactions was greatly affected by the presence of 
oxygen and water. HT-TMP fibers were shown to have potential in industrial composite 
reinforcement due to their hydrophobicity, ease of dispersion in the PLA matrix, and low 
specific energy consumption. 

In conclusion, acknowledging the formation of mechanoradicals in industrial processes is 
crucial. These radicals may participate in unwanted side reactions, such as oxidation or 
polymer degradation. On the other hand, mechanical processing may yield new avenues for 
fiber modification. 
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1. Introduction 

The forest products industry has played a major role in the Finnish economy 
for centuries. In recent years, the profitability of pulp and paper products has 
decreased, causing massive changes in the industry, not just in Finland but 
also other parts of Europe and North America. Despite the evident structural 
change in the economic system, Finland still has considerable wealth of forest-
based raw material that could be refined into tailored, high value products 
instead of the traditional commodity products. 
 

In parallel with the necessity to change the way we think of the forest prod-
ucts industry, there is increasing pressure to find replacements for oil-based 
materials. The abundance of sophisticated chemistry in different types of plant 
tissues offers intriguing possibilities for the development of new materials. 
However, for this approach to work, more information on the fundamental 
phenomena of wood chemistry is still needed. 
 

From this perspective, it is beneficial to investigate the existing process tech-
nology in the forest products industry and to evaluate what is currently 
achieveable in terms of material properties, and what new products and pro-
cesses would be realistically possible in the coming years. 
 

Mechanical treatment, in one form or another, is a common denominator in 
the manufacturing processes of many forest products. The most obvious ex-
amples of this include the production of groundwood (GW) and thermome-
chanical pulps (TMP) but also kraft pulps are frequently refined to attain suffi-
cient strength properties, not to mention the production of nano- and microfi-
brillated cellulose (NFC/MFC) through intense homogenization treatment. 
 

The application of mechanical energy has often been dismissed as an unim-
portant part in altering the chemistry of lignocellulosic materials. In solid-
state physics and polymer chemistry it has been recognized for decades that 
mechanical energy is a means of chemical activation in its own right, not just 
through sample heating upon mechanical stress (Tomashevskii et al. 1975, 
Gilman 1996, Beyer and Clausen-Schaumann 2005, Baytekin et al. 2012a, 
Boldyreva at al. 2013). Mechanochemistry, the field that investigates chemical 
reactions initiated by mechanical energy, remains unknown to many chemists. 
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This is an issue that needs to be addressed in order to consider the changes 
that mechanical treatments can effect in sample morphology and in chemical 
composition. In macromolecules, such as cellulose, chemical changes can start 
by the formation of so-called mechanoradicals that take part in various sec-
ondary reactions with each other or other surrounding molecules. 
 

This thesis provides insight into existing forest products industry processes 
and how mechanochemistry affects them. Publication 1 focuses on the pro-
duction of NFC by homogenization and the effect of pulp raw material on the 
energy efficiency of the process. Observations are made about the lignin and 
hemicellulose contents as well as free radical contents at different treatment 
intensities. Publication 2 takes a step back to an already established technol-
ogy, TMP manufacturing, using elevated temperatures to save energy and pro-
duce fibers with increased hydrophobicity. Such an approach is hardly useful 
in papermaking but it seems promising for biocomposite manufacturing, 
where surface hydrophobicity is often required to assure adequate adhesion 
between the fiber and the matrix. 
  

Publication 3 investigates the mechanochemical reactions that take place 
between cotton linters and styrene in cryo and room temperatures. Both cellu-
lose degradation and possible copolymerization with styrene are discussed in 
the paper to broaden existing knowledge of the possibilities to utilize mecha-
nochemistry in cellulose modification. 
 

Publication 4 elaborates on how the fibers of Publication 2 could be used 
in biodegradable composites. The goal of the paper is to examine the proper-
ties of such composites and, based on the results, suggest industrial uses for 
them. 
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2. Background 

2.1 Structure and composition of lignocellulosic materials 

Lignocellulosic materials are a vastly heterogeneous category of materials 
that are composed of cellulose, lignin, different heteropolysaccharides (hemi-
celluloses and pectins) and various types of extractives. In this thesis the main 
focus will be on wood-based pulp, both mechanically and chemically prepared.  
 

Wood species can be divided into hardwoods (HW) or angiosperms, such as 
birch and aspen, and softwoods (SW) or gymnosperms, such as spruce and 
pine. The former typically have leaves, whereas the latter have needles. SWs 
are evolutionarily older and have a simpler tissue structure (Figure 1).  
 

 

Figure 1. Optical microscope images of dyed birch (Betula pubescens, on the left) and spruce 
(Picea abies, on the right) tissue cross sections. 

When discussing wood material, at least the following levels of heterogeneity 
and anisotropy must be taken into consideration: species-dependent variation 
(hardwood vs. softwood), tissue-dependent variation (bark vs. wood tissue, 
earlywood vs. latewood etc.), fiber property variation in terms of size and 
shape, and local variation in chemical composition as well as cellulose microfi-
bril orientation in different cell wall layers (Figure 2).  
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Figure 2. Wood fiber cell wall structure (Kärkkäinen 2003). 

Generally speaking, softwood has long fibers (2–6 mm) and hardwood has 
short fibers (0.8–1.6 mm). Their chemical compositions also differ. Aside from 
the differences in crude composition (Table 1), SWs and HWs contain different 
types of hemicelluloses; the former are typically rich in galactoglucomannans, 
the latter in glucuronoxylan. The underlying differences in the chemical com-
position set different requirements for further processing.  

Table 1. Chemical compositions of normal softwood and hardwood in percent of dry wood weight 
(adapted from Sjöström and Westermark 1999). 

Wood type Cellulose Hemicelluloses Lignin Extractives 
Softwood 37–43 20–30 25–33 2–5 
Hardwood 39–45 17–35 20–25 2–4 

 
Cellulose, the main component of wood tissue, is a linear homopolymer that 

consists of thousands of anhydro-D-glucopyranosyl units linked by β-(1→4)-
glycosidic bonds (Klemm 1998). Despite its seemingly simple structure, it can 
exist in several different crystalline allomorphs, depending on the arrange-
ment of inter- and intramolecular hydrogen bonds. These are referred to as 
cellulose I, II, III and IV, out of which cellulose I is the structure that occurs in 
nature (in the forms of cellulose Iα and Iβ). In addition to the aforementioned 
crystalline forms, cellulose exists as less ordered, ‘amorphous’ cellulose that is 
mechanically weaker and more prone to chemical reactions.  Figure 3 accentu-
ates the most important bonds in terms of mechanical strain distribution, 
namely the covalent C-O-C bridges and the O(3)H…O(5) intramolecular hy-
drogen bonds (Hinterstoisser et al. 2003, Salmén and Bergström 2009). 
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Figure 3. Schematic of a cellulose molecule, highlighting its stress transferring structures and 
their corresponding FTIR peaks (Salmén and Bergström 2009). 

While cellulose is an important component in plant tissue, it rarely exists as a 
pure substance in nature – in wood it is present in complex hierarchical struc-
tures that one can think of as natural nanocomposites of cellulose microfibril 
bundles ‘glued’ together by a lignin-hemicellulose matrix. Cellulose is remark-
ably strong for a polymer: the tensile strength of individual nanofibrils, puri-
fied from wood and tunicates, has been estimated to be 2–6 GPa (Saito et al. 
2013). Lignin and hemicelluloses have more modest properties (e.g. 50 MPa 
for lignin), much closer to synthetic polymers (Gibson 2012). 
 

Lignin is a general name for both native and chemically altered amorphous 
polymers consisting of hydroxylated phenylpropane units that are linked to-
gether by aryl ether and carbon-carbon bonds (Sjöström and Westermark 
1999). It is often referred to in plural form to accentuate the enormous variety 
in its structure. The traditionally listed precursors of lignin biosynthesis (Fig-
ure 4) are p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol that form 
an irregular three-dimensional network via radical coupling (Pettersen 1984, 
Fengel and Wegener 1989), although additions to the monolignol list have 
been suggested (Sederoff et al. 1999, Boerjan 2003).  
 

The polymerization process of lignin is random only in the sense that it is not 
enzymatically controlled. However, the relative electron densities of the mono-
lignols determine the frequency of the different linkage types in lignin, favor-
ing the β-O-4 bond variety (Fengel and Wegener 1989). Furthermore, there is 
evidence that the arrangement of polysaccharides in the cell wall affects the 
polymerization process and orientation of lignin (Atalla and Agarwal 1985, 
Atalla 1998, Fromm et al. 2003, Åkerholm and Salmén 2003).  
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Figure 4. Monolignol units from left to right: p-coumaryl alcohol, coniferyl alcohol and sinapyl 
alcohol (adapted from Fengel and Wegener 1989). 

Hemicelluloses are a class of low molecular weight heteropolysaccharides 
that share some structural similarity to cellulose but do not form similar crys-
talline structures, making them considerably easier to dissolve. Unlike cellu-
lose that consists of similar anhydroglucose units, forming a repeating dimer 
referred to as cellobiose, hemicelluloses are composed of many different sugar 
units. In wood tissue, the main monomer components of hemicelluloses are D-
glucose, D-mannose, D-galactose, D-xylose, L-arabinose and 4-O-
methylglucuronic acid (Pettersen 1984). Lignin and hemicelluloses also exist 
in covalently linked form, referred to as lignin-carbohydrate complexes (Eriks-
son and Goring 1980, Jeffries 1990).  
 

Extractives are a structurally and chemically heterogeneous group of easily 
extractable molecules. The term is mostly used for lipophilic components but it 
is sometimes interpreted more broadly to include also small water-soluble 
molecules. Extractives in HW and SW have different compositions: resin acids 
occur only in softwood, and the fatty acid compositions in HW and SW are 
different. (Holmbom 1999) 

2.1.1 Mechanical pulps 

Wood can be processed into pulp by mechanical or chemical means, or a 
combination of both. Mechanical pulps are high in yield; they are typically 
prepared from wood logs (GW) or wood chips (TMP) and have a very similar 
gross composition to the original wood (Sjöström and Westermark 1999). 
Most commonly, mechanical pulps are made from softwood, especially spruce. 
 

The production of mechanical pulp is energy intensive but the specific energy 
consumption (SEC) of the process can to some extent be decreased with vari-
ous pretreatments (chemimechanical or chemithermomechanical pulping) or 
by using optimized step-wise processes. TMP manufacturing is discussed in 
Section 2.2.1. 
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2.1.2 Chemical pulps 

The main difference between mechanical and chemical pulps is that in me-
chanical pulps, lignin of the original wood remains in the material, whereas in 
chemical pulps, most of it has been removed. Chemical pulps can be prepared 
from HW or SW. After bleaching, chemical pulps consist mostly of cellulose 
and hemicelluloses and have roughly half the yield of corresponding mechani-
cal pulps.  

 
In this thesis, only kraft pulps are discussed, even though other forms of 

chemical pulping do exist. During kraft cooking, wood chips are impregnated 
with sodium hydroxide and sodium sulfide, which results in lignin removal 
through degradation and dissolution of lignin fragments, accompanied by 
hemicellulose degradation and extractives removal. Some lignin-carbohydrate 
complexes can be broken, by e.g. kraft pulping, but some remain in the pulp 
even after oxygen delignification (Lawoko et al. 2005). 
 

Immediately after the kraft process, the pulp is brown in color due to the 
formation of chromophores, such as quinones and furan derivatives that can 
change the visual appearance of the pulp even in very small amounts. A key 
reaction in terms of pulp brightness is the formation of unsaturated hexenu-
ronic acid (HexA) from the 4-O-methylglucuronic acid groups that are present 
in wood xylans (Teleman et al. 1995). Various bleaching sequences are routine-
ly used in the industry to remove these color-causing structures. While oxygen 
delignification and bleaching remove a significant portion of residual lignin 
and its chromophores, they also inadvertently remove some of the hemicellu-
loses. 

2.1.3 Cotton 

Cotton (most common type Gossypium hirsutum) is an annual plant that is 
grown for the textile industry in tropical and subtropical regions.  Cotton seeds 
yield two types of fibers: the long, flat lints that are used in textiles, and the 
short, round linters. The linters are not used by the textile industry but they 
are well suited for papermaking or manufacturing of cellulose derivatives. 
(Sczostak 2009)  
 

Prior to any cleaning or bleaching, cotton linters have a cellulose content of 
~80%; other constituents include hemicelluloses, pectins, fats, waxes and in-
organic salts (Sczostak 2009, Wakelyn et al. 1998, Ioelovich and Leykin 2008). 
Most of the other components are removed in subsequent cleaning and bleach-
ing processes, yielding a product of nearly pure cellulose (Fengel and Wegener 
1989, Sczostak 2009). Due to its high purity (up to 99% cellulose), cotton lint-
ers are widely used as a reference material in cellulose chemistry. 
 

