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Abstract 

Mercerisation of cellulose pulp with a solution of NaOH is the first step of 

manufacturing cellulose-based value-added products, e.g. viscose fibres and 

cellulose ethers. During this process, cellulose transforms into a swollen 

crystalline structure, alkali cellulose (Na-Cell). This increases the reactivity of the 

cellulose and makes it more accessible for reagents to penetrate and react with 

the hydroxyl groups. The mercerisation conditions are known to affect the degree 

of alkalinisation of cellulose as well as the final products. The main objective of 

this thesis is to investigate how the alkalinisation of softwood sulphite dissolving 

cellulose pulp is influenced by the co-variation of process variables in the 

mercerisation in industrial relevant conditions, for both viscose and cellulose 

ether production. This objective was achieved by quantitative analysis of the 

effect of simultaneous variation of a set of key parameters on the degree of 

alkalinisation (i.e. degree of activation, DoA) of the chosen dissolving pulp. 

Quantitative measurements were performed using Raman spectroscopy data, 

evaluated by partial least squares (PLS) regression. For mercerisation at viscose 

production conditions, the effect of studied variables on mass yield was also 

considered. In the case of mercerisation at ether processing conditions, formation 

of alkali cellulose at a fixed temperature was included. The knowledge obtained 

on mercerisation under ether processing conditions was then applied for 

preparation of the ionic cellulose ether carboxymethylcellulose (CMC).  

The overall results show that temperature has a strong effect on DoA and mass 

yield for mercerised samples under steeping conditions. Measured DoA decreases 

as the temperature increases from 20 to 70 °C. Mass yield correlates positively 

with the temperature up to 45-50 °C in the PLS model, after which the relation is 

negative. The [NaOH] and reaction time show a complex dependence of other 

variables. At mercerisation conditions for cellulose ether production, the 

NaOH/AGU stoichiometric ratio, denoted as (r), shows to be very important for 

DoA, with a positive correlation. At these mercerisation conditions, temperature 

shows no effect on DoA. The influence of the [NaOH] (which also refers to the 

concentration of water) shows a complex dependence on (r). As (r) increases and 

[NaOH] decreases, the measured DoA increases. Prolonged mercerisation time 

shows no significance in the modelled DoA. However, a gradual increase of the 

DoA over time was seen when mercerisation was performed with 30% and 40% 

[NaOH] at (r) = 0.8, suggesting a slow diffusion of NaOH and Na-Cell formation. 
13C CP-MAS NMR measurements of samples produced at room temperature show 

that formation of the Na-Cell allomorph is mainly determined by the [NaOH]. 

However, in the transition area between Na-Cell I and Na-Cell II, (r) also seems 

to be of importance.  An increase of DS in the produced CMC samples also shows 

to be consistent at such conditions with the increase in the measured DoA and 
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with increased (r) and decreased [NaOH]. However, these conditions also favour 

the formation of by-products. In the synthesised CMC samples, a DS of up to 0.7 

was achieved. Measured solubility was lower than expected for any given DS. 

This, along with the non-statistical distribution of monomer units in the polymer 

chains, indicates high heterogeneity in the synthesised samples. The distribution 

of substituents within the AGU shows attachment to hydroxyl oxygens in the 

order O3 < O2 ≈ O6. The relative importance of the substitution at O3 indicates 

an increase at this position when [NaOH] increases. 

The models presented in this thesis will hopefully serve as a basis for predicting 

the effects of the studied variables on the DoA, as well as on the mass yield of 

cellulose pulp when mercerisation conditions are adjusted. Moreover, it is 

believed that the presented studies can give a better understanding of 

mercerisation at cellulose ether conditions, hence enabling further development 

of this process step. 

Keywords: Mercerisation. Alkalinisation. Cellulose I. Cellulose II. Alkali 

cellulose. Viscose. Cellulose ether. Carboxymethylcellulose. Sodium glycolate. 

