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Kekäläinen, Kaarina, Microfibrillation of pulp fibres. The effects of compression-
shearing, oxidation and thermal drying
University of Oulu Graduate School; University of Oulu, Faculty of Technology
Acta Univ. Oul. C 586, 2016
University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Cellulose micro- and nanofibrils are elongated, flexible nano-scale particles produced from
natural fibres with intensive mechanical treatments, usually in the form of dilute aqueous
suspensions. Due to the recalcitrant structure of the fibres, mechanical, chemical and enzymatic
pre-treatments are often used to loosen the fibre wall structure so as to facilitate the mechanical
liberation of micro- and nanofibrils and reduce the high amount of mechanical energy needed.
However, it is still unclear how different chemistries affect the disintegration phenomena and how
mechanical action starts to unravel the fibre structure, and thus how micro- and nanofibrillation
could best benefit from the pre-treatments. In addition, the high water content used in the process
increases the production and transportation costs of the material, so that the solids content should
be increased. Reducing the water content before or after production would be challenging,
however, due to changes in fibre properties during drying (hornification) and the tendency for the
resulting nanofibrils to agglomerate. Also, the effect of high solids content and temperature on the
reduction of fibres to nano- and microfibrils is still not well understood.

The aims of this work were to follow the changes in fibre morphology after mechanical,
chemical and thermal modification and address their effects on the disintegration phenomena of
the fibres to microfibrils. Mechanical compression-shearing, two selective oxidations and thermal
drying in combination with TEMPO oxidation were used to modify the fibre structure before
mechanical disintegration in a high-shear homogenizer or ball mill.

The results showed that sufficient swelling of the fibre cell walls was a prerequisite for
successful microfibrillation. Swelling can be promoted by loosening the hydrogen bonding
network with compression and shearing forces or by increasing the charge density. Different
charge thresholds were observed for microfibrillation depending on the chemistry used. Extremely
hornified fibres were also successfully microfibrillated with the aid of TEMPO oxidation.
Different fibre disintegration mechanisms were seen depending on the modification type and
disintegration conditions. In addition, micro- and nanofibrils and nanocrystals were successfully
produced under high solids (≥ 50%) conditions.

Keywords: dry-grinding, homogenization, hornification, nanocellulose, nanofibrillated
cellulose, periodate-chlorite oxidation, TEMPO oxidation





Kekäläinen, Kaarina, Sellukuidun mikrofibrilloituminen. Puristus-hierron,
hapetuksen ja lämpökuivauksen vaikutus
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Teknillinen tiedekunta
Acta Univ. Oul. C 586, 2016
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Luonnonkuiduista saatavat selluloosamikro- ja -nanofibrillit ovat pitkiä ja joustavia nanokoko-
luokan partikkeleita, joita valmistetaan yleensä intensiivisillä mekaanisilla käsittelyillä vesiliu-
oksissa. Kuitujen lujan rakenteen vuoksi valmistuksessa käytetään usein mekaanisia, kemiallisia
ja entsymaattisia esikäsittelyjä heikentämään kuituseinämän tiivistä rakennetta, mikä helpottaa
mikro- ja nanofibrillien irtoamista kuituseinämästä, sekä alentaa valmistuksen mekaanisen ener-
gian tarvetta. On kuitenkin edelleen epäselvää, miten erilaiset kemialliset käsittelyt vaikuttavat
kuitujen hajoamiseen, miten kuiturakenne alkaa purkautua mekaanisessa käsittelyssä ja miten
esikäsittelyillä voitaisiin parhaiten edistää mikro- ja nanofibrilloitumista. Valmistuksessa käytet-
tävä korkea vesipitoisuus lisää mikro- ja nanofibrillien valmistus- ja kuljetuskustannuksia. Vesi-
pitoisuuden alentaminen valmistuksessa tai sen jälkeen on kuitenkin haastavaa, sillä kuituomi-
naisuudet muuttuvat kuivatuksessa ja valmiit nanofibrillit kimppuuntuvat helposti. Korkean kui-
va-ainepitoisuuden ja lämpötilan vaikutusta kuidun hajoamiseen mikro- ja nanofibrilleiksi ei
myöskään ymmärretä vielä täysin.

Työn tarkoituksena oli tutkia sellukuitujen rakenteen muutoksia mekaanisen, kemiallisen ja
lämpömuokkauksen seurauksena, sekä tutkia niiden vaikutusta kuidun purkautumiseen mikro-
fibrilleiksi. Kuiturakennetta muokattiin puristus-hiertomenetelmällä, kahdella selektiivisellä
hapetusmenetelmällä, sekä lämpökuivauksen ja nk. TEMPO-hapetuksen yhdistelmällä ennen
kuitujen mekaanista hajottamista joko leikkaavassa homogenisaattorissa tai kuulamyllyssä.

Tulosten perusteella riittävä kuituseinämän turvottaminen oli edellytys onnistuneelle mikro-
fibrilloinnille. Turpoamista saatiin edistettyä hajottamalla kuiduissa olevia vetysidosverkostoja
puristus- ja leikkausvoimilla tai kasvattamalla anionisen varauksen määrää kuiduissa. Varauk-
sen kynnysarvo mikrofibrilloitumiselle riippui käytetystä hapetusmenetelmästä. Myös kuivatuk-
sessa erittäin sarveistuneet kuidut saatiin mikrofibrilloitua TEMPO-hapetuksen avulla. Tulosten
perusteella kuiduilla on erilaisia hajoamismekanismeja, jotka riippuvat käytetystä muokkaukses-
ta, sen intensiivisyydestä, sekä hajottamisolosuhteista. Työssä onnistuttiin myös valmistamaan
mikro- ja nanofibrillejä, sekä nanokiteitä tavanomaista huomattavasti korkeammassa (≥50 %)
kuiva-ainepitoisuudessa.

Asiasanat: homogenisointi, kuivajauhatus, nanofibrilloitu selluloosa, nanoselluloosa,
perjodaatti-kloriittihapetus, sarveistuminen, TEMPO-hapetus
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1 Introduction 

1.1 Background 

The pulp and paper industry produced approximately 173 million tonnes of wood 

pulp globally in 2014 (Food and Agriculture Organization of the United Nations 

2016). Traditionally these wood pulp fibres have mainly been used for paper and 

board production, but a major current area of research (Chinga-Carrasco 2011) is 

now engaged in creating innovations for an emerging bioeconomy to replace oil-

derived products. Among the innovations with the greatest potential are 

nanocelluloses, which can be used in nanocomposites (Nakagaito & Yano 2004), 

films (Henriksson et al. 2008), dispersions (Ojala et al. 2016), aerogels (Pääkkö 

et al. 2008) and chemicals for wastewater purification and treatment (Suopajärvi 

et al. 2013), for example. Nano-scale celluloses cover a wide range of particles 

including micro- and nanofibrillated cellulose and cellulose nanocrystals. The 

production of these materials in the form of microfibrils was already being 

studied by Turbak and co-workers in the 1980s (Herrick et al. 1983, Turbak et al. 
1983), but after that interest waned for some years. The topic of nanocelluloses 

emerged once again in the 2000s, however, and nowadays some 250 papers 

(scopus nanocellulos*) per year being published about them, e.g. on their 

production and possible utilization in various applications. In addition, a number 

of commercial exploitations have started up. 

The key challenge in nanocellulose production is the high energy 

consumption required to loosen the hydrogen-bonded structure of cellulose fibres 

and to individualize nano-scale constituent. For this purpose both chemical and 

mechanical pre-treatments are used to weaken the tight cell wall structure. Several 

oxidative processes with a similar main function (i.e. swelling the fibre structure) 

have been used, for example, but it is not clear how these different chemistries 

affect the disintegration mechanisms and kinetics of the fibres or what is the 

required severity of modification (e.g. anionic charge threshold) for successful 

micro- and nanofibrillation. In addition, it is not known how the fibre structure 

starts to unravel upon the application of mechanical forces, or how micro- and 

nanofibrillation could be best intensified by altering the fibre structure 

mechanically.  

Micro- and nanofibrillated celluloses are typically produced at a low solids 

content, which increases the production and transportation costs associated with 
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the nanocelluloses and detracts from their potential utilization. The solids content 

during and/or after mechanical disintegration should therefore be increased, thus 

lowering the production and transportation costs and increasing the range of 

potential applications. Our knowledge of the effects of a high solids content or 

fibre drying on micro- and nanofibrillation is still inadequate, however. 

The focus in this work was on finding answers to some of these questions by 

studying the effect of cell wall modifications on the microfibrillation of kraft pulp 

fibres. Mechanical compression-shearing and two selective oxidation methods 

were used to modify the fibre structure before the actual mechanical 

disintegration, and a highly hornified raw material was also used in the 

experiments in combination with oxidative modification. In addition, different 

solids contents were used during mechanical disintegration. The introduction part 

of this thesis presents the structure of cellulose, introduces micro- and 

nanocelluloses and reviews how mechanical and chemical modifications and the 

amount of water present affect the cell wall structure of the fibres. In the 

experimental part of the thesis, the materials and methods used in the research are 

first presented, followed by the main results concerning the role of cellulose 

modifications in microfibrillation. These results are then discussed, and finally 

conclusions are drawn. 

1.2 Cellulose in the fibre cell wall 

Cellulose, the main component of the cell wall in wood fibres, is a linear 

homopolysaccharide consisting of D-glucopyranose units (a ring structure 

consisting of 5 carbon atoms and 1 oxygen atom) linked together by β-1-4-

glycosidic bonds (Fig. 1) (Sixta 2006). The glucose units in the cellulose are 

referred to as anhydroglucose units (AGU), due to the loss of water when an 

alcohol and a hemiacetal react to form an acetal (Ciolacu & Popa 2010). In native 

wood approximately 8000-10000 AGUs are linked together to form a cellulose 

molecule (Jarvis 2003b, Kellomäki 2009), making it about 5.2 µm long 

(Jääskeläinen & Sundqvist 2007). In the structure of cellulose every second 

anhydroglucose unit is rotated 180° in the plane, thus two adjacent AGUs form 

the repeated unit of the cellulose molecule that is known as a disaccharide 

cellobiose (Ciolacu & Popa 2010). Cellulose has chemical polarity, since one end 

is reducing and the other non-reducing. At the reducing end the anomeric carbon 

(C1) atom is free and is in equilibrium with an aldehyde structure, while at the 

non-reducing end the anomeric carbon atom is involved in a glycosidic linkage. 
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Each AGU has three hydroxyl groups, one primary hydroxyl group at position C6 

and two secondary hydroxyl groups at positions C2 and C3. All of these hydroxyl 

groups are equatorial to the pyranose ring plane (Nishiyama 2009) and are 

capable of forming intra- and intermolecular hydrogen bonds (Park et al. 2010). 

Fig. 1. Cellulose structure. 

Native cellulose has two intramolecular hydrogen bonds formed between the OH 

group at position C3 and the oxygen atom at C5 (Nishiyama et al. 2002, Jarvis 

2003a, Davidson et al. 2004, Jääskeläinen & Sundqvist 2007, Ek et al. 2009, 

Dufresne 2012) and between the OH group at position C2 and the oxygen at C6 

(Fig. 2) (Davidson et al. 2004, Kong & Eichhorn 2005, Jääskeläinen & Sundqvist 

2007, Ek et al. 2009, Dufresne 2012). It has also been suggested that there is one 

intramolecular hydrogen bond between the OH group at C6 and the oxygen atom 

at C4 (Ciolacu & Popa 2010), but this linkage has not been confirmed by many 

researchers. The intramolecular hydrogen bonds are responsible for the rigid 

nature and two-fold screw structure of the cellulose molecule (Ek et al. 2009, 

Ciolacu & Popa 2010). In addition to intramolecular hydrogen bonds, there is one 

intermolecular hydrogen bond in native cellulose (crystalline structure cellulose 

I), that formed between the OH group at position C6 and the oxygen group at C3 

(Fig. 2) (Kong & Eichhorn 2005, Jääskeläinen & Sundqvist 2007, Ek et al. 2009, 

Dufresne 2012). The intermolecular hydrogen bonds are responsible for linking 

cellulose molecules (typically up to 40 of them) together to form elementary 

fibrils, i.e. nanofibrils (diameter 2-5 nm) (Klemm et al. 2005, Ek et al. 2009, 

Ciolacu & Popa 2010). These nanofibrils are then packed into microfibrils 

(diameter 10-35 nm) together with hemicelluloses and lignin (Blackwell and 

Kolpak 1975, Klemm et al. 2005, Walker 2006, Kellomäki 2009, Park et al. 2010, 

Arola et al. 2013) and finally form the macroscopic wood fibres. 
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Fig. 2. Hydrogen bonds in native cellulose structure. The intramolecular hydrogen 

bonds are indicated in blue and the intermolecular bonds in red.  

The elementary fibrils consist of highly ordered cellulose crystallites linked 

together longitudinally by disordered regions (Dufresne 2012) (Fig. 3). 

Disordered regions are referred as amorphous regions in this thesis, which is 

commonly used term in the literature. Hydrogen bonds are responsible for the 

tight structure in the ordered regions, while the numbers of crystalline and 

amorphous regions influence the accessibility and reactivity of the fibres, 

approximately two-thirds of the cellulose being in crystalline form (Kellomäki 

2009). The length of one wood cellulose crystallite is approximately 100-200 nm, 

implying that one cellulose molecule can be part of many crystallites (Walker 

2006, Jääskeläinen & Sundqvist 2007). Native cellulose typically exists as a 

mixture of two crystalline forms, cellulose Iα and Iβ (Atalla & Vanderhart 1984, 

Dufresne 2012), which differ in their intermolecular hydrogen bonding patterns 

(Walker 2006, Ek et al. 2009). The proportion of these crystallite forms depends 

on the source of the cellulose, wood cellulose having more of the Iβ form 

(approximately 64%) (Dufresne 2012). In addition to cellulose I, three other 

crystalline allomorphs have been identified, i.e. celluloses II, III and IV (Ek et al. 
2009). Cellulose II, the most stable form, can be prepared by mercerization (alkali 

treatment) or regeneration of cellulose I, while celluloses IIII and IIIII are obtained 

from cellulose I and cellulose II, respectively, by treatment with liquid ammonia. 

This reaction is reversible and these allomorphs are unstable. Cellulose IVI and 

cellulose IVII are obtained by heating cellulose IIII and IIIII. 
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Fig. 3. Structural illustration from the tree to cellulose molecules.  

Fibre wall structure 

The main components of the fibre cell wall in addition to cellulose (40-50% of the 

cell wall mass) are hemicelluloses (25-35%) and lignin (20-35%) (Kellomäki 

2009). Hemicelluloses are branched amorphous heteropolysaccharides having a 

lower degree of polymerization (DP approximately 150-200) than cellulose 

(Kellomäki 2009), and lignin is an amorphous polymer consisting of phenolic 

structures, the structural elements of which are not linked to each other in any 

systematic order (Kellomäki 2009, Alén 2011). The role of hemicelluloses is to 

bond the elementary fibrils together (Kellomäki 2009, Deng et al. 2012) and 

lignin is located within and between the elementary fibrils to form a stable, rigid 

fibre wall structure (Kellomäki 2009) and to act as a barrier. Hemicelluloses 

provide crosslinks between the elementary fibrils (Deng et al. 2012) via hydrogen 

bonds, making the connections between the polymers strong but flexible (Salmén 

& Burgert 2009). Lignin is bound covalently to hemicelluloses (Salmén & 

Burgert 2009), and the hemicellulose and lignin in the fibre wall support the 

microfibrils in transverse compression and redistribute stresses between the 

elementary fibrils (Bergander & Salmén 2002, Walker 2006).  
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The fibre cell wall is composed of two layers, the outer primary wall (P) and 

the inner secondary wall (S) (Fig. 3), with a middle lamella (ML) located between 

the primary walls of adjacent fibres, binding them together. The term compound 

middle lamella is often used to describe the P and ML layers, since it is hard to 

distinguish between these two. 