Cotton linters have a relatively high crystallinity, which limits their accessi-
bility and hence their chemical reactivity (Pönni et al. 2012). Mechanical 
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treatments have been proposed as a means to enhance their reactivity (Hon 
and Srinivasan 1983). Another phenomenon that should be remembered is 
that components such as waxes and fats are preferentially enriched on the fi-
ber surface even if their content is extremely low (Buchert et al. 2001, Johans-
son et al. 2004). 

2.2 Mechanical stresses in wood-based materials 

Stress, a measure of internal forces exerted in a material as a response to ex-
ternal force, can exist as normal and shear stress. Strain describes a material’s 
ability to deform under a stress. Elastic materials rapidly regain their original 
dimensions as the stress is removed. Irreversible deformation, on the other 
hand, is referred to as plastic deformation, characterised by a permanent 
change in the material. 
 

Wood is a viscoelastic material, meaning that there is a lag between a stress 
and the resulting strain. This property is common for polymer materials and 
leads to partial storage and partial dissipation of the initial energy input. (Fer-
ry 1980; Thibaut et al. 2001, Winandy and Rowell 2005, Havimo 2009) Fur-
thermore, wood undergoes plastic deformation when the strain becomes high 
enough (Figure 5). 
 

Wood is also an anisotropic material, being strongest in its longitudinal di-
rection, that is, along the wood cell axis. Also different types of wood tissues – 
reaction wood, knots and so on – will affect the mechanical properties of the 
material. Other parameters that influence the strength of wood include mois-
ture content (Ranta-Maunus 1975, Salmén 1984), temperature (Salmén 1984, 
Irvine 1984), duration and number of loading cycles (Kyanka 1980, Clorius et 
al. 2000), and differences in environmental conditions in terms of pH, UV 
radiation (Anderson et al. 1991) and microbiological decay (Greaves 1971, Pan-
dey and Pitman 2003).  
 
 

 

Figure 5. Mechanical behavior of wood at different strain levels (Winandy and Rowell 2005).  
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On a chemical level, the majority of wood strength has been attributed to the 
high degree of polymerization (DP) and linear orientation of cellulose but the 
matter is more complicated. Higher plants, such as trees, rely on lignin as a 
stiffening agent (Fengel and Wegener 1989). Hemicelluloses, on the other 
hand, act as coupling agents between the two fundamentally incompatible 
components and contribute to the transverse modulus (Bergander and Salmén 
2002, Winandy and Rowell 2005). On one hand, there are covalent linkages 
between hemicelluloses and lignin, referred to as lignin-carbohydrate com-
plexes (Jeffries 1990, Lawoko et al. 2005, 2006). On the other hand, hemicel-
luloses attach to cellulose mainly via hydrogen bonding, creating a strong but 
flexible connection between the two polymer types (Salmén and Burgert 2009). 
H-bonds can be reformed easily, a property that no doubt has great signifi-
cance on the mechanical performance of wood. 
 

Hinterstoisser et al. (2003) demonstrated that the C-O-C bridges as well as 
the O(3)H…O(5) hydrogen bonds are the most important deforming bonds in 
cellulose. EPR studies (Hon 1979, Sakaguchi et al. 2010) have supported this 
idea, showing that it is the same C-O-C linkage that is broken in ball milling. 
At the same, the hydrogen bonds in cellulose are also disrupted, seen as a de-
crease in cellulose crystallinity (Schwanninger et al. 2004, Ago et al. 2004). 
Similar changes are likely to also occur in the mechanical processes that will be 
described in the following sections. 

2.2.1 Thermomechanical pulping 

Thermomechanical pulping, a subcategory of mechanical pulping, is a pro-
cess in which fibers are separated from each other by mechanically refining 
moist wood chips at elevated temperature and pressure (typically ~120 °C), i.e. 
in conditions that soften the lignin-hemicellulose matrix of the fiber wall. 
Norway spruce (Picea abies) is commonly used in TMP processes because of 
its favorable fiber morphology and chemical composition. (Blechschmidt et al. 
1986, Alén 2000, Salmén 2004) Traditionally TMP has been used in newsprint 
paper for its good optical properties and high wood material yield. However, 
its high lignin content (~30 %) makes it susceptible to yellowing upon expo-
sure to light and moisture.  
 

A major obstacle in TMP manufacturing has been, and to an extent still is, its 
high specific energy consumption (SEC). It has been known for years that a 
high defibration temperature decreases SEC of the process – a phenomenon 
that is utilized in manufacture of medium density fiber board (MDF) but not in 
papermaking due to the low interfiber bonding of such fibers at the low tem-
perature of paper web formation (Roffael et al. 2001, Widsten et al. 2001, 
2004). Advances in different pretreatments, stepwise refining as well as refin-
er design have also brought several improvements in terms of SEC (Hammar 
et al. 2010, Gorski et al. 2010, Salmi et al. 2012).  
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In commercial TMP mills it is customary to use disc refiners, in which wood 
chips pass through a narrow gap between two metal discs with a grooved pat-
tern. At least one of the discs rotates at high speed (1500-1800 rpm), leading 
to the wood material being broken down to fibers and other fragments. Single 
disc refiners typically require a two-stage refining process, whereas double 
disc refiners enable a simpler, less energy consuming one-stage process. 
(Tienvieri et al. 1999) 
 

When TMP is produced, various dissolved and colloidal substances are re-
leased into process waters, especially hemicelluloses and pectins as well as 
fatty and resin acids (Örså at al. 1997, Pranovich et al. 2007). At elevated de-
fibration temperatures, stiff, hydrophobic fibers of very low degree of fibrilla-
tion are produced (Gustafsson et al. 2003, Widsten et al. 2004, Publication 
2). Especially at temperatures of 170°C and above, the pulp develops a darker 
color, and the content of water-extractables, namely hemicelluloses, increases 
(Widsten et al. 2004, Publication 2). Widsten et al. (2004) concluded that 
the color changes may be a result of free radical formation in the defibration 
process, and tested this assumption by electron paramagnetic resonance (EPR) 
spectroscopy. The significance of free radicals will be discussed in Section 2.3. 

2.2.2 Refining of chemical pulps 

Chemical pulps are routinely refined, or beaten, in aqueous suspensions with 
the intention of improving their interfiber bonding ability, thus producing 
strong and smooth paper web with enhanced barrier properties. On an indus-
trial scale, common refiner types include the batchwise Hollander, as well as 
the continuous conical and disc refiners. (Lumiainen 2000, Kerekes 2010) 
 

 Refining results in the fracture of molecular bonds, which manifests itself as 
fiber shortening, fines formation, and fibrillation (both external and internal). 
Like wood, also single fibers exhibit viscoelastic behavior (Hamad 1998, Sal-
mén and Burgert 2009). In wood, the mechanical constraints from adjacent 
fibers alter the way mechanical energy is transferred in the material, as is ex-
emplified by the different Poisson ratios in wood and chemical pulp fibers 
(Peura et al. 2006). Only at high intensities the DP starts to decrease (Kontturi 
and Vuorinen 2009), indicating that most of the changes during refining are 
due to the disruption of H-bonds. However, it should be remembered that the 
swelling by water undoubtedly influences the ultrastructure of cellulose, mean-
ing that only part of the H-bond breakage is caused by the mechanical action. 
 

Several theories exist on how fiber development depends on the used energy, 
the most common of which is the specific edge load (SEL) theory and its close 
variants. At low consistencies SEL is a relatively good approximation for the 
refining action that the fibers are subjected to but at consistencies in the range 
of 20–40 % the relationship between energy consumption and fiber develop-
ment becomes less clear. (Kerekes 2010, Gharehkhani et al. 2015)  Needless to 
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say, determining the distribution of forces on individual fibers is a complicated 
task. For details on force-based refining theories, the reader is advised to con-
sult the publications by Batchelor et al. (2006), Martinez et al. (1997) and 
Kerekes and Senger (1997). 

2.2.3 Preparation of nanofibrillated cellulose 

The preparation of nanofibrillated cellulose (NFC, or microfibrillated cellu-
lose, MFC) involves mechanical treatment of the initial fiber material. These 
processes can be divided into homogenizing, grinding, cryocrushing and ultra-
sonication (Khalil et al. 2014), but the last two will not be discussed in this 
thesis.  
 

First introduced in the 1980s (Herrick et al. 1983, Turbak et al. 1983), high 
pressure homogenization of pulp into NFC is a process in which dilute (~1–2% 
of pulp) aqueous suspensions of pulp are passed to a vessel through a very 
small nozzle to yield a gel-like material of separated cellulose nanofibers. In 
order to avoid clogging the equipment, the fibers are often refined before ho-
mogenization (Stelte and Sanadi 2009). 
 

Grinding dilute slurry of pulp between one rotating and one stationary stone 
is another widely used strategy to prepare NFC gels. The Masuko refiner used 
in Publication 1 works in this way. Both the DP and crystallinity of cellulose 
decrease as a result of intense refining (Qi et al. 2008, Chen et al. 2012, Khalil 
et al. 2014, Kekäläinen et al. 2015, Vänskä and Vuorinen 2015). 
 

Various sources of cellulose may be used for NFC production: examples in-
clude wheat straw and commercial chemical pulps (sulphite and kraft from 
SWs and HWs). Certain strains of bacteria (e.g. Acetobacter xylinum) can even 
synthesize pure cellulose. Bleached kraft pulp, the most common chemical 
pulp, is typically used as the raw material. (Klemm et al. 2011, Hubbe et al. 
2008) Stelte and Sanadi (2009) showed that commercial SW pulp is easier to 
fibrillate to NFC than HW pulp.  
 

In order to reach a high level of nanofibrillation with less energy, various 
chemical and enzymatic pretreatments have been introduced (Saito et al. 2007, 
Wågberg et al. 2008, Pääkkö et al. 2007). Recent life cycle analysis of NFC 
manufacturing strategies using commercial kraft pulp showed that the least 
environmental impact was achieved in the laboratory scale when TEMPO oxi-
dation was followed by homogenization (Li et al. 2013). 
 

Another approach to decrease the chemical and energy consumption would 
be to use unbleached kraft pulp as a raw material of NFC (Publication 1, 
Spence et al. 2011) in end uses where the light brown color of the material is 
not a problem. To obtain an even higher yield, also mechanical pulps have 
been studied as a potential raw material, but the drawback is that TMP typical-
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ly produces stiff fiber fragments and flakes with low water retention properties 
whereas chemically pre-treated CTMP exhibits much greater fibrillation de-
spite its high lignin content. (Lahtinen et al. 2014, Suopajärvi et al. 2012)  

2.2.4 Milling processes 

Milling procedures, such as ball and knife milling, are common pretreat-
ments for analytical methods in which small particle size is required for effi-
cient mass transfer or some other reason. Ball milling can be categorized into 
planetary and vibratory types, and various materials, such as glass and stain-
less steel, can be used, depending on the ground material. In planetary ball 
milling, the chamber containing the ball or balls rotates about its axis, whereas 
in vibratory milling, it oscillates either horizontally or vertically. In this thesis, 
the main focus will be on horizontal vibratory ball milling, which was the 
method that was used in Publication 3.  

 
Ball milling can be used for example for the preparation of milled wood lig-

nin (Björkman 1956). Ball milling of wood into fine powder has also been re-
searched from the perspective of thermoplastics, pyrolysis, gasification, enzy-
matic hydrolysis and hot water treatment (Karinkanta et al. 2013a, Agarwal et 
al. 2013). Furthermore, cellulose crystallinity can be altered by milling – typi-
cally this is seen as a decrease in crystallinity but cellulose recrystallization has 
been reported in the presence of specific amounts of water (Stubicar et al. 1998, 
Mikushina et al. 2003, Schwanninger et al. 2004, Ago et al. 2004 and 2007, 
Karinkanta et al. 2013b, Zhang et al. 2013, Kekäläinen et al. 2015). Typically 
the fibrous structure is lost with milling treatments (Mikushina et al. 2003, 
Zhang 2007), but, depending on the selected milling parameters, different 
outcomes can be achieved in terms of particle size and shape (Kekäläinen et al. 
2015). 

