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Abstract 
The emerging biorefinery processes and products set distinct processing and quality 

requirements compared to pulp and paper. Therefore, fundamental properties of cell wall, such 
as cellulose accessibility, require a more thorough understanding in the future.The aim of this 
study was to increase an understanding on the changes in cellulose accessibility throughout the 
chemical refining of wood, including kraft pulping, bleaching, drying, and further processing of 
the pulp. The characteristic physicochemical conditions in each subprocess were simulated 
with laboratory setups. In part, the analysis was based solely on literature. 

Cellulose accessibility was directly evaluated by deuteration, both in the liquid phase 
(deuteration combined with Fourier transform infrared spectroscopy) and in the vapor phase 
(dynamic vapor sorption with deuteration). The analytical methods based on deuterium 
exchange provided kinetic information on the underlying phenomena and revealed the 
reversible nature of cellulose microfibril coalescence. 

During kraft pulping, the proposed cellulose microfibril coalescence occurs mainly during 
the heat-up period and follows the first order dynamics. The active alkali (AA) content has a 
significant effect on the phenomenon. Hot acidic treatments, typical of ECF pulp bleaching, 
induce the formation of inaccessible regions in pulp similar to drying. Alkaline treatments, in 
contrast, induce a dynamic equilibrium state either between microfibrils and microfibril  
aggregates or between the amorphous and crystalline parts of cellulose. The equilibrium shifts 
towards disengagement at higher pH and temperature.The changes in cellulose accessibility in 
alkali are dependent on the drying history of the pulp. In addition, hemicellulose dissolution 
may affect the accessibility. Thus, TEMPO catalyzed oxidation of birch kraft pulp can be 
radically intensified by a short treatment with relatively mild alkali at room temperature. 
Multiple drying cycles or prolonged exposure to humid atmosphere increase cellulose 
microfibril coalescence, but this effect diminishes gradually. 

As a conclusion, many steps in processing wood and pulp reduce cellulose accessibility, 
presumably by microfibril coalescence. However, alkaline treatments of pulp induce an 
equilibrium state, which can increase the accessibility prior to further processing steps, e.g., 
catalytic oxidation of primary alcohols. Analytical methods applying deuteration provide 
valuable information on the changes in cellulose accessibility and their dynamics. 
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Tiivistelmä 
Metsäteollisuuden uusien biojalostamoihin keskittyvien prosessien ja tuotteiden val-

mistuksessa tarvitaan tietoa puuraaka-aineesta ja erityisesti puun soluseinästä. Eräs 
merkittävä ominaisuus on selluloosan reaktiivisuus, jota voidaan kuvata selluloosan saa-
vutettavuudella. Tämän työn tarkoituksena oli tutkia muutoksia selluloosan saavutetta-
vuudessa koko puu prosessointiketjun aikana. Työ kattaa sulfaattisellun valmistuksen, 
valkaisun, kuivauksen ja sellun jatkojalostuksen. Näitä osaprosesseja simuloitiin labora-
toriokokeilla. Osin työ perustui kirjallisuustarkasteluun. 

Työssä käytettiin deuteriumvaihtoa sekä nestefaasissa (deuterointi yhdistettynä Fourier-
muunnos infrapunaspektroskopiaan) että kaasufaasissa (dynaaminen kaasusorptio 
deuteriumvaihdolla). Deuteriumvaihtotekniikoilla saavutettavuutta pystyttiin arvioimaan 
suoraan. Lisäksi voitiin seurata ilmiöiden kinetiikkaa ja todeta selluloosamikrofibrillien 
aggregoitumisen palautuva luonne. 

Sulfaattikeiton aikana selluloosamikrofibrillit aggregoituvat jo keittolämpötilan nosto-
vaiheen aikana. Vaikuttava alkalipitoisuus keitossa on merkittävä muuttuja aggregoitumisen 
kannalta. ECF valkaisusekvensseille tyypilliset, kuumat ja happamat vaiheet, aiheuttavat 
vastaavia muutoksia mikrofibrilleissä kuin kuivaus. Alkaliset vaiheet puolestaan johtavat 
dynaamiseen tasapainotilaan, jonka oletetaan olevan mikrofibrillien ja mikrofibrilli-
aggregaattien välinen tai kiteisten ja amorfisten alueiden välinen. Tasapaino siirtyy kohti 
suurempaa saavutettavuutta kun lämpötilaa ja alkalisuutta kasvatetaan. Sellun kuivauksella 
ennen alkalikäsittelyä on suuri merkitys selluloosan saavutettavuuteen. Myös hemisellu-
loosien liukeneminen alkalikäsittelyn aikana vaikuttaa saavutettavuuteen. Koivusellun 
TEMPO-katalysoitua hapetusta voidaan tehostaa merkittävästi lyhyellä alkalikäsittelyllä 
huoneenlämmössä. Kuivauksessa saavutettavuus laskee ajan funktiona sekä toistettaessa 
kuivaussyklejä, mutta vaikutus pienenee vähitellen. 

Yhteenvetona voidaan todeta, että useat puun ja sellun prosessointivaiheet aiheuttavat 
muutoksia selluloosan saavutettavuudessa, olettavasti mikrofibrillien aggregoitumisen 
johdosta. Toisaalta alkaliset käsittelyt voivat palauttaa aiemmin heikentynyttä 
saavutettavuutta ja siten parantaa raaka-aineen reaktiivisuutta esim. katalyyttisen hapetuksen 
aikana. Deuterointia käyttävät mittaustekniikat antavat merkittävää tietoa selluloosan 
reaktiivisuudesta ja kinetiikasta. 
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1. Introduction

The traditional pulp and paper industry is under pressure to change. On 

one hand, standard paper grades, such as newsprint, are constantly being 

replaced by electronic publications. On the other hand, biobased raw 

materials gain increasing interest due to both the emerging markets for 

environmentally friendly products and the global concern regarding the 

depletion of oil. In addition, the production of both pulp and paper is 

continuously transferred from Europe and North America to the Far East 

and Southern America. The present challenge is to revise the product 

portfolio for the biobased raw materials. The portfolio in the future is 

considered to include, for example, biofuels, nanomaterials, and various 

chemicals. However, many paper and board products, such as packaging 

boards and hygiene papers, are estimated to increase their demand in 

Europe and North America in the future.  

Many of the more recent processes applying a cellulosic raw material 

employ a heterogeneous chemical or enzymatic treatment. These include 

processes such as the chemical or enzymatic modification of cellulosic 

fibres prior to their disintegration to cellulose nanofibrils (CNF) 

(Henriksson et al. 2007; Pääkkö et al. 2007; Saito et al. 2007; Wågberg et 

al. 2008), dissolution of dissolving grade chemical pulps and their 

regeneration into textile fibres (Chanzy et al. 1990; Michud et al. 2014), and 

enzymatic hydrolysis of cellulose into glucose to produce biofuels (Zhang 

and Lynd 2004; Liu et al. 2011). All the above mentioned treatments

require a reaction with the hydroxyl groups of cellulose. Consequently, the 

accessibility of these hydroxyl groups is significant for the efficiency of the 

treatment and its potential to become economically feasible. 

This dissertation explores cellulose accessibility in terms of occurrence, 

reversion, effects on novel processes, and assessment. Paper I is a review 

article summarizing the current research concerning the reduction in 

cellulose accessibility during the processing of cellulosic materials. Paper II 

and III apply deuteration combined with Fourier transform infra-red (FT-
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IR) spectroscopy to assess the changes occurring in wood and pulp during 

kraft pulping and treatments that resemble bleaching with varying pH 

levels and temperatures. Paper II also suggests the reversible nature of the 

previously denoted irreversible coalescence under alkaline conditions. 

Paper IV introduces a novel method to determine cellulose accessibility of 

pulp, namely dynamic vapour sorption (DVS), with deuteration. This 

method is evaluated against deuteration combined with FT-IR spectroscopy

and water retention value (WRV). The possibilities to apply this method on 

assessing the accessibility of alkaline treated pulps as well as exploring the 

hornification phenomenon are introduced. Paper V treats cellulose 

accessibility from the application point of view and illustrates the 

importance of raw material properties on the 2,2,6,6-

tetramethylpiperidine-1-oxyl (TEMPO) catalysed oxidation. Alkaline 

pretreatment is shown to significantly impact not only the oxidation 

duration but also the efficacy of the oxidation. As a conclusion, this 

dissertation treats the complete processing pathway from wood to pulp and 

even further to novel cellulosic products in terms of accessibility (Scheme 

1).

Scheme 1 The content of the dissertation covering wood processing to pulp through kraft 
pulping, pulp bleaching and drying, and TEMPO oxidation of pulp to produce cellulose
nanofibrils (CNF). These processes are assessed in terms of cellulose accessibility by 
applying various deuteration techniques.

ASSESMENT 
OF 

ACCESSIBILITY

NOVEL 
PRODUCTS



Background

3

2. Background

2.1 Cellulose

Cellulose is a major component in the cell walls of green plants and many 

algae. In addition, some bacteria are able to produce cellulose to create a 

protective shield for themselves. Cellulose is a linear homopolymer 

consisting of anhydro- -D-glucopyranose units (AGU) that are linked 

together by (1 4) glycosidic bonds (Figure 1). Every AGU contains three 

hydroxyl groups in the positions C2, C3, and C6. Cellulose is a polydisperse 

polymer in its native sources. Furthermore, the degree of polymerization 

(DP) of cellulose is dependent on its origin and the processing steps it has 

taken. The DP of softwood and hardwood celluloses varies between 7500 

and 10300 (Goring and Timell 1962). 

Figure 1 Structure of cellulose (the repeating anhydro- -D-glucopyranose unit).

Cellulose forms highly crystalline entities by the formation of inter- and 

intramolecular hydrogen bonds (Kadla and Gilbert 2000; Nishiyama et al. 

2002; Nishiyama et al. 2003a; French and Johnson 2009). These intra-

molecular bonds lead to a favoured extended and planar conformation that 

induces the high stiffness of crystalline cellulose. All of the three hydroxyl 

groups are involved in this hydrogen bond network. In addition to the 

hydrogen bonding, hydrophobic interactions have been suggested to be 

present in the structures cellulose forms (Lindman et al. 2010; Medronho et 

al. 2012; Glasser et al. 2012). This is based on the amphiphilic nature of 

cellulose, which consists of both hydrophilic hydroxyl groups and 

n
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hydrophobic pyranose rings. Native cellulose exists in two different 

crystalline forms referred to as I and I the proportion of which varies in 

different cellulose sources (Atalla and VanderHart 1984). These two 

different crystal forms differ in cellulose chain conformation, hydrogen 

bonding, and different arrangement of cellulose molecules in the unit cell 

(Nishiyama et al. 2003a). 

Cellulose microfibrils contain both crystalline and less ordered 

(amorphous) regions (Mark 1940; Scallan 1971; Nishiyama et al. 2003b). 

The most commonly applied model to describe the longitudinal 

order/disorder transitions in a microfibril is termed the fringed fibril model 

(Hearle 1958). The degree of crystallinity depends on the origin of cellulose 

as well as the processing steps it has undergone (Fink and Walenta 1994; 

Liitiä et al. 2003). No direct measure of cellulose crystallinity is available, 

and the methods commonly applied yield slightly different degrees of 

crystallinity (Park et al. 2010). According to nuclear magnetic resonance

(NMR) spectroscopy, the crystallinity of cellulose in softwood is 49 to 54% 

(Andersson et al. 2004). Different measurement techniques affect the 

determination of dimensions for cellulose crystallites as well as for 

microfibrils (Fernandes et al. 2011). Concurrently, no consensus on their 

exact sizes exists. However, the crystallites within a single fibre are quite 

uniform in width (Hofmann et al. 1989) and the width varies depending on 

the origin of cellulose (Leppänen et al. 2009).  According to the wide angle 

X-ray scattering (WAXS) measurements, hardwood sulphite pulp produced 

through an industrial process applying both sodium bisulphate and sodium 

sulphate has a crystallite size of 23.3 nm in length and 4.3 nm in width 

(Leppänen et al. 2009). The disordered regions are not yet understood in 

such detail. However, ramie microfibrils have been proposed to have 4 to 5 

disordered units every 300 AGUs (Nishiyama et al. 2003b). Respectively, 

the diameter of the microfibril also varies between celluloses from different 

origins (Fink et al. 1990). The microfibril width for hardwood kraft pulp 

measured by NMR spectroscopy is 3.9 nm (Wickholm et al. 1998). The 

microfibril length for hardwood cellulose exceeds 2 μm (Saito et al. 2009).

The cross-section of the smallest microfibrils is proposed to be rectangular 

and consist of 36 cellulose chains (Figure 2) (Sugiyama et al. 1991; Okita et 

al. 2010). The alternative models are a hexagonal model having more 

hydrophobic surface on the microfibril (Ding and Himmel 2006) and a

model consisting of only 24 cellulose chains (Fernandes et al. 2011).



Background

5

Figure 2 Cross section of a microfibril of 36 cellulose chains (Okita et al. 2010).

2.2 Cellulose in wood cell wall

The wood cell wall consists mainly of lignin and carbohydrates, namely 

cellulose, hemicelluloses, and pectins (Fengel and Wegener 1989; Sjöström 

1993). The composition of the cell wall depends on the plant species, but it 

also varies within a plant. Tissues with special purposes, such as the 

compression wood, have a unique chemical composition due to their 

functional requirements (Timell 1986). The main purpose of cellulose in the 

cell wall is to give strength. By contrast, the main purpose of hemicelluloses 

is to control the water content in the cell wall. As for lignin, it works as the 

glue between the cell walls and controls the water content in the cell wall 

together with the hemicelluloses.

Cellulose microfibrils are said to form larger structural units, designated 

as cellulose microfibril aggregates or macrofibrils, already during the cell 

wall biosynthesis (Fengel 1970; Elazzouzi-Haffraoui et al. 2008). According 

to the field emission scanning electron microscopy (FE-SEM) of a fresh 

hardwood sample, these aggregates are approximately 12 nm in width in 

the outer part of the secondary wall and approximately 15 nm in the middle 

layer of the secondary wall (Awano et al. 2000). However, the possibility of 

coalescence due to the sample preparation cannot be neglected. The 

aggregate size depends on the degree of lignification (Donaldson 2007). 