The primary wall is thin (0.05 – 0.1 µm) and contains a high proportion of 

lignin, whereas the secondary wall is thick (several µm) and rich in cellulose and 

hemicelluloses (Kellomäki 2009). The elementary fibrils are twisted around the 

cell wall axis at different angles in the various fibre cell wall layers, their 

orientation with respect to the longitudinal fibre axis being referred to as the 

microfibril angle (MFA) (Walker 2006, Alén 2011). The elementary fibrils in the 

primary wall mainly form an irregular network.  

The secondary wall can be further divided into three sublayers (S1, S2 and 

S3) (Fig. 3) based on the differences in their microfibril angles (Salmén & 

Burgert 2009). The elementary fibrils of the S wall have a parallel arrangement 

and form a concentric lamellar structure as they spiral around the axis (Kellomäki 

2009, Salmén & Burgert 2009, Deng et al. 2012). S1 is the outermost lignin-rich 

layer, which is 0.1-0.3 µm thick and has an MFA of 50-70°. S2 is the cellulose-

rich, thick middle layer, with a thickness of 1-8 µm and an MFA of 5-30°, while 

S3 is the hemicellulose-rich inner layer of the secondary cell wall, the width of 

which is less than 0.1 µm and its MFA 60-90° (Walker 2006, Kellomäki 2009, 

Alén 2011). Thus the S1 and S3 layers consist of transversely oriented elementary 

fibrils while S2 has axially oriented elementary fibrils (Reza et al. 2014). The 

MFA of the elementary fibrils affects the mechanical properties of the fibres 

(Salmén & Burgert 2009), that of the S2 layer having the largest influence on the 

longitudinal modulus of the cell wall whereas the MFAs of the S1 and S3 layers 

largely affect the transverse modulus (Bergander & Salmén 2000, Bergander & 

Salmén 2002). Generally speaking, a small MFA in S2 gives a high longitudinal 

modulus of elasticity, implying stiff fibres, whereas a large MFA leads to elastic 

fibres (Gindl et al. 2004, Salmén & Burgert 2009). 

Water in the fibre structure 

In addition to the main components of the fibre cell wall, i.e. carbohydrates and 

lignin, there is a large amount of water present, which has a profound effect on 

the structure and properties of the cell wall. An increased amount of water in the 

fibre cell wall will give the wood cell walls greater strength, toughness and 
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stiffness (Deng et al. 2012). Water exists in wood as either free water or bound 

water (Nakamura et al. 1981). At the fibre saturation point (FSP) all the sites 

available for hydrogen bonding in the fibre cell wall are full of water, but no free 

water yet exists in the cell lumina. At this point the moisture content of the wood 

ranges from 24% to 32% of the wet mass at room temperature (Kellomäki 2009). 

When water is absorbed into the fibres, the microfibril structure expands laterally 

(i.e. the fibres swell) up to FSP, and when water is lost from the fibres below this 

point the wood will shrink (Kellomäki 2009). 

The free water is located in relatively large pores, referred to as macropores, 

i.e. gaps between the cellulose microfibrils that are formed during chemical 

pulping, for instance, when the lignin and hemicelluloses are dissolved (Maloney 

et al. 1998, Maloney & Paulapuro 1999). Free water in the cell wall is defined as 

bulk water and has the same thermal characteristics as pure water (Peng et al. 
2012). The bound water, on the other hand, is located in the relatively small pores 

within the fibre wall, called micropores, and is also present in wood. Bound water 

diffuses into the amorphous areas of the cell wall, in which it swells the fibre 

structure and forms new hydrogen bonds (Maloney et al. 1998, Hofstetter et al. 
2006, Kellomäki 2009). The intermolecular hydrogen bonds in the fibre wall are 

most easily broken, whereas the crystalline regions in the cellulose are almost 

inaccessible to moisture (Hofstetter et al. 2006).  

Bound water can be further divided into freezing bound water and non-

freezing bound water. It has been suggested that the freezing bound water may not 

be bound directly to the hydroxyl groups in cellulose (Weise et al. 1996), but is 

still close enough to be influenced by these hydrophilic groups and have a lower 

melting temperature than pure water (Maloney et al. 1998, Peng et al. 2012). Any 

drop in the melting temperature must be related to solution and pore effects, i.e. 
the increased entropy of water in a gel, increased pressure inside the pores 

(Maloney et al. 1998) and a restriction of the reactions between water and the 

fibres (Peng et al. 2012). Non-freezing bound water is defined as a subset of the 

bound water that has a non-detectable thermal transition (Peng et al. 2012) and is 

attributed to water of hydration, i.e. water reacting directly with acid and 

hydroxyl groups in the cellulose molecules (Maloney et al. 1998, Hubbe et al. 
2007).  
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Hardwood and softwood fibres 

The debarked hardwood (HW) and softwood (SW) stems used in pulp and paper 

making differ in both chemical composition and fibre structure. Softwoods have a 

simpler structure than hardwoods, which in turn have a larger number of cell 

types specialized for different functions (Kellomäki 2009). Softwoods are 

basically composed of tracheids as the principal cell type (90-95% of the total 

volume) (Sixta 2006), and it is these that are the primary source of fibres. In most 

hardwoods fibres occupy only 40-75% of the wood volume. In birch (Betula 
pendula), for example, the volume of fibres is approximately 65%, a further 25% 

being vessel elements (Kellomäki 2009). Scandinavian softwoods and hardwoods 

both contain approximately the same amount of cellulose (40-45%), but 

hardwoods have more hemicelluloses (30-35% vs. 25-30%) and less lignin (20- 

25% vs. 25-30%) in their fibre structure than softwoods (Alén 2011). The main 

hemicellulose in hardwoods is glucuronoxylan and that in softwoods is 

galactoglucomannan  (Sixta 2006, Fardim 2011). Softwood fibres are longer (2-4 

mm) than hardwood fibres (0.7-1.2 mm), and the typical width of Scandinavian 

softwood fibres is in the range 20-40 µm (Fahlén 2005) and that of hardwood 

fibres 10-30 µm (Kellomäki 2009). Hardwood fibres are stiffer than softwood 

ones, on account of their higher Runkel ratio (2 x cell wall thickness/lumen 

width) (Stelte & Sanadi 2009). The degree of crystallinity has reported to be 

slightly lower in birch fibres than in the pine fibres (Liitiä et al. 2003). 

Kraft pulp fibres 

The structure and composition of wood-based fibres will depend not only on their 

origin but also on the processing methods used during pulping. In the chemical 

kraft pulping process the fibres are separated from the wood matrix by cooking 

wood chips in an alkaline liquor (sodium hydroxide and sodium sulphide) 

(Fardim 2011). During this process the lignin, and also some hemicelluloses, will 

dissolve in the cooking liquor and macropores will form in the fibre cell wall 

(Maloney & Paulapuro 1999). The hemicellulose xylan found mainly in 

hardwoods is more resistant to alkaline degradation than glucomannan, which is 

the main hemicellulose in softwood, leading to a higher yield in hardwood kraft 

pulp (Fardim 2011). Also, some cellulose is dissolved during alkaline cooking 

(Fardim 2011). Chemical pulping removes most of the lignin-rich ML and P 

layers of the fibre wall, but the technically more important S layers remain almost 
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intact. After cooking and washing, the fibres are bleached with oxidative 

chemicals using various bleaching sequences to remove lignin and coloured 

compounds and to obtain pulp of a high, stable brightness (typically 88-91% ISO) 

(Fardim 2011). 

1.3 Micro- and nanocelluloses 

Nanocelluloses cover a wide variety of nano-scale particles from elongated and 

flexible nanofibres to short, rigid nanocrystals. The term nanofibril will be used in 

this thesis to refer to elementary fibrils liberated from fibre cell walls, i.e. 
approximately 2-5 nm wide ensembles of cellulose molecules that vary in length 

from a hundred nanometres or so up to a few microns (Larsson et al. 2014a). The 

term microfibril applies to a bunch of nanofibrils (aggregates), i.e. elongated 

structures larger than individual nanofibrils. Microfibrils typically have a width in 

the range 10-35 nm (Sixta 2006, Chinga-Carrasco 2011). There are also two other 

main types of nanocellulose, i.e. cellulose nanocrystals and bacterial cellulose. 

Both nanofibrils and nanocrystals can be liberated from the fibre wall by various 

mechanical and chemical treatments (a top-down approach), whereas bacterial 

cellulose is built up by a bacterium (a bottom-up approach). Nanofibrils are 

particles having subsequent amorphous and crystalline regions in an axial 

direction, whereas nanocrystals consist of crystalline cellulose, the amorphous 

regions being typically dissolved by acid hydrolysis (Fleming et al. 2001). 

Nanocrystals are rigid, rod-like particles, whereas nanofibrils are more flexible 

and bent, due to their amorphous regions (Fig. 4). This thesis will focus on micro- 

and nanofibrils, especially phenomena affecting the process of breaking the 

wood-based bleached fibre structure down to these nanoparticles.  

Nanocelluloses are renewable bio-based materials having high strength, low 

density and high viscosity, a high water retention capacity and unique optical 

properties. In addition, they can easily be modified using various chemical 

reactions (Klemm et al. 2011). Nanocelluloses are typically produced and used in 

the form of aqueous suspensions, on account of their hydrophilic nature and their 

tendency to agglomerate during drying. The liberation of micro- and nanofibrils 

from the fibre cell wall is generally based on high-intensity mechanical treatment, 

for which purpose several methods have been used, the most common ones being 

microfluidization (Zimmermann et al. 2004, López-Rubio et al. 2007), high 

pressure homogenization (Herrick et al. 1983, Turbak et al. 1983, Dufresne et al. 
1997), grinding in Masuko-type mills (Taniguchi & Okamura 1998, Iwamoto et 
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al. 2007, Wang et al. 2012) and ultrasonic treatments (Zhao et al. 2007, Wang & 

Cheng 2009). These mechanical methods are often combined with enzymatic 

(Janardhnan & Sain 2006, López-Rubio et al. 2007, Pääkkö et al. 2007, 

Henriksson et al. 2007) or chemical pre-treatments (Saito et al. 2006, Wågberg et 
al. 2008, Liimatainen et al. 2012, Chen et al. 2016), which are used to modify the 

fibre structure in order to liberate the nanocelluloses from the fibres more easily. 

Chemical treatments can also be used for simultaneous modification of the 

chemical properties of the resulting micro- and nanofibrils. Cationic, anionic or 

amphiphilic groups, for example, can be introduced into the nanocellulose 

structure, enabling use of the nanocellulose in a variety of applications. 

Fig. 4. Electron microscope images of birch cellulose nanofibrils (left side) and 

nanocrystals (right side). 

1.4 Factors affecting fibre structure and microfibrillation 

The tightly hydrogen-bonded structure in the fibre wall needs to be loosened in 

order to liberate cellulose micro- and nanofibrils, for which purpose the cellulose 

structure can be weakened by modifying the fibre cell wall mechanically and/or 

chemically. In the case of mechanical modification, compression or shearing 

forces can be used to loosen the cell wall structure and enable individual cellulose 

micro- and nanofibrils to be obtained, while chemical modifications may be used 

to increase the repulsion between constituents of the fibre cell wall, for instance, 

thus weakening the tight structure. In addition, the water content of the fibre cell 

wall has an effect on its structure and on the behaviour of the cellulose micro- and 

nanofibrils. The following sections (1.4.1-1.4.3) give an overview of the changes 

in the fibre cell walls caused by these mechanical and chemical modifications and 
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by the drying conditions, and address the question of how these phenomena affect 

micro- and nanofibrillation of the wood fibres. 

1.4.1 Mechanical modification of fibres 

This section focuses on the mechanical modifications of the fibre wall structure 

and further on their influence on the micro- and nanofibrillation of wood fibres. 

Mechanical modification of the fibres can cause external and internal changes in 

the cell wall structure, both of which affect the disintegration of the fibres. These 

changes are affected by the amount of energy used and how that energy is 

transferred to the fibres, since the fibres are modified by direct forces generated 

by the mechanical device (e.g. contact with grinding bars) and also by fibre-to-

fibre contacts (Paulapuro 2008). 

External changes in fibre cell wall 

Mechanical modifications alter the fibre dimensions, i.e. the length, width and 

surface area. It has been suggested that fibre shortening occurs when the fibres are 

strained by axial tensile strain caused by shearing (Page 1989, Paulapuro 2008), 

or they may break when pulled away from a network of other fibres (Hartman 

1984). Fibres may also increase in length at the beginning of mechanical 

modification due to straightening (Hartler 1995, Zeng et al. 2012) facilitated e.g. 
by compression forces (Wang et al. 2007). Shear forces removes the outer parts of 

the fibre cell wall and start to fibrillate the fibre surfaces externally (Hartman 

1984, Paulapuro 2008, Stelte & Sanadi 2009, Afra et al. 2013, Zhao et al. 2013). 

Removal of the outer layers is also beneficial for micro- and nanofibrillation since 

these layers restrict the swelling of fibres (Hartman 1984), and since the 

cellulose-rich secondary wall is thus exposed for effective fibrillation (Iwamoto et 
al. 2007, Stelte & Sanadi 2009, Qing et al. 2013). Abrasion (Hartman 1984, Wang 

et al. 2007) and shear forces (Kang et al. 2006, Kang & Paulapuro 2006, Wang et 
al. 2012) facilitate external fibrillation, resulting in a loosened fibre surface 

having microfibrils protruding from the structure (Page 1989). This effect 

increases the surface area of the fibres (Hartman 1984). When the fibres are 

further exposed to external forces, the microfibrils are detached (Hartman 1984, 

Paulapuro 2008), leading to the formation of micro- and nanofibrils (Zhao et al. 
2013). Simultaneously with the detachment of the external microfibrils, the fibres 

start to cut (Hartman 1984, Paulapuro 2008) and larger lamellar structures can be 
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formed (Hartman 1984, Kang & Paulapuro 2006). Fibre deformations (e.g. kinks, 

twists and curls) are also a consequence of mechanical modifications (Mohlin et 
al. 1996, Zeng et al. 2012), some of them being reversible (Page et al. 1985, 

Mohlin et al. 1996, Joutsimo 2004, Zeng et al. 2012). Compression and shearing 

at a high consistency induces curls and kinks in fibres (Page 1989, Hartler 1995, 

Sjöberg & Höglund 2007, Paulapuro 2008) as a consequence of repeated bending 

and flexing beyond their yield point (Page 1989). 

Internal changes in fibre cell wall 

Internal fibrillation of the fibre cell wall results from its delamination and 

breakage of the crosslinks between the microfibrils, which expands the pore 

structure inside the cell wall, loosens and swells the fibre structure (Stone et al. 
1968, Page 1989, Maloney & Paulapuro 1999, Wang et al. 2003, Molin & Daniel 

2004, Hubbe et al. 2007). These effects promote micro- and nanofibrillation. 

Internal fibrillation, which also leads to more flexible fibres (Page 1989, 

Gharehkhani et al. 2015), has been shown to be caused mainly by repeated 

compression during mechanical modification (Hartman 1984, Kerekes & Senger 

2006, Kang & Paulapuro 2006, Wang et al. 2007, Wang et al. 2012). The fibres 

must be compressed from different directions in order to disrupt their internal 

structure and break the crosslinks between the micro- and nanofibrils (Wang et al. 
2007). In addition, high impact and shear forces involved in mechanical 

modifications can reduce the degree of cellulose crystallinity (Hon 1987, Ago et 
al. 2007, Avolio et al. 2012, Qing et al. 2013) and transform the crystalline 

allomorph from cellulose I to cellulose II (Ago et al. 2007). Even fully 

amorphous cellulose can be obtained (Stubicar et al. 1998, Ago et al. 2007, Park 

et al. 2010, Yu & Wu 2011). The crystallinity of the micro- and nanofibrils 

produced by shear forces could also be higher than that of the initial fibres, 

however, due to greater breakage of the structure in the weaker amorphous 

regions than in the crystalline parts (Zhao et al. 2013). Mechanical modification 

of cellulose may also create mechanoradicals due to cleavage of the glycosidic 

bonds in cellulose (Hon 1987, Kuzuya et al. 1999), leading to a reduced DP and 

crystallinity in the cellulose and further chemical reactions, e.g. crosslinking 

between cellulose chains (Kuzuya et al. 1999, Solala et al. 2012).  