 
Factors that affect the outcome of vibratory ball milling processes include 

milling frequency, ball number, mass and size, presence of moisture, milling 
temperature and the presence of oxygen (Karinkanta et al. 2013a, Ago et al. 
2004, Sakaguchi et al. 2010, Stefanovic 2014), to name but a few. Due to the 
large number of potential causes for variation in milling outcomes it may be 
difficult to make direct comparisons between different studies, especially if 
their raw materials also differ. Unless all relevant factors have been taken 
properly into account, only trends in material property development can be 
predicted. It has, however, been shown that it is beneficial to use balls with a 
small diameter, a packing level of roughly 50%, and a ball volume of roughly 
25% of the total chamber volume. For more details in reactive ball milling de-
sign and upscaling the reader is advised to consult a recent publication by 
Stolle et al. (2014). 
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2.3 Mechanochemistry 

Mechanochemistry is a field that studies the chemical changes that are in-
duced in a material by mechanical energy. Mechanical treatments that can 
induce such changes include grinding, milling and ultrasound treatments. 
(Kaupp 2009, Cravotto and Cintas 2012, Stefanovic et al. 2013) Mechano-
chemistry still remains far less well-known than other means of chemical acti-
vation, such as thermal, electrical or photochemical activation (Beyer and 
Clausen-Schaumann 2005), despite it being an important part of many labora-
tory scale and industrial processes. In recent years, mechanochemistry has 
experienced a resurgence due to its potential in developing simple and more 
ecological chemical processes. Ideally, this could mean synthesis in ambient 
temperature, using little, if any, hazardous solvents. In order to reach this goal, 
a much deeper understanding of mechanochemical processes is needed. 
 

It has been reported on numerous papers on polymer mechanochemistry (for 
example Kleinert and Morton 1962, Tomashevskii et al. 1975, Kausch and 
Devries 1975, Gao et al. 1997, Kondo et al. 2004) that mechanical treatment 
can cause formation of free radicals, and that the DP typically reaches a plat-
eau, i.e. a limiting molecular weight, beyond which the molecules become too 
small to absorb any more mechanical energy. The chain breakage occurs more 
likely in the mid-section of the polymer than near the chain ends (van der Hoff 
and Glynn 1974, Basedow and Ebert 1977, Suslick and Price 1999). For 
branched polymers, the chain architecture will also play a role in mechano-
chemical degradation (Striegel 2003). 
 

Importantly, mechanochemical activation can favor different types of bond 
cleavage than other forms of chemical activation. For example, irradiation of 
cellulose can cause three types of molecular damage (Figure 6), but mainly the 
third and possibly the second type of damage would be expected of mechanical 
activation (Hon 1979, Hinterstoisser et al. 2003, Sakaguchi et al. 2010). This 
property may prove useful in targeted polymer modification.  
 



 

 
22 

 

 

Figure 6. Possible cellulose damage types caused by irradiation (Polvi 2013). It should be not-
ed that in mechanical activation of cellulose, mainly the third damage type should take place. 

Other things to consider are the relative strength of the bonds that are 
stressed and the extent of energy dissipation along the polymer molecule 
(Stefanovic et al. 2014). Depending on where the chain scission takes place, its 
effect on DP can be dramatic or very slight. This means that a suitable analyti-
cal combination for mechanochemical degradation would be EPR combined 
with GPC – the former can provide at least semi-quantitative information on 
radical formation and thus homolytical bond scission. The latter can give indi-
rect information about the location of rupture. 

2.3.1 Mechanoradicals in lignocellulosic materials 

With respect to lignocellulosic samples it should be pointed out that semi-
crystalline samples will go through non-homogeneous deformation, and that 
mechanoradical formation preferentially takes place in amorphous regions 
(Kausch and Devries 1975). Hinterstroisser et al. (2003) demonstrated the 
importance of the glucose rings and the C-O-C bridges connecting adjacent 
rings, as well as the O(3)H…O(5) intramolecular hydrogen bonds for the load 
distribution of native cellulose. Furthermore, a recent study compared cryom-
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illing with room temperature milling of cellulosic samples and demonstrated 
that amorphous regions are indeed preferentially ruptured in room tempera-
ture but that milling in cryo state will cause more evenly distributed chain rup-
ture due to restricted mobility of the molecular chains (Stefanovic et al. 2014). 
 

Primary mechanoradicals in cellulosic materials are assumed to form as a re-
sult of glycosidic bond cleavage, resulting in one alkoxyl and one alkyl radical 
per chain breakage (Hon 1979, Sakaguchi et al. 2010). Especially the alkyl rad-
icals are very unstable and react readily with oxygen to produce peroxyl radi-
cals (Hon 1979). In a nutshell, after the formation of primary radicals, a com-
plex cascade of secondary and tertiary radical reactions will start. These reac-
tions include for example the formation of peroxyl radicals, beta-
fragmentation and H-abstraction (Stefanovic et al. 2014). The labile primary 
mechanoradicals quickly form new radical and non-radical species, gaining 
stability through the chain of reactions. Among the stable radical species 
commonly present in lignocellulosic samples is the phenoxy radical (Dizhbite 
et al. 2004, Widsten et al. 2004).  
 

The occurrence of transient highly reactive mechanoradicals in cellulosic ma-
terials has been utilized on a couple of occasions in copolymerization reactions 
with methyl methacrylate (Hon 1979, Sakaguchi et al. 2010, 2012). However, 
to this day, reports of trials with other monomers are scarce, which was the 
motivation behind Publication 3. This will be addressed in Section 4.3. 
 

To further complicate the dynamics of lignocellulosic mechanoradicals, the 
presence or absence of water affects not only the hydrogen bonding ability 
between carbohydrate molecules but also the way free radicals react further 
(Hon 1981, Baytekin et al. 2012b). These effects will be discussed in more de-
tail in the context of NFC preparation by Masuko refining in Section 4.1. 

 
Finally, it should be remembered that in cases where mechanical and ther-

mal treatments occur simultaneously (e.g. thermomechanical pulping) it may 
be difficult to distinguish what are the effects from the mechanical treatment 
itself. One way to estimate the mechanical treatment would be to first evaluate 
the effect of a purely thermal treatment by heating water-saturated wood chips 
and then assume that the rest of the chemical changes are caused by mechani-
cal energy. The problem with this method is, however, that the mass transport 
properties of the wood pieces and fibers are probably too different for reliable 
comparisons due to the difference in size and thus also in specific surface area. 
It is also possible that the two mechanisms are not isolated, separate entities 
and that they intertwine to form a complex system of thermally and mechani-
cally activated reactions that act as feedback to each other. It is known that 
radical formation does take place during thermomechanical pulping (Widsten 
et al. 2001) but for the aforementioned reasons it is not clear what the role of 
mechanical energy in the process is.  
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To summarize, multiple processes in the pulp and paper industry involve the 
formation of mechanoradicals. Section 2.3.2 briefly describes the role of anti-
oxidants or radical scavengers in lignocellulosic materials.  

2.3.2 Antioxidants and radical scavengers 

By definition, antioxidants are molecules that delay or prevent oxidation re-
actions. The concepts of oxidation and free radical formation are closely relat-
ed; having an odd electron is energetically unfavorable, which is why many 
radicals are highly reactive. Many radicals are prone to reacting with molecu-
lar oxygen, which is why the terms ‘radical scavenger’ and ‘antioxidant’ are 
often used interchangeably, despite their different focus. What is typical for 
radical scavengers is the capability to delocalize excess electrons, and hence to 
form stable radical species. A common example of a stable radical species is 
the resonance stabilized phenoxy radical (Figure 7). 
 

 

Figure 7. Resonance stabilization of the phenoxy radical (adapted from Altwicker 1967). 

Lignocellulosic materials contain various components that are able to scav-
enge or stabilize free radicals, including lignin and certain extractives (Satoh 
and Sakagami 1996, Lu et al. 1998, Schultz and Nicholas 2000, Willför et al. 
2003, Dizhbite et al. 2004). This is to be expected, since structural factors that 
govern a molecule’s antioxidant or radical scavenging ability include the pres-
ence of aromatic rings and other resonance stabilized structures, and such 
structures are abundant in lignin and other polyphenols. 
 

Also the presence and location of certain substituents, such as phenolic hy-
droxyl and methoxy groups, notably affects the antioxidant properties 
(Dizhbite et al. 2004, Pan et al. 2006). For lignins and related model com-
pounds, several structure-property connections have been identified. For ex-
ample phenolic p-hydroxyl groups and o-methoxy groups increase radical 
scavenger activity, whereas carbohydrate residues and oxygen-containing sub-
stituents in the side chain decrease it (Dizhbite et al. 2004, Ponomarenko et al. 
2014). 
 

Based on the assumption that residual lignin in unbleached kraft pulp could 
act as a radical scavenger, Publication 1 investigated the formation of mech-
anoradicals in the preparation of NFC through Masuko refining. The findings 
of this work are described in Section 4.1. 
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The role of antioxidants in the mechanochemistry of thermomechanical 

pulping is a complex one: On one hand, the presence of lignin and extractives 
in wood chips and TMP is expected to cause radical stabilization. On the other 
hand, the high temperature and moisture will contribute to molecular move-
ment in the material, making it more likely for two radical centers to come to a 
contact and form a covalent bond through radical coupling (Widsten et al. 
2001). It should be also noted that albeit abundant, the lignin in TMP may go 
through depolymerization and other structural changes that can affect its anti-
oxidant properties (Widsten et al. 2003, 2004).  

2.4 Natural fiber composites 

A composite can be defined as a multiphase system that has distinct proper-
ties from the components it is made of. For example wood and bone are natu-
ral composite materials. Synthetic composites most commonly consist of a 
reinforcement phase (stiff, strong material, often of high aspect ratio) and a 
continuous matrix phase surrounding it. Properties such as fiber orientation 
and volume fraction, fiber-matrix compatibility, and equilibrium moisture 
content have an enormous influence on overall material strength, stiffness and 
durability.  
 

Man-made polymeric composites have been used as construction materials, 
thermal insulators and such for decades (Mohanty et al. 2000); they typically 
have high strength despite being very light with respect to their volume. With 
the interest of reducing the price and environmental impact of composite ma-
terials, it is relatively common to include low-cost, low-density natural fibers 
as reinforcing agents or fillers in the matrix material (La Mantia and Morrale 
2011). This section provides an overview of the advantages and disadvantages 
of current natural fiber composites and their manufacturing methods. 
 

The benefits of using natural fibers in composites include low cost, renewa-
bility and biodegradability of the fiber component, non-abrasiveness, and thus 
easier mechanical processing (Mohanty et al. 2000, Kalia et al. 2009, La Man-
tia and Morreale 2011). The drawbacks include limited thermal and photosta-
bility, high water absorbency and vulnerability to microbial degradation, insuf-
ficient matrix-fiber adhesion and fiber aggregation. (Saheb and Jog 1999, 
Fowler et al. 2006) Biobased and biodegradable matrices also exist and con-
tinue to increase in importance (Mohanty et al. 2000). The most prominent 
example of this is polylactic acid (PLA), the most common industrially used 
biodegradable polymer whose uses have extended to commodity plastics, after 
first being mainly used in high-value biomedical applications (Groot et al. 
2010). 
 

Biocomposite manufacturing has been developed from existing techniques 
for processing synthetic plastics and composites, including press molding, 
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hand lay-up, pultrusion, extrusion, injection molding, compression molding, 
etc., but most thermoplast-based composites (e.g. polypropylene, PP, or poly-
ethylene, PE, as matrix) are processed by melt mixing and extrusion (Fowler et 
al. 2006). As the biopolymers in natural fibers are thermally less stable than 
most synthetic polymers, the immediate problem of degradation and subse-
quent loss of desireable properties emerges. Already at 180˚C, components of 
natural fibers will start to degrade (Rowell, 2007), but many commercially 
used polymers require higher temperatures before they melt (Bunn 1996). On 
the other hand, for example PE does have a moderately low melting point 
(~115–130°C, depending on the type of PE, e.g. Wang et al. 2006) but has poor 
compatibility with the hygroscopic natural fibers. 
 

There have been attempts to overcome the issue of fiber aggregation and in-
sufficient adhesion by chemical surface modification and addition of compati-
bilizers or crosslinkers (e.g. Oksman et al. 1998, Zhang and Sun 2004, Dányádi 
et al. 2007, Lu et al. 2007). In Publication 4, an alternative approach where 
inherently hydrophobic HT-TMP fibers were used in composite reinforcement 
was investigated – using no additional coupling agents or compatibilizers. 