Macrofibrils are the smallest, approximately 14 nm wide, in the low lignin 

content tension wood, and the largest, approximately 23 nm, in the highly 

lignified compression wood. Hemicelluloses are also said to be partly 

involved in the macrofibril structures (Salmén and Olsson 1998; Åkerholm 
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and Salmén 2001). The macrofibrils are extremely resilient and they are 

partly preserved even if the cell wall has been completely disintegrated into 

nanoscale cellulose fibrils (Pääkkö et al. 2007; Abe et al. 2007) or 

crystallites (Elazzouzi-Haffraoui et al. 2008). 

Macrofibrils are the entities that form the lamellar structure of the plant 

cell wall (Scallan 1974; Kerr and Goring 1975; Fahlén and Salmén 2002). 

Based on Fahlén and Salmén (2002), the width of a lamella is 

approximately 20 nm, i.e., the magnitude of one microfibril aggregate. The 

cell wall layers are comprised of the lamellar structures (Kerr and Goring 

1975). Figure 3 illustrates the layer structure of cellulosic fibres (Hon and 

Shiraishi 1991; Klemm et al. 1998). The orientation of the microfibrils

varies between the different cell wall layers as the layers have different 

functions (Fengel and Wegener 1989). The cell wall structure, in its water-

swollen state, also contains pores and voids of varying sizes.

Figure 3 The hierarchical structure of softwood cell wall. ML = middle lamellae between 
the cells, P = primary cell wall, S1, S2, S3 = secondary cell wall layers (adapted from Postek 
et al. 2011).

2.3 Separation of cellulosic fibres from lignocellulosics

2.3.1 Methods

Cellulosic fibres are separated from lignocellulosics, mainly from wood, to 

produce paper and board. The separation can be mechanical, chemical, or a 

combination of these methods (Sixta 2006). In mechanical pulping, the 

fibres are separated by defibrating the wood or wood chips mechanically 

into fibres and fibre fragments and bundles. Mechanical pulps, thus, 

contain the chemical components nearly in the same proportion as they are 

present in wood. In addition, mechanical pulps contain significant amounts

of fines and fibre fragments, which influence the possible pulp applications
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(Annergren et al. 1963). Contrary to mechanical pulping, the principle of 

chemical pulping is to remove the lignin from wood or other lignocellulosic 

material to release the cellulosic fibres containing mainly cellulose and 

hemicelluloses (Sixta 2006). This lignin dissolution is conducted at high 

temperature. The most abundantly applied chemical pulping method is 

kraft pulping which preserves most of cellulose and half of hemicelluloses

in the fibre material. Several variations, applying, for example, cooking 

additives, have been introduced to kraft pulping in order to produce pulps 

with different qualities or to improve the process (Jiang 1995; Berthold and 

Lindström 1997). Furthermore, acid dissolving sulphite pulping is applied 

to produce a pulp with high purity with respect to cellulose (Sixta 2006). In 

this work, only kraft pulps were applied and, thus, the further discussion 

will concentrate on this process.

2.3.2 Kraft pulping

Screened wood chips with an optimal size for the cooking liquor 

penetration are used as raw material for industrial scale kraft pulping 

(Sainio and Walsh 2000). Application of both softwood and hardwood 

chips is possible. However, the wood species influences the selection of the 

pulping parameters due to the differences in the chemical composition of 

different species (Sjöström 1993). Kraft pulping is based on the reactions of 

hydroxide and hydrosulfide ions with lignin structures under elevated 

temperature (Kleppe 1970; Sixta 2006). Alkaline conditions also promote 

swelling which enhances the cooking chemical penetration (Lindström and 

Carlsson 1982). Simultaneously with lignin removal, some carbohydrate 

dissolution also occurs. Thus, a complete lignin removal by kraft cooking is 

not possible in order to achieve a high yield, which is important in this large 

scale industrial process. Further delignification is conducted during the 

oxygen delignification and bleaching stages that follow the cooking process

(Dence and Reeve 1996). During these processing steps, lignin is removed 

more selectively by applying oxidants, such as chlorine dioxide (Lachenal et 

al. 2008). The bleaching stages apply both alkaline and acidic conditions 

under elevated temperatures. In addition to lignin and some carbohydrates, 

a major part of wood extractives are removed during the kraft pulping 

process. 

Active alkali content (AA) is an important parameter of kraft pulping and 

it refers to the hydroxide ion concentration in the cooking liquor taking into 

account the hydroxide ions originating from the dissociation of sodium 

sulphide into hydrogen sulphide and hydroxide ions (Sixta 2006). Thus, the 
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AA can be calculated from the cooking liquor constituents according to 

Equation 1:

AA = [NaOH] + [Na2S]. (Eq. 1)

Another significant variable for the kraft pulping process is sulphidity (S),

which can be calculated according to Equation 2:

= [ ][ ] [ ] × 100%. (Eq. 2)

Lignin is a macromolecule consisting of mainly three precursors, namely

p-coumaryl, coniferyl, and sinapyl alcohols (Nimz et al. 1981). These 

precursors are coupled to each other through radical polymerization 

forming various linkages, which then forms the unique structure of lignin. 

These various lignin moieties react differently with the cooking chemicals. 

Generally, the phenolic subunits are more reactive than the non-phenolic 

units (Sixta 2006).

Hemicelluloses are more reactive compared to cellulose under the alkaline 

conditions of kraft pulping (Sixta 2006). The acetyl groups of 

hemicelluloses are hydrolysed as the temperature is increased (Zanuttini 

and Mazocchi 1997). These deacetylated hemicelluloses are dissolved into 

the cooking liquor. In the final stages of kraft pulping, the alkalinity of the 

cooking liquor decreases which leads to the precipitation of hemicellulose 

on the fibres (Aurell 1964). The readsorption depends on the conditions, 

i.e., the xylan content in the black liquor, pH, and temperature (Clayton and 

Stone 1963; Hansson and Hartler 1969; Danielsson and Lindström 2005; 

Ribe et al. 2010). The DP of the carbohydrates is decreased during kraft 

pulping due to alkaline induced end-wise degradation, called peeling, which 

slowly reduces the DP by the removal of anhydrosugar units from the 

reducing end of the carbohydrate chain (Sixta 2006). Oxidative attack and 

alkaline hydrolysis lead to the cleavage of the polysaccharide chain at 

random location which is then followed by secondary peeling. A competing 

stopping reaction stabilizes the reducing end groups to resist the end-wise 

peeling. Furthermore, other reactions of the carbohydrates occur during 

pulping including hexenuronic acid formation (Buchert et al. 1995).

The progress of the kraft pulping process is commonly evaluated by an H-

factor which models the influence of both temperature and time (Vroom

1957). In addition to these parameters, the concentrations of the active 
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cooking chemicals affect the delignification rate especially during the later 

stages of kraft pulping. Lignin dissolution is the most extensive 

immediately after reaching the maximum cooking temperature, but 

proceeds throughout the entire cooking period (Smook 1992). The extent of 

delignification is dependent on the cooking liquor alkalinity (Lindgren and

Lindström 1997). Carbohydrate dissolution is not dependent on the 

sulphidity but highly dependent on alkalinity (Aurell 1964). Major 

hemicellulose losses occur already during the initial phase of kraft cooking 

as their occurrence does not require extreme temperature (Aurell 1964).

2.4 Cellulose interactions with alkali

Strong alkaline pretreatments of cellulosic raw materials have been 

studied widely since the mercerization process was developed (Mercer 

1850). Currently, alkaline pretreatments are used, for example, in the 

production of carboxymethyl cellulose (Ambjörnsson et al. 2013) and the 

production of viscose for textile fibres (Mozdyniewicz 2013). Moreover,

alkaline treatments are beneficial for regaining the bonding properties of 

recycled pulps (Klungness 1974) and improving the prospects of natural 

fibres in composites (Van de Weyenberg et al. 2006). Originally, the strong 

alkaline treatment during mercerization was applied to improve the 

strength and appearance of cotton fibres. This treatment causes native 

cellulose or cellulose I to swell and, after washing, to shrink back to another 

allophorm, namely cellulose II (Klemm et al. 1998). Cellulose I is suggested 

to consist of parallel chains, whereas cellulose II is considered to consist of 

antiparallel chains (Nishiyama et al. 2000; Dinand et al. 2002). However, 

this does not have general consensus (Kroon-Batenburgh et al. 1996). The 

changes in the supramolecular structure occur via an allomorph referred to 

as Na-cellulose. Na-cellulose is considered to have two stable allomorphs 

Na-cellulose I and Na-cellulose II (Porro et al. 2007). The conversion from 

cellulose I to Na-cellulose occurs rapidly (Crawshaw et al. 2002). 

Mercerization is considered to begin at NaOH concentrations above 8-9% 

(Philipp et al. 1959; Dinand et al. 2002). Under these concentrations, the 

most severe changes materialize in the crystallinity (McKenzie and Higgins 

1958; Kljun et al. 2011). The changes during the process depend not only on 

the alkalinity but also on the treatment time (Philipp et al. 1959; Borysiak 

and Doczekalska 2008). 

Swelling is a vital phenomenon for the mercerization process. In general, 

swelling refers to the loosening of the intermolecular interactions in 
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cellulose to competing interactions with the swelling agent. For aqueous 

systems, interactions are limited to the amorphous parts of cellulose and 

the pores (Alince 2002). The amount of small pores is said to increase

through swelling by the separation of the fibrils (Crawshaw et al. 2002). 

Swelling is diffusion controlled and, thus, very rapid, occurring in only a 

few minutes (Schwabe and Philipp 1954, 1955).  Adding alkali to the 

aqueous cellulose suspensions improves swelling. Already a treatment at 

low alkalinity level, approximately pH 10, increases the swelling properties 

of once-dried kraft pulps (Lindström and Carlsson 1982). The maximum in 

swelling is reached at approximately 10% NaOH concentration, slightly 

depending on the cellulosic raw material (Figure 4) (Saito 1939). This 

maximum concentration is due to the changes in the hydrated ion dipoles. 

At higher concentrations, the hydration number decreases introducing less 

water molecules into the structure. Simultaneously, however, the 

penetration of ion dipoles increases.  Low temperature is beneficial for 

swelling due to the stronger interaction between NaOH and cellulose (Porro 

et al. 2007). In novel processes point of view, swelling improves cellulose 

accessibility and, thus, heightens its reactivity in many heterogeneous 

chemical and enzymatic treatments. Alkaline treatments have also been 

suggested to augment cellulose accessibility by increasing the surface area 

as the crystallite size decreases (Wadsworth et al. 1979).

Figure 4 Swelling number, based on the increase in cross-section, of rayon in aqueous 
°C (Saito 1939).

With certain restrictions cellulose can even be dissolved in an alkaline 

solution. This requires a low DP of the cellulosic material (Egal et al. 2007). 

Cellulosic materials with higher DP exhibit a ballooning effect at the 

optimal dissolution conditions (Cuissinat and Navard 2006). The window 

of conditions is very narrow covering NaOH concentrations from 7 to 10%, 

and temperatures at around -5 °C (Laszkiewicz 1998).
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2.5 Cellulose nanostructures from pulp

Cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC) are novel 

products manufactured commonly from pulp. The usability of both 

hardwood and softwood pulps in these applications has been studied 

extensively during the past decade (Beck-Candanedo et al. 2005; Stelte and 

Sanadi 2009; Zimmermann et al. 2010). The properties of the CNF or CNC 

are dependent not only on the cellulose source but also on the production 

protocol (Eichorn et al. 2010). CNC are short, rod-like structures with a 

width of 5-20 nm and length variation from 100 nm to several micrometres.

These structures are prepared by acid hydrolysis that removes the 

amorphous regions leaving only the quite uniform crystalline rods (Fleming 

et al. 2001), whereas CNF as well as microfibrillated cellulose (MFC) are 

prepared by mechanical disintegration (Turbak et al. 1983). The energy 

consumption of CNF production from cellulosic pulp is notably high. Thus, 

pulp is commonly pretreated chemically or enzymatically to reduce the 

energy demand. Pulp can be enzymatically disintegrated (Pääkkö et al. 

2007), acidic groups can be introduced into the cellulose backbone by 

TEMPO catalysed oxidation (Saito et al. 2007) and carboxymethylation 

(Wågberg et al. 2008), or pulp can be cationized (Aulin et al. 2010). The

increase in charge decreases the energy consumption during the 

mechanical disintegration due to the increased repulsion between the 

cellulose microfibrils. The various modifications on the CNF production 

routes result in the vast CNF size distribution. The width of the smallest 

CNF reported is 0.8-1.2 nm (Olsewska et al. 2011).

The commercial potential for the cellulose nanostructures remains to be 

revealed. Currently, many different structures produced from nanocellulose 

are studied, for example, nanofilms (Snyder et al. 2013) and hydrogels

(Köhnke et al. 2014). The applications for both CNF and CNC have been 

reviewed recently (Isogai 2013). Potential applications include, for example,

additives for enhancing paper strength (Eriksen et al. 2008), 

nanocomposites (Lee et al. 2012), flexible displays (Okahisa et al. 2009), 

cell culture scaffolds (Bhattacharya et al. 2012), and magnetic membranes 

(Galland et al. 2013).

2.6 Cellulose accessibility

2.6.1 Changes in cellulose accessibility due to cellulose microfibril 
coalescence
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Cellulose accessibility has gained increasing interest recently due to the 

advent of novel processes requiring high reactivity of cellulose and its 

hydroxyl groups. The accessibility of these hydroxyl groups for the reacting 

agent or solvent determines the concept: cellulose accessibility. 

The reduction in accessibility is commonly due to cellulose microfibril 

coalescence, i.e., aggregation, during processing of the cellulosic material. 