Dislocations (i.e. slip planes, nodes, crimps, microcompressions and cracks) 

are considered to be minor deformations in the fibre cell wall (Nyholm et al. 
2001). These can occur naturally in wood fibres, but can also be introduced by 
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mechanical modifications (Page 1989). The direction of the microfibrils change in 

microcompression (Page et al. 1985, Hartler 1995, Thygesen & Ander 2005, 

Thygesen et al. 2006), leading to breakage of the hydrogen bonds and increasing 

the accessibility of the cell wall (Nyholm et al. 2001). This also makes the fibres 

more flexible (Hartler 1995) and shorter (Page 1989). Dislocations are regarded 

as places for larger deformations (Page et al. 1985) and fibre ruptures (Joutsimo 

2004). Dislocations are formed by compressive stresses acting on the fibre wall in 

the direction of the fibre axis (axial compression) (Page 1989, Nyholm et al. 
2001, Thygesen et al. 2006, Paulapuro 2008). 

1.4.2 Chemical modification of fibres 

This section will focus on the chemical modifications (especially oxidation 

reactions) that are used as pre-treatments in order to promote the mechanical 

reduction of the fibres to micro- and nanofibrils. The purpose of such chemical 

modifications is to open up and loosen the hydrogen-bonded fibre cell wall and 

make the fibres less resistant to mechanical forces to enable liberation of micro- 

and nanofibrils with low mechanical energy and high capacity without clogging 

the mechanical device. When preparing micro- and nanofibrils the hydroxyl 

groups in the cellulose molecule are usually modified chemically while 

simultaneously trying to avoid a decrease in the DP, whereas when preparing 

nanocrystals the amorphous areas in the cellulose structure are dissolved, i.e. the 

chemicals attack the glycosidic bonds in the cellulose molecules, resulting in 

cellulose chain scission. In addition to enhancing micro- and nanofibril 

production, chemical modifications can also tailor the characteristics of the 

micro- and nanofibrils obtained. If mechanical modification is applied before or 

simultaneously with chemical modification the effect of the chemicals can be 

intensified (Rattaz et al. 2011, Janardhnan & Sain 2011). The effects of chemical 

modifications of the fibre structure will be discussed in the following sections. 

Changes in hydrogen bonding 

Many of the chemical pre-treatments used to prepare micro- and nanofibrils 

reduce the adhesion and cohesion between adjacent nanofibrils as the amounts of 

intra- and intermolecular hydrogen bonds in the fibre wall diminish (Saito et al. 
2006, Besbes et al. 2011). This effect swells the fibre cell walls and enhances 

their reduction to micro- and nanofibrils. Fibre swelling can occur via various 
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mechanisms (Cuissinat & Navard 2006, Le Moigne et al. 2010). Homogeneous 

swelling can lead to simultaneous rupturing of all three S layers of the fibre cell 

wall. In addition, there may be glucose ring opening and chain scission may occur 

in the amorphous regions. In “ballooning”, swelling the S1 layer forms collars 

around the swollen S2 layer, thus resulting in a balloon-like swollen structure  

(Hock 1950, Nyholm et al. 2001, Le Moigne et al. 2010, Sim et al. 2014). If 

swelling further, these balloons are finally broken and the dissolved and/or 

swollen solid matter inside the balloon is liberated into the solution. The swelling 

mechanism in each case is attributed to the chemical environment and the 

cellulose raw material. 
In order to open up and prevent the formation of intra- and intermolecular 

hydrogen bonds in cellulose, oxidative modifications are widely used. These 

treatments oxidize hydroxyl groups to aldehydes (CHO) and possibly the CHOs 

further to carboxyl groups (COOH), depending on the chemistry used. The 

presence of aldehydes in the fibre wall is disadvantageous for micro- and 

nanofibrillation, since they may form hemiacetal structures (by crosslinking) and 

expose the cellulose to chain scission (Saito & Isogai 2004, Mishra et al. 2012). 

The carboxyl groups in the cellulose molecule are in their ionic form under 

neutral and alkaline conditions, depending on the pKa of the corresponding acid. 

The counter-ions of the acidic groups draw water into the fibre cell wall, which 

causes the fibre structure to swell (Katz et al. 1981). The degree of swelling 

correlates with the number of ionized acid groups and decreases with increasing 

electrolyte concentration and valence of the positive counter-ion (Katz et al. 
1981, Lindström & Carlsson 1982a). 

There is wide range of potential oxidizing agents for cellulose, some of them 

being non-selective (e.g. nitrogen oxides, alkali metal nitrites and nitrates, ozone, 

permanganates and peroxides) and others selective (e.g. periodates and nitroxyl 

radicals) (Coseri et al. 2013). “TEMPO” oxidation (with a 2,2,6,6,-

tetramethylpiperidine-1-oxyl radical) under various conditions (Saito et al. 2006, 

Saito et al. 2009, Isogai et al. 2011b) and sequential periodate-chlorite oxidation 

are the most widely studied oxidative pre-treatments for preparing micro- and 

nanofibrils (Liimatainen et al. 2012, Tejado et al. 2012), both being selective for 

hydroxyl groups in cellulose. TEMPO treatment oxidizes first the hydroxyl 

groups at the position C6 to aldehyde and then the aldehydes further to carboxylic 

acid groups (De Nooy et al. 1996, Saito & Isogai 2004, Isogai et al. 2011a). In 

TEMPO oxidation the maximum amount of carboxyl groups that can be 

introduced during the oxidation reactions is 1.7 mmol/g (Okita et al. 2010). 
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Oxidation of the C6 hydroxyl group will lead to the opening of both the inter- and 

intramolecular hydrogen bonds (Fig. 5). Depending on the reaction conditions 

(Saito & Isogai 2004, Saito et al. 2009, Saito et al. 2010), residual aldehydes may 

be left after the reaction, thus post-oxidation or post-reduction is often used. In 

addition to aldehydes, small amounts of C2/C3 ketones may be formed during the 

oxidation reaction (Shinoda et al. 2012, Takaichi et al. 2014). TEMPO oxidation 

has been shown to affect only the surfaces of the fibre walls, while the tightly 

packed crystalline regions remain intact. 

Fig. 5. Hydrogen bonds of cellulose after TEMPO oxidation and after sequential 

periodate-chlorite oxidation. 

In the sequential periodate-chlorite oxidation method the first reaction converts 

the hydroxyl groups at positions C2 and C3 into aldehydes (Kim et al. 2000, 

Sirviö et al. 2011b) and the aldehydes are then further converted into carboxylic 

groups in the second reaction (Kim & Kuga 2001). Like TEMPO oxidation, this 

reaction leads to opening of both the inter- and intramolecular hydrogen bonds 

(Fig. 5), but in this case a much higher carboxyl group content is obtainable, since 

two carboxylic groups are formed in same AGU. It has been claimed that 

periodate-chlorite-oxidized fibres swell homogeneously and that all three 

secondary layers are affected (Sim et al. 2014). The partial breakdown of the 

intermolecular and intramolecular hydrogen bonding after TEMPO and periodate-

chlorite oxidation is shown in Fig. 5, which indicates that intramolecular 

hydrogen bonding is more markedly affected with periodate-chlorite than by 

TEMPO oxidation.  

The carboxyl content threshold needed to obtain a nanofibril suspension from 

TEMPO- and periodate-chlorite-oxidized celluloses using mechanical treatments 

is reported to be around 0.3 mmol/g (Besbes et al. 2011, Liimatainen et al. 2012), 

i.e. no individualized nanofibrils can be obtained with a lower carboxyl content 
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and the processing of cellulose is difficult (e.g. the homogenizer or microfluidizer 

used for mechanical disintegration tends to clog), whereas with a carboxylate 

groups content above approximately 3.0 – 3.2 mmol/g very mild mechanical 

treatment, i.e. mixing, are sufficient to liberate nanofibrils (Tejado et al. 2012, 

Sim et al. 2014). When a high charge of 3.5 mmol/g is generated by the 

periodate-chlorite oxidation method, nanocrystals are obtained in addition to 

nanofibrils after mild mechanical treatment (Yang et al. 2013).  

In addition to above mentioned oxidation reactions, carboxymethylation is a 

widely used method for introducing anionic carboxylate groups onto fibres 

(Ahola et al. 2008, Aulin et al. 2008, Wågberg et al. 2008, Eyholzer et al. 2010, 

Taipale et al. 2010, Siró et al. 2011). Carboxymethyl cellulose (CMC) is usually 

synthesized by means of a reaction between cellulose and chloroacetic acid under 

alkaline conditions (Blomstedt 2007, Paltakari 2009). In this case all three 

hydroxyl groups are randomly attacked and converted to carboxymethyl groups. 

At low degrees of substitution (DS below of 0.3-0.4) CMC is insoluble in water, 

but it has higher water retention and swelling than the original cellulose even if 

the DS is only 0.025 (Eyholzer et al. 2010). In addition, CMC polymers can be 

attached to cellulose fibres to improve their micro- and nanofibrillation 

(Ankerfors & Lindström 2009).  

In addition to carboxylation, other functionalization reactions can also be 

used to reduce hydrogen bonding in the fibre walls and thus serve as pre-

treatments when producing micro- and nanofibrils. Periodate oxidation, for 

example, can be used as a first step prior to sulphonation with sodium bisulphite 

(Zhang et al. 2008, Rajalaxmi et al. 2010, Liimatainen et al. 2013, Pan & 

Ragauskas 2014) or cationisation using Girard´s reagent T (Sirviö et al. 2011a, 

Liimatainen et al. 2014) or aminoguanidine hydrochloride (Sirviö et al. 2011a), 

and reductive amination (Visanko et al. 2014, Sirviö et al. 2015, Sirviö et al. 
2016). In these cases, a lower rate of conversion of dialdehyde groups is obtained, 

and thus more residual aldehydes remain in the cellulose structure than in the 

periodate-chlorite reaction. Cationized celluloses can also be obtained by using 

other reactions (such as that with 2,3-epoxypropyltrimethylammonium chloride) 

to introduce quaternary ammonium groups onto the cellulose (Hasani et al. 2008, 

Ho et al. 2011, Olszewska et al. 2011, Pei et al. 2013, Littunen et al. 2016). It is 

also possible to modify the carboxyl groups introduced by carboxymethylation 

(Charpentier et al. 1997) or TEMPO oxidation (Johnson et al. 2011) further to 

increase the hydrophobicity of the cellulose, and to result in hydrophobic micro- 

and nanofibrils. Cellulose acetylation with various anhydrides has also been used 
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to increase the hydrophobicity of cellulose molecules (Jonoobi et al. 2010, 

Sehaqui et al. 2014) and as a pre-treatment for cellulose micro- and 

nanofibrillation (Jonoobi et al. 2010). 

Chemical modifications can be used to swell and open the fibre cell wall 

structure, but they may also alter the crystallinity of the cellulose in terms of the 

crystallinity index (CrI), the crystal width and the crystalline form. The decrease 

in crystallinity is assumed to be caused by cellulose chain degradation and 

changes in intermolecular hydrogen bonding (Varma & Chavan 1995). TEMPO 

oxidation does not alter the crystallinity index of the cellulose, suggesting that the 

carboxylate groups formed are selectively present on surfaces of the cellulose 

microfibrils and in the amorphous regions (Saito & Isogai 2004, Montanari et al. 
2005, Besbes et al. 2011, Isogai et al. 2011a). However, a decrease in CrI is 

observed with periodate treatments and is proportional to the degree of oxidation 

(Varma et al. 1997, Liimatainen et al. 2012, Larsson et al. 2014b) and a  decrease 

in the crystal width may occur with periodate-chlorite oxidations (Liimatainen et 
al. 2012, Larsson et al. 2014b), suggesting that oxidation reactions are not 

restricted to the surfaces of cellulose crystallites. The crystalline form of the 

cellulose does not change during periodate chlorite oxidation, however (Varma et 
al. 1997, Liimatainen et al. 2012). Periodate oxidation take place heterogeneously 

in the crystalline regions. The reaction is a self-accelerating process (Kim et al. 
2000) in which oxidation of the glucopyranose ring on the surface of the 

crystalline cellulose enhances the susceptibility of neighbouring groups to the 

oxidant (Kim et al. 2000). 

Changes in charge content 

The increase in charge density brought about by the chemical groups introduced 

during processing makes the fibre structure more open due to the increased 

electrostatic repulsion between the nanofibrils. This also creates a water-rich gel 

layer on the fibre surfaces, which reduces fibre-to-fibre friction and fibre 

entanglement (Liimatainen et al. 2012). A role for charge repulsion in the micro- 

and nanofibrillation of cellulose has previously been demonstrated with TEMPO-

oxidized fibres. When the pH of a suspension of these fibres was adjusted to a 

level at which the major fraction of the carboxyl groups were non-ionized (pH 

around 4), microfibrillation of the fibres was notably more difficult than at higher 

pH values (Besbes et al. 2011). Increased electrostatic repulsion between the 
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fibres also prevents their flocculation, and thus makes micro- and nanofibrillation 

easier.  

Changes in cellulose chain structure 

Breaking of the glycosidic bonds between glucose molecules leads to a decrease 

in the DP of the cellulose and can also reduce the length of resulting nanofibrils 

(Shinoda et al. 2012) and detract from their strength properties. Cleavage of the 

glycosidic bond is promoted under the high alkalinity conditions used in the 

carboxymethylation reaction, for instance. Aldehydes in the cellulose structure 

also expose the cellulose chain to elimination reactions, leading to a decrease in 

the degree of polymerization (De Nooy et al. 1996, Kitaoka et al. 1999, Saito & 

Isogai 2004, Potthast et al. 2009, Saito et al. 2009, Liimatainen et al. 2012, 

Shinoda et al. 2012, Brodin & Theliander 2013, Coseri et al. 2013, Hiraoki et al. 
2015). Likewise, the sodium hypochlorite used in TEMPO oxidation leads to a 

decrease in DP through β-elimination reactions of glycoside bonds in the C6 

aldehyde groups in the alkaline reaction liquid (De Nooy et al. 1996, Kitaoka et 
al. 1999, Saito & Isogai 2004, Saito et al. 2009, Shinoda et al. 2012, Brodin & 

Theliander 2013, Coseri et al. 2013, Hiraoki et al. 2015) and by cleavage of 

glycoside bonds through hydroxyl radicals formed during the reaction (Shibata & 

Isogai 2003). In addition, sodium hypochlorite can cause 2,3-scissions of glucose-

unit forming dialdehyde and dicarboxylic groups, facilitating elimination 

reactions leading to a decrease in DP (Kitaoka et al. 1999, Coseri et al. 2013). 

These reactions create weak points in the amorphous regions of the fibre wall, and 

thus facilitate mechanical nanofibrillation (Besbes et al. 2011). Oxidation of the 

vicinal hydroxyl groups in cellulose, e.g. by periodate, leads to opening of the 

pyranose ring, and it has been suggested that the opening of the ring structures in 

the cellulose chain leads to a more ductile (Larsson et al. 2014b) and more 

flexible (Kim et al. 2000) structure. The creation of crosslinks by chemical 

modifications also affects micro- and nanofibrillation. Aldehydes, for example, 

can form hemiacetal structures by means of intra- or intermolecular reactions 

(Kato & Cameron 1999, Larsson et al. 2008, Sirviö et al. 2014), leading to 

crosslinking, which is disadvantageous for micro- and nanofibrillation since it can 

bond adjacent nanofibrils together making the fibre wall structure more rigid and 

closed.  
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1.4.3 Fibre modifications caused by a change in moisture content  

The production and handling of micro- and nanofibrils with low water content 

would be beneficial since the product could be used as such in various 

applications and production and transportation costs could be reduced. In order to 

lower the water content without impairing the properties of the fibre cell walls it 

is first necessary to understand the effect of water content and drying on the 

structure of the fibre cell walls. This section summarises the effect of water 

content on the fibre cell wall structure and considers how the hampering effects of 

drying (i.e. hornification) affect micro- and nanofibrillation. 