2.4.1 Polylactic acid composites 

PLA is a biodegradable aliphatic polyester commonly derived from corn or 
potato. It is the most widely used bioplastic in the industrial scale and current-
ly the most realistic replacement for oil-based plastics in the near future 
(Groot et al. 2010). Depending on the isomer composition, PLA can be highly 
crystalline (pure L-lactic acid) or completely amorphous (racemic mixture of 
L- and D-lactic acids), and the thermal and optical properties vary greatly, 
according to crystallinity (Drumright et al. 2000, Nampoothiri et al. 2010). 
 

Among the technical issues that still limit the industrial use of PLA are its 
limited moisture and gas barrier properties, brittleness and poor thermal re-
sistance (Nampoothiri et al. 2010, Armentano et al. 2013). The barrier and 
mechanical properties are closely related to the crystallinity and rate of crystal-
lization of PLA (Harris and Lee 2008, Drieskens et al. 2009, Sanchez-Garcia 
and Lagaron 2010). It was expected that the inclusion of HT-TMP in the PLA 
matrix would hasten the crystallization after the melt compounding process 
due to a nucleating effect from the fibers (Mathew et al. 2006, Pei et al. 2010). 
This was discussed in Publication 4. 



 

 
27 

 

3. Experimental 

The materials and methods used in this thesis are described in more detail in 
the attached Publications 1–4. The aim of this chapter is to provide suffi-
cient background information for the experimental results presented in the 
Results and discussion (Section 4). 

3.1 Materials  

3.1.1 Chemicals 

All chemicals used were of analytical grade. Ultrapure Milli-Q water (Milli-
pore S.A.S. Molsheim, France) was used for solution preparations; for pulp 
suspensions deionized water was used. Styrene of >99 % purity (Publication 
3) was purified by running it through an Al2O3 column (both purchased from 
Sigma-Aldrich). All other chemicals were used as received. 
 

For the composite experiments, commercial matrix materials were used. The 
epoxy resin (Publication 2, purchased from Yachticon, Hamburg, Germany) 
was prepared by combining bisphenol-A-epichlorohydrin of Mw ≤700 g/mol, 
ethylene oxide, mono(C12-14-alkyloxy)methyl derivate and a curing agent (2-
piperazin-1-ylethylamine, 4,4’-isopropylidendiphenol, nonylphenol). The PLA 
used in Publication 4 was purchased from NatureWorks LLC (Ingeo 3052D). 

3.1.2 Wood and pulps 

Birch kraft pulps and their homogenization (Publication 1) 
Birch pulps were obtained from the UPM Pietarsaari mill. Samples were tak-

en: (1) after cooking (kappa number 18, SCAN-C 1:00 with the exception of 
using never-dried pulps), (2) after oxygen delignification (kappa number 13), 
and (3) after the complete bleaching sequence A-Z/D-EOP-D-P (kappa number 
<1). All pulps were then washed into sodium form as described by Horvath et 
al. (2006), with the exceptions of using NaHCO3 concentration of 0.005 M, 
and a final filtrate conductivity of <20 μScm-1. 

 
Samples with different refining degrees were then prepared from these pulps 

with a Masuko MKZA10-15J grinder in VTT Technical Research Centre of Fin-
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land. The pulps were first diluted to 2% consistency and dispersed for 10 min 
at room temperature. After this, one, three or five refining cycles (M1, M3, M5, 
respectively) were carried out at a rotational speed of about 1500 rpm. For 
EPR measurements, separate new samples were prepared about a week before 
the measurements to ensure that the radical content in the samples would be 
high enough to be detected. All samples were investigated without further 
chemical treatment in their never-dried state. 

Spruce chips and HT-TMP (Publications 2 and 4) 
Spruce chips were provided by the UPM Jämsänkoski mill. Mechanical pulps 

were prepared in a wing defibrator (Figure 8, Defibrator Ab, Stockholm, Swe-
den) that has four static blades and a gap of 2.5 mm between the blades and 
the inner wall. The method of dos Santos Muguet et al. (2012) was slightly 
modified: 100–120 g (calculated as oven dry) chips per run were filled into the 
defibrator at ~35% consistency; temperatures of 130°C, 140°C, 150°C, 160°C, 
or 170°C; defibration times of 2 or 5 min. The defibrator was equipped with an 
electricity consumption meter that enabled the estimation of SEC. At least two 
parallel runs were performed for each data point. 
 

 

Figure 8. The wing defibrator used in the TMP preparations for Publications 2 and 4. 

Pulps were then screened with a 0.2 mm slot plate until no separate fibers 
remained in the reject fraction. The accepted fraction was centrifuged to re-
move excess water and homogenized for 5 min. TMPs were subsequently char-
acterized by the Canadian Standard Freeness (CSF; Robert Mitchell Inc., Can-
ada) method (ISO 5267-2) and optical microscopy (with a Leica DM750 device 
operated by LAS EZ software, Switzerland). The total lignin content was meas-
ured with a modified Klason method (KCL standard 155b). 
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3.2 Sample preparation methods 

3.2.1 Preparation of handsheets and composites (Publication 2) 

HT-TMP handsheets of grammage ~60 g/m2 were prepared according to a 
standard method (ISO 5269-1) accompanied by water recirculation to retain 
more of the fines material on the sheets. At least three sheets per sample type 
were prepared and used for subsequent analyses described in Section 3.3. 
 

The potential of the HT-TMP utilization in composite applications was also 
preliminarily tested. To this purpose, a commercial epoxy resin [bisphenol-a-
epichlorohydrin of Mw ≤ 700, ethylene oxide, mono(C12-14-alkyloxy)methyl 
derivate] was manually mixed with a curing agent (2-piperazin-1-ylethylamine, 
4,4-isopropylidendiphenol, nolylphenol) in a 2:1 ratio. The mixture was then 
manually mixed with 5.0 w-% of TMP fibers. 15 g of it was poured on a glass 
plate lubricated with Teflon spray (Maston Oy, Veikkola, Finland) and pressed 
between two glass plates until smooth and free of air bubbles. The final thick-
ness of the composite was controlled by inserting four thin microscope slides 
in each corner. After seven days of curing at 60°C, the samples were carefully 
removed from the plates, avoiding any damage to the composite. 

3.2.2 Vibratory ball milling (Publication 3) 

1.0 g of cotton linters was milled in the presence and absence of styrene (1.0 
mL) in a 50-mL ball milling chamber with two stainless steel balls (Ø 9 mm) at 
25 Hz using a Retsch CryoMill (Retsch, Haan, Germany, Figure 9) equipped 
with continuous liquid nitrogen cooling for periods of 20, 30, 40, 50 or 60 min. 
Once the radical content maximum was established (~40 min for both sample 
types; from semiquantitative EPR data), further tests with lower styrene dos-
ages (10 μL, 50 μL, and 100 μL) were performed in cryo and room tempera-
tures, using the 40 min milling time. 
 

 

Figure 9. The Retsch cryo mill and its accessories that were used in Publication 3. 
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3.2.3 Composite preparation (Publication 4) 

In Publication 4, polylactic acid (Ingeo 3052D, purchased from Nature-
Works LLC) was melt-compounded with 0, 2, 5 or 20 w-% of HT-TMP as fol-
lows: both the PLA granules and the HT-TMP fibers were pre-dried in 70 and 
105°C, respectively, overnight in order to minimize hydrolytic degradation of 
the PLA and the number of bubbles in the composite. Then, a DSM Xplore 
two-screw mini-extruder (Xplore Instruments, Netherlands) was used to melt-
compound the fibers and the matrix at 185 °C, using mixing rates of 150 and 
225 rpm. A maximum TMP loading of 20% was chosen in order to avoid dam-
aging the microextruder. 
 

Dog bone shaped specimens for tensile strength (ISO 527-2-1BA) and stand-
ard specimens (ISO 179-1/1e) for Charpy impact strength measurements were 
then injection molded at an injection pressure of 6 bar, a nozzle temperature 
of 190°C and a mold temperature of 50°C. All tensile specimens were then re-
heated to 80°C for 15 min in order ensure they were not bent and had similar 
thermal histories. 

3.3 Analytical methods 

In the following sections, the most important analytical methods are de-
scribed first briefly on a more general level, and then specifically in the context 
they were applied to in this thesis work. More thorough description of the ana-
lytical methods is available in the publications included in the thesis. 

3.3.1 EPR spectroscopy (Publications 1 and 3) 

Electron paramagnetic resonance (EPR, or electron spin resonance, ESR) 
spectroscopy is based on application of a magnetic field to a sample, causing a 
‘separation’ of energy levels of free unpaired electrons (referred to as the Zee-
man effect). An electron can then move between the two energy states by ei-
ther absorbing or emitting a photon of an appropriate frequency. This ability 
to move leads to a small excess in the lower energy level, and thus a net ab-
sorption intensity that enables the determination of the number of spins in a 
given sample. However, since electrons interact with their environment, i.e. 
they are not entirely free, information besides just the number of spins can be 
attained. (Rieger 2007, Corvaja 2009) 
 

An electron in a magnetic field will experience an increase in the difference of 
its spin energy levels (in the absence of a magnetic field, there is no energy 
difference). This phenomenon can be described by the spin Hamiltonian: 
 
     (1) 
 
where g is the g-value (2.00232 for a free electron and about 2 for organic rad-
icals), μB is the Bohr magneton (9.274×10-28 J G-1), B is the magnetic field 
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strength in Gauss, and Sz is the z-component of the spin angular momentum 
operator. (Rieger 2007) 
 

Furthermore, the energy difference between the two levels is: 
 
   (2) 
 
where hv is the energy of a photon that is required for a transition from one 
energy level to another. (Rieger 2007) Traditional, simple EPR measurements 
are done by the continuous wave method, in which low intensity microwave 
radiation irradiates a sample continuously, while the magnetic field is varied 
(Corvaja 2009). 
 

In this thesis, EPR was used for quantification of free radicals in the samples 
(Publications 1 and 3). All measurements were done by recording the first 
derivative of the microwave absorption using a Bruker EMX continuous wave 
spectrometer operated at X-band frequency (about 9 GHz), the most common 
of all possible EPR operating frequencies (Rieger 2007). Spin quantification 
was based on double integration of the spectra with Win EPR software 
(Bruker), taking into account the number of scans and the mass of the sample. 
 

In Publication 1, wet samples were measured at 173 K in order to reduce 
the noisiness of the spectra (modulation amplitude ≤0.1 mT). Radical quantifi-
cation was based on comparing the double integral values with a reference 
sample of a known paramagnetic species concentration (a weak pitch sample 
supplied by Bruker, containing 1.9×1013 spins cm-1). The g-value (a proportion-
ality constant) and line width (indicative of the interactions of the radicals) 
were determined straight from the spectra. 
 

In Publication 3, the measurements were done either in room temperature 
or in liquid nitrogen cooling, depending on the information that was needed 
(modulation amplitude 2.5 mT). Semiquantitative analysis (using no reference 
sample of known spin concentration) was performed for cryo milled samples 
of different milling levels: room temperature (293 K) measurements for sam-
ples that had been allowed to heat up from their cryo state and cryo measure-
ments (77 K) for samples that had been stored in liquid nitrogen. The results 
were used to determine 1) the optimal milling time and 2) whether or not some 
unstable primary radicals would decay upon sample heating. 

3.3.2 UVRR spectroscopy (Publications 1 and 3) 

Raman spectroscopy utilizes a monochromatic laser interacting with a sam-
ple, leading mostly to elastic Rayleigh scattering of the incident light but also, 
to a limited extent, a change in the wavelength (and thus energy) of the scat-
tered light (McCreery 2000). The energy of the inelastically scattered radiation 
can be lower (Stokes scattering) or higher (anti-Stokes scattering) than that of 
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the incident light. These two scattering types are referred to as Raman scatter-
ing.  
 

Raman spectroscopy is closely related to the far more common infrared (IR) 
spectroscopy by belonging to the category of vibrational spectroscopy and op-
erating in the same energy range. However, the two methods are complemen-
tary: IR detects changes in the dipole moment of a bond, whereas Raman de-
tects changes in bond polarizability. In other words, IR is sensitive for polar 
bonds, Raman for the non-polar ones. 
 