The most commonly accepted explanation for the coalescence is the 

formation of exceptionally strong hydrogen bonds between the adjacent 

cellulose microfibrils (Higgins and McKenzie 1963; Matsuda et al. 1994; 

Newman 2004). Predominantly, the hydrogen bond formation is 

considered to occur in the amorphous regions of cellulose. However, 

crosslinking between crystalline cellulose domains in adjacent cellulose 

microfibrils is considered another possible mechanism for the irreversible 

hydrogen bonding (Newman 2004). This phenomenon is often referred to 

as cocrystallization. Another approach to cellulose microfibril coalescence

has been the lactone bridge formation, i.e., the formation of bonds between 

hydroxyl and carboxyl groups (Back 1967; Fernandez Diniz et al. 2004). 

Lactones have been successfully measured from dried cotton samples 

(Samuelson and Törnell 1961). Other explanations include the migration of 

extractives to the surface (Christiansen 1990) as well as the free shrinkage 

that causes microcompressions in the fibres (Howard 1991).

2.6.2 Treatments that induce cellulose microfibril coalescence

Cellulose microfibril coalescence requires the convergence of the 

microfibrils. This is hindered within a wood cell wall by the hemicellulose-

lignin matrix located between the lamellae of cellulose macrofibrils. 

Moreover, water hinders the convergence within a living tree and also in 

aqueous pulp suspensions. Cell wall components are removed from the cell 

wall, for example, during chemical pulping, which creates larger pores into 

the cell wall (Stone and Scallan 1965a). When water is additionally removed 

from the system, the molecular segments come closer to each other (Lyne 

and Gallay 1950). Temperature rise further increases the alignment and 

interactions between the molecular chains. In the dry state, all of the 

hydroxyl groups in cellulose are involved in hydrogen bonding (Ellis and 

Bath 1940; Michell and Higgins 1999). The changes in the cellulosic 

material during its processing are depicted in Scheme 2. The swollen state 

with only a few aggregates depicts the cell wall structure in an aqueous 

environment after the removal of the hemicellulose-lignin matrix during 

chemical pulping. Drying enables the molecular segments to approach each 
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other due to dehydration. Dry fibres contain almost no pores (Stone et al. 

1966), as depicted in the dry state. The lamellae of macrofibrils in the cell 

wall can coalesce in various ways and, thus, decrease the pore volume and 

accessible surface to water (Stone and Scallan 1965b). The pore size 

distribution will also be considerably altered due to the microfibrillar 

coalescence. The addition of water leads to reswelling by the penetration of 

water between cellulose crystals, cellulose microfibrils, and the lamellae 

formed by macrofibrils (Gallay 1950; Stone and Scallan 1965c; Müller et al. 

2000; Aulin et al. 2009). Due to the irreversibility of the cellulose 

microfibril coalescence during drying, the cell wall is no longer able to 

return to its fully swollen state and, therefore, will remain in its hornified 

state. With certain restrictions, the fully swollen state can be regained by, 

for example, beating. 

Scheme 2 Schematics of cellulose microfibril behaviour during chemical pulping, drying, 
and rewetting. (Paper II)

Coalescence during chemical pulping has been previously observed by 

NMR spectroscopy and atomic force microscopy (AFM) as an increase of 

the lateral fibril aggregate dimension (Hult et al. 2001; Fahlén and Salmén 

2003, 2005). During the initial phase of kraft pulping, extensive dissolution 

of hemicelluloses and minor dissolution of lignin occur (Aurell 1964).

Simultaneously, the aggregate size increases (Hult et al. 2001; Fahlén and 

Salmén 2003, 2005). The main reasons behind cellulose microfibril 

coalescence during kraft pulping are said to be the temperature rise and the 

removal of the hemicellulose-lignin matrix. A moderate increase in 

microfibril aggregate dimensions is also present during mildly alkaline 

bisulphite-soda pulping (Hult et al. 2002). However, the fibril aggregates 

seem not to become enlarged during acid or neutral sulphite pulping (Hult 
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et al. 2002, 2003). This is thought to be due to the higher ability of kraft 

pulping liquor to cause swelling.

The term hornification describes the changes in chemical pulp fibres

during drying (Jayme 1944). The hornification phenomenon has been 

discussed in various reviews (Minor 1994; Nazhad and Paszner 1994; Weise 

1998; Fernandez Diniz et al. 2004). The removal of water from the cell wall 

of chemical pulp fibres causes the collapse of almost all of the pores (Stone 

et al. 1966) and allows the formation of irreversible bonds between the 

microfibrils. Especially the collapse of the pores formed by the dissolution 

of lignin and hemicelluloses during chemical pulping is significant for

hornification (Maloney and Paulapuro 1999). The assumption of the 

cellulose microfibril coalescence upon drying of chemical pulp fibres is 

supported by the NMR spectroscopy and the thermoporosimetry (Hult et 

al. 2001; Chunilall et al. 2010; Aarne et al. 2012). Wet pressing causes 

similar reduction in fibre swelling as drying (Carlsson and Lindström 1984; 

Luo et al. 2011). However, wet pressing is less homogenous compared to 

drying, as the stresses are concentrated to certain parts of the cellulosic 

fibre matrix (Carlsson and Lindström 1984). Accordingly, recycling causes 

similar changes (Howard 1990; Nazhad and Paszner 1994). The changes 

induced by hornification, relevant for the papermaking industry, include 

reduced swelling and altered strength properties (Lyne and Gallay 1950; 

Maloney and Paulapuro 2000). The loss of strength is due to the stiffening 

of the fibres which decreases the fibre-fibre bonding area (Maloney and 

Paulapuro 2000). Hornification is most pronounced during the first drying 

and rewetting cycle (Laivins and Scallan 1993). Multiple drying and wetting 

cycles increase hornification, but only to a smaller extent (Wistara and 

Young 1999; Siroká et al. 2012). 

2.6.3 Variables affecting cellulose microfibril coalescence

Several factors, including both cellulosic material characteristics and 

process variables, affect the extent of cellulose microfibril coalescence.

Hemicellulose and lignin content have been shown to be important 

parameters. A clear difference is present between the behaviour of low and 

high yield pulps during drying due to the loss of the hemicellulose-lignin 

matrix in the low yield pulps (Higgins and McKenzie 1963; Scallan and 

Tigerström 1992; Laivins and Scallan 1993; Billosta et al. 2006; Law et al. 

2006; Luukko and Maloney 1999). Accordingly, cotton, which is close to

pure cellulose, is hornified strongly during drying (Fahmy and Mobarak 

1971). Thus, hemicelluloses have been proposed to have a hindering effect 
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on hornification during drying and kraft pulping due to the increased

coalescence of cellulose microfibrils in the absence of hemicelluloses 

(Oksanen et al. 1997; Hult et al. 2001; Duchesne et al. 2001, 2003; Rebuzzi 

and Evtuguin 2006). However, the hemicellulose removal alone cannot 

explain the coalescence, since no cellulose microfibril coalescence seems to 

be present under low-temperature alkaline conditions that also remove 

hemicelluloses (Fahlén and Salmén 2003). The additional removal of lignin 

combined with the hemicellulose removal seems to allow the microfibrils 

even more possibility to coalesce (Ishizawa et al. 2009). The coalescence

during chemical pulping has also been suggested to be due to the softening 

of the lignin network (Fahlén and Salmén 2003). The effect of 

hemicelluloses could be partly due to the carboxyl groups of certain 

hemicelluloses, since carboxylic groups in their protonated form are 

proposed to induce additional bonding within microfibrils (Lindström 

1992). However, WRV is equally affected by the removal of both xylan and 

glucomannan and, thus, the phenomenon cannot be fully explained by the 

carboxyl groups present only in xylan (Oksanen et al. 1997).

The effect of temperature on cellulose microfibril coalescence has been 

studied during drying (Maloney and Paulapuro 2000), chemical pulping 

(Fahlén and Salmén 2003), ageing (Kato and Cameron 2002), and heat-

treatment on dry handsheets (Matsuda et al. 1994). Heat treatment, under 

a saturated water atmosphere at 95 °C prior to drying, caused additional 

hornification for sulphite pulp fibres (Lyne and Gallay 1950). Furthermore,

drying temperature affects hornification, as the change in WRV is more 

pronounced with fast drying at a temperature higher than 100 °C compared 

to gentle drying at room temperature (RT) over an extended period of time 

(Laine et al. 2003a; Kontturi and Vuorinen 2009; Chunilall et al. 2010). 

Temperature also plays a role in the cellulose microfibril coalescence during 

chemical pulping, as no enlargement of fibril aggregates has been observed 

at temperatures below 150 °C even at high alkalinity (Fahlén and Salmén 

2003). 

The extent of hornification during drying also depends on the pH level 

due to the carboxyl groups in the fibre (Lindström 1992). The acidic groups 

in pulp originate from the cell wall polymers, mainly hemicelluloses, or are 

introduced to the pulp during chemical treatments, such as chemical 

pulping or bleaching. Hornification is more pronounced within the low pH 

range (Lindström and Carlsson 1982). Above pH 8 with the presence of 

Na+-ions, the effect of the pH level reaches a plateau as all the carboxyl 

groups have been transformed to their Na+-form (Lindström 1992). It has 
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been suggested that carboxyl groups in their protonated form could form 

additional hydrogen bonds with, for instance, other oxygen atoms or they 

could form esters with hydroxyl groups (Lindström and Carlsson 1982). 

This may also result from the electrostatic repulsion between the charged 

groups. Moreover, the growth of microfibrillar aggregates during chemical 

pulping is said to be dependent on alkalinity: the higher the alkalinity level 

is, the larger the aggregates become (Virtanen et al. 2008). 

Dehydration is a significant factor for cellulose microfibril coalescence, as 

coalescence occurs also during drying without heating (Carlsson and 

Lindström 1984; Laine et al. 2003a). The effect of the moisture content 

during heat treatment at 100 °C for 15 minutes on the FSP of bleached birch 

kraft pulp is illustrated in Figure 5 (Maloney and Paulapuro 2000). Figure 5 

also depicts the FSP (approximately 0.79 g/g) of the pulp prior the 

treatment. In this experiment, the pulp was heated in a sealed environment 

at various moisture contents. The maximum hornification is reached at a 

moisture content of 0.25 g/g. Below this moisture content, water probably 

softens the cell wall enabling mobility and, thus, bonding of the 

microfibrils. Above this moisture content, hornification is hindered by 

adding water until the moisture content reaches the FSP at 0.65 g/g. 

Additional water probably decreases the convergence of the microfibrils. 

Above FSP, the moisture content has no effect on the phenomenon. Similar 

effect has also been detected at room temperature (Laivins and Scallan 

1993). 

Figure 5 Effect of moisture content on hornification of bleached birch kraft pulp during 
heat treatment in a sealed environment (reproduced with data obtained from Maloney 
published in Maloney and Paulapuro 2000).
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2.6.4 Aims to control cellulose microfibril coalescence

Beating can recover some fibre properties altered by hornification 

(Higgins and McKenzie 1963; Page 1985; Laivins and Scallan 1996; Wang et

al. 2003). The fibres are able to absorb more water and are more flexible 

after beating (Stone et al. 1968; Scallan and Tigerström 1992). However, 

hornification cannot be totally reversed by beating (Wang et al. 2003). 

Although the amount of large pores is increased during beating (Stone et al. 

1968), the pore size distribution between never-dried and dried-then-

beaten fibres remains different (Wang et al. 2003). Thus, the bonds formed 

during hornification are partly resistant to the shear and compression 

forces of beating. According to AFM, cellulose microfibril aggregates are not 

altered during beating (Fahlén and Salmén 2005). The main causes for the 

improved properties obtained during beating are increased internal 

fibrillation and fibrillar fines as well as straightening of the fibres (Page and 

De Grâce 1967; Page 1985). 

Additives can be applied to hinder hydrogen bond formation between 

cellulose microfibrils (Higgins and McKenzie 1963; Laivins and Scallan 

1993). However, several obstacles are related to the use of additives 

including insufficient outcome, problems in the further processing steps, 

and duration of their functionality (Higgins and McKenzie 1963; Laivins 

and Scallan 1993). The hydrogen bond formation has been reduced by 

introducing hydrophobic groups to the cellulosic material (Higgins and 

McKenzie 1963; Zhang et al. 2002). Another approach has been the 

introduction of substances that weaken the bond formation, such as 

surface-active agents (Higgins and McKenzie 1963). The formation of bonds 

can also be prevented by introducing compounds that form reversible 

bonds with cellulose, such as glucose or sucrose (Higgins and McKenzie 

1963; Laivins and Scallan 1993; Zhang et al. 2004). In addition, a high 

molecular weight cationic polyelectrolyte has been applied to 

overcompensate the charge inside the larger pores during drying, which 

helped reopen them upon rewetting (Aarne et al. 2012). 

Cellulose microfibril coalescence can be partly reversed by adding charge 

or applying an alkaline treatment. Introducing charge in the fibres will 

increase their swelling and bonding properties (Fors 2000). Charge can be 

introduced by, for example, carboxymethylation or carboxymethyl cellulose 

(CMC) adsorption (Rácz and Borsa 1997; Laine et al. 2003b). Both of these 

methods can improve the fibre properties even to a larger extent than 

beating (Laine et al. 2003b). Another way to regain properties lost during 
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cellulose microfibril coalescence is an alkaline treatment. An alkaline 

treatment has commonly been proposed to improve the bonding properties 

of secondary fibres (Klungness 1974). Dry chemical pulp is known to be

partly reswollen by an alkaline treatment (Lindström and Carlsson 1982; 

Lindström 1992; Weise et al. 1998). 

2.7 Assessing cellulose accessibility

Only a few analytical methods providing a direct measure of cellulose 

accessibility are available. The methods are commonly based on the cell 

wall water measurement. Jayme (1944) introduced the first acknowledged 

analytical method that can be used to approximate the accessibility of 

cellulose, namely the water retention value (WRV), lately standardized as 

the ISO 23714:2007 method. This method describes the affinity of pulp to 

water during centrifugation, which is supposed to remove the excess water 

and leave behind only the water inside the cell wall (Jayme 1944, 1958). 

Inaccuracies related to the WRV test are water retention between the fibres

and water removed from the cell wall due to pressing (Maloney et al. 1999). 