Sodium diglycolate. Raman spectroscopy. Multivariate data analysis. 
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Sammanfattning på svenska (Abstract in 

Swedish) 

Behandlig av cellulosa med NaOH-lösning (mercerisering) är det första steget vid 

tillverkning av många cellulosabaserade produkter, t.ex. cellulosaetrar och 

Viskos-Rayon. Under denna process bildas s.k. Na-cellulosa vilket är en reaktiv 

form av cellulosa. Egenskaperna hos denna är avgörande för slutproduktens 

kvalitet. Huvudmålet för denna avhandling är att undersöka hur flera 

processparametrar gemensamt påverkar denna process vid industriellt relevanta 

förhållanden för både viskos- och cellulosaeterproduktion. För att nå detta mål 

har, för det första, graden av mercerisering (DoA), mätts kvantitativt m.h.a. 

Raman spektroskopi och multivariat dataanalys. För det andra har varianten av 

Na-cellulosa polymorf bestämts vid inget eller lågt NaOH-överskott. För det 

tredje har den uppbyggda kunskapen använts till att tillverka karboximetyl-

cellulosa (CMC), som sedan har analyserats i detalj.  

Vid viskostillverkning är temperaturen den mest betydelsefulla variabeln för 

DoA. Grad av mercerisering minskar med stigande temperatur i hela det mätta 

intervallet (20-70°C). Utbytet visar däremot ett maximum vid 45-50°C. 

Koncentrationen av NaOH (betecknat [NaOH]) och reaktionstiden visar däremot 

komplexa beteenden och starkt samberoende med andra variabler. 

För cellulosaeterproduktion (d.v.s. mercerisering vid inget eller mycket lågt 

NaOH-överskott) visar resultaten att den stökiometriska kvoten mellan NaOH 

och cellulosa (r) är den viktigaste parametern, vilken ger positiv påverkan på 

DoA, d.v.s. ökad (r) ger ökad DoA. Temperaturen och reaktionstiden tycks ge liten 

eller ingen effekt vid sådana merceriseringsförhållanden. Emellertid fås en viss 

ökning av DoA då cellulosa med 30-40% NaOH-lösning vid substökiometrisk (r), 

vilket tyder på en långsam diffusion av NaOH i cellulosablandningen. NMR-

mätningar på sådana prover visar att Na-cellulosapolymorfen huvudsakligen 

bestäms av [NaOH]. Emellertid påverkar även (r) kvoten mellan Na-cellulosa I 

och II. 

På samma sätt som DoA ökar med ökad (r), så ökar även substitutionsgraden 

(DS) för CMC med ökad (r) och sänkt [NaOH]. En negativ effekt är dock att också 

oönskade produkter gynnas vid sådana förhållanden.  
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Abbreviations 

LWC   Low water content 

(r)   NaOH/AGU stoichiometric ratio 

[NaOH]   Concentration of NaOH in %, w/w  

Na-MCA   Sodium monochloroacetate 

AGU   Anhydroglucose units                                                                      

Cell I   Cellulose I 

Cell II   Cellulose II 

Na-Cell   Alkali Cellulose 

CMC   Carboxymethylcellulose  

DP   Degree of polymerisation  

DoA   Degree of activation 

DS   Degree of substitution 

DoE   Design of experiments  

PLS   Partial least squares  

PCA   Principal component analysis 

R2   Goodness of the fit  

Q2   Goodness of the prediction  

VIP   Variable influence on projection 

UV   Unit variance 

CV   Cross-validation 

RSD   Relative standard deviation  

P   P-value  

FMM   Fully mercerised material 
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HPLC   High-performance liquid chromatography 

NMR   Nuclear magnetic resonance 

CP/MAS NMR Solid-state cross-polarisation/magic angle 

spinning NMR  
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1. Introduction  