Removal of water from cell wall 

Drying removes water gradually from the fibre cell wall structure, first from the 

larger pores (free water) and subsequently from the smaller micropores (freezing 

and non-freezing bound water) until the fibre becomes a non-porous solid. The 

pores in the fibre cell wall exist only in the presence of water, since air does not 

enter the cell wall (Maloney et al. 1998, Topgaard & Söderman 2002). After the 

removal of free water, the solids content of unbleached kraft fibres is usually 

found to be between 56% and 67% (Maloney et al. 1998) (expressed in the 

original paper as a moisture ratio, g water / g dry fibre) and that of bleached kraft 

fibres between 56% and 59% (Topgaard & Söderman 2002). Freezing bound 

water can be removed from unbleached kraft fibres at a solids content of 78-81% 

(Maloney et al. 1998) or 80-85% (Weise et al. 1996) and from bleached kraft 

fibres at a solids content of 77%-83% (Topgaard & Söderman 2002). 

Hornification 

The removal of water from the fibre cell wall induces changes in fibre structure 

which are referred to as hornification. As a consequence of hornification, the 

swelling capacity of the fibres decreases and they become stiffer, leading to a pulp 

with a poorer water holding capability, poorer beat ability and reduced strength 

properties (Stone et al. 1968, Hubbe et al. 2007, Brancato 2008, Eriksen et al. 
2008, Song & Law 2010, Spence et al. 2010b, Letková et al. 2011), all these 

effects being disadvantageous for micro- and nanofibrillation. The effects of 

hornification can be measured as changes in pore size distribution (PSD), water 

retention value (WRV), fibre saturation point (FSP) and crystallinity (Maloney & 
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Paulapuro 1999, Park et al. 2006, Hubbe et al. 2007, Wan et al. 2009, Chen et al. 
2011, Idström et al. 2013, Toba et al. 2013). It has been shown that the raw 

material affects the impact of hornification (Maloney et al. 1997, Spence et al. 
2010a). The increased amounts of lignin and hemicelluloses are thought to 

prevent the formation of irreversible bonds during hornification (Spence et al. 
2010a), and this effect may be associated with the easier nanofibrillation of once-

dried pulp (Iwamoto et al. 2008) when its hemicellulose content increases 

(Iwamoto et al. 2008, Wan et al. 2010). 

Most of the phenomena related to hornification are explained by pore closure 

and collapse, which makes the fibres stiffer, reduces their water binding ability 

and alters their crystallinity. These phenomena lead to a more closed fibre 

structure and less swellable fibres, thus making micro- and nanofibrillation 

harder. When the fibres are re-wetted, not all the pores open and not all the initial 

fibre properties are restored, so that hornification is at least partially an 

irreversible phenomenon. It has been suggested that the macropores are mainly 

closed irreversibly as a consequence of drying rather than the micropores 

(Maloney et al. 1998). During drying the capillaries in the fibre wall collapse 

first, solids levels being between 47 and 67% (Hubbe et al. 2007), followed by 

the collapse and closure of the macropores and then the micropores (Park et al. 
2006) as more water is removed. It has been reported that irreversible 

hornification has already begun above a solids content of 30-35% (Hubbe et al. 
2007), or more often at higher solids contents between 50% and 80% or even 

above  (Newman 2004, Welf et al. 2005), and that most of the loss in water 

holding ability (measured as WRV) occurred with the removal of free water 

(Weise et al. 1996). The micropores have completely collapsed by a solids 

content between 78 and 81% (Hubbe et al. 2007), corresponding to removal of 

the freezing bound water, leaving only the non-freezing bound water in the fibre 

wall. 

There have been several suggestions as to the reasons for irreversible pore 

closure. If a pore does not reopen upon soaking, it has been suggested that the 

bonds formed between the adhering surfaces must be covalent or crystalline in 

nature, or else the surfaces are in such close contact that water cannot penetrate 

between them (Welf et al. 2005). One reason behind irreversible pore closure may 

also lie in irreversible hydrogen bonding between cellulose surfaces that are 

pressed together (Wang et al. 2003), which enhances bonding between adjacent 

nanofibrils and causes pore closure, preventing the fibres from swelling (Kato & 

Cameron 1999, Hubbe et al. 2007). It has been speculated that the irreversibility 



37 

of the hydrogen bonds may be due to the perfectly matching surfaces of the pore 

wall, created by two separated lamellae, by comparison with the traditional 

reversible hydrogen bonds formed between two independent surfaces (Hubbe et 
al. 2007). Crystallization may also affect the irreversibility of pore closure during 

drying due to formation of semi-crystalline domains at the surfaces of the closed 

pores ( Akgül et al. 2007, Hubbe et al. 2007). Increasing crystallinity in cellulose 

makes its cell wall structure tighter and inaccessible to chemicals, thus leading to 

more difficult micro- and nanofibrillation. It has also been suggested that ester 

bonds or lactone crosslinks might be formed between carbonyl and nearby 

hydroxyl groups (Fernandes Diniz et al. 2004, Hubbe et al. 2007, Chen et al. 
2011). Crystallinity may also increase during water removal because of the 

crystallization of hemicelluloses and amorphous regions in cellulose (Bhuiyan et 
al. 2000, Akgül et al. 2007, Chen et al. 2011, Toba et al. 2013), co-crystallization 

(Newman 2004) or degradation of less ordered carbohydrates i.e. hemicelluloses 

and amorphous cellulose (Wikberg & Maunu 2004). Thermal degradation may 

also alter the crystalline regions of cellulose (Bhuiyan et al. 2000, Akgül et al. 
2007). 

As a consequence of water removal, fibres might also shrink and become 

wrinkled, since they are able to shrink by up to 20-30% in a transverse direction 

(Weise & Paulapuro 1996, Hubbe et al. 2007). This shrinking starts at the 

beginning of drying and continues up to a solids content of 70%, and further 

drying will cause isotropic shrinkage (Weise & Paulapuro 1996). This shrinkage 

probably happens in the amorphous regions of the fibre wall and is due to the 

closure of pores between microfibrils (Hubbe et al. 2007). It is also possible for 

fibres to become shorter during drying on account of microcompression (Page et 
al. 1985). This may happen when two crossed fibres are dried in contact with 

each other, and their surfaces become tightly attached. Shrinkage of one fibre in 

its transverse direction will cause the other to undergo microcompression in an 

axial direction (Page et al. 1985). 

Effect of drying parameters on cell wall changes 

The most common ways of increasing the solids content of a cellulose suspension 

are filtration, pressing and thermal drying. In filtration the free water in the fibre 

cell wall is partly removed, a process that can be intensified by the use of a 

vacuum, so that a solids content of around 22% could be reached with vacuum 

level of 40 kPa (Rezk et al. 2013). Pressing removes water from the spaces 



38 

between the fibres as well as from the porous structure of the cell wall and is 

capable of removing almost all the water between the fibres and in the lumen 

even at a relatively low pressure, leaving the water in the fibre walls (Laivins & 

Scallan 1994). Wet pressing is capable of removing the water from macropores 

and the largest micropores, leading to a combination of reversible and irreversible 

pore closure (Maloney et al. 1997), with an increase in the pressure applied 

tending to favour irreversible pore closure and cellulose crystallinity (Wan et al. 
2009), making the fibre wall more rigid. The temperature used during drying also 

has an effect on the drying mechanism and thereby on the fibre wall structure.  

Water can be removed also from the micropores by thermal drying, with 

higher temperatures leading to faster drying, although the fibres may not dry 

evenly at high temperatures, especially when reaching a higher solids content, due 

to restricted heat transfer. An increase in the temperature used for thermal drying 

has been shown to increase the crystallinity of the cellulose (Akgül et al. 2007, 

Wan et al. 2009, Chen et al. 2011), the collapsing of the fibre cell walls (Chen et 
al. 2011) and the lactone content (Chen et al. 2011) and to reduce the average 

pore volume (Wan et al. 2009) and swelling (Chen et al. 2011). The crystallinity 

has been found to decrease upon a further increase in temperature, however 

(Bhuiyan et al. 2000, Hubbe et al. 2007, Akgül et al. 2007), on account of thermal 

degradation. Cleavage of cellulose chains during heating may also result in 

crosslinking reactions (Welf et al. 2005), which are disadvantageous for micro- 

and nanofibrillation. Heating the pulp without removing the water from the fibre 

cell walls has also been found to be harmful for micro- and nanofibrillation, since 

it reduces the swelling of the fibres (Welf et al. 2005), increases the crystallinity 

of the cellulose (Hattula 1985, Bhuiyan et al. 2000, Welf et al. 2005) and affects 

the strength of the fibre by making them more brittle (Welf et al. 2005). 

Meanwhile, a high moisture content may cause a rearrangement of the cellulose 

molecules and thus changes in the crystalline structure (Bhuiyan et al. 2000, Welf 

et al. 2005).  

In addition to cellulose pulp, ready-made micro- and nanofibrils are exposed 

to morphological changes when dried. The forces resulting from the removal of 

water during drying, together with high temperatures, may drive the nanofibrils 

into molecular contact and cause agglomeration (Peng et al. 2012). Nanofibrils 

aggregate tightly during drying through intermolecular hydrogen bonding and on 

account of van der Waals forces, leading to a continuous fibre network with in-

plane fibrillary orientation (Nemoto et al. 2012, Peng et al. 2012, Žepič et al. 
2014). In order to be able to form hydrogen bonds the hydroxyl groups should be 
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within 0.25-0.35 nm of each other (molecular contact), and for dispersion forces 

(van der Waals forces) to occur the distances between the nanofibrils need to be 

even smaller (Peng et al. 2012).  

Minimizing the effects of drying on cell wall 

Chemical derivatization of the fibre structure can be used to prevent hornification 

and other effects of drying on the fibre wall structure. Acetylation of the fibre 

surface has been shown to preserve the swelling ability of the fibres after drying 

(Hubbe et al. 2007). The introduction of carboxymethyl groups into cellulose 

appears to be effective in preventing hornification if the carboxyl content is high 

enough (Lindström & Carlsson 1982b, Hubbe et al. 2007, Eyholzer et al. 2010), 

and oxidation of the cellulose also minimizes the hornification of fibres during 

drying (Stone et al. 1968, Hubbe et al. 2003, Brancato 2008, Song & Law 2010, 

Letková et al. 2011), provided that the fibre wall contains a certain amount of 

water. It has been shown that once-dried and never-dried cellulose pulp produce 

similar nanofibrils in TEMPO oxidation if the charge density is high enough (1.5 

mmol/g), but never-dried fibres disperse into water more easily than do once-

dried ones, with a lower COOH content (Saito et al. 2007). In addition, all the 

above-mentioned treatments reduce the amount of possible hydrogen bonding 

between the nanofibrils due to conversion of the hydroxyl groups into other 

groups which are less eager to form hydrogen bonds. If the pH is too low, 

however, the carboxylic acids will be in their protonated form (COOH) and able 

to form hydrogen bonds, so that they can bind the adjacent nanofibrils together. 

When pulps containing carboxyl groups were dried with the acidic groups in their 

ionized form the degree of hornification decreased (Lindström & Carlsson 

1982b). Similarly, the water dispersibility of dried TEMPO-oxidized fibres was 

improved by reducing the residual aldehydes and C2/C3 ketones with NaBH4 to 

prevent the formation of intermolecular hemiacetal linkages during drying 

(Takaichi et al. 2014). 

Pre-treatment with low-mass sugars, α,β-unsaturated substances, amino 

derivatives (Hubbe et al. 2007), xylan (Köhnke et al. 2010) or sodium chloride 

(Missoum et al. 2012) reduced crosslinking and hydrogen bonding in fibres 

during drying. In addition, beating (Laivins & Scallan 1995, Wang et al. 2003, 

Hubbe et al. 2007) and enzyme treatment (Garcia et al. 2002) can be used to 

compensate at least in part for the hornification of fibre walls.  
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1.5 Aims of the work 

The aims of this thesis were to monitor changes in the fibre structure and 

morphology after mechanical, chemical and thermal modifications and address 

their effects on the disintegration of the modified fibres. The focus was on the 

microfibrillation of the variously modified fibres. The questions to be addressed 

were formulated as follows. 

1. How do the changes in fibre morphology brought about by using mechanical 

compression-shearing modification affect the microfibrillation of bleached 

pulp fibres? 

2. How does the increasing anionic charge obtained using two selective 

oxidative modifications affect the fibre morphology and microfibrillation of 

bleached hardwood fibres? 

3. How do the changes in moisture content and anionic charge that occur when 

using combinations of oxidative and thermal modifications affect the fibre 

structure and morphology and the microfibrillation of bleached hardwood 

fibres? 

The results obtained in answer to these questions were originally presented in 

Papers I-IV, as shown in Table 1.  

Table 1. Publications in which the results providing answers to the original questions 

representing the aims of this research were presented. 

Question Paper I Paper II Paper III Paper IV 

Q1 x    

Q2  x x  

Q3   x x 
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2 Materials and methods 

2.1 Materials 

Non-refined, never-dried bleached Scandinavian hardwood kraft pulp (produced 

from Betula pendula) was used as a raw material in the experiments with 

mechanical, chemical and thermal modifications (Papers I-IV). The kappa 

number of the pulp was 18 after cooking and less than 1 after the bleaching 

stages, while the final ISO brightness was 88%. The average length-weighted 

length and width of the fibres and the fines content of the pulp were 0.88 mm, 

20.7 µm and 3.8%, respectively, as determined with a FiberLab image analyser 

(see section 2.6.1). The carboxyl content of the pulp was 0.08 mmol/g as 

determined by conductometric titration (see section 2.3.1). 

Non-refined, never-dried bleached Scandinavian softwood kraft pulp (a 

mixture of Pinus sylvestris 70% and Picea abies 30%) was used as a second raw 

material in the experiments with mechanical modification (Paper I). The kappa 

number of the pulp was 30 after cooking and less than 1 after the bleaching 

stages, while the final ISO brightness was 88%. The average length-weighted 

length and width of the fibres and the fines content of the pulp were 1.98 mm, 

30.3 µm and 3.0%, respectively. 

All the chemicals for the chemical modifications (periodate-chlorite and 

TEMPO oxidations) and in the analyses (conductometric titration and 

transmission electron microscope (TEM) imaging) (Table 2) were used without 

any further purification. Deionized water was used throughout the experiments. 
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Table 2. Chemicals used in the chemical modifications and analyses. 

Chemical Formula Supplier Purity 

Periodate oxidation 

sodium metaperiodate NaIO4 Sigma-Aldrich (India) p.a. grade 

Chlorite oxidation 

sodium chlorite NaClO2 Sigma-Aldrich (GER) p.a. grade 

acetic acid CH3COOH Merck (GER) p.a. grade 

TEMPO oxidation 

2,2,6,6-tetramethylpiperidine-1-oxyl radical C9H18NO TCI (Japan) p.a. grade 

sodium hypochlorite NaClO FF-Chemicals (FIN) p.a. grade 

sodium bromide NaBr Sigma-Aldrich (GER) p.a. grade 

sodium hydroxide NaOH FF-Chemicals (FIN) p.a. grade 

Conductometric titration 

sodium chloride NaCl Merck (GER) p.a. grade 

sodium hydroxide NaOH FF-Chemicals (FIN) p.a. grade 

hydrochloric acid HCl Merck (GER) p.a. grade 

TEM imaging 

uranyl acetate UO2(CH3COO)2·2H2O Polysciences (USA) p.a. grade 

2.2 Mechanical modification of pulp fibres 

Mechanical modification was performed in order to examine how the changes in 

fibre structure brought about by compression and shearing forces affect the 

disintegration and microfibrillation of bleached never-dried softwood and 

hardwood fibres. 

The mechanical modification was performed using equipment of shear and 

compression (ESCO) before high-shear homogenization (Paper I). The ESCO 

consists of a cylindrical vessel with a diameter of 152 mm and two needle plates 

inside it, between which the pulp was placed. The upper plate was a piston plate 

moved by a pneumatic press, and the bottom plate was a rotor connected to the 

motor. The pulp inside the cylinder was heated with steam and the experiments 

were performed in this steam environment. The temperature inside the cylinder, 

the distance between the needle plates, the compressive pressure and the torque 

were recorded by computer during the experiments. The compression-shearing 

modifications were performed as follows (Fig. 6): 1) 220-250 g of pulp at a 

consistency of 30% ± 3% was placed in the cylinder, and the lower and upper 

sides of the cylinder were bolted into position. 2) The pulp was heated for 15 

minutes at a temperature of 105 ± 1 ºC using steam flowing through the pulp pad. 