When the wavelength of the exciting laser is chosen to match the absorption 
range of the chemical structure of interest, a phenomenon called resonance 
enhancement will take place, enabling the increase of the otherwise weak Ra-
man signal by a factor of up to 106 (Li-Chan 1996). Ultraviolet resonance Ra-
man (UVRR) spectroscopy is a method that is very sensitive towards aromatic 
and other unsaturated structures, which makes it suitable for analysis of re-
sidual lignin and HexA (Saariaho et al. 2003) and detecting trace amounts of 
styrene-derived structures. When UVRR was used for HexA content estima-
tion, the results were confirmed by running a selective acid hydrolysis accord-
ing to Vuorinen et al. (1996). 
 

In Publications 1 and 3, small sample pieces (two or three measurements, 
depending on how much the results varied) were flattened with a hydraulic 
press and measured with a Renishaw 1000 UVRR spectrometer operated by 
the Grams32 (Galactic Industries Corporation) computer program. The ap-
plied parameters were: 244 nm, 10 mW, focusing depth about 30 μm from the 
sample surface, and the measuring time 30 s. Samples were continuously ro-
tated to minimize sample burning by the focused laser. Spectra were then 
normalized to the cellulose band at 1094 cm-1 and average spectra were calcu-
lated from the parallel runs. 

3.3.3 GPC (Publication 3) 

Gel permeation chromatography (GPC), or size exclusion chromatography, 
as it is sometimes referred to as, is a common method for characterizing mo-
lecular weight and its distribution in polymers. Molecular weight is an im-
portant parameter that has an effect on melting and glass transition tempera-
tures, solution viscosity, tensile strength and several other properties. Polymer 
architecture (linear vs. branched) is also important in this respect. 
 

In GPC, the dissolved polymer sample is passed through a porous gel of con-
trolled pore size, leading to the separation of those molecules based on their 
hydrodynamic volumes. The separation range lies typically in the 102 to 106 

g/mol range. Large molecules will elude first, whereas small ones that are able 
to penetrate deeper in the gel will elude later. GPC detectors can be concentra-
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tion sensitive, such as refractive index detectors, or molecular weight sensitive, 
e.g. light scattering detectors. (Mori and Barth 1999) 
 

In Publication 3, molecular weight distribution in milled cotton samples, 
as well as the effect of styrene on it, was studied with GPC combined with mul-
ti-angle light scattering (MALS) and refractive index (RI) detection. The sam-
ple was activated with a solvent exchange sequence (water-acetone-N,N-
dimethylacetamid, i.e. DMAc) before dissolving in a solution of 9 m-% LiCl in 
DMAc, a solvent system that is commonly used for cellulosic materials (Timpa 
1991, Henniges et al. 2011). Only at high temperatures, significant degradation 
of the molecules starts to take place (McCormick et al. 1985, Potthast et al. 
2002). 

3.3.4 XPS (Publication 2) 

X-ray photoelectron spectroscopy (XPS), or electron spectroscopy for chemi-
cal analysis (ESCA), is a powerful tool for surface composition analysis. It is 
based on irradiating the sample with monoenergetic X-rays and analyzing the 
energy of the emitted electrons. Due to the fact that different elements have 
characteristic sets of binding energies, information about the elemental com-
position of that surface can be retrieved. Furthermore, the electron binding 
energy depends on the chemical environment of the atom in question, which 
can be applied to the research of cellulosic materials. (Moulder et al. 1992, 
Hollander and Jolly 1970) 
 

In Publication 2, XPS was used to estimate the surface lignin coverage of 
TMP fibers. In principle, this can be done in two ways: either by comparing the 
carbon/oxygen ratio or by looking at the high resolution carbon spectrum. The 
latter approach was chosen for its greater reproducibility (Johansson 2002), 
and the analysis was run as described by Johansson et al. (1999), except that 
the extractions were done with acetone in Soxhlet for 6 hours. To summarize, 
pieces of hand sheets were measured with XPS with and without acetone ex-
traction, the assumption being that all extractives that would otherwise inter-
fere with the lignin analysis can be removed – an assumption that should be 
kept in mind and evaluated case by case. 
 

The XPS analysis itself was done with a Kratos Analytical AXIS 165 electron 
spectrometer using a monochromated X-ray source run at 100 W. The high 
resolution spectra were recorded with a 0.1 eV step and 20 eV pass energy. 
Care was taken that the base pressure never exceeded 2×10-8 Torr. Measure-
ments were made at three spots on each sample piece to estimate the hetero-
geneity of the sample. System stability was further confirmed by running anal-
ysis of filter paper reference samples before and after the actual samples, as 
suggested by Johansson and Campbell (2004). 
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3.3.5 Conductometry (Publication 1) 

It is well known that electrostatic interactions are crucial in understanding 
macromolecule behavior in liquids. According to what is referred to as the con-
tinuum DLVO theory (named after Derjaguin, Landau, Verwey and Overbeek), 
the force between two furfaces in a liquid equals the sum of an attractive van 
der Waals component and an electrostatic component that can be either at-
tractive or repulsive (Derjaguin and Landau 1941). Besides these, others, such 
as hydration and steric, forces have been added to the list of interactions that 
play a role in colloidal systems – some gaining more support than others (see, 
for example, Ninham 1999). Despite being perhaps the single most influential 
theory in surface science, DLVO theory has its limitations and cannot explain 
the behavior of colloids in high salt concentrations (0.1 M or higher), especially 
at <10 nm distances, very well (Boström et al. 2001). 
 

Cellulosic fibers generally have a net negative charge due to the presence of 
weak acidic groups in hemicelluloses and lignin (Bhardwaj et al. 2004), which 
affects their conformation and aggregation in aqueous media. To take into 
account the possible effect of electrostatic repulsion on the ease of Masuko 
refining, conductometric titration was carried out in Publication 1. Since the 
pulps that were compared had gone through different chemical treatments, 
they were first washed into acidic form before the titration.  
 

The titration was done in such a way that 1 g of pulp in 500 mL of ultrapure 
CO2 free water (removed by vacuum) was mixed with 0.5 mL of 0.5 M NaCl 
and 1.0 mL of 0.1 M HCl (also CO2 free). The conductivity was monitored as a 
function of time, as 0.02 mL portions of 0.1 M NaOH were added at 30-s in-
tervals, with a Metrohm 712 conductometer. As a control, a similar setup with-
out pulp addition was carried out in order to find out the true effect of the 
weakly acidic groups. A more detailed description of the procedure can be 
found in Fras et al. (2004). 

3.3.6 SEM (Publications 2 and 4) and TEM (Publication 2) 

Scanning electron microscopy (SEM) and transmission electron microscopy 
(TEM) both use electrons for sample illumination. This allows for a much bet-
ter resolution than the traditional optical microscopy due to the fact that the 
wavelength of electrons is much shorter than that of visible light.  
 

The fundamental difference between the two techniques is that in SEM, 
scanning a sample surface with an electron beam causes interactions with the 
sample, leading to a formation of secondary electrons, characteristic X-rays, 
and so on, whereas in TEM, electrons pass through a very thin section, and the 
elastically scattered as well as directly passed electrons are used to form an 
image of the section. This means that a TEM image is a projection through 
everything that crosses an electron’s path. SEM images, on the other hand, will 
describe sample morphology but will be affected by the imaging depth due to 
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diffusion of electrons. SEM can also yield information about the chemical 
composition of the sample. 
 

In Publication 2, both SEM and TEM were used to investigate where in 
wood tissue fiber detachment had taken place during HT-TMP preparation. 
The SEM analysis was done by gold sputtering 0.5×0.5 cm2 handsheet pieces 
with a BALTEC SCD 050 sputter coater at 40 mA current for 15 s and imaged 
with a Hitachi TM-1000 tabletop SEM. Conclusions were based on microfibril 
angles in the different fiber wall layers. 
 

To verify the conclusions about the location of rupture, TEM imaging com-
bined with lignin-specific KMnO4 staining (Bland et al. 1971) was used. Epoxy-
embedded fibers were observed from ultrathin sections ( 200 nm) cut with an 
ultra-microtome (Leica EM FC7) equipped with a diamond knife at room tem-
perature. The sections were collected, stained with 1% KMnO4 for 1 h, and 
studied by a FEI Tecnai 12 TEM at a 120 kV accelerating voltage. 
 

In Publication 4, SEM was utilized to examine the fracture surfaces of the 
HT-TMP/PLA composites. For this purpose, small pieces were sawn from the 
vicinity of the fracture surface. The specimens were then attached on sample 
holders, fracture surface upward, carbon sputtered for 10 s, and imaged with a 
Hitachi TM-1000 tabletop SEM using an acceleration voltage of 15 kV. 

3.3.7 Characterization of composites (Publications 2 and 4) 

Thermal and mechanical properties of polymeric materials can yield indirect 
information about molecular weight, polymer crystallinity and compatibility 
between the reinforcing fiber and the matrix, among other things. (Shalaby 
1981, Nguyen et al. 1981, Eichhorn et al. 2001) For example, all polymers have 
a glass transition temperature (Tg) but only crystalline ones can have a melting 
temperature (Tm). However, for example cellulose degrades rather than melts 
(Nguyen et al. 1981), despite being crystalline, in a broad sense of the word. 
 

In Publication 2, tensile strengths of composite pieces were measured with 
an MTS 400/M material testing machine to estimate TMP suitability for com-
posite reinforcement applications. The dog bone test pieces were 75 mm long 
and 5.0 mm wide on the testing area. Test pieces were cut from the epoxy with 
a special tool made for this purpose to obtain specimens of even size and shape. 
Seven parallel measurements were carried out. 
 

In Publication 4, standard methods were applied whenever possible. The 
thermal analysis consisted of differential scanning calorimetry (DSC). These 
methods were used to estimate the transition temperatures (Tg, and Tm,) and 
crystallinity of the PLA before and after melt compounding. Tensile and im-
pact strengths (ISO 527-2-1BA and ISO 179-1/1e, respectively) were measured 
in order to assess the overall strength of the composite, as well as the compati-
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bility between the fibers and the PLA. Especially the impact strength is sensi-
tive towards adhesion problems (Saheb and Jog 1999, Kalia et al. 2009). 
 

In Publication 4, also the water absorption was measured for pure PLA and 
20% TMP composites in order to assess one of the typical shortcomings of 
natural fiber composites – susceptibility to moisture. To do this, the ISO 
62:2008 (Method 1) was slightly modified by using Charpy impact strength 
specimens for the measurements.  

3.3.8 Pulp, paper and fiber analytics (Publications 1, 2 and 4) 

Another important subgroup of characterization techniques in this thesis 
consisted of standardized or otherwise well established and widely used meth-
ods of pulp, paper and fiber analysis. A quick overview of them will be provid-
ed in this section. 
 

For chemical pulps (Publication 1), the extent of fibrillation after one Ma-
suko refining cycle (M1) was roughly estimated by fractionation with a Dynam-
ic Drainage Analyser (DDA, Ab Akribi kemikonsulter) equipped with a 200 
mesh wire and weighing the fractions that remained on the wire after drying 
them in an oven. To estimate the DP of the pulps, viscosity measurements in 
cupriethylenediamine solution were made (SCAN-cm 15:99). In order to 
measure the total oxidizeable structures (i.e. lignin and HexA), kappa number 
(SCAN-C 1:00) was also determined at different parts of the bleaching process.  
 

The mechanical pulps (Publication 2) were characterized in terms of their 
ability to hold water (CSF, Robert Mitchell Inc., Canada, ISO 5267-2), their 
lignin and total carbohydrates content tested with concentrated H2SO4 hydrol-
ysis (Sluiter et al. 2008) as well as their tensile strength properties (SCANP38 
for hand sheet tensile index; ISO 15361:2000 for zero-span tensile strength). 
All in all information could be obtained on single fiber strength, bonding abil-
ity of the fibers, and their bulk chemical composition. 
 

In Publication 4, optical characterization of the HT-TMP dimensions was 
performed with Kajaani FiberLab (Metso Automation, Finland) in accordance 
with T 271 om-98 standard with the following modifications: tap water was 
used to dilute the sample to a consistency of ~0.06 g/L. Another modification 
was that with the high-temperature samples, more clogging took place, so the 
number of analyzed fibers had to be decreased by picking up the largest, splin-
ter-like particles.  
 

The analysis was run before and after melt compounding because it is known 
that mechanical fiber damage occurs during extrusion and is manifested as 
fiber shortening (Le Baillif and Oksman 2009, Peltola et al. 2014). To enable 
the characterization of fiber properties after the extrusion, the PLA was re-
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moved by 5 h Soxhlet extraction with chloroform until no PLA could be detect-
ed on the fiber surfaces.  
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4. Results and discussion 

4.1 Chemical composition and ease of fibrillation 

In Publication 1, the objective was to investigate how chemical composition 
and kraft pulp fibrillation to NFC are related. The fiber fractionation results of 
the once Masuko refined pulps (Table 2) revealed that the fully bleached sus-
pensions consisted of larger fibers or fibril aggregates, indicating that the un-
bleached and oxygen delignified pulps had been fibrillated more thoroughly.  