On one hand, pulps with ridged cell walls that do not collapse during 

centrifuging, such as mechanical pulps, can retain water in small inter-fibre

pores. On the other hand, highly swollen pulps, such as never-frozen 

hardwood kraft pulps, allow water to be pressed out of the cell wall during 

centrifugation.

Another method to evaluate the water inside the cell wall is the fibre

saturation point (FSP) (Figure 6). The FSP measurement is based on the 

solute exclusion technique applying commonly a 2×106 Da dextran polymer 

with a spherical diameter in solution of 54 nm that is not able to penetrate 

the cell wall (Stone and Scallan 1967; Maloney et al. 1999). Thus, above the 

FSP, the polymer solution is diluted by the water associated with the fibres. 

Water within the cell wall will not dilute the solution. FSP can be calculated 

by measuring the change in the polymer concentration according to 

Equation 3:

f

i
S c

c
qw

w
p

qw 1
, (Eq. 3)

where p is grams of dry fibres, q is grams of water associated with the 

fibres, w is grams of polymer solution added, ci is the initial concentration 
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of the solution in grams of solute per gram of solution, cf is the final 

s is the FSP in grams of water per gram of dry fibre.

FSP is considered to be a more accurate method to evaluate hornification 

compared to WRV (Maloney et al. 1999). However, this method also has its 

limitations (Maloney and Paulapuro 1999). Some pores have a restricted

accessibility within the fibre and water near the pore walls is not available 

for diluting the polymer.

Figure 6 The principle of the solute exclusion technique. The pore size distribution can be 
measured by applying polymer solutions with various molecular weights. Fibre saturation 
point (FSP) can be measured by applying a polymer which is not able to penetrate the cell 
wall. (Paper I)

Lately, another method to estimate accessibility has been introduced, 

namely the hard-to-remove (HR) water content measured by high 

resolution thermogravimetric analysis (TGA) (Park et al. 2006a). This 

water is considered to be located close to the fibre surface as well as trapped 

inside the fibre geometry. The sample is dried until it reaches a weight loss 

curve of 0.001 %/min. HR is defined as the ratio between the amounts of 

water and fibres at the transition between the constant rate zone and the 

falling rate zone. The advantage of this method compared to WRV is the 

small sample size, approximately 10 mg of dry mass, compared to the 1.54 g 

required for the standard ISO 23714:2007 WRV measurement. HR values 

are aligned with WRV values (Park et al. 2006a).

Pore size distribution is also generally applied as an approximate measure 

of cellulose accessibility. Methods to evaluate pore size distribution include 

solute exclusion (Stone and Scallan 1967, 1968) (Figure 6), 

thermoporosimetry conducted with differential scanning calorimetry (DSC) 
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by the isothermal melting technique (Maloney et al. 1998; Wang et al. 

2003), DSC combined with a TGA (Park et al. 2006b), NMR

cryoporosimetry (Gane et al. 2004; Östlund et al. 2010), and inverse size-

exclusion chromatography (ISEC) (Berthold and Salmén 1997). These

different methods provide approximately the same accuracy with respect to 

the pore sizes but the actual values may differ between the methods (Gane 

et al. 2004). All of the methods assume that the pores are cylindrical or 

spherical, but this can be partly overcome by correction factors (Berthold 

and Salmén 1997).

DSC enables monitoring of the melting and freezing transitions in a 

porous sample confined in a liquid during temperature alteration (Maloney 

and Paulapuro 2001). In the isothermal melting technique, the solvent 

exchanged sample is first frozen and then melted in steps. The stepwise 

melting is applied for fibrous samples due to the large pores to improve the 

resolution (Maloney and Paulapuro 2001). The pore size is inversely related 

to the melting depression according to the Gibbs-Thomson equation (Eq. 

4): = = , (Eq. 4)

where D is the pore diameter, V is the molar volume, T0 is the normal 

1s is the interfacial tension between the solid and liquid, Hm 

The freezing or melting point depression is dependent on the radius of 

curvature of the interface between the solid and liquid phases (Landry 

2005). Furthermore, the radius of curvature is related to the pore size. 

However, shortcomings of this method include the freezing damage to the 

cell wall, distortion of the pores by crystal growth, a limited range of 

measurable pores in aqueous systems, and partial solubility of the cell wall 

components (Maloney and Paulapuro 2001). These issues can be partly 

overcome by choosing a more appropriate solvent. In DSC combined with 

TGA, the samples are dried to different moisture ratios by a 

thermogravimetric analyser prior to DSC analysis (Park et al. 2006b).

NMR cryoporosimetry follows the same principle as DSC 

thermoporosimetry as the water-swollen samples are frozen and then 

melted stepwise (Gane et al. 2004; Petrov and Furó 2009; Östlund et al. 

2010).  In this method, the phase transition temperature shift provides

information on the pore sizes, but also on their distribution and even shape 

according to the Gibbs-Thomson equation (Eq. 4). The amount of water 
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melting at a certain temperature is detected by a spin-echo pulse sequence 

that separates the nuclei of mobile and immobile molecules. For the nuclei 

of immobile molecules, the magnetization relaxes to zero. This technique is 

able to detect only the pores with a radius less than 100 nm.

Inverse size-exclusion chromatography (ISEC) is based on the preparation 

of chromatographic columns of the analysed pulp fibres that are eluted with 

probe molecules with standard molecular weights (Berthold and Salmén 

1997). By applying several probe molecules of different size, the maximum 

pore size, the total pore volume, and the apparent pore size distribution can 

be analysed.

The solvent-exchange-drying combined with the Brunauer-Emmet-Teller 

(BET) sorption by nitrogen is also applicable for the determination of pore 

volumes (Stone and Scallan 1965c). The solvent exchange preserves the 

water-swollen structure of fibres during drying and enables the pore 

volume measurement by nitrogen adsorption. However, some shrinkage 

may occur during drying causing a slight underestimation of the pore 

volume.

In addition to the above mentioned indirect methods to evaluate cellulose 

accessibility, electron microscopy can be used to evaluate the changes at the 

microfibril level. For example, transmission electron microscopy (TEM) 

and scanning electron microscopy (SEM) with the staining of the cell wall 

polysaccharides can be used to detect the changes induced by cellulose 

microfibril coalescence (Duchesne and Daniel 1999; Billosta et al. 2006). 

Moreover, NMR spectroscopy and AFM with quantitative imaging have 

been widely used to measure the dimensions of cellulose microfibril 

aggregates (Hult et al. 2001; Fahlén and Salmén 2003, 2005; Lee et al. 

2007). However, the tip deconvolution must be taken into account when 

applying these techniques. These methods have provided valuable 

information on cellulose microfibril coalescence during, for example, kraft 

pulping and drying.

The deuterium exchange combined with the infrared spectroscopy has 

been applied to analyse cellulose accessibility on native cellulose, cellulose 

derivatives, pulp, and wood (Jeffries 1963; Tsuchikawa and Siesler 2003a, 

2003b; Hofstetter et al. 2006). This method has been applied already in the 

1950s for the analysis of cellulose crystal structures (Mann and Marrinan 

1956). Recently, the method was implemented to evaluate the changes in 

the cellulose accessibility of wood and pulp during various treatments 
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(Suchy et al. 2010a, 2010b). In this method, the protons in the accessible 

hydroxyl groups are replaced by deuterons in the liquid phase (Frilette et al. 

1948; Mann and Marrinan 1956). Following this, the sample is subjected to 

the studied treatment under D2O. Subsequently, the sample is washed with 

water to remove the non-bound deuterium. Protonation resistant 

deuterium is unambiguously detected by the non-overlapping OD band at 

2500 cm-1 in the FT-IR spectrum. When the photoacoustic (PA) detection is 

employed, this method is comparatively facile and rapid. Furthermore, it is 

considered to provide direct evidence on the bond formation during 

cellulose coalescence. However, this method is currently able to present

only qualitative information on the changes in the accessible hydroxyl 

groups. 

Recently, dynamic vapour sorption (DVS) with deuterium exchange has 

been applied for cellulosic samples including bacterial cellulose and wood 

to directly determine the number of accessible hydroxyl groups (Lee et al. 

2011; Rautkari et al. 2013). This method is based on detection of the mass 

increase by a highly sensitive balance due to the exchange of lighter protons 

in the accessible hydroxyl groups to heavier deuterons. This principle was 

proposed already in the 1960s (Morrison 1960; Sepall and Mason 1961).

Previously, DVS has been mainly applied for the cellulosic samples to assess 

their water vapour sorption behaviour (Kohler et al. 2003; Okubayashi et 

al. 2004, 2005; Kachrimanis et al. 2006; Hill et al. 2009; Sharratt et al. 

2011; Xie et al. 2011; Hill et al. 2012). This method is superior to many 

other methods as it provides the actual number of accessible hydroxyl 

groups in the sample.
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3. Materials and methods

3.1 Materials

Fresh birch chips were obtained from a Finnish pulp mill. Prior to 

cooking, the chips were screened according to the standard SCAN-CM 

40:01. The accepted chips were collected from the 7 mm plate screen 

preceded by a 45 mm plate screen, a 8 mm hole screen, and a 13 mm plate 

screen. Thickness of the chips was less than 8 mm and the width between 7 

and 13 mm. 

Both industrially dried, fully-bleached birch pulp and never-dried, fully-

bleached birch pulp were obtained from a Finnish pulp mill. The oxygen 

delignified eucalyptus kraft pulp was obtained from a Brazilian pulp mill 

with a dry matter content of 31.3%. 

The cooking liquors were prepared using solid NaOH (99%, VWR (Radnor 

(PA), USA)), Na2 2O (60%, VWR (Radnor (PA), USA)), and deuterium 

oxide (99.9 atom% D, Sigma Aldrich (St. Louis, USA)). This deuterium 

oxide was used in all deuterations. The concentration of the cooking liquor 

was analysed according to the standard SCAN-N 2:88. 

0.1 M stock solutions of NaOH and HCl were applied for pH adjustments 

(Merck (Darmstadt, Germany)). To set the alkalinity during alkaline 

treatments of the pulp, an 8 M aqueous NaOH was prepared from solid 

NaOH pellets (VWR (Leuven, Belgium)). 

For converting the pulp to the Na+-form for WRV analysis an aqueous 

solution of NaHCO3 was prepared from solid 99.5% NaHCO3 (Merck 

(Darmstadt, Germany)). In addition to NaHCO3, the 0.1 M stock solutions 

of NaOH and HCl were applied (Merck (Darmstadt, Germany)). 
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TEMPO oxidations were performed with TEMPO (Sigma Aldrich (St. 

Louis, USA)), ClO2 water solution prepared in the laboratory, 13% NaClO 

(VWR (Radnor (PA), USA)), NaClO2, 1 M NaOH (Merck (Darmstadt, 

Germany)), and 1 M HCl (Merck (Darmstadt, Germany)). In addition, 

H2SO4 (Emsure (Darmstadt, Germany)) was used during the oxidations. 

Water was purified in a Milli-Q system (Millipore Corporation, resistivity 

for reagent solution preparations. Deionised water was used 

for all washings.

3.2 Enzymatic removal of xylan

Never-dried bleached birch pulp with decreased xylan content was 

prepared by selective and targeted xylan hydrolysis with the commercial 

Ecopulp TX800A xylanase (AB Enzymes Oy, Finland). Hydrolysis was 

performed in two phases (2 x 24 h) in deionised water at a consistency of 

5% under mild mixing (50 rpm) at pH 5 and 45ºC.  After the first 24 h 

period, the pulp was filtered. Then, the pulp was washed twice with 

deionised water and suspended back into the deionised water for the 

second hydrolysis with the corresponding conditions to the previous one. 

After the following 24 hours, the enzymatic action was terminated by 

immersing the pulp in a boiling water bath for 15 min. Finally, the pulp was 

filtered and washed with an excess of deionised water. 

3.3 Deuteration

Scheme 3 illustrates the principle of deuteration of cellulose microfibrils

in the cell wall, their coalescence in a subsequent treatment in the presence 

of D2O, and the final washing with H2O to remove deuterium in the non-

coalesced areas. 

Scheme 3 Deuteration of cellulose microfibrils in the cell wall, and their coalescence in a 
subsequent treatment in the presence of D2O followed by exchange of the accessible 
deuterium by water. (Paper IV)
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The dry kraft pulps were soaked in water overnight prior to disintegration. 

The disintegrated pulps, both dry and never-dried, were deuterated in 

plastic bags for a period of 2 × 20 min with an excess of D2O, namely 20 ml 

of D2O per 1 g of dry pulp to convert all the accessible hydroxyl groups to 

OD groups. This slurry was mixed twice during these 20 minutes by 

kneading. Between the deuteration treatments, D2O was squeezed out of 

the bag before the addition of fresh D2O.

The fresh birch chips were impregnated in D2O in plastic bags overnight 

with an excess of D2O (10 ml of D2O per 1 g of dry chips) to convert the 

accessible hydroxyl groups to OD groups. The excess of D2O was removed 

prior to cooking. After the cooking, the samples were washed similarly 

overnight in an excess of water to convert the accessible OD groups back to 

OH groups.

The deuterium exchange for 20 minutes was considered adequate for the 

pulp samples. For the chips, a longer deuteration period was chosen, due to 

the slower penetration of the liquid in the chips. An even deuterium 

exchange in the liquid state is known to proceed through fast and slow 

kinetics (Frilette et al. 1948). The fast exchange is considered to be 

diffusion controlled and to occur within a few minutes depending on the 

prevailing conditions (Frilette et al. 1948; Jeffries 1963; Tsuchikawa and 

Siesler 2003a, 2003b). The slow exchange can proceed even after one week 

of exposure to liquid D2O (Frilette et al. 1948). 