A pressure-reducing valve was used to control the temperature. 3) The pulp was 
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compressed using the piston and a pneumatic press with a compression pressure 

of 2.0 ± 0.1 bars, and the upper and lower sides of the cylinder were connected 

for pressure balancing. 4) The compressed pulp was sheared by the continuously 

rotating bottom plate at a rotational speed of 34 rpm for different times. 5) After 

the experiment, the cylinder was opened and the mechanically modified pulp was 

collected for laboratory analysis and subsequent high-shear homogenization 

(section 2.5.1). 

Fig. 6. Operational principles of ESCO, adapted from Illikainen (2008) and Paper I. 

Published by permission of Springer. 

2.3 Chemical modifications of pulp fibres 

The chemical modifications were performed in order to address the effects of the 

increasing charge density and the changes in fibre structure on the 

microfibrillation of the fibres. Never-dried bleached hardwood kraft pulp was 

used as a raw material in periodate-chlorite and TEMPO oxidations before 

microfibrillation. 

2.3.1 Sequential periodate-chlorite oxidation 

Dicarboxyl groups were introduced into the cellulose pulp by first oxidizing the 

hydroxyl groups at positions 2 and 3 to produce aldehyde groups using NaIO4 and 

subsequently oxidizing the aldehyde groups to carboxyl groups using NaClO2 

(Fig. 7) (Liimatainen et al. 2012). Six levels of carboxyl content were obtained by 

altering the periodate oxidation reaction time (Sirviö et al. 2011b, Liimatainen et 
al. 2012). In brief, 18 g cellulose pulp samples were allowed to react with 14.76 g 

NaIO4 in deionized water (a total volume of 1800 ml) at 55ºC for 15 – 180 min. 

The resulting dialdehyde celluloses (DACs) were filtered and washed, and a 13.5 

g sample was further treated with 0.2 M NaClO2 in a 1 M aqueous solution of 

CH3COOH for 48 hours at room temperature (Paper II). The dicarboxyl cellulose 
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(DCC) was washed with deionized water and filtered until the conductance of the 

filtrate was less than 10 µC/cm. The carboxyl content of the oxidized samples was 

determined from conductometric titrations performed in duplicate using a 

procedure described by Araki et al. (2001) and Katz et al. (1984). The oxidation 

conditions and the charge densities obtained are summarized in Table 3. 

Fig. 7. Periodate-chlorite oxidation of cellulose. 

2.3.2 TEMPO-mediated oxidation 

Carboxyl groups were introduced into to the cellulose pulp by oxidizing the 

hydroxyl groups at position C6 using TEMPO-mediated oxidation under alkaline 

conditions (Fig. 8) (Saito et al. 2006, Saito et al. 2007). A 50 g cellulose pulp 

sample was diluted to 1% consistency and 0.1 mmol/g of TEMPO and 1 mmol/g 

of NaBr were added. The reaction was started by adding 10% NaClO solution and 

adjusting the pH to 10-10.5, which was maintained with 0.5 M NaOH throughout 

the oxidation. Six levels of carboxyl content were obtained by altering the amount 

of NaClO solution used between 0.5 and 10.0 mmol/g (Paper III). The oxidized 

sample was washed with deionized water until the conductance of the filtrate was 

below 10 µC/cm. Conductometric titrations were used to determine the amounts 

of carboxyl groups as presented in section 2.3.1. The oxidation conditions and the 

charge densities obtained are summarized in Table 3. 
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Fig. 8. TEMPO-mediated oxidation of cellulose under alkaline conditions. 

2.4 Thermal modifications 

The thermal modifications were performed to examine the role of fibre 

hornification phenomena in the disintegration of oxidized fibres to microfibrils. 

Never-dried bleached hardwood kraft pulp was used as raw material in these 

experiments. 

2.4.1 Drying followed by oxidation 

The pulp was dried in an oven at 180°C for 6 hours to a dry matter content of 

97.4% to produce a hornified sample. This sample was oxidized to six levels 

using TEMPO-mediated oxidation under alkaline conditions, as described in 

section 2.3.2. The resulting samples are referred to as D TEMPO I-VI, indicating 

that the drying was carried out before the TEMPO oxidation (Paper III). 

Conductometric titrations were used to determine the amounts of carboxyl 

groups, as presented in section 2.3.1. The oxidation conditions and charge 

densities obtained are summarized in Table 3. 
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2.4.2 Oxidation followed by drying  

The pulp was oxidized to three levels using TEMPO-mediated oxidation under 

alkaline conditions, as described in section 2.3.2. The NaClO dosages used in this 

case were 0.8, 1.2 and 9.0 mmol/g. Conductometric titrations were performed to 

determine the amounts of carboxyl groups as presented in section 2.3.1. The 

resulting samples are referred to as TEMPO D I-III, indicating that the thermal 

drying was carried out after the TEMPO oxidation (Paper IV). The oxidation 

conditions and charge densities obtained are summarized in Table 3. The oxidized 

celluloses and an unmodified reference pulp sample were dried in an oven to 

solids contents of 50%, 70% (at 65 °C) and 93% (at 28 °C). The solids content of 

the pulp samples were monitored by weighing during the drying. 

2.5 Microfibrillation of the modified fibres 

Two mechanical devices using different consistencies of the samples during 

operation were used for the disintegration of the variously modified fibre samples. 

Mechanically (section 2.2), chemically (section 2.3) and thermally (section 2.4.1) 

modified samples underwent disintegration in a high-shear homogenizer at a low 

consistency, while the high-consistency disintegration of dried samples (oxidation 

followed by drying, section 2.4.2) was performed using an oscillatory ball mill. 

The raw materials, modifications and microfibrillation methods used are 

summarized in Fig. 9. 

Fig. 9. Scheme of the raw materials, modifications and microfibrillation methods used. 

Softwood pulp

Mechanical modification

Hardwood pulp

High-shear homogenizer Oscillatory ball mill

Chemical modification Thermal modification



47 

2.5.1 High-shear homogenizer 

Microfibrillation of the mechanically modified (Paper I, SW ESCO 0-III and HW 

ESCO 0-III), chemically modified (Papers II and III, DCC I-VI and TEMPO I-

VI) and thermally modified (Paper III, D TEMPO I-VI) fibres was conducted 

using a laboratory-scale high-shear homogenizer (Haarla Corporation, Finland, 

Fig. 10). The set-up and operating conditions were chosen so as to ensure that the 

fibres disintegrated slowly enough to allow the disintegration process to be 

followed. When operating the device, the pulp was placed in a container, fed into 

the centre of the stator and rotor segment rings (Fig. 10) and circulated back into 

the container, the diameter of the feeding pipe being 1.4 cm throughout. The 

stator and rotor (of diameter 5.3 cm) form a series of concentric rings with slots 

through which the sample was allowed to flow, the gap between the stator and 

rotor being a few hundred micrometres. Samples were taken for analysis (flow 

fractionation and imaging, viscosity and transmittance measurements) during and 

after the disintegration. 

In the disintegration of the mechanically modified samples (SW and HW 

ESCO 0-III) 6.0 dm3 of the sample was circulated through the homogenizer at a 

consistency of 0.5% for eight hours using a rotational speed of 18 000 rpm at 

room temperature (Paper I). 

In the disintegration of the chemically and thermally modified samples (DCC 

I-VI, TEMPO I-VI, D TEMPO I-VI) 1.7 dm3 of the sample was circulated 

through the homogenizer at a low consistency of 0.5% for 60 min using a 

rotational speed of 18 000 rpm (Papers II and III). 

Fig. 10. Image of the stator and rotor rings used in the high-shear homogenizer (left 

side) and schematic illustration of the oscillatory ball mill (right side). A high-shear 

homogenizer was used for the microfibrillation of the mechanically (ESCO 0-III), 

chemically (DCC I-VI, TEMPO I-VI) and thermally modified (D TEMPO I-VI) samples, 

and an oscillatory ball mill was used for the thermally dried samples (TEMPO D I-III).  
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2.5.2 Oscillatory ball mill 

Microfibrillation of the thermally dried samples (Paper IV, TEMPO D I-III) was 

conducted using a laboratory-scale single ball oscillatory ball mill (CryoMill, 

Retsch, Germany, Fig. 10), the operating principle of which is described in more 

detail elsewhere (Karinkanta et al. 2013). 1 g (dry weight) of dried cellulose 

sample (dried to solids contents of 50%, 70% and 93% as described in section 

2.4.2) was ground under ambient conditions using a steel ball of diameter 25 mm 

having an oscillation frequency of 25 Hz. Grinding times of 1, 3, 5, 7, 10, 20 and 

30 minutes were used. The ground celluloses were dispersed in deionized water 

using the Sokalan CP 5 dispersing agent (BASF, Germany; 2% of total volume) 

and mild ultrasonic bath treatment for 2 min for the flow fractionator analysis and 

imaging. 

A summary of the variously modified samples, charge densities and 

microfibrillation methods used is provided in Table 3. 
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Table 3. Oxidized samples, their anionic charges and the microfibrillation method 

used. 

Sample modification time in ESCO [min]1 

oxidation time in 1st reaction [min]2 

amount of NaClO [mmol/g] added3 

anionic charge [mmol/g] microfibrillation 

Mechanically modified samples (Paper I)1 

SW / HW ESCO 0 0 SW n.d. / HW 0.08 homogenization 

SW / HW ESCO I SW 1 / HW 3 SW n.d. / HW 0.08 homogenization 

SW / HW ESCO II 10 SW n.d. / HW 0.08 homogenization 

SW / HW ESCO III 17 SW n.d. / HW 0.08 homogenization 

Chemically modified samples; periodate-chlorite oxidation (Paper II)2 

DCC I 15 0.5 homogenization 

DCC II 30 0.6 homogenization 

DCC III 60 0.8 homogenization 

DCC IV 120 1.2 homogenization 

DCC V 150 1.5 homogenization 

DCC VI 180 1.8 homogenization 

Chemically modified samples; TEMPO oxidation (Paper III)3 

TEMPO I 0.5 0.2 homogenization 

TEMPO II 0.8 0.3 homogenization 

TEMPO III 1.2 0.5 homogenization 

TEMPO IV 1.5 0.7 homogenization 

TEMPO V 4.0 1.1 homogenization 

TEMPO VI 10.0 1.5 homogenization 

Thermally modified samples; drying followed by oxidation (Paper III)3 

D TEMPO I 0.5 0.1 homogenization 

D TEMPO II 0.8 0.2 homogenization 

D TEMPO III 1.2 0.3 homogenization 

D TEMPO IV 1.5 0.4 homogenization 

D TEMPO V 4.0 0.8 homogenization 

D TEMPO VI 10.0 1.3 homogenization 

Thermally modified samples; oxidation followed by drying (Paper IV)3 

TEMPO D I  0.8 0.3 grinding 

TEMPO D II 1.2 0.5 grinding 

TEMPO D III 9.0 1.1 grinding 
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2.6 Analysis of the samples 

2.6.1 Visual appearance and size 

The physical properties of the unmodified fibres used as raw materials and the 

mechanically modified samples were measured with a Kajaani FiberLab (Metso 

Automation, Finland) fibre morphology analyser from samples taken before and 

during the homogenization. In this method, particles analysed as fibres are 

defined as ones having their longer dimension greater than 200 µm. The 

properties measured included fibre length, fibre width, curl index, amount of 

kinks and fines content. The camera resolution in the length and width 

measurements was 10 µm and 1.5 µm, respectively. The results shown in this 

thesis are length-weighted averages of the measured values. 

A flow fractionation method based on the chromatographic principle with 

water acting as the mobile phase (Laitinen 2011) was used to monitor the size and 

morphology of the mechanically, chemically and thermally modified pulp 

samples. Samples for analysis were taken before and during the microfibrillation 

treatments. In this method a sample is fractionated at a low consistency with 

deionized water in a long plastic tube to separate the particles according to their 

size. These particles can then be divided into a maximum of four size categories 

and collected at the end of the tube, the dimensions of the particles being largest 

in the first fraction (FR 1), second largest in the second fraction (FR 2) and so on, 

the smallest particles being in the fraction with the highest ordinal number. The 

longest dimension of the particle has the most significant effect on fractionation 

(Laitinen 2011). Images of the particles flowing in the water at the end of the 

fractionation tube were captured with a charge-coupled device (CCD) camera and 

an image analysis program (Metso IMG software) was used to analyse their size 

and morphology. Two flow fractionator devices with different tube dimensions 

were used during the research, the larger one when studying the microfibrillation 

of the mechanically modified fibres and the smaller one that of the chemically 

and thermally modified fibres and for visualization of the samples taken during 

the microfibrillation of the mechanically modified fibres. The specific parameters 

used in these two fractionators are summarized in Table 4.  

The samples taken from the mechanically modified pulps before and during 

the homogenization treatment were divided into four size fractions using the 

larger fractionator, the fraction limits being optimized to represent the Bauer 

McNett Tyler series R14, R28, R48 and R200+P200 fibre fractions for the 
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softwood pulp and R28, R48, R100 and R200+P200 for the hardwood pulp. The 

fraction limits for the softwood and hardwood samples were obtained from a 

standard SCAN-CM 6:05. 

The samples taken from the chemically and thermally modified pulps before 

and during the homogenization and grinding treatments were divided into three 

size fractions using the smaller fractionator. The size fractions obtained included 

particles with following characteristics. FR 1 (the large particle fraction) 

contained intact and swollen fibres, parts of fibres and ragged fibres, their longest 

dimension typically being greater than 100 µm (Haapala et al. 2013, Laitinen & 

Niinimäki 2014) and their aspect ratio (AR) high. FR 2 (the medium-sized 

particle fraction) contained mainly microfibrils, bunches of these and small flake-

like particles, the longest dimension for high AR particles typically being some 

tens of micrometres and the diameter for flake-like particles around 20 µm. FR 3 

(the small particle fraction) contained mainly short microfibrils and bunches of 

these. The amount of material in these three size categories was determined by 

filtering the fractionated samples through a membrane of pore size 0.2 µm 

(Whatman, UK), followed by weighing with an analytical balance. An image 

analysis program was used to determine the amounts of roundish particles in the 

ground samples. For this purpose, the longest and shortest dimensions of the 

particles in classes FR 1 and FR 2 were measured and the aspect ratio (longest 

dimension / shortest dimension) calculated. Roundish particles were assigned an 

AR of < 2. 

Table 4. Operational parameters for the large and small flow fractionators. 

sample large fractionator small fractionator 

sample volume [ml] 50 5 

sample consistency [%] SW: 0.05 / HW: 0.3 0.1 

flow rate [ml/s] 92.5 7.7 

tube diameter [mm] 16 4 

CCD camera resolution [µm] 6.4 1.6 

Images used - FR 1 - FR 2 

fractionation time FR 1 [s] SW: 173-188 / HW: 173-185 57-70 

fractionation time FR 2 [s] SW: 188-193 / HW: 185-198 70-88 

fractionation time FR 3 [s] SW: 193-202 / HW: 198-204 88-100 

fractionation time FR 4 [s] SW: 202-227 / HW: 204-227 - 

Field-emission scanning electron microscopy (FESEM, Zeiss Ultra Plus and Zeiss 

Sigma HD VP, Germany) was used to visualize the samples. The fibre fractions 
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(FR 1 and FR 2) of the mechanically modified samples were visualized after 

ESCO modification and whole samples without fractionation after the high-shear 

homogenization treatment. Fractions 1-3 (FR 1-FR 3) of the chemically modified 

samples were visualized after homogenization while the whole samples were 

analysed after thermal drying and grinding. The FESEM specimens were 

prepared by filtering the sample on a membrane and rapidly freezing it with liquid 

nitrogen, followed by freeze-drying in a vacuum overnight and sputter-coating 

with platinum. A voltage of 5 or 10 kV and a working distance of approximately 5 

mm were used.  

A Tecnai G2 Spirit transmission electron microscope (TEM, FEI Europe, 

Eindhoven, Netherlands) was used to visualize the smallest particles in the 

thermally dried samples after grinding. The TEM samples were prepared by 

dosing a small droplet of sample suspension on top of a carbon-coated, glow-

discharged copper grid. Uranyl acetate (2%) was used for negative staining of the 

samples. The images were captured with a Quemesa CCD camera and the iTEM 

image analysis software (Olympus Soft Imaging Solutions GMBH, Munster, 

Germany) was used to visualize the microfibrils and to identify cellulose 

nanocrystals.  