Table 2. Results of the DDA measurements after one cycle of Masuko refining, large percent-
ages indicative of large fibrils or fibril aggregates (Publication 1). 

Sample type Weight % remaining on the wire 
Unbleached M1 40 
Oxygen delignified M1 60 
Fully bleached M1 90 

 
This view is further supported by the viscosity data that revealed that cellu-

lose depolymerization took place not just during pulp bleaching but also dur-
ing Masuko refining (Table 3). The inverse numbers of the viscosity-based DPs 
are a measure of the number of chain ruptures that occur in Masuko refining. 
The percentual change in DP-1 is the most notable for unbleached and oxygen 
delignified pulps. This could mean either that less chains initially break in the 
fully bleached pulps (e.g. due to the greater resistance of the remaining cellu-
lose-rich fraction to mechanical stress), or that roughly similar rate of chain 
breakage is accompanied by competing recombination reactions that would 
cause some of the chains to reattach in the fully bleached samples.  

Table 3. Viscosities and estimated degrees of polymerization at different bleaching stages before 
refining and after five cycles in Masuko (Publication 1). 

Sample type Viscosity, mL/g DP, viscosity based DP-1 
Unbleached, unrefined 1320 4100 2.4*10-4 
Oxygen delignified, unrefined 1080 3200 3.1*10-4 
Fully bleached, unrefined 780 2100 4.8*10-4 
Unbleached M5 920 2600 3.8*10-4 
Oxygen delignified M5 790 2100 4.8*10-4 
Fully bleached M5 640 1700 5.9*10-4 

 
It is known that carbonyl groups of pulp can induce cellulose depolymeriza-

tion when exposed to alkaline conditions, such as in the cupriethylenediamine 
solvent used in the viscosity measurements (Berggren et al. 2003, Mishra et al. 



 

 
39 

 

2011). Recent work by Stefanovic et al. (2013) compared the effects of soni-
cation of cellulose in aqueous suspension and in a LiCl/DMAc solution, lead-
ing to the conclusion that in aqueous suspension, the extent of cellulose degra-
dation was lower and that the chain breakage did not result in carbonyl for-
mation other than those that originate from the presence of new reducing end 
groups. The mechanical treatment carried out in Publication 1 was of course 
very different but it seems more likely that the viscosity decrease is a true indi-
cator of chain breakage by mechanical energy and not of oxidation-induced 
degradation in alkaline media. 

4.1.1 Lignin content and free radicals 

Lignin contents were estimated roughly from the kappa numbers and the 
HexA contents (Table 4) according to Li and Gellerstedt (1997) by 0.85 kappa 
number units per every 10 μmol of HexA, and then dividing the remaining, 
lignin-related part by a factor of six (Bourbonnais et al. 1995). This gave the 
approximate lignin contents of 2.2, 1.5 and <0.1 % for the pulps. 

Table 4. Unrefined birch kraft pulp charge densities and HexA contents at different kappa num-
bers (Publication 1). 

Sample type Kappa number Charge density, μmol/g HexA content, μeq/g 
Unbleached 18 130 50 (UVRR), 53 (hydrolysis) 
Oxygen delignified 13 150 48 (UVRR), 48 (hydrolysis) 
Fully bleached <1 60 7 (UVRR), n/d 

 
As expected, the radical content increased with the intensity of the refining 

treatment – this was especially true with the lignin-containing pulps that 
demonstrated greater radical stability (Figure 10). It seems plausible that the 
lignin might act as a radical scavenger due to the resonance stabilization effect 
of its aromatic network although it has been reported that lignin-bound hemi-
celluloses can hinder this protective effect (Dizhbite et al. 2004, Faustino et al. 
2010, García et al. 2012).  
 

 

Figure 10. Radical contents of birch kraft pulps at different stages of Masuko refining (Publica-
tion 1). 
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Another thing to bear in mind when dealing with aqueous systems in which 
radicals are present is that water may interact with the unpaired electrons, as 
in the case reported by Baytekin et al. (2012b), where polymer stress in aque-
ous surroundings caused formation of hydrogen peroxide. Previous research 
on polymer crosslinking has shown that free radical induced polymerization 
can occur in an aqueous environment, at least in the case of poly (ethylene 
glycol) (Elbert and Hubbell 2001), so there should be no fundamental problem 
with this type of a reaction. Kovalev and Bugaenko (2003) have even postulat-
ed that water may have a plasticizing role, bringing greater mobility to cellu-
lose chains and increasing the probability of crosslinking via macroradical re-
combination reactions in irradiated cotton cellulose.  

 
Recent work by Rojo et al. (2015) revealed that lignin-containing NFC films 

prepared from SO2-ethanol-water spruce pulps (for further information on this 
pulping method, the reader is adviced to consult Iakovlev et al. 2010, 2011a, 
2011b) show a systematic decrease in fibril diameter as a function of lignin 
content, when the hemicellulose content was controlled. This is in line with the 
radical scavenging hypothesis presented in Publication 1. However, since the 
bleaching procedure that was carried out in the birch kraft pulps also removes 
hemicelluloses, their effect on fibrillation was also considered. 

4.1.2 Hemicelluloses and pulp charge density 

Fiber charge densities were measured by conductometry to provide further 
insight on why the higher kappa number pulps were easier to fibrillate (Table 
3). Charge density is known to affect fiber swelling and flexibility – in hard-
wood kraft pulps more so than in softwood pulps (Laine 1996), which is likely 
to have an impact on the ease of fibrillation. This property is utilized in chemi-
cal pretreatments for NFC preparation, such as carboxymethylation and 
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) catalyzed oxidation, where 
negative charge is introduced to the fiber, which leads to the formation of very 
fine nanofibers, especially in the case of TEMPO-NFC (Saito and Isogai 2004, 
Saito et al. 2006, Wågberg et al. 2008, Siró et al. 2010). 
 

Kraft cooking causes formation of carboxylic groups in pulp, and oxygen del-
ignification further increases their content, but bleaching will decrease their 
content by ~50%. To a large extent this takes place through the loss of hemi-
celluloses, which has been reported to cause aggregation and leading to a low-
er porosity of the fibers (Duchesne et al. 2001, Köhnke et al. 2010). In addition 
to electrostatic repulsion, also the branched structure of hemicelluloses can be 
significant in terms of steric stabilization (Hannuksela et al. 2002, Tammelin 
et al. 2009). 
 

It was apparent that charge density was greatly dependent on the level of 
bleaching, being 50–60 % lower in fully bleached pulps. If the charge density 
were the most important factor governing the ease of fibrillation, the oxygen 
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delignified samples should be easiest to fibrillate. This proved not to be the 
case, but in addition to the difference in lignin content, changes in hemicellu-
lose structure may affect the refinability if steric effects from hemicelluloses 
are altered.  
 

In conclusion, both lignin and hemicellulose most likely contribute to kraft 
pulp refinability but it remains an open question what are the exact contribu-
tions from each parameter. Selective control of each factor without interfering 
with the others – e.g. by selective enzymatic hydrolysis – is necessary to draw 
definite conclusions on their relative importance. In fact, a recent publication 
utilizing Trichoderma reesei Xyl II xylanase found that in dilute colloidal sys-
tems of NFC, in which surface forces dominate, xylan has a significant stabiliz-
ing effect, even at high ionic strengths, suggesting that steric effects are more 
important than the electrostatic ones (Tenhunen et al. 2014).  

4.1.3 Potential of unbleached pulps as a raw material for NFC 

These results indicate that using unbleached kraft pulp as a raw material in 
NFC production results in more thoroughly fibrillated material after similar 
treatment cycles. Spence et al. (2010, 2011) also reported that unbleached kraft 
pulp exhibits more extensive fibrillation at similar energy consumption levels. 
Furthermore, the use of unbleached pulps would result in chemical savings 
and more effective use of the pulp material.  
 

One of the applications commonly suggested for NFC is that of food packag-
ing films. As might be expected from the more extensive fibrillation, films pre-
pared from unbleached NFC are denser, smoother and less permeable to air 
than their fully bleached counterparts (Ferrer et al. 2012). Despite the pres-
ence of lignin that might suggest otherwise, unbleached NFC films absorb 
more water, which limit their usability in moist conditions. This behavior is 
most likely caused by the higher hemicellulose content in the unbleached and 
oxygen delignified kraft pulps. 
 

On the other hand, Rojo et al. (2015) reported that lignin-containing NFC 
films prepared from SO2-ethanol-water spruce pulps (for further information, 
see Iakovlev et al. 2010, 2011a, 2011b) exhibit more extensive dewatering, 
which should facilitate their manufacturing process. These films also absorbed 
less water, as would be expected due to the hydrophobic nature of lignin. 
These fibers probably show better compatibility with hydrophobic matrices, if 
they are to be used in composite reinforcement. 
 

Depending on the composition of the chosen unbleached pulp, the properties 
of the resulting NFC will vary. Based on the intended end use of the material, 
the NFC can be tailored to have stronger or weaker interaction with water. In 
any case, increased yield and lower environmental impact will be common 
beneficial properties of the unbleached NFCs. In applications where the brown 
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color of the material is not a problem, utilization of unbleached pulps seems 
very promising. 

4.2 Thermomechanical effects on fiber surface properties 

Publication 2 aimed to explain why high-temperature mechanical pulping 
can proceed with a lower SEC and how the difference in treatment affects the 
surface properties and hence the potential usage of those fibers.  
 

 

Figure 11. Specific energy consumption as a function of defibration temperature at 2 and 5 min 
milling times (Publication 2). 

At a temperature around 140–150°C a rapid change in SEC took place (Fig-
ure 11). After this threshold further temperature increase did not notably de-
crease the SEC value at the tested temperature range. As the SEC decreased, 
fiber-fiber bonding also dramatically decreased, which could be seen in CSF 
and hand sheet tensile strength – after 150°C practically no development in 
either value took place (Figure 12).  
 

 

Figure 12. Left: Canadian Standard Freeness as a function of specific energy consumption. 
Right: hand sheet tensile index as a function of defibration temperature (Publication 2). 
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CSF is a measure of dewatering ability of a pulp suspension in given standard 
circumstances. Typically CSF decreases as refining proceeds but this could not 
be seen in our HT-TMP samples even at 10 min defibration treatment time. 
This is an indirect indicator of hydrophobicity and on the other hand limited 
fibrillation of the HT-TMP fibers. The latter was confirmed by optical micros-
copy. HT-TMP fibers remained more intact and contained less external and 
internal fibrillation, which is bound to affect the sheet strength as well. 
 

Paper sheet strength depends on both single fiber strength and fiber-fiber 
bonding. Other factors that must be considered include fiber length, sheet 
formation and possible residual stresses in a dry sheet (Lindström et al. 2005). 
Zero-span tensile strength is a common method of evaluating single fiber 
strength (Levlin 1999), which is why it was used to confirm that the differences 
in sheet strength were caused by impaired bonding rather than loss of single 
fiber strength. Zero-span tensile strengths increased slightly at 150°C and de-
teriorated again slightly at around 160–170°C, meaning that single fiber 
strength loss is not a likely explanation for the dramatic change in sheet tensile 
strength. 

4.2.1 Lignin softening 

The overall lignin content remained roughly the same in all HT-TMP samples 
(28.9 ± 0.4%) but the surface coverage by lignin increased with defibration 
temperature (Figure 13). It might have been interpreted as an indication of 
fiber separation at, or near the lignin-rich middle lamella (ML) due to lignin 
softening and subsequent loss of its ability to hold the fibers together. To test 
this hypothesis, SEM and TEM imaging of the fractured regions was carried 
out. 
 

 

Figure 13. Fiber surface coverage by lignin (%) at different temperatures as determined by X-
ray photoelectron spectroscopy (Publication 2). 
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Despite the higher lignin coverage, fiber separation took place mostly at the 
transition zone between S1 and S2 layers even at the highest temperatures. 
Some ML fragments became visible at 170°C but they were still an exception. 
Previous studies by Gustafsson et al. (2003), Brändström et al. (2003), and Li 
et al. (2006) have also identified the S1–S2 transition zone as the weakest re-
gion in the cell wall. Rapid change in microfibril orientation probably contrib-
utes to the structural weakness but it cannot be the only explanation because 
pine defibration can take place even at ML despite having very similar micro-
fibril arrangement to spruce (Fernando and Geoffrey 2008, Hänninen et al. 
2011). Hänninen et al. (2011) demonstrated that lignin in spruce S2 contains 
more coniferyl aldehyde than the lignin in pine. Perhaps this causes spruce 
lignin to have a lower molecular weight, leading to a less strong S1 and S2 re-
gion compared to the the lignin-rich, extensively polymerized ML lignin (Sal-
mén 2004). 
 