3.4 Kraft pulping

A rotating oil bath series digester (HAATO 43427, Haato-Tuote Oy 

(Finland)) equipped with 200 ml stainless steel pressure vessels was used 

for the kraft pulping experiments. The amount of abs. dry deuterated chips 

in the cooking vessels varied between 3 and 10 g. The active alkali (AA) 

dosage was calculated as a percentage of NaOH on dry wood taking into 

account the equimolar amount of NaOD formed when Na2S is dissolved in 

D2O. Sulphidity was calculated as a molar percentage of Na2S on the dosage 

of NaOH and Na2S. The hydrogen introduced by the solid NaOH applied 

was considered insignificant. Stock solutions of NaOH in D2O and Na2S in 

D2O together with D2O were used to acquire the desired chemical dosage 

and a liquid-to-wood ratio of 4. Temperature of the digester was raised 

from RT to 170 °C at a rate of 3 °C/min. The H-factor, which models the 

influence of temperature and time during kraft pulping, was calculated 

according to the Equation 5 (Vroom, 1957):
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= ( .   ) , (Eq. 5)

where t is time (s) and T is temperature (K). The heat-up period was

considered to begin at 80 °C and to last until the cooking temperature was

reached. In the performed experiments, the heat-up period was 

approximately 30 minutes (H factor from 0 to 59). After pulping, the 

chips/pulps were washed with an excess of water overnight at RT. All pulps 

were disintegrated manually. Kappa number was determined from the 

pulps according to the standard SCAN-C 1:00.

3.5 Alkaline and acidic treatments

Acidic treatments of eucalyptus pulp were conducted in plastic bags in a 

temperature controlled water bath at 10% consistency. The acidity was 

adjusted with 0.1 M HCl and the pH level of the samples was measured by 

an Orion 720A pH-meter (Sigma Aldrich (St. Louis, USA)). D2O was used as

a solvent for the samples prepared for the FT-IR spectroscopic analysis, 

while H2O was used when preparing the samples for the WRV 

measurement. Otherwise the conditions were identical.

Alkaline treatments of eucalyptus pulp at pH 8 and 12 were performed

identically to the previously described acidic treatment, but the pH level 

was adjusted with 0.1 M NaOH.

Alkaline treatments of dry and never-dried birch pulps at elevated 

temperatures were conducted in a temperature controlled oven. The 

samples for the FT-IR analysis were deuterated as described in the section 

3.3. After the deuteration, the pulps were immediately subjected to the 

alkaline treatment. The samples for the WRV and DVS analysis were 

treated correspondingly but with water instead of D2O as a solvent. The 

measured values were corrected for H2O of the aqueous 8 M NaOH solution 

that was mixed with D2O to adjust the alkalinity according Equation 6:

ACorrected = AMeasured*(nD2O + nH2O)/nD2O , (Eq. 6)

where A is the OD band area and n is the amount of the chemical 

component. The samples treated in the oven were at 5% consistency in 

plastic bags with a varying temperature and treatment time. After the 
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treatment, the pulps were washed twice with 100 ml of water per 1 g of dry 

pulp, allowing the suspension to stand for 20 min at RT before the 

filtration. 

Alkaline treatments of dry and never-dried birch pulps prior to the 

TEMPO catalysed oxidation were executed mainly at RT in a large beaker.

For the samples treated at elevated temperatures, a water bath with a 

temperature control was applied. An 8 M NaOH solution including water 

was added in the pulp to obtain a desired alkalinity and pulp consistency of 

5%. The pulp suspension was stirred with a mechanical stirrer throughout 

its reaction time. After the desired reaction time, the pulp was washed 

immediately with deionised water to pH 9. The pH level of the suspension 

was measured with a pH meter (Mettler Toledo) at 5% pulp consistency. 

Prior to the TEMPO catalysed oxidation, the pulp was manually pressed to 

a dry matter content of approximately 20% and homogenized mechanically.

3.6 Water retention value

Prior to the analysis, the pulp samples were converted to their Na+-form. 

All of the treatments were executed at 1% consistency and each exchange of 

solution was performed after filtration on a Büchner funnel. First, the 

samples were converted to their protonated form by a treatment in 0.01 M

HCl for 1 hour. Then, the samples were washed twice with water. 

Conversion to the Na+-form was executed in 0.001 M NaHCO3 for 2 hours 

with the pH level adjusted to 9.5-10 with 0.1 M NaOH. Then, the samples 

were washed with water until the conductivity of the slurry was less than 5 

μS/cm. The WRV analysis was performed according to the standard SCAN-

C 102 XE with a Jouan GR 4.22 centrifuge. The standard deviation was 

determined from four parallel measurements. 

3.7 Deuteration combined with FT-IR spectroscopy

Previously, irreversible deuteration during various treatments of both 

wood and pulps in D2O detected by FT-IR spectroscopy was suggested to be 

due to cellulose microfibril coalescence (Suchy et al. 2010a, 2010b). This 

method was based on the exchange of accessible OH groups to OD groups 

when exposing the sample to deuterium oxide in the liquid state (Frilette et 

al. 1948; Mann and Marrinan, 1956) and detection of the non-overlapping 

OD band after reprotonation by FT-IR spectroscopy. The complete 

reprotonation during the washing phase was verified by deuteration of the 
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eucalyptus pulp sample followed immediately by a washing phase. This 

treatment showed no increase in the OD stretch band in the FT-IR 

spectrum. 

Prior to the FT-IR spectroscopic analysis, the samples were dried at 40 °C 

in an oven. The spectra were collected using a Bio-Rad FTS 6000 

spectrometer (Cambridge (MA), USA) with a Gasera PA301 photoacoustic 

cell (Turku, Finland) at a constant mirror velocity of 5 kHz, 1.2 kHz filter, 

and 8 cm-1 resolution. The background spectrum was collected using a 

standard carbon black prior to each set of measurements. The 

photoacoustic cell was purged with helium gas for 30 seconds before 

conducting the measurement. 200 scans per spectrum were collected using 

Win-IR Pro 3.4 software (Digilab (Holliston (MA), USA)). Every sample 

was measured in duplicate and the averaged spectra were baseline 

corrected and normalized using Grams/AI 9.00 software (Thermo Fischer 

Scientific Inc. (Waltham (MA), USA)). The spectra of the pulp samples were 

normalized relative to the cellulose band height at 1200 cm-1 (Hofstetter et 

al. 2006). However, for the chip samples, there was an overlapping band at 

this wavenumber and, thus, the spectra of the samples applied in kraft 

pulping experiments were normalized relative to the band height at 1424 

cm-1. This absorption band is mainly due to the CH2 scissor motion in 

cellulose and should be essentially unaltered during kraft pulping (Yin et al. 

2011).

The area of the OD stretch band at around 2500 cm-1 in the FT-IR 

spectrum was integrated using Grams/AI 9.00 software (Thermo Fischer 

Scientific Inc. (Waltham (MA), USA)). This band does not overlap with any 

other band in the FT-IR spectrum and, thus the normalized area of the OD 

stretch band measures the extent of irreversible deuteration (Suchy et al. 

2010b). Figure 7 illustrates, as an example, the FT-IR spectra of deuterated 

and washed fresh birch chips and pulp cooked in D2O in conditions typical 

for birch pulps. The OD band in the kraft pulp cooked in D2O and 

subsequently washed with water can be clearly detected from the spectrum.
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Figure 7 The FT-IR spectra (photo acoustic cell) of deuterated fresh birch chips with 
subsequent washing with water (dotted line) and kraft pulp of deuterated fresh birch chips 
produced in D2O followed by washing with water (continuous line). The cooking conditions 
were: active alkali 22%, sulphidity 35%, liquid-to-wood ratio 4, H-factor 1200, and cooking 
temperature 170 °C. OD band at 2500 cm-1 represents the protonation resistant OD groups 
formed during pulping. (Paper III)

3.8 Dynamic vapour sorption with deuterium exchange

DVS elevated temperature (ET) apparatus (Surface Measurement 

Systems, UK) with a measuring accuracy of 0.1 μg and chamber volume of 

100 cm3 was applied for the deuterium exchange of kraft pulps. The main 

application for DVS was the determination of the amount of accessible 

hydroxyl groups in the pulp by measuring the mass increase of the pulp 

during deuterium exchange. Approximately 10–30 mg of pulp was placed in 

the sample pan and preconditioned at 0% relative humidity (RH) with dry 

nitrogen gas flow (200 cm3min-1) at 25 °C until the change in the mass of 

the sample was less than 0.002 %/min over a 30 minute period. Multiple 

(15-30) adsorption–desorption cycles with alternating RH between 0 and 

95% (dry N2 and D2O vapour) were then conducted. During the cycles, the 

DVS apparatus maintained a constant RH until the change in the sample 

mass was less than 0.002 %/min over a 10 minute period to ensure a 

constant equilibrium condition after each RH step. The amount of 

accessible hydroxyl groups in the sample was calculated according to 

Equation 7 with the approximation that atomic mass difference between 

deuterium (2H) and protium (1H) is 1 g/mol:
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A=(mf-mi)/mi*1000  (mol/kg), (Eq. 7)

where A is the amount of accessible hydroxyl groups per dry mass of the 

sample, mi is the dry weight of the sample prior to exposure to D2O vapour,

and mf is the dry weight of the sample after the multiple DVS cycles. 

Scheme 4 illustrates the conversion of the accessible hydroxyl groups into 

OD groups as the RH of the mixture of dry N2 and D2O vapour is increased 

from 0 to 95% in the DVS chamber.

Scheme 4 Principle of the deuteration of accessible hydroxyl groups during exposure to 
D2O vapour at 95% relative humidity in DVS chamber. (Paper IV)

It has been shown that the critical RH, above which no further 

deuteration occurs, is 60% (Taniguchi et al. 1978). Thus, RH 95% was 

considered adequate for the deuterium exchange. Figure 8 illustrates the 

changes in the mass of dry birch pulp during the first and the last three 

cycles of a 30 cycle DVS measurement.

Figure 8 The first and the last three cycles of a 30 cycle DVS experiment with dry birch 
kraft pulp.  The lower and upper values express the sample mass in dry (RH 0%) and humid 
(RH 95%) conditions, respectively. (Paper IV)
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3.9 Carbohydrate analysis

The carbohydrate composition of the chips/pulps was determined by the 

quantitative saccharification upon acid hydrolysis according to the standard 

procedure reported by Sluiter et al. (2011). The monosaccharides were 

determined by a high performance anion exchange chromatography with 

pulse amperometric detection (HPAEC-PAD) in a Dionex ICS-3000 system 

(Sunnyvale (CA), USA). The contents of cellulose and xylan were calculated 

from the monosaccharide contents using a correction factor reported by 

Sluiter et al. (2011). As the contribution of glucomannan was considered 

insignificant for the birch samples applied, glucose was considered to 

originate exclusively from cellulose.

3.10 TEMPO catalysed oxidation

3.10.1 Oxidation

The oxidations of pulp were performed in a Büchi reactor (volume 1.6 

dm3), with a Metrohm 718 Stat Titrino titrator for the pH adjustment. First, 

TEMPO was mixed with NaClO at a stoichiometrically excess amount in an

aqueous solution. Then, the pH level of the solution was adjusted to 7.5 by 

sulphuric acid. Due to the formation of HOCl from NaClO, TEMPO was 

oxidized to the oxoammonium cation and dissolved in the aqueous 

medium. The pulp (48 g dry matter content) and the activated TEMPO 

solution were mixed well in a closed vessel. After mixing, water and the 

pulp suspension were added to the Büchi reactor to make a total volume of 

1.2 dm3. The reactor was equipped with continuous mixing and 

temperature was controlled at 25 °C. NaClO was added in the reactor 

during (5-32 min) and simultaneously the pH level of the slurry was 

adjusted to 9 with 1 M NaOH. After the addition of all NaClO, the pH level 

was kept constant at 9 by 1 M NaOH with an automatic titrator. The 

oxidation rate was followed by iodometric titration until all active chlorine 

was consumed. After the reaction, the pulp was washed with deionised 

water. 

3.10.2 Conversion of residual aldehydes to carboxylates by chlorous 
acid

After washing the TEMPO oxidized pulp, the pulp suspension at 1%

consistency was adjusted to pH 3 by 1 M HCl. Then, NaClO2 was added in 
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the solution (10 mM final concentration) and conversion was performed in 

the Büchi reactor for 2 hours at 50 °C. After the reaction, the pulp was 

washed with deionised water.

3.10.3 Conductometric titration

The pulp samples were converted to their protonated form prior to the 

titration. First, the pH level of the pulp suspension was adjusted to 2 by 1 M

HCl. The solution was allowed to stabilize for 0.5 hours. Then, the pulp was 

washed until

Approximately 1 g of abs. dry pulp was weighted in a 600 ml Erlenmeyer 

flask. Carbon dioxide-free water was used both during the titration and the 

reagent solution preparation. The pulp sample was dispersed in 498.5 ml of 

water. Then, 1 ml of 0.1 M HCl and 0.5 ml of 0.5 M NaCl was added in the 

Erlenmeyer flask. Titration was executed under argon gas atmosphere 

using an automatic titrator (Metrohm 751 GPD Titrino) together with 

Tiamo 1.2.1. software.  The data were processed with Origin 9 (OriginLab 

Corporation (MA, USA)).  

3.10.4 Iodometric titration

The HOCl concentration (mol/l) of the pulp solution was determined by 

an iodometric titration described by Wartiovaara (1982).
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4. Results and discussion

4.1 Kraft pulping

4.1.1 Cellulose microfibril coalescence during the delignification 
process

The formation of inaccessible regions, presumably by cellulose microfibril 

coalescence, was followed during kraft pulping of fresh birch chips by 

deuteration combined with FT-IR spectroscopy (Paper III). Scheme 5

illustrates the principle of deuteration degree assessment in the kraft 

pulping experiments in D2O. First, the chips were deuterated. Then, the 

chips were cooked in D2O. Finally, the chips/pulp were washed with water 

to reprotonate all the free OD groups. The proposed cellulose microfibril 

coalescence occurring during the pulping process was estimated from the 

level of irreversible deuteration of the sample as observed by the OD band 

at 2500 cm-1 in the FT-IR spectrum. The pulping conditions resembled an 

industrial cooking with the following parameters: active alkali (AA) dosage 

22%, sulphidity (S) 35%, liquid-to-wood ratio 4, H-factor 1200, and cooking 

temperature 170 °C. 