2.6.2 Structural characteristics 

The pore size distributions of the thermally modified samples before and after 

TEMPO oxidation (section 2.4.1) were measured using a Mettler 821 DSC 

thermoporosimeter (Switzerland). In this method the decrease in the melting 

temperature of the water inside the cell wall is used to calculate the PSD using the 

Gibbs-Thompson equation. An isothermal stepping method is then used to 

eliminate thermal lag and to determine precisely the amount of water melting at 

temperatures ranging from -15°C to -0.2°C. The PSD is then calculated from the 

temperature-melting enthalpy plot. Temperature calibration was performed using 

mercury and twice-distilled water, giving repeatability better than ± 0.02°C, while 

the enthalpy calibration, performed using twice-distilled water, had a precision of 

± 1%. The measured moisture content of 3-5 mg samples sealed in aluminium 

pans was 5 ml/g. The pore water also included a monolayer of water adsorbed 

onto the cellulose surface which did not freeze at all. This non-freezing water 

(NFW) was determined by subtracting the freezing water as calculated from the 

DSC enthalpy measurements from the total water in the sample, as determined 

gravimetrically. The PSD and NFW measurements were carried out in triplicate 
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and averaged. The sum of both the freezing and the non-freezing fractions is 

referred to as the micropore volume. For low-yield pulps water in the large pores 

may not display any anomalous thermodynamic behaviour. These macropores are 

essentially spaces between the microfibrils that have previously been filled with 

lignin and hemicelluloses before pulping (Maloney & Paulapuro 1999). The 

macropore volume was determined by subtracting the micropore volume (as 

described above) from the total pore volume (fibre swelling). In this case the total 

pore volume was determined from the water retention value obtained by 

centrifuging a water-saturated pulp pad at 1500 g for 15 minutes and then 

determining its moisture content (ISO 23714:2007). The centrifugal field was 

assumed to remove the water between the fibres but not within the cell wall. 

The low shear viscosity of the chemically modified samples (DCC I-VI and 

TEMPO I-VI) was monitored as a function of the high-shear homogenization 

time using a Brookfield DV-II+Pro EXTRA viscometer (USA) with a vane-

shaped spindle. The measurements were performed at a consistency of 0.3%, at a 

controlled temperature of 22ºC and rotational speeds of 10, 20, 50 and 100 rpm 

for 2 to 5 minutes (Sneck 2011). The viscosity values were averages calculated 

from 23 recorded values. 

The transmittances of the chemically (DCC I-VI and TEMPO I-VI) and 

thermally (D TEMPO I-VI) modified samples after high-shear homogenization 

were determined at a consistency of 0.1% using a Hach DR 2800 

spectrophotometer (USA). The transmittance values were measured in duplicate 

in a quartz cuvette between 340 and 800 nm, using a spectrum from water as a 

blank. The final transmittance values were averages of the two measurements. 
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3 Results and discussion 

The results presented and discussed in the following sections were originally 

published in Papers I-IV.  

3.1 Microfibrillation of the mechanically modified fibres 

The aim of this part of the research was to study how the changes in fibre 

morphology obtained using compression-shearing modification affect the 

microfibrillation of bleached never-dried softwood and hardwood fibres. The 

focus was especially on how loosening of the fibre structure and external 

fibrillation affect the microfibrillation of mechanically modified pulp. Most of the 

results in this part were originally published and discussed in Paper I.  

Since the results and discussion in Paper I were focused on how the softwood 

and hardwood fibres were modified under compression and shearing forces, some 

additional analyses were conducted for the purposes of this thesis to address more 

specifically the microfibrillation behaviour of modified fibres. 

3.1.1 Characterization of the mechanically modified fibres  

Bleached never-dried softwood and hardwood pulps were modified mechanically 

for times ranging from 1 to 17 minutes in the equipment of shear and 

compression (ESCO). Fibre length, width, curl index and the amount of kinks 

after modification were measured using a FiberLab fibre morphology analyser 

(Fig. 11). The fibres were shorter and thinner (Fig. 11a) after the compression and 

shearing forces had been applied and had become curlier and kinkier (Fig. 11b), 

as also seen in earlier studies (Hartler 1995, Sjöberg & Höglund 2007). Most of 

the fibre development had already occurred with short modification times in the 

ESCO. The change in length was similar for both softwood and hardwood pulps 

(Fig. 11a), the length of softwood and hardwood fibres decreased from 2.0 mm to 

1.5 mm and from 0.9 mm to 0.7 mm, respectively. This decrease was probably 

due to the fibres being folded and cut into shorter parts. As the measured fibre 

length is the length of the central line in each case, the increase in the curl index 

should not affect the fibre length values. The width decreases (Fig. 11a) observed 

in the softwood and hardwood pulps were approximately 7 µm and 3 µm, 

respectively, and were due to peeling of the fibre cell wall caused by shearing of 

the fibres against each other and due to collapse of fibre lumina. 
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Fig. 11. Trends in fibre properties as a function of modification time in ESCO. a) 

Decreases in fibre length and width in softwood and hardwood pulps, b) curl index 

and kinks in softwood and hardwood pulps. Modified from Paper I, published by 

permission of Springer. 

FESEM images of softwood and hardwood fibres are shown in Fig. 12 after short 

(Figs. 12a and 12b) and long (Figs. 12c and 12d) mechanical modification. Both 

the softwood and hardwood fibres were clearly twisted, curled and kinky, but the 

softwood fibres appeared to be more externally fibrillated and flattened than the 

hardwood fibres, and the fibre wall structure seemed highly disintegrated, 

although external fibrillation was also observed in the case of the hardwood 

fibres. The better fibrillation of the softwood fibres might have been due to being 

less stiff fibres than the hardwood fibres (Stelte & Sanadi 2009) and to the fact 

that the longer softwood fibres were more entangled, so that the tight fibre wall 

structure was broken more thoroughly during mechanical modification. The 

peeling of the primary fibre wall layer (P) resulted in external fibrillation of the 

secondary layer (S), as seen in the FESEM images. 
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Fig. 12. FESEM images of the fibre fractions after mechanical modification. a) 

Softwood fibres after 3 min modification, b) hardwood fibres after 3 min modification, 

c) softwood fibres after 17 min modification and d) hardwood fibres after 17 min 

modification. Modified from Paper I, published by permission of Springer. 

3.1.2 Microfibrillation after mechanical modification 

The high-shear homogenizer used to disintegrate the mechanically modified 

fibres resulted in their partial microfibrillation, as shown by FESEM imaging of 

the homogenized reference softwood and hardwood fibres and mechanically 

modified softwood fibres (Fig. 13, not included in Paper I).  
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Fig. 13. FESEM images of a) the reference softwood kraft pulp sample, b) an ESCO-

modified softwood kraft pulp sample, and c) the reference hardwood kraft pulp 

sample, after 8 hours of homogenization. 
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The reference softwood fibres first formed large bunches of ragged and highly 

fibrillated fibres (red rectangles in Fig. 14) with some short fibre parts visible 

(Fig. 14a) during homogenization, but these large bunches decreased in number 

as homogenization progressed and the smaller bunches of fibrillated structures 

(blue rectangles in Fig. 14) together with high aspect ratio particles (bunches of 

microfibrils, referred to here as macrofibrils, green rectangles in Fig. 14) 

increased (Figs. 14b and 14c), as shown in the images obtained from the flow 

fractionator (smaller size, camera resolution 1.6 µm). Some intact fibres were also 

seen in the samples after 45 minutes (Fig. 14a) and 3 hours (Fig. 14b) of 

homogenization.  
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Fig. 14. Reference softwood fibres during high-shear homogenization. The images are 

chosen to show particles of belonging to different size fractions in each sample. First 

column: largest particles, second column: medium-sized particles, third column: 

small particles. Scale bar is 200 µm. a) After 45 minutes of homogenization, b) after 3 

hours of homogenization, and c) after 6 hours of homogenization. The red rectangles 

show examples of large bunches of ragged, highly fibrillated fibres, the blue 

rectangles smaller bunches of fibrillated structures, and the green rectangles bunches 

of microfibrils (referred to here as macrofibrils). 

A similar trend in fibre structure was seen in the 5 minutes ESCO-modified fibres 

as in the reference fibres when processed in the high-shear homogenizer (Fig. 15), 

but the numbers of small macrofibril bunches and of individual macrofibrils were 

clearly higher than during the homogenization of the reference fibres, indicating 

better internal and external fibrillation than in the case of reference fibres, and 

thus better microfibrillation. This was due to breakage and peeling of the primary 
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cell walls, externally fibrillated fibres and the highly disintegrated fibre wall 

structure, as seen above (Figs. 11 and 12). 

Fig. 15. ESCO-modified softwood (5 minutes) at various stages during high-shear 

homogenization. The images are chosen to show particles of different size in each 

sample. First column: largest particles, second column: medium-sized particles, third 

column: small particles. Scale bar is 200 µm. a) After 45 minutes of homogenization, b) 

after 3 hours of homogenization, and c) after 6 hours of homogenization. 

Homogenization of the most mechanically modified softwood fibres (17 minutes 

in ESCO; Fig. 16) resulted in smaller bunches of ragged, highly fibrillated fibres 

at the beginning of the homogenization than in the two earlier ones. The number 

of these medium-sized macrofibril bunches was higher at the beginning of the 

homogenization, after which the intact fibres disappeared and large numbers of 

small macrofibril bunches and individual macrofibrils were found in the images. 

The numbers of small macrofibril bunches and of macrofibrils after 6 hours 
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homogenization seemed to be lower in the case of the most markedly modified 

fibres (Fig. 16c) than in the fibres modified for 5 minutes (Fig. 15c). 

Fig. 16. ESCO-modified softwood fibres (17 minutes) during high-shear 

homogenization. The images are chosen to show particles of different sizes in each 

sample. First column: largest particles, second column: medium-sized particles, third 

column: small particles. Scale bar is 200 µm. a) After 45 minutes of homogenization, b) 

after 3 hours of homogenization, and c) after 6 hours of homogenization.  

The results for the microfibrillated and mechanically modified softwood fibres 

indicated that the compression and shear forces applied in ESCO promoted 

microfibrillation. The better microfibrillation achieved in this case was probably 

due to the peeling of the outer cell wall layers seen during mechanical 

modification in ESCO, which enabled loosening of the cell wall structure through 

internal and external fibrillation (Hartman 1984, Hamad & Provan 1995, Hamad 

1998). This advantage gained from the shear and compression forces nevertheless 

diminished if the mechanical modification was prolonged. It is probable that the 
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high pressure and temperature during the compression-shearing modifications that 

took place in ESCO caused hornification of the fibres (Luo et al. 2011, Zhang et 
al. 2015), making them stiffer and causing them to disintegrate into larger 

particles. 

The properties of the reference hardwood fibres are illustrated in Fig. 17. At 

first small macrofibril bunches were formed, which then decreased in size during 

the homogenization, when large numbers of macrofibrils were formed. More 

ragged, highly fibrillated fibres were formed during the homogenization than in 

the case of the softwood fibres, and the numbers of small macrofibril bunches and 

individual macrofibrils were higher and the size distribution of the particles 

seemed to be narrower.  
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Fig. 17. Reference hardwood fibres during high-shear homogenization. The images 

are chosen to show particles of different sizes in each sample. First column: largest 

particles, second column: medium-sized particles, third column: small particles. Scale 

bar is 200 µm. a) After 45 minutes of homogenization, b) after 3 hours of 

homogenization, and c) after 6 hours of homogenization. 

The longest and shortest dimensions of the particles formed during high-shear 

homogenization are shown in Fig. 18. The longest and shortest dimensions of 

homogenized softwood particles were 0.3 - 0.5 mm and 22 - 25 µm, respectively 

and of homogenized hardwood particles 0.3 - 0.6 mm and 17 - 21 µm. This 

analysis was performed using a fibre morphology analyser that measures the 

dimensions of particles with a longest dimension greater than 200 µm, so that 

most of the macrofibrils seen in Fig. 17c, for instance, were not measured. Even 

though it was seen from the FESEM images (Fig. 13) and from the CCD camera 

images (Fig. 15) that moderate mechanical modification enhances the internal and 

external fibrillation of fibres in the homogenizer as well as their microfibrillation, 
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it seems that the largest changes in fibre dimensions in the homogenizer were 

achieved with the reference samples and the mechanically modified fibres 

disintegrated more slowly (Fig. 18). This phenomenon was probably due to fact 

that the mechanically modified fibres had already disintegrated during 

modification in ESCO and the changes in fibre dimensions obtained during 

homogenization were smaller than for the reference sample. In addition, the fines 

formed during the modification in ESCO or during homogenization were not 

detected in the fibre analysis, to that the dimensions measured reflect the fate of 

the residual, i.e. non-disintegrated, fibres. No clear trend was observed in the 

dimensions of the mechanically modified fibres during high-shear 

homogenization, except for the softwood fibres modified for 17 minutes (Figs. 

18a and 18c). In this case, it may be suggested that the hornification under the 

high temperature and pressure conditions during the mechanical modification 

caused the fibres to disintegrate into larger particles than in the case of the less 

ESCO-modified ones, leading to a larger measured particle size, as also supported 

by the visualization of the fibres. 
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Fig. 18. Trends in the longest and shortest dimensions of the mechanically modified 

samples as a function of the homogenization time. Decreases in the longest 

dimension of a) softwood and b) hardwood pulp particles. Decreases in the shortest 

dimension of c) softwood and d) hardwood pulp particles. Modified from Paper I, 

published by permission of Springer. 

The results suggest that the disintegration of fibres to form macrofibrils and 

eventually microfibrils was promoted if the fibre wall structure was loosened by 

compression and shearing modification on account of internal and external 

fibrillation. Prolonged mechanical modification nevertheless reduced the 

disintegration of fibres to form microfibrils, probably because of their 

hornification under conditions of high consistency, temperature and pressure. This 

hornification will have made the fibres stiffer (Welf et al. 2005, Hubbe et al. 
2007, Brancato 2008) and as a consequence they would have disintegrated to 

form larger particles to a lesser extent. Both the reference fibres and the 

mechanically modified ones burst and became highly fibrillated during high-shear 

homogenization, but it was microfibril bunches that were formed rather than 

individual microfibrils. 
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3.2 Microfibrillation of the chemically modified fibres 

The aim of this part of the research was to study and compare how the increasing 

charge density and changes in fibre morphology obtained using two selective 

oxidation methods affect the microfibrillation of bleached never-dried hardwood 

kraft fibres. These results were originally presented and discussed in Papers II and 

III. 

3.2.1 Characterization of the chemically modified fibres 

Sequential periodate-chlorite oxidation and TEMPO-mediated oxidation were 

used to obtain samples with variable anionic charge densities (DCC I-VI and 

TEMPO I-VI, Table 3). The carboxyl contents ranged from 0.5 to 1.8 mmol/g 

after sequential periodate-chlorite oxidation and from 0.2 to 1.5 mmol/g after 

TEMPO-mediated oxidation, as determined by conductometric titration. The 

examples of CCD camera images of fibres after both oxidation methods presented 

in Fig. 19 show the largest particles in the samples, i.e. FR 1 from the smaller 

flow fractionator. The fibres with a low carboxyl content (DCC I-III and TEMPO 

I-III) (Figs. 19a and 19d) were similar in appearance to those in the non-oxidized 

reference sample, whereas upon a further increase in the charge density the fibres 

started to swell and form balloon-like structures (Figs. 19b, 19c, 19e and 19f), as 

is typical of the dissolution of fibres after chemical treatments (Hock 1950, 

Cuissinat & Navard 2006, Saito et al. 2007, Le Moigne et al. 2010, Gehmayr et 
al. 2012, Sim et al. 2014). Although the charge density of the most markedly 

oxidized sample in the case of TEMPO-mediated oxidation was lower than in 

DCC (1.5 mmol/g and 1.8 mmol/g, respectively), the fibres were more swollen 

after TEMPO-mediated oxidation, possibly because this affects a higher number 

of glucose units than periodate-chlorite oxidation with the same charge density, 

since one glucose unit has one carboxyl group after TEMPO oxidation and two 

carboxyl groups after periodate-chlorite oxidation. This effect is likely to lead to a 

less localized charge density along one cellulose chain, and thus increased 

repulsion between the microfibrils. 
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Fig. 19. Flow fractionator images (FR 1) of periodate-chlorite and TEMPO-oxidized 

fibres. Scale bar is 200 µm. A periodate-chlorite oxidized sample with a charge density 

of a) 0.5 mmol/g, b) 1.5 mmol/g, and c) 1.8 mmol/g, and a TEMPO-oxidized sample with 

a charge density of d) 0.3 mmol/g, e) 1.1 mmol/g and f) 1.5 mmol/g. Modified from 

Papers II and III, published by permission of Springer. 