Some caution, however, is necessary in the interpretation of the XPS results. 
In lignin coverage assessments it is assumed that acetone extraction in Soxhlet 
is able to remove all extractives from the samples. If this were not the case, and 
unsaturated extractives would for instance react with radicals that are formed 
in the refining process (Widsten et al. 2004), they might form a layer of an 
elevated C1 carbon content that would remain on the fiber surface even after 
acetone extraction, which would result in erroneously high values for lignin 
coverage. 

4.2.2 Carbohydrate degradation 

Zero-span tensile strength values showed only moderate variation (between 
21 and 30 kN/m; most differences being statistically insignificant due to large 
standard deviations). However, HT-TMP developed a darker brown color 
above 160°C, possibly caused by hemicellulose degradation (Table 5) or chro-
mophore development in lignin at elevated temperatures (Vänskä et al. 2014). 
It should also be noted that the carbohydrate analysis only indicates relative 
amounts of sugar monomers in a sample, and for example the cleavage of large 
polymer chains to shorter ones would not be detected by this method. 

Table 5. Sugar monomer contents (%) in 5-min TMP samples defibrated at different tempera-
tures (Publication 2). 

Sugar unit 130 °C 150 °C 170 °C 
Arabinose 1.5 0.9 0.4 
Galactose 2.5 2.6 2.5 
Glucose 69.5 70.1 72.8 
Xylose 8.1 8.0 8.0 
Mannose 18.4 18.4 16.3 

 
The most pronounced decrease occurred in the arabinose content, which is 

not surprising since arabinofuranosides typically have a higher reactivity than 
aldopyranoses, such as xylose, mannose, and galactose (Fengel and Wegener 
1989). Arabinose side chains in arabinoglucuronoxylan are readily acid hydro-
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lyzed, even though they have been reported to be directly linked to lignin 
(Lawoko 2006). Furthermore, both galactose and mannose units are often 
covalently linked to lignin in spruce (Laine et al. 2004, Várnai et al. 2010). 
 

To conclude, in addition to having a lower SEC value, HT-TMP fibers behave 
differently from traditional TMP, which could be useful in applications in 
which strong fiber-fiber interactions are not desired. One example of this is 
composites, where it is even beneficial if the fibers do not aggregate but in-
stead have rather strong fiber-matrix interactions. This concept was tested to 
produce biodegradable HT-TMP/PLA composites. The results will be dis-
cussed in Section 4.4. 

4.3 Mechanodegradation of cotton in the presence of styrene 

4.3.1 Protective effect of styrene in vibratory milling 

Semiquantitative EPR spectroscopy (Figure 14) showed that, both in the 
presence and absence of styrene, the mechanoradical content of cotton cellu-
lose reached a maximum value after ~40 min milling time in the applied con-
ditions. This was most likely due to radical quenching through recombination 
and disproportionation reactions that compete with the initial radical for-
mation (Kondo et al. 2004). It should be noted that for other types of milling 
systems, the optimal milling time may well vary depending on parameters 
such as milling frequency, chamber size and packing, and size and number of 
the milling balls. The optimization of milling parameters must therefore be 
done separately for each system. 
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Figure 14. EPR signal intensity measured in room temperature (proportional to stable free radi-
cal content, in arbitrary units) as a function of cryomilling time in the presence and absence of 
styrene (Publication 3). The EPR signal intensity is represented in arbitrary units because no 
internal standard was used in these measurements. 
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It was also clear that the presence of styrene leads to a lower amount of free 
radicals in cotton samples. There might be two reasons for this effect: either 
the free radicals generated upon cryomilling react with styrene directly after 
their formation, or due to the presence of styrene, fewer radicals are generated. 
The reason for this was further investigated with GPC and UVRR. 
 

GPC revealed that the presence of styrene resulted in molecular weight stabi-
lization when equal amounts of cellulose and styrene were milled together 
(Figure 15). While virtually no change in molecular weight could be observed 
when styrene was present, the pure cotton linters sample lost about 18% of its 
Mw after cryo-milling for 60 minutes, suggesting that fewer mechanoradicals 
were formed in the presence of styrene. The polydispersity index also in-
creased upon milling for pure cotton (seen as broadening of the curve in Fig-
ure 15), whereas the curve shape remained nearly constant when styrene was 
present. 
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Figure 15. Mw distribution of cotton linters without milling (black continuous line), cotton linters 
milled at cryo conditions for 60 min (red dashed line), and cotton linters at cryo conditions with 
the addition of 1 mL of styrene for 60 min (blue dotted line) (Publication 3).  

Further insight into the impact of milling with and without styrene was ob-
tained from the conformation plot that correlates the radius of gyration to the 
molecular weight, yielding information on the conformation of the polymers in 
the solution. The unmilled cotton linters had a slope of 0.70, pointing towards 
a rather extended conformation. After milling, the slope decreased, more dis-
tinctly without styrene than with styrene (0.56-0.61 with styrene, 0.47 without 
it). Figure 16 highlights the similarity of the slope in the styrene-containing 
samples: only minor deviations were seen in the lower molecular weight areas. 
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Figure 16. Conformation plot of two selected samples, cotton linters without milling (black line) 
and cotton linters at cryo conditions (pink line) after 30 minutes milling (Publication 3).  

The observation of a protective effect of styrene addition led to a follow-up 
experiment in order to determine whether or not the amount of added styrene 
can be decreased while maintaining the protective effect. Thus, various lower 
concentrations of styrene (10, 50 and 100 μL) were added to the cellulosic 
samples during milling. The styrene dosage that was required for the protec-
tive effect to occur was a lot higher in room temperature (293 K) than in cryo 
temperature (77 K): 1000 μL in the case of room temperature milling but only 
10 μL in the case of cryo milling (Figure 17).  
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Figure 17. Visualization of the molecular weight distribution of cryomilled samples at 40 minutes 
milling time, at varied styrene dosages (Publication 3).  
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4.3.2 Chemical changes upon milling 

The UVRR data revealed that milling in the presence of styrene, at both 77 K 
and 293 K, increased the Raman scattering intensities at ~1605 and 1000 cm-1 
(Figure 18), which was assigned to the presence of phenyl structures (Agarwal 
1999, Burke et al. 1978). This was interpreted as an indication of styrene at-
tachment to cellulose, especially since the intensity showed no clear correla-
tion with the quantity of the added styrene, suggesting that the used acetone 
extraction was effective in removing unattached styrene and its oligomers or 
polymers. At 293 K, after a 40 min milling time in the presence of styrene, 
similar increase occurred at 1605, 1000 and 1640 cm-1. The new band at 1640 
cm-1 probably originated from conjugated C=C bonds (Saariaho et al. 2005).  
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Figure 18. Comparison of UVRR spectra of cotton milled for 40 min at 293 K with varied dosag-
es of styrene (Publication 3). 

Some mechanochemical attachment of styrene to cellulose most likely took 
place in the described conditions, but only in low quantities. The occurrence of 
simultaneous homopolymerization of styrene cannot be excluded, especially 
since the accessibility of cellulose was probably low in this experimental setup 
(see, for example, Huang et al. 1963). Another thing that probably inhibited 
the copolymerization is the presence of oxygen (Bovey and Kolthoff 1948). It is 
advisable to use a protective inert atmosphere in further studies that aim at 
mechanochemical copolymerization. 

4.4 Properties of HT-TMP/PLA composites 

4.4.1 Ease of melt compounding 

All TMPs could be mixed with the PLA without any pre-treatment or cou-
pling agent up to a fiber content of 20 w-%. The fiber content was not in-
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creased any further to avoid damaging the microextruder. As the fiber content 
increased, the color of the composites became darker (Figure 19). As could be 
expected based on the color formation in the HT-TMPs that was reported in 
Publication 2, the 130°C TMP produced composites of lighter color than the 
170°C HT-TMP when identical fiber contents were used. 
 

 

Figure 19. Tensile strength specimens of increasing HT-TMP (170°C) content (Publication 4). 

By simple visual inspection it was clear that the high defibration temperature 
TMPs were easier to disperse evenly in the PLA and contained less fiber ag-
glomerates (Figure 20). On one hand, it is likely that the higher lignin coverage 
on the fiber surfaces enhances the adhesion. On the other hand, the wood fiber 
compatibility with PLA is quite good already, and the main advantage may lie 
in the weak interfiber hydrogen bonding, meaning that the fiber flocs are easi-
er to break. 
 

 

Figure 20. Composites of 15 w-% TMP (130°C on the left, 170°C on the right) had differences in 
fiber dispersion and in color (Publication 4). Selected fiber flocs have been marked with red 
circles. 
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4.4.2 Thermal properties 

The DSC results (Table 6) showed no major changes in the transition tem-
peratures in the presence of TMP fibers or after the melt-compounding and 
injection molding treatment. This indicates that the PLA was not degraded to 
any significant extent during melt processing or injection molding. 

Table 6. The results of the DSC analysis from the second heating run for pure PLA and compo-
sites with 2 and 20 w-% TMP, extruded at 225 rpm (Publication 4).  

Sample type Tg, °C Tm, °C Crystallinity, % 
PLA granulates 66 ± 6 159 ± 3 43 ± 2 
Ext-PLA 64 ± 1 157.0 ± 0.6 20 ± 2 
Ext-TMP 130 2%  63.8 ± 0.6 156.6 ± 0.6 31 ± 3 
Ext-TMP 150 2%  61 ± 5 156.6 ± 0.9 29 ± 5 
Ext-TMP 170 2%  64.7 ± 0.3 156.7 ± 0.5 34 ± 2 
Ext-TMP 130 20%  63.4 ± 0.7 155.8 ± 0.4 35 ± 2 
Ext-TMP 150 20%  63.9 ± 0.1 155.5 ± 0.4 34 ± 1 
Ext-TMP 170 20%  64.1 ± 0.1 155.3 ± 0.7 34 ± 1 

 
The crystallinity value for the initial, unprocessed PLA granulates was 43% 

(Table 6) but decreased significantly during the extrusion and injection mold-
ing. The low crystallization rate of PLA (Harris and Lee 2008) is the most like-
ly explanation for this. However, the crystallinity values increased after fiber 
addition (for both 2 and 20 w-% fiber), indicating a nucleating effect from the 
TMP and HT-TMP fibers even at low fiber contents. This conclusion is in line 
with previous literature (Mathew et al. 2006, Pei et al. 2010) and suggests that 
HT-TMP can be used for improving the rate of crystallization in PLA. 

4.4.3 Mechanical properties and fiber-matrix adhesion 

The mechanical properties (Table 7) were similar to previous results from 
Peltola et al. (2014) and Pilla et al. (2008), showing a rather constant level of 
tensile strength, a decrease in impact strength and an increase in Young’s 
modulus. Mechanical properties depend on the fiber volume fraction and 
length, the latter being much more important in terms of tensile properties (Fu 
and Lauke 1996, Fu et al. 2000). Since the tensile strength values remained the 
same in all composites, the strength was governed by the properties of PLA. 
Whether this is due to poor adhesion, too low aspect ratio of the fibers or insuf-
ficient fiber loading will be assessed next. 
 

Table 7. The mechanical properties of the extruded and injection molded PLA and composites 
(2 and 20 w-% TMP, mixed at 150 rpm; Publication 4). 

Sample type 
Tensile strength, 
MPa 

Young’s 
modulus, GPa 

Elongation at 
break, % 

Impact strength, 
kJ/m2 

Ext-PLA  57 ± 1 2.9 ± 0.4 3 ± 1 17.4 ± 0.7 
Ext-TMP 130 20%  51 ± 5 4.5 ± 0.5 4 ± 1 12 ± 1 
Ext-TMP 150 20%  58 ± 1 5.4 ± 0.7 3.8 ± 0.3 12 ± 2 
Ext-TMP 170 20%  56 ± 3 5.6 ± 0.4 2.6 ± 1.0 13 ± 2 
 

Composite stiffness, or Young’s modulus, is less sensitive to changes in fiber 
length and mainly depends on the fiber volume fraction (Fu et al. 2000), as 
was seen in these experiments as well. Impact strength is more sensitive to-
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wards adhesion, which is why natural fiber composites typically have low im-
pact strength values (Saheb and Jog 1999, Li and Sain 2003). On the other 
hand, also the the low elongation at break values of the TMP fibers are ex-
pected to decrease the impact strength of these composites (Wambua et al. 
2003). The Charpy impact strength values hardly changed for the 2% compo-
sites but decreased by roughly by a third for the 20% composites. Possible dif-
ferences between different TMP types were too small to be detected by this 
method.  
 