Scheme 5 Schematics of the deuteration of the fresh birch chips to convert the hydroxyl 
groups to OD groups followed by kraft pulping in D2O and subsequent washing. (Paper III)
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Figure 9 represents the integrated OD band area as a function of H-factor 

in 10 samples taken at different stages during the heat-up and cooking 

phases of kraft pulping. This OD band area represents the protonation 

resistant bonds formed between the microfibrils during the cooking. 

Deuteration proceeds rapidly during the heat-up phase and equilibrates 

soon after the cooking temperature is reached (H-factor 59). This is in 

accordance with earlier research (Oksanen et al. 1997; Hult et al. 2001; 

Fahlén and Salmén 2003; Virtanen et al. 2008). Thus, the extent of 

deuteration levels off, although delignification continues to proceed (Smook

1992).  The deuteration followed the first order dynamics according to 

Equation 8:

AOD = AOD,eq ( 1 – e-kH ), (Eq. 8)

where AOD is the OD band area at the H factor of H, AOD,eq is the OD band

area in equilibrium (136 in this fitting) and k is the rate constant (0.02 in 

this fitting) (Figure 9). Accordingly, the formation of protonation resistant 

OD groups occurs rapidly and reaches equilibrium already in the beginning 

of the cooking. 

Figure 9 Level of deuteration (square) as observed by the OD band area (at 2500 cm-1) and 
xylan/cellulose  content ratio (circle) as a function of H-factor during the heat-up (H-factor 
from 0 to 59) and cooking phase (H-factor from 59-1400) of kraft pulping of fresh birch 
chips in D2O. (Paper III)

Figure 9 illustrates also the xylan content in relation to the cellulose 

content in the following samples; prior cooking, after the heat-up phase, 

and final pulp with H-factor of 1200. The major portion of xylan dissolution 
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occurs during the heat-up phase simultaneously with the increase in the 

deuteration level. Dissolution of xylan during the initial phases of birch 

kraft cooking has also been reported earlier (Aurell 1964). On contrary, 

delignification is known to be fastest at temperatures higher than 150 °C 

and to proceed throughout the cooking phase (Aurell 1964; Saucedo et al.

2001). Thus, hemicellulose dissolution is suggested to be more significant 

in enabling cellulose microfibril coalescence compared to delignification 

during kraft pulping. However, as reported earlier, hemicellulose removal 

alone will not enable the coalescence (Fahlén and Salmén 2003).

4.1.2 Effect of cooking liquor alkalinity on cellulose microfibril 
coalescence

The effect of cooking liquor alkalinity on the formation of inaccessible 

regions, presumably by cellulose microfibril coalescence, during kraft 

pulping of fresh birch chips was studied within a broader AA range than the 

ones used in normal birch pulping, namely from 16 to 28% (Paper III).

Other pulping parameters were as follows: sulphidity 35%, liquid-to-wood 

ratio 4, H-factor 1200, and cooking temperature 170 °C. As the chips were 

not totally disintegrated at the lowest AA level (16%), WRV was not 

analysed for this sample. Figure 10 illustrates the linear correlation between

WRV of the final pulp and the initial AA dosage during the cooking process.

The level of deuteration correlated positively with AA within the normal 

kraft pulping range (below AA 28%) (Figure 10). Interestingly, as the AA

content increased to a level much higher than commonly applied in kraft 

pulping (AA 28%), the level of deuteration declined, although WRV 

continued to decrease. This high alkali dosage (AA 28%) applied in the 

beginning of the cook equals a 7% NaOH solution, which is close to those

alkaline conditions where changes in cellulose morphology occur. The 

changes in the lattice transition of cellulose I via Na-cellulose to cellulose II 

are reported to begin at NaOH concentrations of around 8-9% (Klemm et 

al. 1998; Dinand et al. 2002) and even lower for certain cellulosic raw 

materials (Philipp et al. 1959) at room temperature. However, the 

temperature during cooking is much higher. The most severe alkaline 

condition applied in this study may cause changes in cellulose morphology 

during the heat-up period of the cook when the alkaline concentration is 

still high and the temperature is low that affect the level of deuteration. 

However, deuteration during cooking under the lower alkaline conditions is 

not likely to be due to the changes in crystalline structures, but on the 

changes in cellulose microfibril aggregates. This assumption is based on 

earlier studies that support the changes in cellulose crystallinity resulting 
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from the removal of the disordered regions and not to changes in the 

crystalline structures (Evans et al. 1995). 

Figure 10 The linear correlation between water retention value (WRV) and active alkali 
(AA) dosage during kraft pulping of fresh birch chips (square) and the level of deuteration 
(bar) as observed by the OD band area (at 2500 cm-1). (Paper III)

Xylan content in relation to cellulose content, as well as lignin content,

decreased with increasing AA according to Table 1. Thus, it is not possible 

to claim either lignin or hemicellulose dissolution as a single cause for the 

observed effect. Increased alkalinity is also known to induce pulp swelling 

(Klungness 1974; Lindström and Carlsson 1982; El-Din 1993), which,

presumably, further promotes the observed cellulose microfibril 

coalescence. Similar observation has been made during acidic and neutral 

sulphite pulping, which leads to a smaller extent of cellulose microfibril 

coalescence compared to kraft pulping (Hult et al. 2002).

Table 1 Characteristics of birch kraft pulps cooked with different active alkali (AA) dosages. 
The cooking conditions were: sulphidity 35%, liquid-to-wood ratio 4, H-factor 1200, and 
cooking temperature 170 °C. (Paper III)
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[std ±0.004]
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In addition to the AA during the cooking, also another important kraft 

pulping parameter, namely sulphidity, was evaluated. However, no notable 

effect on cellulose microfibril coalescence could be detected within the 

examined sulphidity range from 25 to 35% either by FT-IR spectroscopy or 

WRV. This finding is in accordance with previous studies conducted by 

NMR spectroscopy on changes in cellulose microfibril size during kraft 

pulping (Virtanen et al. 2008).

4.2 Acidic treatments of pulp

Acidic treatments are commonly applied during pulp bleaching to remove 

the remaining lignin or hexenuronic acid present in hardwood pulps 

(Vuorinen et al. 1999; Lachenal et al. 2008). This is performed to remove 

the colour of the pulp and also to ensure the brightness stability and purity 

of the pulp in its final application. Moreover, the chemical consumption 

during the further delignification stages is reduced. The effect of an acidic 

treatment on the formation of inaccessible regions, presumably by cellulose 

microfibril coalescence, was studied for an oxygen delignified eucalyptus 

kraft pulp at pH 3 (Paper II), which is common for chlorine dioxide 

bleaching (Sixta 2006). Figure 11 illustrates the changes caused by the 

acidic treatment at pH 3 in D2O observed as the retention of OD groups by 

FT-IR spectroscopy. The irreversibility of the bonds was assured by 

effective washing after the acidic treatment to protonate all the free OD 

groups into OH groups. 

Figure 11 FT-IR spectra of the deuterated eucalyptus pulp sample treated in pH 3 for 4 
hours in 90 °C (top) and reference eucalyptus pulp (bottom). (Paper II)
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The retention of deuterium in acidic conditions correlated with a decrease 

in WRV by 6%. It was concluded earlier that hornification during drying is 

more pronounced for acidified pulps where carboxylic groups are in their 

protonated form and, thus, able to form additional bonds with hydroxyl 

groups (Lindström and Carlsson 1982). The magnitude of the OD band area 

of the samples treated at pH 3 is comparable to softwood bleached kraft 

pulp samples dried under mild conditions (Suchy et al. 2010b). However, 

the reduction in WRV is somewhat smaller (around 5%) in the wet 

treatment compared to drying (around 10%). Drying under harsher 

conditions induces an even more pronounced change in WRV, up to 30% 

(Kontturi and Vuorinen 2009). As a conclusion, the changes occurring 

during an acidic treatment are proposed to be due to the irreversible 

cellulose microfibril coalescence comparable to that occurring during

drying.

4.3 Alkaline treatments of pulp

4.3.1 Alkaline treatment resembling bleaching conditions

Alkaline treatments resembling the conditions during pulp bleaching were 

conducted with an oxygen delignified eucalyptus pulp at 90 °C for 4 hours 

under neutral conditions without any pH adjustment (pH 8.5) and alkaline 

conditions by adjusting the pH level to 12 (Paper II). Both treatments 

induced the formation of protonation-resistant OD groups. The extent of 

deuteration was more significant for the pulp treated under pH 12 (Figure

12). Treatment at pH 8.5 induced a similar level of deuteration as observed 

for the acidic treatment under pH 3 described in the previous section. The 

magnitude of the OD band after the treatment at pH 12 is at the same level 

with softwood bleached kraft pulp dried under an elevated temperature 

(Suchy et al. 2010b). The effect of alkalinity appears similar to that reported 

in the section 4.1.2 for kraft pulping. However, kraft pulping conditions are 

much more severe and the removal of hemicelluloses plays a role that 

should behave opposite to these mild alkaline conditions. Furthermore, the 

hemicellulose content is already substantially lower for the oxygen 

delignified pulp compared to wood chips. Distinct from the eucalyptus pulp

treated in acidic conditions, the WRV for the samples treated at neutral and 

alkaline conditions were not lower but higher compared to the original 

oxygen delignified pulp. In this respect, the treatment under neutral 

conditions had a parallel effect with the treatment under pH 12. This is in 

accordance with earlier studies on the effect of the pH level on WRV 



Results and discussion

39

(Lindström and Carlsson 1982; Lindström 1992; Weise et al. 1998). Thus, 

the alkaline conditions seem to induce a state distinct from drying and 

acidic treatments by increasing both WRV and the level of deuteration. 

Figure 12 FT-IR spectra of the deuterated eucalyptus pulp for 4 hours in 90 °C in pH 12 
(top) and pH 8.5 (middle). Bottom spectrum is the reference eucalyptus pulp. (Paper II)

4.3.2 Reversibility under alkaline conditions

The reversibility of the proposed coalescence was evaluated for eucalyptus 

pulp treated under pH 12 (Paper II). After the alkaline treatment in D2O,

this pulp was further exposed to both alkaline and acidic conditions at 

various temperatures in water to evaluate the reversibility of the proposed 

cellulose microfibril coalescence that occurred during the first treatment in 

D2O. Accordingly, the reduction in the OD band area during the second 

treatment in water indicates that the decrease in accessibility during the 

first treatment is reversible. The detection of the formation of new 

inaccessible regions is not possible during the second alkaline step in water 

which is able merely to assess the break-up of the formerly inaccessible 

areas. Figure 13 illustrates that most of the inaccessible OD groups formed 

during the first treatment were reversed during the alkaline treatment at a

high temperature (pH 12, 90 °C) as observed by the OD band area in the 

FT-IR spectrum. The treatment under acidic conditions (pH 3, 90 °C) as 

well as the treatment at lower temperatures (pH 12, 60 °C) reversed the 

inaccessibility only to a minor extent. Accordingly, both temperature and 

pH have a significant effect on the reversion. 
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Figure 13 FT-IR spectrum of eucalyptus pulp first treated at 90°C for 4 hours at pH 12 in 
D2O and then washed with H2O (top left, top right). This sample was then treated in water at 
90 °C for 4 hours at pH 3 (middle left) and pH 12 (bottom left, bottom right). The treatment 
at pH 12 was also done for 4 hours at 60 °C (middle right). (Paper II)

The dynamics for the formation of the inaccessible regions (pH 12, 90 °C,

D2O) and the dynamics for their reversibility (pH 12, 90 °C, H2O) are

depicted in Figure 14. The level of deuteration was observed to follow the 

first order dynamics during the treatment under alkaline conditions. Thus, 

the following equation (Eq. 9) was fitted to these results:

A = A × ( 1 – e-kt ), (Eq. 9)

where A is the OD band area at time of t, A is the OD band area at infinite 

time (94 in this fitting ) and k is the rate constant (1.5 h-1 in this fitting) 

(Figure 14). The dynamics for the reversibility was estimated to follow the 

corresponding kinetics as the initial formation of the inaccessible regions. 

However, an additional constant B was added to the equation because a

part of the inaccessible regions was assumed to be resistant to the alkaline 

treatment in water. Thus, the following equation (Eq. 10) was fitted to these 

results:

A = A0 × e-kt + B, (Eq. 10)

where A is the OD band area at time of t, A0 is the initial OD band area 

susceptible to reversion (68 in this fitting), k is the rate constant (1.5 h-1 in 

this fitting), and B is the irreversible OD band area (12 in this fitting).

Interestingly, the reaction rate is equal for both the initial accessibility 

reduction and its reversion. The level of irreversible changes, depicted as 

230025002700

PA
S 

re
sp

on
se

Wavenumber, cm-1

230025002700

PA
S 

re
sp

on
se

Wavenumber, cm-1

pH 3

pH 12

60°C

90°C



Results and discussion

41

the constant B, was adjusted with the assumption that the reaction reaches 

plateau slightly after 4 hours, analogous to the dynamics for the formation 

of the inaccessible areas in Figure 14. Thus, the inaccessible regions formed 

during the alkaline treatment seem not to be completely reversible, 

although the majority of these changes appear to be in equilibrium and,

thus, reversible during an alkaline treatment at an elevated temperature. 

Figure 14 Development of normalized OD band intensity, measured by FT-IR spectroscopy, 
with time during treatment of eucalyptus kraft pulp at pH 12 at 90 °C. (a) Initial treatment 
in D2O, (b) second treatment after (a) in H2O. (Paper II)

Two hypotheses are suggested for the equilibrium state observed during 

the alkaline treatment at an elevated temperature; 1) the equilibrium 

between the microfibrils and microfibril aggregates or 2) the equilibrium 

between the amorphous and crystalline parts of cellulose. The latter is 

based on the proposition that microfibril coalescence may only occur in the 

amorphous, water accessible, regions (Aulin et al. 2009; Müller et al. 

2000). Thus, the shift between the amorphous and crystalline forms of 

cellulose would have an effect on the coalescence. The equilibrium state of 

the coalescence under alkaline conditions explains why WRV does not 
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decrease under the alkaline conditions in contrast to the acidic conditions. 