3.2.2 Microfibrillation after chemical modification 

The chemically modified samples DCC I-VI and TEMPO I-VI were reduced to 

microfibrils in the high-shear homogenizer for a maximum of one hour and the 

amount of material in the size fractions FR 1, FR 2 and FR 3 was assessed with a 

flow fractionator during the homogenization to compare the disintegration 

kinetics of the differently oxidized samples (Fig. 20). The amount of material in 

FR 1 decreased and the amount in FR 2 increased with time, while the amount in 

FR 3 remained small and quite unchanged throughout. The results showed that in 

all cases there are two sets of curves. The three least oxidized samples formed one 

set, with a slower rate of disintegration, and the three most oxidized ones another 

set, disintegrating at a significantly higher rate. Thus a significant increase in the 

disintegration of the fibres was observed after the anionic charge density had 

reached a certain threshold value (1.2 mmol/g for DCC and 0.7 mmol/g for 

TEMPO). An increasing disintegration rate with increasing charge density has 

also been seen in other studies (Saito et al. 2006, Tejado et al. 2012) and is most 

probably due to the increased repulsion between the microfibrils in the fibre cell 
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walls as a consequence of the increasing anionic charge and reduced hydrogen 

bonding between the microfibrils in the fibre cell wall (Saito et al. 2006, Besbes 

et al. 2011, Liimatainen et al. 2012). Homogenization of the TEMPO-oxidized 

samples with the three highest charge densities (0.7-1.5 mmol/g) had to be 

interrupted before one hour (Figs. 20b and 20d) due to the formation of a highly 

viscous suspension that could no longer be fed through the high-shear 

homogenizer, suggesting the formation of a highly disintegrated microfibril 

suspension (Besbes et al. 2011, Liimatainen et al. 2012). The maximum 

homogenization times for these samples were 7 min for the TEMPO IV sample, 

1.5 min for TEMPO V and 0.5 min for TEMPO VI. The two least oxidized DCC 

samples (0.5 and 0.6 mmol/g) and TEMPO-oxidized samples (0.2 and 0.3 

mmol/g) disintegrated at similar rates, but the rest of the TEMPO-oxidized 

samples disintegrated notably faster than the correspondingly oxidized DCC 

samples. The faster disintegration of the TEMPO-oxidized samples is probably 

due to a higher degree of swelling of the fibres, as seen in Fig. 19. Moreover, the 

opening of the anhydroglucose ring and a higher reduction in intramolecular 

hydrogen bonding in the case of the DCC fibres may also have affected the 

disintegration kinetics of the fibres. 
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Fig. 20. Mass proportions of the DCC and TEMPO-oxidized sample fractions as a 

function of homogenization time. a) Fraction 1 DCC, b) Fraction 1 TEMPO, c) Fraction 

2 DCC and d) Fraction 2 TEMPO. Modified from Papers II and III, published by 

permission of Springer. 

A flow fractionator was used also to visualize the separated particles at the end of 

the fractionation tube (Figs. 21 and 22), as the CCD camera images showed how 

the fibres disintegrated during homogenization. Those with the three lowest 

charge densities clearly disintegrated in a different manner from the three most 

oxidized ones, in the case of both the DCC (Fig. 21) and TEMPO (Fig. 22) 

oxidized samples. The oxidized samples with a low charge density (DCC I-III and 

TEMPO I-III) disintegrated by forming ragged fibre fragments and microfibril 

bunches via bursting of the fibre walls, the size of the fragments as seen in the 

images decreasing with increasing charge density in the fibres. On the other hand, 

the oxidized fibres with a higher charge density (DCC IV-VI and TEMPO IV-VI) 

disintegrated by swelling and forming balloon structures that eventually 

disintegrated to leave small particles that were barely visible with the CCD 
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camera. Ballooning has been seen earlier in the microfibrillation of cellulose pulp 

in a high-speed blender even without any chemical pre-treatment (Uetani & Yano 

2011), but here no ballooning was observed at the lower charge densities (DCC I-

III and TEMPO I-III). These results suggest that, apart from the tendency for 

disintegration, a change in the disintegration mechanism could also be observed 

after a certain threshold value of approximately 1.2 mmol/g for the carboxyl 

content after periodate-chlorite oxidation and 0.7 mmol/g after TEMPO 

oxidation. 

Fig. 21. Images from the tube flow fractionator for DCC samples of various charge 

densities (mmol/) after different homogenization times (min). Scale bar is 200 µm. 

Modified from Paper II, published by permission of Springer.  
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Fig. 22. Images from the tube flow fractionator for TEMPO-oxidized samples with 

variable charge densities (mmol/g) at different homogenization times (min). Scale bar 

is 200 µm. Modified from Paper III, published by permission of Springer.  

FESEM was used to detect and visualize the smallest particles in the oxidized 

samples during homogenization (Fig. 23), the images of the DCC samples being 

taken after fractionation, whereas the images of the TEMPO material were taken 

using whole samples, without fractionation. All the samples included some 

microfibrils, but the amount of microfibrillated material increased with increasing 

charge density and increasing homogenization time. As already mentioned, 

microfibrillation was enhanced as a function of charge density, probably due to 

increased repulsion and a decrease in the numbers of hydrogen bonds between the 

microfibrils (Saito et al. 2006, Besbes et al. 2011, Liimatainen et al. 2012). No 

clear differences between the DCC and TEMPO samples could be seen based on 

the FESEM images. 
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Fig. 23. FESEM images of chemically modified (oxidized) samples after 

homogenization. a) – c) DCC samples of different charge densities (mmol/g) after the 

given homogenization times (min). d) - f) TEMPO samples of different charge densities 

(mmol/g) after the given homogenization times (min). Modified from Papers II and III, 

published by permission of Springer. 

The rotational viscosity values measured from the oxidized and disintegrated 

samples are shown in Fig. 24. Here again, two different behaviour patterns can be 

observed in both the DCC and TEMPO-oxidized samples based on the trends in 

their viscosity values. The three least oxidized samples in both cases, DCC and 

TEMPO, had very low viscosity values that could not be measured reliably, or 

else they remained almost constant during homogenization. The three most 

markedly oxidized samples had some higher viscosity values after 

homogenization times of 10 and 15 minutes in the case of DCC, but these 

decreased below the measurement range of the device as homogenization 

continued, while in the case of the TEMPO IV-VI samples the viscosity values 

increased rapidly during homogenization, as had already been observed when 

conducting the actual homogenization experiments. The viscosity values reflect 

the strength of the microfibril network formed by mechanical entanglements, 

hydrogen bonds and van der Waals interactions (Lasseuguette et al. 2008, Besbes 

et al. 2011, Iotti et al. 2011), so that a decrease in microfibril length will reduce 

the measured low shear viscosity values. The viscosity values suggest that a 

homogenous suspension of microfibrils was obtained at least from the TEMPO 

IV-VI samples (Fig. 24b) in the high-shear homogenizer and that the viscosity 
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values were comparable to those measured by other researchers in chemi-

mechanically prepared micro- and nanofibril suspensions (Lasseuguette et al. 
2008, Sneck 2011, Liimatainen et al. 2012). 

Fig. 24. Viscosity of differently oxidized samples as a function of homogenization 

time. a) DCC samples and b) TEMPO samples. Modified from Papers II and III, 

published by permission of Springer. 

The transmittance values measured from the chemically modified samples after 

homogenization (one hour, and less for the TEMPO IV-VI samples) increased 

with increasing charge density (Fig. 25), as might be expected  on the basis of 

earlier results (Saito et al. 2007, Besbes et al. 2011, Liimatainen et al. 2012). The 

values measured from the TEMPO-oxidized sample with the highest charge 

density are high and comparable to transmittance values measured by other 

researchers in micro- and nanofibril suspensions prepared by TEMPO oxidation 

(Saito et al. 2006, Besbes et al. 2011). The mechanical equipment used in the 

other studies would seem, however, to have been more efficient for 

nanofibrillation, since higher transmittance values were reported at the same 

charge densities. The transmittances obtained for the DCC samples were also 

somewhat higher when a high-pressure homogenizer was used (Liimatainen et al. 
2012). The TEMPO-oxidized samples seemed to contain less large particles than 

the DCC samples with same charge density, since higher transmittance values 

were obtained, and the swelling and loosening of the fibre wall structure at 

highest charge densities also increased the measured transmittance values. 
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Fig. 25. Transmittance of chemically modified (oxidized) samples after 

homogenization treatment: a) DCC samples (all samples with 60 min homogenization) 

and b) TEMPO samples (0.2-0.5 mmol/g samples 60 min homogenization, 0.7 mmol/g 

sample 7 min, 1.1 mmol/g sample 1.5 min and 1.5 mmol/g sample 0.5 min). Modified 

from Papers II and III, published by permission of Springer. 

Charge densities of 0.8 -1.2 mmol/g for periodate-chlorite oxidized fibres (DCC) 

and 0.5-0.7 mmol/g for TEMPO-oxidized fibres reduced hydrogen bonding and 

increased repulsion between the microfibrils as well as increased swelling of the 

fibre wall sufficiently for the chemically modified fibres to be efficiently 

microfibrillated instead of disintegrating into ragged, highly fibrillated fibre 

fragments. The higher degree of swelling of TEMPO-oxidized fibres than of 

periodate-chlorite oxidized fibres, obtained by breaking the intermolecular 

hydrogen bonds and affecting a higher number of AGUs with the same charge 

density, seems to be one potential reason for the difference in disintegration 

behaviour between these selectively oxidized fibres. Another reason for the higher 

charge threshold of microfibrillation in the DCC samples might be the opening of 

the anhydroglucose rings as a consequence of periodate oxidation, which is 

thought to make the microfibrils more ductile (Larsson et al. 2014b).  

3.3 Microfibrillation of the thermally modified fibres 

The aim of this part of the research was to study how the changes in fibre 

morphology obtained during fibre drying, i.e. cellulose hornification, affect 

TEMPO oxidation and thereby the microfibrillation of bleached hardwood fibres. 

The hornification behaviour of TEMPO-pre-oxidized hardwood cellulose and its 

disintegration to form microfibrils were also examined. The results cited here 

were originally presented and discussed in Papers III and IV. 
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3.3.1 Characterization of the thermally modified fibres 

Drying followed by oxidation 

The bleached hardwood kraft pulp was dried to a solids content of approximately 

97% in an oven and TEMPO oxidation was used to obtain oxidized samples of 

various charge densities (D TEMPO I-VI, Table 3). Pore volume and hydrated 

surface area were measured after oxidation of the dried pulp to study the 

hornification of the fibres during drying, and to assess its effect on TEMPO 

oxidation. Both the macropores and micropores had collapsed during the thermal 

modification (Fig. 26a), and the hydrated surface area had decreased from about 

1060 to 770 m2/g (Fig. 26b). These results show that the water-cellulose hydrogen 

bonds had been replaced with intermolecular and intramolecular cellulose 

hydrogen bonds, which had reduced the swelling of the cellulose. The degree of 

hornification was therefore noted to be high, in response to the high drying 

temperature. Under less severe drying conditions only a collapse of the larger 

pores in the fibre cell walls has been observed (Maloney et al. 1997, Maloney & 

Paulapuro 1999, Topgaard & Söderman 2002). The increase in charge density 

obtained by TEMPO oxidation of dried pulp increased the micropore and 

macropore volumes as well the hydrated surface area beyond a charge density 

threshold of 0.8 mmol/g. Even pore volumes exceeding those for the initial never-

dried pulp were obtained, suggesting that the oxidation was capable of reversing 

hornification and any further swelling of the fibres. The swelling in the 0.4 

mmol/g samples was 1.56 ml/g, which was about equal to that in the never-dried 

sample (WRV 1.59 ml/g). At this swelling level the micropore volume of the 0.4 

mmol/g sample was 1.18 ml/g, whereas for the never-dried samples it was 0.92 

ml/g. According to this, the internal pore structure was not returned to its original 

state for the 0.4 mmol/g sample, even though the swelling had already been 

restored. 
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Fig. 26. a) Pore volume of fibres as a function of carboxyl content, b) hydrated surface 

area as a function of carboxyl content. Paper III, published by permission of Springer. 

Images from the flow fractionator showing the visual appearance of the thermally 

dried oxidized samples (D TEMPO I-VI, Fig. 27) pointed to pore closure and a 

loss in hydrated surface area that made the fibres curly and kinked, as seen in the 

images of 0.1-0.3 mmol/g samples. The fibres with a carboxyl content of 0.4 

mmol/g seemed to be similar in appearance to the never-dried reference fibres: 

the kinks were unfolded and the fibres were straightened. This is consistent with 

the total pore volume and hydrated surface area results (Fig. 26). Increasing the 

charge density to 0.8 mmol/g made the fibres swell, and the pore volume results 

(WRV, Fig. 26a) also indicated swelling of the fibres at this charge density. A 

further increase in the charge density up to 1.3 mmol/g made the fibres highly 

swollen and thus quite transparent, also indicating a reversal of hornification. 
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Fig. 27.  Flow fractionator images of the thermally dried pulp (97%) after TEMPO 

oxidation (mmol/g). Scale bar is 200 µm. Modified from Paper III, published by 

permission of Springer.  

Oxidation followed by drying 

Never-dried hardwood kraft pulp was oxidized to three carboxyl contents 

(TEMPO D I-III, Table 3) and the oxidized samples dried to three solids content 

levels (50 – 93%) in an oven. The dried samples with charge densities of 0.3 

mmol/g and 0.5 mmol/g and the unmodified reference pulp maintained their 

visual appearance after drying, but the 1.1 mmol/g sample turned slightly yellow 

and became harder (Figs. 33a-d). This yellowing might be due to the residual 

aldehydes in the cellulose after TEMPO oxidation under alkaline conditions 

(Mishra et al. 2012, Mosca Conte et al. 2012). After thermal drying, parts of the 

samples were dispersed in water in order to visualize the fibres with a flow 

fractionator (Fig. 28). The samples with the same charge density were similar in 

appearance after dispersal in water, despite the solids content after drying. This 

suggests that oxidation as a modification prevented excessive hornification of the 

fibres during drying, even at a charge density of only 0.3 mmol/g, since the 

extremely hornified fibres were kinky and curly in appearance (Figs. 27a-c), 

which was not seen in this case. Also, the less aggressive drying conditions used 
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in this experiment might have been responsible for the less hornified fibres, since 

only the larger pores collapsed during drying at lower temperatures (Maloney & 

Paulapuro 1999). It was only to be expected, however, that the fibres dried to a 

solids content of 93% would be different in appearance from those with 50% and 

70% solids after being dispersed in water, since the free water that is still present 

in the micropores at a 50% solids content is removed when the content is 

increased beyond 70%, as this means that water is removed from the larger pores 

(Topgaard & Söderman 2002), leaving only some water in the smallest pores with 

the highest solids content and thereby causing the micropores to collapse at least 

at the lowest charge densities. An increase in the anionic charge density made the 

fibres more swollen in appearance, and some balloon structures were formed 

(Figs. 28g-i) due to increased repulsion between the microfibrils. 