 

Figure 21. SEM images of fracture surfaces of TMP/PLA (20 w-% fiber, 150 rpm) tensile speci-
mens. 130, 150 and 170°C TMP, from left to right. Scale bar 300 μm (Publication 4). 

In order to examine the fiber-matrix adhesion more closely, SEM images 
were taken of the fracture surfaces of tensile specimens (Figure 21). Visual 
inspection of the fractured tensile specimens indicated that the fracture mode 
of all composites was brittle. The SEM images confirmed the previous observa-
tion that there were differences in fiber distribution in PLA between the TMP 
types. Consistent with what was observed in Figure 20, the 130°C TMP (Figure 
21, left) was less evenly dispersed in the matrix, containing fiber bundles. The 
150°C fibers (Figure 21, middle) were distributed more evenly, showing only 
occasional fiber pull-out from the matrix. Also the 170°C TMP fibers were 
evenly distributed but showed more pull-out from the matrix, as well as holes 
surrounding the fibers (Figure 21, right). In many cases, the pulled out fiber 
segments had a microfibril angle parallel to the fiber axis, meaning that the S2 
layer was revealed. However, it was established in Publication 2 that after 
defibration at 170°C, more ML fragments were present on the fiber surface. 
For this reason it seems plausible that the lignin-rich parts have strong enough 
adhesion with the PLA to favor fiber delamination over the pull-out of intact 
fibers. Nevertheless, it should be noted that SEM can give only limited infor-
mation on fiber debonding and other local deformations that take place in the 
material (Csikós et al. 2015).  

4.4.4 Fiber damage and PLA degradation  

Optical analysis of the initial HT-TMP dimensions (Table 8) showed that 
high defibration temperatures produced longer and wider fibers, confirming 
earlier findings (Gustafsson et al. 2003, Publication 2). However, the fibers 
that had gone through the rather intensive melt compounding were severely 
shortened in the process (Table 8).  
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Table 8. Fiber properties before and after extrusion (20 w-% fiber, 150 and 225 rpm; Publication 
4). All values are length-based averages, except the curl percentage.  

Sample type Length (mm) Width (μm) Fines (%) Curl (%) Kink (1/m) 

Initial TMP 130 1.6 ± 0.1 26.0 ± 0.4 19 ± 3 16.1 ± 0.8 - 

Initial TMP 150 2.1 ± 0.1 27.4 ± 0.4 22 ± 2 10.8 ± 0.8 414 ± 15 

Initial TMP 170 2.4 ± 0.1 30.9 ± 0.6 15 ± 3 9.5 ± 0.3 232 ± 22 

Ext-TMP 130 20% 150 rpm 0.40 ± 0.01 26.4 ± 0.1 37.0 ± 0.1 11.4 ± 0.0 764 ± 54 

Ext-TMP 150 20% 150 rpm 0.17 ± 0.01 28.8 ± 0.6 77.0 ± 0.1 5.7 ± 0.1 147 ± 13 

Ext-TMP 170 20% 150 rpm 0.18 ± 0.00 30.0 ± 0.7 75 ± 1 4.0 ± 0.1 73 ± 17 

Ext-TMP 130 20% 225 rpm 0.35 ± 0.01 25.7 ± 0.3 47.5 ± 0.3 8.2 ± 0.3 337 ± 20 

Ext-TMP 150 20% 225 rpm 0.23 ± 0.00 28.7 ± 0.5 59 ± 2 5 ± 1 255 ± 4 

Ext-TMP 170 20% 225 rpm 0.23 ± 0.01 30.1 ± 0.4 66.9 ± 0.7 4.7 ± 0.2 - 

 
The high temperature and shear of the extrusion caused a dramatic drop in 

fiber length, and thus also in aspect ratio (Figure 22). Fiber width remained 
greatly unaffected by the process. In essence, melt compounding by twin-screw 
extrusion is a problem of effective fiber dispersion optimization while avoiding 
fiber shortening. Another dilemma of the extrusion process is that of selecting 
the appropriate fiber volume fraction. On one hand, sufficiently large fiber 
volume fraction is required for substantial improvement in tensile strength but 
on the other, as the volume fraction is increased, fiber degradation gets worse 
(Fu et al. 2000). 
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Figure 22. Fiber aspect ratios before and after extrusion and injection molding at 20 w-% TMP 
(Publication 4). 

Fiber aspect ratios of the melt-compounded HT-TMPs (Figure 22) were close 
to typical values for wood flour composites (Migneault et al. 2008, Hietala et al. 
2011), but the aspect ratios of the 130°C TMP were notably higher, possibly 
because of greater fiber flexibility. It is also possible that the thermal hemicel-
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lulose degradation observed in HT-TMPs (Publication 2) and in wood (Sivo-
nen et al. 2002, Yin et al. 2011) have in part impaired the mechanical proper-
ties of the HT-TMP fibers, causing them to degrade more easily. 

 
The 130°C TMP was damaged less at 150 rpm than at 225 rpm, seen as a de-

crease in fiber length and an increase in fines content (Table 8), but the oppo-
site was observed for the HT-TMPs whose fiber lengths increased slightly at 
225 rpm. Based on this, some modest improvement in fiber length may be ob-
tained by carefully selecting the conditions of melt compounding. It is, howev-
er, notworthy that Peltola et al. (2014) reported an increase in tensile proper-
ties of composites of PLA and peroxide bleached TMP (30 w-%), and their fi-
bers had average lengths of 0.43 mm. The 0.35-0.40 mm length of our 130°C 
TMP is very close to this value, so it is likely that the fiber length was at a suffi-
cient level. Moreover, the 130°C TMP did not produce stronger composites 
than the HT-TMPs, even if it had a higher aspect ratio – for the composites 
that were prepared at 150 rpm, the 130°C TMP had a slightly lower tensile 
strength. It is possible that higher tensile strengths would have been achieved 
by using a higher fiber content but this was, unfortunately, not possible to con-
firm with the used DSM microextruder.  

4.4.5 Interactions with water 

In accordance with previous research (for example Peltola et al. 2014), water 
absorption was lowest in pure PLA (Figure 23). Possibly due to the uneven 
nature of the composites of 130°C TMP, their absorption values had higher 
standard deviations than any other sample types. The inclusion of TMP con-
sistently increased the water absorbance value when compared to pure PLA, 
but composites with 170°C TMP absorbed less water than composites with 130 
or 150°C TMP. The reason for this may be the higher surface coverage by lig-
nin or the loss of hemicelluloses (Publication 2, Sivonen et al. 2002, Yin et al. 
2011), both of which should decrease water absorption in fibers. Another thing 
to consider is that fibers may form a continuous network, through which the 
water diffuses more efficiently than through the pure polymer (Peltola et al. 
2014). It is also possible that the presence of fiber agglomerates in the 130°C 
TMPs has led to a presence of voids that have further increased the water ab-
sorption. 



 

 
54 

 

0 50 100 150 200 250 300 350
0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5
 PLA
 PLA/TMP 130°C
 PLA/TMP 150°C
 PLA/TMP 170°C

C
ha

ng
e 

in
 m

as
s 

(%
)

Immersion time (h)

 

Figure 23. Water absorption results for pure PLA and composites containing 20 w-% of TMP. 
(Publication 4). 

In comparison to other TMP fibers, the hydrophobic 170°C TMP has poten-
tial in reducing the problem of excessive moisture absorption, without com-
promising the biodegradability of the composite. Since increasing the fiber 
content increases water absorption (Bouafif et al. 2009), selecting the appro-
priate fiber content is often a choice between improved mechanical properties 
and improved water absorption properties.   

4.4.6 Future potential of HT-TMP/PLA composites 

As far as implementing a technology into industrial use is concerned, the use 
of HT-TMP in composite applications seems promising. The necessary equip-
ment for the production of HT-TMP already exists – only the running parame-
ters would need to be altered. For example, disc refiners that allow gauge pres-
sures of 8 (175 °C) and 14 bar (198 °C) are commercially available. Further-
more, since HT-TMP contains an inherent compatibilizer, no further chemical 
treatment would be necessary and the fibers could be mixed with the desired 
matrix in a very simple process.  
  

To ensure the ecological impact of the composites is minimal, matrices from 
renewable sources should be favored. In the best case, they would also be bio-
degradable, like in the case of PLA. However, even though large-scale PLA 
manufacturing has been possible since late 1980s (Lunt 1998), the sugar raw 
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material for its synthesis is commonly derived from corn or other food sources 
(Vink et al. 2003). This issue has recently been targeted by lignocellulosic bio-
refinery concepts that would produce sugars from non-edible feedstocks 
(Kamm et al. 2007, Hörhammer et al. 2014). 
 

In conclusion, HT-TMP/PLA composites show potential for replacing com-
modity plastics in an ecological and economical way. Especially in applications 
where the mechanical properties of pure PLA are sufficient, the inclusion of 
HT-TMP may enable partial replacement of PLA without compromising the 
material properties too much. Partial replacement of the rather expensive PLA 
has potential in promoting the use of PLA in commodity products. The HT-
TMP/PLA composites should not, however, be seen as a competitor of recently 
reported composites of NFC and PLA, suitable for high-value products (see, 
e.g., Bulota et al. 2013, Armentano et al. 2013, Aitomäki and Oksman 2014). 
Instead, these strategies should complement each other, as they are intended 
for different end uses. 
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5. Concluding remarks 

This thesis is an extensive study of mechanochemistry and its inevitable role 
in industrial manufacturing processes of lignocellulosic materials. The hypoth-
esis that mechanoradicals are formed upon various mechanical treatments was 
confirmed for kraft pulp homogenization into NFC and reactive ball milling of 
cotton. With mechanical pulping, the situation is more complex: thermal and 
mechanical effects are simultaneous and therefore difficult to distinguish. The 
same holds true for the extrusion of natural fiber-reinforced composites, 
where elevated temperature and shear are both present. 

 
The contributions of this thesis are twofold: on one hand, a deeper under-

standing of the chemical changes that take place in lignocellulosics upon me-
chanical treatment was obtained – on the other hand, an easy-to-implement 
practical application was suggested for HT-TMP, simultaneously targeting the 
issues of high energy consumption of mechanical pulping and the poor fiber-
matrix adhesion in natural fiber composites. Furthermore, an industrially rel-
evant approach to manufacturing biodegradable biobased composites was 
suggested.  

 
Mechanoradical generation in the industrial processes should be taken into 

account. The increased reactivity, caused by these radicals, may cause prob-
lems in terms of polymer degradation or oxidation but also provide pathways 
for intentional chemical modification. The radical scavenger role of lignin is a 
likely contributor to the enhanced refinability of unbleached pulps. Instead of 
seeing lignin as the undesireable component that needs to be removed, it can 
serve a valuable purpose when smooth, dense and less hydrophilic NFC films 
are produced, as long as the hemicellulose content is controlled. 

 
If mechanoradicals are to be used in chemical modification of lignocellulosic 

fibers, competitive reactions with oxygen and other potentially reactive species 
should be minimized by the introduction of an inert atmosphere. Also the ac-
cessibility of the radical centers inevitably affects degree extent of modification 
that can be achieved. In dry state, cellulose-based materials have an extensive 
network of hydrogen bonds that keep the molecules packed close to one an-
other and in practise limit the degree of substitution. Modification by mecha-
nochemistry in a swollen state in order to increase cellulose accessibility is a 
potential topic for further studies. 
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The industrial use of HT-TMP could be extended to composite filler or rein-

forcement. Due to decreased fibrillation and increased surface hydrophobicity, 
HT-TMP fibers are easy to disperse evenly in a matrix, even without the intro-
duction of additional coupling agents. The main benefits of the HT-TMP ap-
proach introduced herein are: low specific energy consumption in the difibra-
tion stage, ease of fiber dispersion in the matrix, and decreased water absorp-
tion in comparison to conventional TMP. The rate of crystallization of PLA can 
also be increased by the inclusion of TMP fibers. 
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