The kinetic studies that show a similar reaction rate for both deuteration 

and its reversion further strengthens the hypothesis on the equilibrium 

state. 

4.3.3 Treatment under strongly alkaline conditions

The possibility to increase the reactivity of a bleached birch pulp by an 

alkaline pretreatment was evaluated (Paper IV, V, and unpublished data).

For this purpose, a wide range of alkaline conditions were applied, namely 

NaOH concentrations up to 2 M. These treatments were conducted for both 

never-dried and dry, fully bleached birch kraft pulps at both RT and 

elevated temperatures. 

Figure 15 illustrates the extent of irreversible deuteration in the alkaline

treatments in D2O as observed by the normalized area of the OD band at 

2500 cm-1. In the chapter 4.3.2, hot alkaline treatment was suggested to 

establish an equilibrium between microfibrils and microfibril aggregates. It 

was also discussed earlier that in kraft pulping, where cellulose microfibrils 

coalesce due to the removal of lignin and hemicelluloses, the extent of 

irreversible deuteration decreases when the alkali concentration 

approaches the mercerization level. Figure 15 illustrates that, during the 

alkaline treatment of bleached pulp, the equilibrium is shifted towards 

decreased coalescence as the alkalinity is increased. Both never-dried and 

dry pulps exhibited a similar behaviour during the treatment at 90 °C for 4 

hours.  The treatment temperature had a significant effect on the changes 

occurring during the alkaline treatment and the level of irreversible 

deuteration was only minor during the short 15 minute treatment at RT. 

Similar observation has been made in the previous studies (Fahlén and 

Salmén 2003). The temperature rise enables increased coalescence of the 

adjacent microfibrils. Furthermore, an increased temperature is known to 

decrease the equilibrium moisture content (EMC) of wood (Pearson et al. 

2013). Thus, hydration is lower at higher temperatures. This may enable 

accelerated coalescence as the temperature is increased. Earlier, the level of 

irreversible deuteration was shown to increase slightly for the oxygen 

delignified eucalyptus pulp treated under pH 12 at 90 °C already after 10 

minutes (Figure 14). As a conclusion, the coalescence/disengagement

phenomenon is clearly dependent on the temperature, but not on the 

drying history of the cellulosic material.



Results and discussion

43

Figure 15 The level of deuteration observed as the OD band area at 2500 cm-1 for never-
dried (square) and dry birch pulps (circle) treated in D2O at various NaOH concentrations 
for 4 hours at 90 °C. For comparison the extent of deuteration of the never-dried birch pulp 
treated in D2O at various NaOH concentrations for 15 minutes at room temperature 
(triangle) is also shown.

Figure 16 illustrates WRV (alkaline treatments in water) of the applied 

pulps as a function of alkalinity during the treatment. WRV increases as a 

function of alkalinity for the dry birch pulp treated at 90 °C for 4 hours.

This is in accordance with earlier research, where WRV has been shown to 

increase during alkaline treatments of dry pulps due to an increased 

swelling (Lindström and Carlsson 1982; Lindström 1992; Weise et al. 

1998). Interestingly, the never-dried birch pulps under the same conditions 

exhibit a different behaviour during the alkaline treatment compared to the 

dry birch pulp. WRV decreases during the alkaline treatment for the never-

dried pulp in contrast to the dry pulp. Simultaneously, the level of 

deuteration was observed to decrease similarly for both pulps (Figure 15). 

Furthermore, the WRV at high alkalinities is similar for both never-dried 

and dry pulp. It appears that, after the alkaline treatment at 2 M NaOH 

concentration, both pulps have reached the level of swelling, characteristic 

of the cellulosic material. The temperature and duration of the treatment 

had no significant effect on WRV. A treatment at RT for only 15 minutes for 

a never-dried birch pulp had a very similar effect on WRV as the extended 

treatment under elevated temperatures. 
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Figure 16 WRV for a never-dried (square) and dry birch pulps (circle) treated at various 
NaOH concentrations for 4 hours at 90 °C. WRV of the never-dried birch pulp treated at 
various NaOH concentrations for 15 minutes at room temperature (triangle) is also shown.

Figure 17 further demonstrates the impact of the temperature on the level 

of irreversible deuteration and WRV of dry fully bleached birch pulp treated 

with 2 M NaOH for 4 hours. For the dry pulps, WRV increases marginally

as the temperature is increased. Simultaneously, the level of deuteration 

increases more significantly.

Figure 17 The correlation between OD band area and WRV for dry birch pulps treated at 2
M NaOH concentration for 4 hours at varying temperatures from 50 to 90 °C.
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The decrease in WRV for the never-dried pulp could be explained by the 

removal of hemicelluloses during the alkaline treatment. However, 

hemicelluloses are also removed during the alkaline treatment of dry pulp. 

The xylan content decreases during the alkaline treatment already at RT 

during a short 15 minute treatment similarly for both dry and never-dried 

pulps (Figure 18). Hemicelluloses are well-established to dissolve under

alkaline conditions (Sjöström and Enström 1967). However, the influence 

of hemicellulose removal is not straightforward. On one hand, the 

dissolution of hemicelluloses should enable more cellulose microfibrils to

coalesce. On the other hand, alkaline conditions induce the equilibrium 

state between the microfibrils and microfibril aggregates, which shifts 

towards increased disengagement at high alkalinities. Furthermore,

hemicelluloses are able to retain water in the cell wall and, thus, increase 

WRV. However, although the xylan content decreases similarly for the dry 

and never-dried pulps, the WRV for the dry pulps increases as a function of 

increasing alkalinity during the treatment. The two pulps differ in their 

initial degree of coalescence, which is much higher for the dry pulp due to 

the hornification phenomenon that has occurred during the industrial 

drying process (Jayme 1944). Thus, the ability of the alkaline treatment to 

disengage the cellulose microfibrils probably overplays the effect of 

hemicellulose removal for the dry pulp. 

Figure 18 Effect of alkali concentration on residual xylan content of never-dried (square) 
and dry (circle) birch pulps after a treatment at room temperature for 15 minutes. (Paper 
V)
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4.4 Enhancing TEMPO catalysed oxidation of pulp by an
alkaline pretreatment

The effect of fast alkaline pretreatments (0.25-3 M NaOH, 15 min at RT)

on TEMPO catalysed oxidation of both never-dried and dry birch kraft 

pulps with HOCl was evaluated (Paper V). The TEMPO catalysed

oxidation was conducted without using bromide as a co-catalyst while

having a second phase to convert the residual aldehydes to carboxylates by 

chlorous acid. This was contrary to the conventional TEMPO catalysed

oxidation which is conducted with bromide addition (Saito et al. 2007). In 

general, the bromide-free oxidations are significantly slower than the 

conventional one (Hirota et al. 2009; Isogai 2011; Tanaka et al. 2012). With 

the alkaline pretreatment at 0.75 M NaOH, the oxidation time of the never-

dried pulp could be reduced from 2.5 hours to 0.5 hour for this bromide-

free TEMPO catalysed oxidation (Figure 19). A similar 80% reduction in the 

reaction time took place when the dry birch pulp was pretreated with alkali 

(1 M NaOH). Although the reaction time decreased even more after 

pretreatment at > 1 M NaOH, the highest alkali concentrations may alter 

the morphology of the cellulosic raw material (Dinand et al. 2002). In 

addition to the reduced oxidation time, the final amount of carboxylates 

also increased as the alkalinity of the pretreatment was increased (Figure

19). The introduction of carboxylate groups to the pulp during the 

pretreatment reduces the energy needed to homogenize the pulp into CNF

(Saito et al. 2007).

Figure 19 Effect of alkali concentration in pretreatment (RT, 15 min, 5% consistency) of 
never dried birch pulp on its TEMPO catalysed oxidation by HOCl: final carboxylate content 
(circle), TEMPO catalysed oxidation time (square). Oxidation parameters: TEMPO addition 
0.05 mmol/g, NaClO addition 2.4 mmol/g, pulp consistency 4%, and reaction temperature 
25 °C. (Paper V)
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The positive effects on the oxidation duration and the final carboxylate 

content were already reached after a one minute pretreatment (Table 2). A

longer pretreatment time did not further improve the efficiency of the 

oxidation. This may indicate that the activation by NaOH is diffusion 

controlled. Analogously, swelling is known to occur very rapidly and to be 

diffusion controlled (Schwabe and Philipp 1954, 1955). 

Table 2 Total reaction time of the TEMPO catalysed oxidation and the final carboxylate 
content of pulps pretreated at 1 M NaOH concentration at RT for varying treatment times. 
Residual aldehydes were converted to carboxylates by chlorous acid before the carboxylate 
content determination. (Paper V)

Pretreatment 
duration 

(min)

Reaction time of 
TEMPO catalysed 

oxidation

(min)
[std ± 5%]

Carboxylate content after 
post-treatment with 

chlorous acid

(mmol/g)
[std ± 3%]

1 27 1.18
15 31 1.20

240 27 1.12

Since xylan is dissolved during the alkaline treatment (Figure 18), the role 

of xylan removal on the improved performance of the pulp during the 

oxidation was evaluated by oxidizing a xylan-poor never-dried birch pulp.

The xylan-poor pulp was produced through a xylanase treatment. The 

xylanase treated pulp had a xylan content of 14.7%, which corresponds to 

the pulp treated at 0.75 M NaOH at RT for 15 minutes (14.9 % xylan 

content). Table 3 summarizes the oxidation performance of these pulps in 

comparison with the never-dried birch pulp. Table 3 clearly indicates that 

xylan removal has an effect on the reaction time. However, the alkaline 

treated pulp still has a superior performance. Moreover, the high 

carboxylate content cannot be reached by merely removing the xylan. Thus, 

the removal of xylan enhances the oxidation to some extent, but alkaline 

treatment has additional benefits not solely dependent on the reduced 

amount of xylan.  Xylan apparently retards the reaction by hindering the 

interaction of the reaction chemicals with cellulose. The alkaline induced 

swelling presumably increases the area of available microfibril surfaces for 

the oxidation and, thus, reduces the oxidation time and improves the 

formation of new carboxylic groups. However, WRV for the never-dried 

pulps decreases during the alkaline treatment (Figure 16). Thus, WRV 

cannot be considered exclusively as a good measure of reactivity during the 

TEMPO catalysed oxidation.
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Table 3 Comparison of the never-dried birch pulp before and after alkali and xylanase 
treatments in respect to the xylan content and the performance during the TEMPO catalysed
oxidation. (Paper V)

Pulp Xylan 
content 

(%)
[std ±0.4 PP]

Reaction time 
of TEMPO 
catalysed 
oxidation

(min) 
[std ±5%]

Carboxylate content 
after post-treatment 
with chlorous acid 

(mmol/g) 
[std ± 3%]

Never-dried 22.4 152 1.02

Xylanase treated 14.7 92 0.93

Alkali treated

(0.75 M NaOH,

RT, 15 min)

14.9 30 1.20

The alkaline pretreatment of pulps enabled also obtaining pulps with very 

high carboxylate contents. The final carboxylate content was above 1.6 

mmol/g for a pulp first pretreated at 1 M NaOH concentration for 15 min at 

RT and then oxidized with 4.5 mmol/g NaOCl dosage. Previously, the 

traditional TEMPO catalysed oxidation with NaBr as cocatalyst and 

applying NaOCl dosage of 5 mmol/g has produced carboxylate contents 

ranging from 1.25 to 1.5 mmol/g for bleached hardwood pulp (Saito et al. 

2007; Iwamoto et al. 2010). The reaction time of the oxidation (240 min) is

still longer compared to the bromide aided oxidation (125 min) reported by 

Saito et al. (2007).  However, the reaction time is significantly shorter than

the previously reported bromide-free alternatives exhibiting reaction times 

up to 80 hours (Hirota et al. 2009; Tanaka et al. 2012).

4.5 Drying

Hornification during drying is a well-established phenomenon for wood 

and cellulosic fibres (Minor 1994; Nazhad and Paszner 1994; Weise 1998; 

Fernandez Diniz et al. 2004). The kinetics of this phenomenon was

explored by dynamic vapour sorption (DVS) applying repeated drying and 

rewetting cycles (Paper IV). These cycles showed a decrease in the wet 

mass of the pulp obtained at high humidity (95% RH), i.e. its equilibrium 

moisture content (EMC). Moreover, after the repeated cycles, the time 

required to reach the EMC decreased. The decrease in the EMC is, most 

presumably, due to the drying induced hornification. Although the raw 

material was industrially dried birch kraft pulp, the cellulose microfibril 

coalescence, i.e. hornification, proceeded as the drying cycles are continued 

(Laivins and Scallan 1993; Wistara and Young 1999). Changes in WRV of 
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regenerated cellulosic fibres have been reported to be most pronounced 

during the first few drying and rewetting cycles and to stabilize only after 

approximately 15 cycles (Siroká et al. 2012). Figure 20 illustrates that the 

decrease in the obtained moisture content at 95% RH appears to follow an 

exponential function presented in the Equation 11:

EMC=EMC +EMC0(exp(-x/x1)), (Eq. 11)

where EMC is the moisture content after repeating x cycles, EMC is the 

moisture content

maximum extent of time associated with hornification, EMC0 is the initial 

moisture content susceptible to hornification, and 1/x1 is the rate constant 

related to this hornification. Similar behaviour was observed regardless of 

the applied vapour, whether it was D2O or water.

Figure 20 Reduction in the equilibrium moisture content (EMC) of dry birch kraft pulp at 
95% RH after repeated DVS cycles in D2O vapour. (Paper IV)

Previously, the DVS cycles have been modelled with a parallel exponential 

kinetics model (Kohler et al. 2003; Kachrimanis et al. 2006; Hill et al. 