Fig. 28. Flow fractionator images of oxidized samples (mmol/g) after drying to various 

solids content levels (%) and redispersal in water. Scale bar is 200 µm. Modified from 

Paper IV, published by permission of De Gruyter. 
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3.3.2 Microfibrillation after thermal modifications 

High-shear homogenization of dried and TEMPO-oxidized fibres 

The samples D TEMPO I-VI were disintegrated in the high-shear homogenizer 

for a maximum of one hour after TEMPO oxidation of the dried pulp and trends 

in the size and disintegration kinetics of the fibres during homogenization were 

monitored with a flow fractionator. As seen in Fig. 29, the amounts of FR 1 in the 

three least oxidized samples (0.1-0.3 mmol/g) decreased slightly, while the 

amounts of FR 2 correspondingly increased, with no notable differences 

appearing between these hornified samples. The amounts of particles in FR 1 

decreased at a higher rate in the 0.8 mmol/g sample, while disintegration was 

notably faster in the most markedly oxidized sample (1.3 mmol/g), so that only 

0.5 minutes of homogenization was possible before the procedure had to be 

interrupted on account of the increased viscosity of the suspension. Thus an 

increase in the disintegration kinetics of the dried and oxidized fibres was seen 

with increasing charge density after TEMPO oxidation as long as both micropores 

and macropores were reopened and the fibres were allowed to swell after the 

reversal of hornification. A similar trend in disintegration kinetics was observed at 

a similar charge density in the case of non-hornified TEMPO-oxidized samples 

(Figs. 20b and 20d), suggesting that the fibres had totally recovered from thermal 

drying by the harsh TEMPO oxidation method. 

Fig. 29. Amounts of a) fraction 1 (FR 1) and b) fraction 2 (FR 2) in dried and TEMPO-

oxidized fibres as a function of homogenization time. Modified from Paper III, 

published by permission of Springer. 
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Images from the flow fractionator were used to visualize the disintegration of the 

hornified and oxidized samples (Fig. 30). The hornified kinky and curly fibres 

(0.1-0.3 mmol/g) disintegrated by dividing into smaller fibre parts and fragments. 

The 0.4 mmol/g sample fibres in which swelling and micropore volume were 

reversed also disintegrated by division, but additional thinner particles were also 

formed (Fig. 30c). The images of the fibres in which hornification was reversed 

and the fibres underwent further swelling showed the formation of cut fibres and 

fibre parts, which decreased in number with prolonged homogenization (Figs. 

30d-f). The decrease in the numbers of particles seen in the CCD camera images 

suggested the formation of small particles that could not be detected by the 

camera. Even through hornification was reversed, the thermal modification had 

left its mark on the fibre structure and on the fibre disintegration mechanism, 

since particles that were seen were quite different from those present in the 

disintegration of non-hornified TEMPO-oxidized samples (Fig. 22). 

Fig. 30.  Images of homogenized samples after thermal modification and oxidation. 

Scale bar is 200 µm. Modified from Paper III, published by permission of Springer. 

FESEM was used to visualize the size fractions in the samples obtained with flow 

fractionation after homogenization of the dried and TEMPO-oxidized samples 

(Fig. 31). External fibrillation of the least oxidized sample was observed after 

homogenization (Fig. 31a), and cutting of the fibres with low charge densities 

(0.1 – 0.4 mmol/g) was also seen in the images. It may be suggested that the 

resulting fibre parts were cut from points where there were unfolded kinks, since 
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the formation of dislocations would have given rise to a weak structural point 

where the fibres could easily break (Hartler 1995, Joutsimo 2004). Successful 

microfibrillation of the thermally dried and oxidized samples was observed at the 

two highest charge densities (Figs. 31e-i), but no microfibrils were seen in the 

less oxidized samples. It may thus be concluded that microfibrillation of the 

hornified and TEMPO-oxidized fibres was possible after the reversal of 

hornification and further swelling of the fibres with a charge threshold of 0.8 

mmol/g.  

Fig. 31.  FESEM images of the size fractions of homogenized (min) samples after 

thermal drying (97%) and oxidation (mmol/g). Modified from Paper III, published by 

permission of Springer. 

The transmittance values of the thermally modified and oxidized samples 

measured after the homogenization treatment (Fig. 32) suggested that even 

though microfibrillation was achieved at the two highest charge densities, some 

larger particles were still present in the 0.8 mmol/g sample due to the quite low 

transmittance values measured. These larger particles, cut fibre parts and fibre 

fragments, were also seen in the FESEM and CCD camera images. The 
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transmittance values measured at 1.3 mmol/g are remarkably high and 

comparable to values measured in microfibrillated celluloses prepared from 

never-dried TEMPO and periodate-chlorite oxidized fibres after mechanical 

disintegration (Saito et al. 2006, Besbes et al. 2011, Liimatainen et al. 2012). The 

results suggested that effective microfibrillation had been achieved from hornified 

and TEMPO-oxidized fibres at a charge density of 1.3 mmol/g. This is clearly 

higher than the charge threshold for non-hornified TEMPO-oxidized fibres as 

seen in section 3.2.2. 

Fig. 32.  Transmittance of the thermally modified and oxidized samples after high-

shear homogenization. Modified from Paper III, published by permission of Springer. 

Grinding of TEMPO-oxidized and thermally modified fibres 

The TEMPO-oxidized samples were disintegrated in an oscillatory ball mill for 

30 minutes after drying to various solids content levels (TEMPO D I-III). The 

samples with the highest solids content (93%) were powder-like after grinding 

(Figs. 33g and 33i), whereas those with a lower solids content consisted of 

significantly larger particles (Figs. 33f and 33h). The yellowish appearance of the 

1.1 mmol/g samples disappeared during grinding, indicating removal of the 

residual aldehydes. This effect may have been due to the formation of 

mechanoradicals which were capable of oxidizing the residual aldehyde groups 

(Hon 1987, Kuzuya et al. 1999). The oxidized and dried samples were dispersed 

in water after grinding, whereupon the transmittances of the suspensions 

increased as a function of charge density (Figs. 33e and 33j), suggesting that the 

increase in the carboxyl content resulted in a smaller particle size. It is also 

possible that the particles with a higher charge density dispersed in a more 
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homogenous manner in water on account of the higher repulsion between the 

microfibrils in the fibre cell wall. 

Fig. 33.  Photographs of TEMPO-oxidized (mmol/g) and dried samples (%) before and 

after grinding (min) and after grinding and dispersion in water. Modified from Paper IV, 

published by permission of De Gruyter. 

The smaller flow fractionator was used to monitor the amounts of the size 

fractions FR 1 – FR 3 in the samples taken during grinding, and an image analysis 

program was used to determine the amounts of roundish particles in the samples, 

i.e. particles with an aspect ratio less than 2 (Fig. 34). Again the amounts of FR 1 

increased and those of FR 2 decreased with grinding time, while FR 3 remained 

constant for all the samples taken during grinding. The samples ground at a 50% 

solids content disintegrated into smaller particles than those ground at a higher 

solids content, since the amounts of FR 1 were smallest after disintegration at a 

50% solids content despite the carboxyl content. It was also apparent that the 

solids content during grinding had significant effect on the shape of the particles 

formed, since the samples ground at a lower solids content included more 

elongated particles than those ground at a higher solids content. A similar effect of 

moisture content on the AR of particles formed from wood powder in oscillatory 

ball milling has also been reported earlier (Karinkanta et al. 2012). Any increase 

in the charge density resulted in the formation of smaller particles (increasing 

amounts of FR 2), and elongated particles were formed rather than roundish ones 

at the highest charge densities. It may be suggested that the more severe 

hornification at higher solids content levels and lower charge densities led to the 
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formation of particles with a low AR. The free water present in the micropores at 

a 50% solids content and the high anionic charge density brought about by 

TEMPO oxidation prevented hornification of the fibres, which thus disintegrated 

faster and formed elongated particles. 
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Fig. 34. Amounts of FR 1 as a function of grinding time in differently oxidized fibres 

ground at various solids content levels. a) Reference pulp without oxidation, c) 0.3 

mmol/g, e) 0.5 mmol/g and f) 1.1 mmol/g. Percentage of roundish particles in FR 1 in 

differently oxidized fibres ground at various solids content levels. b) Reference pulp 

without oxidation, d) 0.3 mmol/g and f) 0.5 mmol/g. Modified from Paper IV, published 

by permission of De Gruyter. 
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CCD camera images of the flow fractionation showed that both the solids and 

carboxyl content significantly affected the size and shape of the resulting particles 

(Fig. 35), so that elongated particles were obtained using short grinding times at a 

solids content of 50% (Figs. 35d and 35g). The AR of the particles decreased with 

increasing solids content, and particularly the particles ground at a solids content 

of 93% (Figs. 35c, 35f, 35i and 35l) seemed thicker and darker than the initial 

fibres, suggesting that the particles had become densified during grinding in the 

oscillatory ball mill, a visual change that has also been observed in the oscillatory 

ball milling of dry wood powder (Karinkanta et al. 2014). An increase in the 

grinding time at a solids content of 50% (Figs. 35j and 35k) also led to the 

formation of some roundish particles, although these were much smaller in size 

than in the case of grinding at a solids content of 93%. Increasing the charge 

density resulted in the formation of thinner and more transparent particles. The 

CCD camera images showed that the fibres with the lowest solids content were 

externally fibrillated at low grinding times, while at higher solids content levels 

and low charge densities dark aggregates were formed during grinding and the 

fibres were cut into smaller parts. Images of the ground 1.1 mmol/g samples are 

not shown, since no particles were seen in them (despite their solids content in 

grinding), suggesting fast disintegration and the formation of small particles, too 

small and transparent to be detected with the camera used (resolution 1.6 µm). 
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Fig. 35.  Images of ground samples (min) of differing solids content (%) and varying 

anionic charge (mmol/g). Modified from Paper IV, published by permission of De 

Gruyter. 

FESEM and TEM were used to visualize the small particles in the samples 

ground at different solids content levels (Fig. 36). FESEM imaging showed that 

the samples with the lowest charge densities (non-oxidized and 0.3 mmol/g) 
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disintegrated mainly to cut fibre parts and fibre fragments (Fig. 36a) while those 

with the highest charge densities (0.5 and 1.1 mmol/g) formed highly 

microfibrillated networks after short grinding times (Figs. 36b and 36c), 

especially at a solids content of 50% or 70%. The sample with the highest charge 

density (1.1 mmol/g) consisted mainly of microfibrils, whereas the 0.5 mmol/g 

sample also included larger particles. TEM imaging (Figs. 36d-f) confirmed the 

formation of microfibrils in the 0.5 and 1.1 mmol/g samples ground at a solids 

content of 50% or 70%. Interestingly, cellulose nanocrystals were also observed 

in the 1.1 mmol/g sample ground at a 50% solids content in addition to 

microfibrils (Fig. 36e). Harsh pre-treatments or post-treatments have usually been 

required to obtain cellulose nanocrystals from TEMPO-oxidized fibres at a low 

consistency (Hirota et al. 2010, Qin et al. 2011, Cao et al. 2012). TEM was also 

used to visualize the dark aggregates seen in the samples ground at a high solids 

content and low charge density (Fig. 36f). These roundish particles seemed to 

have originated from highly curled microfibrils and probably consisted of  

amorphous cellulose, as a long period of grinding at a high solids content in a ball 

mill is able to break the intermolecular and intramolecular hydrogen bonds in 

cellulose (Ago et al. 2007, Yu & Wu 2011) and can cause rearrangement of the 

molecular chains (Hon 1987, Stubicar et al. 1998, Ago et al. 2004, Avolio et al. 
2012, Karinkanta et al. 2012). 

Fig. 36.  FESEM (a)-c)) and TEM (d)-f)) images of ground samples (min) of differing 

solids content (%) and varying anionic charge (mmol/g). Modified from Paper IV, 

published by permission of De Gruyter. 
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The thermally modified fibres were microfibrillated after TEMPO oxidation, 

although fairly extreme hornification was achieved during drying. In this case a 

charge density of 0.8 mmol/g was the threshold value for microfibrillation, so that 

a higher anionic charge led to effective microfibrillation of the fibres, whereas the 

fibres were cut during homogenization at lower charge densities and no 

microfibrillation occurred.  

The fibres in the TEMPO-oxidized and dried samples were also successfully 

microfibrillated. In this case, both the charge density and the solids content during 

grinding had a significant effect on the fibres disintegration mechanism. This is a 

reasonable result, since the moisture content of the fibre suspension and the 

anionic charge of the fibres are both known to affect hornification of the fibres. 

The most efficient microfibrillation was obtained at a solids content of 50% and 

the charge threshold for microfibrillation with this solids content in an oscillatory 

ball mill was between 0.5 and 1.1 mmol/g. In addition to microfibrils, cellulose 

nanocrystals were also observed in the 1.1 mmol/g sample ground at a solids 

content of 50%. Some microfibrillation was also obtained with a 70% solids 

content, but disintegration was notably slower. A solids content of 93% in 

grinding led to the formation of low aspect ratio particles through cutting of the 

oxidized fibres. Thus it was the least hornified fibres, those with enough water 

and a high enough charge density, that were microfibrillated in high-consistency 

grinding in an oscillatory ball mill. 

3.4 Practical significance of the results  

The results presented in this thesis show that microfibrillation of bleached 

cellulose wood fibres is improved when the fibre wall structure is sufficiently 

swollen before the actual microfibrillation takes place. Swelling of the fibre cell 

wall can be promoted by breaking the hydrogen bonds between and inside the 

microfibrils and nanofibrils in the cell wall either by mechanical forces or using 

oxidation chemicals. Based on the results obtained here, highly hornified raw 

materials can still be used for producing microfibrillated cellulose as long as the 

hornification is reversed and the fibre wall is allowed to swell further (e.g. 
through oxidation modification) before disintegration. It was possible to increase 

the solids content during the microfibrillation, which would improve the 

possibilities for producing microfibrillated cellulose with a lower water content, 

thus enabling its use at high solids content levels and also reducing its 
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transportation costs. The results also demonstrate that grinding at a high solids 

content can produce cellulose nanocrystals in addition to microfibrils.   
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4 Conclusions 

The aims of this work were to monitor changes in the fibre structure and 

morphology after mechanical, chemical and thermal modifications and to 

consider the effects of these on the disintegration of the fibres to microfibrils. 

Shearing under compression opened the fibre wall structure through internal 

and external fibrillation and thus improved the microfibrillation of the 

mechanically modified fibres. Highly fibrillated fibre parts and microfibril 

bunches were formed as the fibres disintegrated in a high-shear homogenizer. It 

was also shown that mechanical modification may slow down the 

microfibrillation of fibres due to their hornification under compression at a high 

temperature. 

Increasing the anionic charge in the fibre cell wall with oxidative 

modifications made these cell walls swell through breakage of the intermolecular 

and intramolecular hydrogen bonds between the microfibrils, thus leading to 

better microfibrillation. Periodate-chlorite and TEMPO-oxidized fibres were 

compared here for the first time in terms of their disintegration behaviour and the 

charge threshold of their microfibrillation, and the particles disintegrated in a 

similar manner in both cases. The oxidized fibres disintegrated by forming highly 

fibrillated fibres and microfibril bunches with low charge densities, whereas 

beyond a certain charge density the disintegration mechanism changed and the 

oxidized fibres disintegrated through swelling and ballooning into microfibrils 

and nanofibrils. It was shown that a lower charge density was needed for 

microfibrillation and nanofibrillation in the case of TEMPO oxidation than 

periodate-chlorite oxidation, and that TEMPO-oxidized fibres disintegrated more 

rapidly. 

Harsh drying conditions made the fibres extremely hornified by closing of 

both the micropores and macropores in the fibre cell wall, but this hornification 

could be reversed by TEMPO oxidation. Different disintegration mechanisms 

were seen for hornified and non-hornified fibres in the high-shear homogenizer. 

The hornified fibres disintegrated by division, whereas the non-hornified fibres 

formed bunches of highly fibrillated fibres and microfibrils. Microfibrils could 

also be obtained from hornified fibres, however, as long as a high enough charge 

density was obtained after thermal drying. 

The increased charge density in the fibre cell walls promoted by TEMPO 

oxidation at least partially prevented hornification of these cell walls during 

drying to various solids content levels. The microfibrillation of fibres was 
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achieved under high-consistency conditions (≥50%), and nanocrystals were also 

identified. The disintegration mechanism was described in relation to charge 

density, hornification and water content, the most efficient microfibrillation being 

achieved at a solids content of 50%, although some microfibrillation was also 

present at a 70% solids content, but it was notably slower. Roundish, low aspect 

ratio particles were obtained at a solids content of 93%. 
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