2010; Xie et al. 2011). Thus, the hornification phenomenon can be observed

by applying this model (Eq. 12) for the individual DVS cycles:

EMC=EMC0+EMC1(1-exp(-t/t1)+EMC2(1-exp(-t/t2) , (Eq. 12)
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where EMC is the moisture content at time of t exposure to a constant RH, 

EMC0 is the initial moisture content, EMC1 and EMC2 are the moisture 

contents at infinite time associated with the fast and slow phenomena 

respectively, and 1/t1 and 1/t2 are rate constants for the fast and the slow 

phenomena, respectively. Figure 21 illustrates the changes in the 

parameters EMC1, EMC2, 1/t1 and 1/t2 as function of the number of repeated 

DVS cycles. The rates of both the fast and slow phenomena increase with 

the repeated DVS cycles. Interestingly, the extent of the slower 

phenomenon (EMC2) is only slightly affected by the repeated cycles in 

contrast to the faster phenomenon, the extent of which (EMC1) decreases 

significantly with time. Unlike the faster phenomenon, the slower one 

appears not to be related with hornification.

Figure 21 The effect of repeated DVS cycles on the dynamics for reaching the equilibrium 
moisture content for dry birch kraft pulp. The constants of the PEK model; the infinite 
moisture contents (a) for the fast reaction (EMC1) (square) and for the slow reaction (EMC2)
(circle) and the reaction rates (b) for the fast reaction (1/t1) (square) and for the slow 
reaction (1/t2) (circle); applied to 30 DVS cycles. (Paper IV)
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4.6 Assessing cellulose accessibility by DVS with deuterium 
exchange

DVS with deuterium exchange had been previously applied for bacterial 

cellulose and wood samples to determine the amount of their accessible 

hydroxyl groups (Lee et al. 2011; Rautkari et al. 2013). Thus, this novel 

method was applied for alkali treated bleached birch pulps since alkali is

often used to activate pulps to increase their reactivity (Paper IV).  In 

order to quantify the amount of accessible hydroxyl groups, the increase in 

the dry mass of the sample after each cycle in D2O at 95% RH was recorded 

(Figure 22). The increase in the dry mass appeared to follow a second order 

exponential function represented in Equation 13:

0 1(1-exp(-x/x1)) 2(1-exp(-x/x2)), (Eq. 13)

where se in mass after x cycles 0 is the initial increase in 

mass (during the first cycle) 1 2 are the increases in mass at 

infinite number of repetitions associated with the fast and slow 

phenomena, respectively, and 1/x1 and 1/x2 are the rate constants for these 

phenomena.

Figure 22
the number of drying (N2, RH 0%) and rewetting (D2O (square) and H2O (circle) vapour in 
N2, RH 95%) cycles in DVS. (Paper IV)

Earlier, the deuterium exchange has been suggested to consist of two 
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protons in the amorphous regions and a slow reaction corresponding to the 
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exchange on the surface of the crystalline regions (Mann and Marrinan 

1956; Jeffries 1963). In addition, a hypothesis on a fast exchange at the 

surfaces and a slow exchange at the interiors of the cellulose microfibrils 

has been presented (Hofstetter et al. 2006). The slow phenomenon was not 

reported in the previous studies on deuterium exchange with bacterial 

cellulose and wood powder (Lee et al. 2011; Rautkari et al. 2013). Unlike

these two samples, the pulp had undergone severe chemical processing and 

drying. The changes during these processing steps are suggested as a cause 

for the more pronounced slow exchange observed for the birch kraft pulp. 

To verify the deuterium exchange as the cause for the mass increase, a 30 

cycle DVS trial for the dry birch pulp was conducted with water vapour.

Prior to the experiment, the sample was dried over a period of time 

significantly longer than the time between the cycles. The long predrying 

time explains the observed initial small mass increase, corresponding to the 

0.06% increase in moisture content, as the sample was obviously not 

completely dried between the cycles (Figure 22). The slow decrease in the 

dry mass is presumably induced by hornification, which reduces the 

number of accessible hydroxyl groups and changes the fibre structure, for 

example, by pore closure (Higgins and McKenzie 1963; Scallan 1974). 

However, the mass increase during the first cycle with water vapour was 

only approximately 5% of the mass increase obtained with D2O vapour,

which assures that the mass increase in D2O vapour must be mainly due to 

the deuterium exchange. The water adsorption/desorption phenomenon 

during the RH cycles is a well-established phenomenon, which exhibits a 

hysteresis behaviour (Urquhardt and Williams 1924). 

15 cycles was considered appropriate to reach an adequate level of 

deuterium exchange. The duration for recording the 15 cycles was 

approximately 6 days. For each sample, three parallel measurements were 

completed. Accordingly, the overall measurement duration for one sample 

was approximately 18 days. The measurement was very sensitive to any 

unexpected disturbance and data points with high variation were excluded 

from the data. To further develop the method, the necessity of the multiple 

drying and rewetting cycles was evaluated by applying a series of only two 

extended cycles with the overall D2O exposure time equal to that of the 

experiments with the shorter cycles. The amount of accessible hydroxyl 

groups determined after these extended cycles was shown to be within the 

standard deviation of the experiments conducted with 30 cycles with an 

equal D2O exposure time (Table 4). As a conclusion, the measurement does

not dependent on the drying and rewetting, but on the extended exposure 
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to D2O to allow also for the occurrence of the slow exchange. This is in 

accordance with earlier research (Jeffries 1963). The deuterium exchange of 

fully amorphous cellulosic films under D2O vapour has been reported to 

occur within 10 hours (Hishikawa et al. 1999).

Table 4 The number of accessible hydroxyl groups measured with series of 2 and 30 DVS 
cycles having an equal overall exposure time with D2O vapour. (Paper IV)

Exposure 

time to D2O

(min)

2 extended cycles

Accessible OH groups 

(mol/kg)

[std ± 0.5]

30 short cycles

Accessible OH groups 

(mol/kg)

[std ± 0.5]

5000 12.2 12.7

10000 12.6 13.0

Fully-bleached birch pulps treated under 0.25 and 2 M NaOH 

concentration were evaluated for their accessibility. The temperature 

during the alkaline treatments was 90 °C, duration 4 hours, and 

consistency 5%. Figure 23 illustrates the correlation between the number of 

accessible hydroxyl groups and WRV. The number of samples analysed was 

limited due to the long time needed for the determination of the accessible 

hydroxyl groups by DVS. Nevertheless, Figure 23 suggests an increase in 

the number of accessible hydroxyl groups during the alkaline treatment 

observed both by DVS as well as WRV. This increase is apparent although

strong alkaline treatments are known to remove part of the highly 

accessible hemicelluloses (Sjöström and Enström 1967).
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Figure 23 The number of accessible hydroxyl groups determined by DVS with deuterium 
exchange as a function of WRV for dry birch kraft pulp and the same pulp treated with 0.25 
and 2 M NaOH at 90 °C for 4 hours. (Paper IV)
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5. Conclusions

This thesis covers the changes in the cellulose accessibility throughout the 

common chemical processing of wood, including kraft pulping, bleaching, 

drying, and TEMPO catalysed oxidation of pulp for production of cellulose

nanofibrils (CNF).

The irreversible deuteration of the pulp samples, proposed to originate 

from cellulose microfibril coalescence, occurs mainly during the heat-up 

period of kraft pulping of fresh birch chips and follows the first order 

dynamics. The dissolution of hemicelluloses during the early phases of kraft 

pulping is proposed as a more decisive factor on cellulose microfibril 

coalescence compared with delignification which proceeds throughout the 

cooking phase. Alkalinity during cooking, expressed as the active alkali 

(AA) content, has a significant effect on the extent of the proposed cellulose 

microfibril coalescence and it exhibits a direct relation with irreversible 

deuteration and an inverse relation with WRV. Sulphidity within the 

common application range does not influence cellulose microfibril 

coalescence during kraft pulping. 

Acidic treatments of pulp in conditions similar to those in modern 

hardwood pulp bleaching cause similar changes in the pulp as, for example,

drying. These include reduction in accessibility observed both as decrease 

in WRV as well as the occurrence of irreversible deuteration proposed to 

derive from cellulose microfibril coalescence.

Mild alkaline treatments (pH 12) at temperatures below 100 °C led to an 

equilibrium state of the proposed coalescence, which was observed as 

changes in the level of irreversible deuteration. Two hypotheses are 

suggested to explain the reversibility at the alkaline conditions: existence of 

equilibrium 1) between microfibrils and microfibril aggregates and/or 2)

between the amorphous and crystalline parts of cellulose. Thus, the 

hypothetical coalescence under these conditions is considered not only an

irreversible phenomenon but also a dynamic equilibrium depending on the 
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conditions. The reversibility of the cellulose microfibril coalescence was the 

more pronounced, the higher the pH and the temperature. 

The drying history of pulp showed a significant impact on the pulp 

characteristics during alkaline treatments. On one hand, as the alkalinity 

was increased, WRV increased for the dry pulps but decreased for the 

never-dried pulps. On the other hand, both pulps exhibited similar

behaviour in terms of the extent of irreversible coalescence which decreased 

as a function of increased alkalinity when strong alkaline conditions were 

applied. Hemicellulose dissolution could explain the decrease in WRV for 

the never-dried pulps. However, analogous dissolution occurs for dry pulps. 

The changes in WRV were not greatly affected by the applied temperature. 

Pulps are known to swell more at low temperatures; this promotes the 

effect of swelling on WRV. On contrary, the level of deuteration depended 

strongly on the temperature in the alkaline treatment. Thus, the proposed 

cellulose microfibril coalescence observed by the level of deuteration is 

clearly dependent on the temperature applied, probably due to the 

increased coalescence enabled by the high temperature or by the reduced 

hydration at higher temperatures.

The dynamic vapour sorption (DVS) apparatus with deuterium exchange 

was shown to be suitable for the direct quantification of the accessible 

hydroxyl groups in chemical pulps. The number of accessible hydroxyl 

groups in alkaline treated dry birch pulps correlates with WRV. The 

deuteration of pulps follows parallel exponential kinetics, which is in 

agreement with the earlier finding on fast and slow exchange of protons in 

the amorphous regions and crystallite surfaces, respectively. DVS can also 

be applied to explore the dynamics and extent of hornification during the 

repeated humidity ramps. 

An alkaline pretreatment of never-dried birch pulp at RT for a short 

period of time decreased the TEMPO catalysed oxidation duration 

significantly. The oxidation was performed bromide-free with HOCl as a co-

catalyst. Furthermore, the selectivity of pulp oxidation was increased and

extremely high carboxylate content of the pulp could be obtained. Neither 

the duration nor the temperature of the alkaline treatment had an effect on 

the response of the pulp during the oxidation. Thus, swelling which is 

known to occur rapidly already at low temperatures probably plays a role in 

the advantageous changes occurring during the alkaline treatment.

Furthermore, hemicellulose dissolution partly contributes to the behaviour

of the pulp during the oxidation. 



Outlook

57

6. Outlook

Cellulose microfibrils have a high tendency to bond with each other, 

especially in the absence of obstructing molecules. Wood and pulp 

processing often involves the removal of the hemicellulose-lignin matrix or 

water by treatments at high temperature. All of these features induce 

microfibril coalescence which in turn leads to reduced accessibility of 

hydroxyl groups in the cellulosic material. In the novel processes of wood 

and pulp, cellulose accessibility will be a significant parameter in terms of   

1) accessibility of the cellulose raw material to various enzymes or chemical 

species, 2) functionality of the raw material within novel processes, e.g., 

during dewatering, and 3) novel product quality requirements which can

include both high accessibility as well as extremely low accessibility. Thus, a 

need for an accurate and fast determination of accessibility is apparent. 

This thesis demonstrates the potential in using the deuterium exchange in 

both liquid state (deuteration combined with FT-IR spectroscopy) and 

vapour state (DVS with deuterium exchange) in the analysis of cellulose 

accessibility of both wood and pulp. These methods have the potential to 

illuminate phenomena that would not have been observed merely by 

traditional measurements, such as WRV. With the novel methods we were 

able to obtain valuable information on the dynamics and the extent of 

various phenomena related with the reactivity of cellulose. However, the

methodologies still possess prospects for further development.

The weakness of DVS combined with deuteration is the long time required 

for the measurement. However, this thesis already illustrates that the 

measurement does not depend on the number of drying and rewetting 

cycles, but on the overall time of exposure to D2O vapour. Thus, further 

studies on the behaviour of pulp samples during the extended cycles can 

provide a means to decrease the measurement duration. Another issue for 

further development is the application of different cellulosic samples. This 

thesis revealed the importance of cellulosic material properties on the 
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measurement. Assessing different cellulosic materials, such as CNF, will 

require further method development. 

Deuterium exchange combined with FT-IR spectroscopy has been applied 

during the past decade for various treatments conducted for both wood and 

pulp. However, this method possesses a few drawbacks. The method is not 

able to directly analyse the accessibility of a given sample. Only those 

changes occurring during a specified treatment in D2O can be observed.

This feature will limit its use and promote the use of DVS with deuteration. 

However, in many situations this is not a major challenge and the 

availability of the FT-IR spectroscopic devices will still provide good 

prospects for its usability. However, another obstacle will still need to be 

unravelled. The level of deuteration observed as the height of the OD band 

at 2500 cm-1 is not a quantitative measure for the loss of accessibility. In the 

future, DVS in D2O vapour could be used to calibrate the OD band 

assessment by FT-IR spectroscopy. This would enable a quantitative 

assessment of deuterium intake in liquid D2O, as well.

In the future, novel cellulosic products will be brought to industrial scale

production. The feasibility of the processes is dependent on costs, including 

raw material, chemicals, and process equipment. Improving raw material 

reactivity can decrease chemicals required and reduce process duration. 

Knowledge on the changes in raw material during the present processing 

steps, such as kraft pulping and bleaching, will enable the adjustment of 

these processes in order to produce raw material with specific properties 

without the need for additional processing steps. Alternatively, the 

application of pretreatments that utilize low cost chemicals with simple 

process equipment can modify the properties of an easily obtainable raw 

material without adding substantial expenses.  Such a treatment would be, 

e.g., a mild alkaline treatment of kraft pulp. These pretreatments, however, 

alter the raw material also in other ways in terms of yield and behaviour in 

further processes.

This thesis has given an insight on some of the above mentioned issues. 

Nevertheless, several phenomena still remain to be unraveled and novel 

processes to be explored in order to raise cellulosic raw material as an 

environmentally responsible alternative to various oil-based products.
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