“Cellulose is a system, not a pure individual“- Louis E. Wise 

Cellulose is an organic polymer found in green plants, algae, and is produced by 

some bacteria (Ek, Gellerstedt & Henriksson, 2009). Due to its renewability and 

high availability, it has been the object of research and a key source for production 

of sustainable materials. Cellulose as a raw material for the production of 

cellulose-based value-added products mostly come from cotton linter or bleached 

wood pulp, produced by either sulphite or kraft (i.e. sulphate) processing. This 

raw material has high cellulose content (> 90%) (Ek, Gellerstedt & Henriksson, 

2009; Kumar & Christopher, 2017; Sixta, 2006). 

Cellulose is a linear macromolecule that consists of anhydroglucose units (AGU, 

C6H10O5) linked together by β-(1,4) glucosidic bonds (Fig. 1). The presence of 

hydroxyls groups in the C2, C3 and C6 positions in the AGU, here also called 

functional groups, as well as the oxygen atoms in the pyranose rings,  lead to an 

extensive hydrogen bond network composed by inter- and intra-molecular 

hydrogen bonds in the cellulose macromolecule (Fig. 2) (Credou & Berthelot, 

2014; Krässig, 1993; Sjöström, 1993). Thus, contributing to the virtual insolubly 

of cellulose in common solvents, for example, water.    

The chemical stability of the cellulose molecule is determined by the competition 

between the hydrolysis at the β-glucosidic bonds on the one hand, and, on the 

other hand, the reactivity of the functional groups (Krässig, 1993). Cellulose, 

through its functional groups (hydroxyl and ether), can react with different 

chemicals leading to the formation of a wide range of products, e.g. 

carboxymethylcellulose (CMC), viscose, and cellulose acetate. However, the 

accessibility to those functional groups is restricted and depends to a large extent 

on their involvement in the hydrogen bond network, and by this also on the 

degree of crystalline and amorphous regions within the cellulose fibrils, which 

will be explained later in the Introduction section 1.1.  

A challenge in the production of cellulose-based products is the accessibility of 

chemicals to the functional groups in the AGU, which has required particular 

approaches to increase the reactivity (Credou & Berthelot, 2014; Heinze, El Seoud 

& Koschella, 2018; Krässig, 1993). Alkali treatment of cellulose by NaOH(aq), a 

process known as mercerisation, is one of them. Mercerisation is a common way 

used to transform cellulose into a swollen crystalline structure denoted as alkali 

cellulose (Na-Cell), which is a more reactive and accessible structure for the 

reactants to penetrate and form chemical bonds with. Hence, mercerisation is 
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critical in the production of cellulose-based products, serving as an initial step to 

produce for example viscose and cellulose ethers. 

Most available studies on alkalinisation of cellulose have focused on 

mercerisation at steeping conditions, where a high stoichiometric ratio of 

NaOH/AGU, denoted herein by (r), with typically (r) ≥ 20 is used  (Porro, Bedue, 

Chanzy & Heux, 2007; Schenzel, Almlöf & Germgård, 2009; Sisson & Saner, 1941; 

Sobue, Kiessig & Hess, 1939; Yue, Han & Wu, 2013).  In general, the results from 

these studies show that the degree of transformation (denoted by DoA from 

‘degree of activation’) of cellulose to Na-Cell, as well as the type of Na-Cell formed, 

is influenced by temperature and concentration of NaOH, hereafter indicated as 

[NaOH] (w/w, %). Mercerisation at steeping conditions may be appropriate when 

making viscose fibres, but less so in processes related to cellulose ethers. The use 

of such high (r) leads to the formation of unwanted by-products, which are 

generated by the reactions of the added reagents with water and excess OH- ions 

(Saxell, Heiskanen, Axrup, Hensdal & Jokela, 2015). To avoid this, modern 

cellulose ethers production is done at low-water-content  (LWC) mercerisation, 

i.e. low (r)  ((r) =  1.1 – 5.0) in combination with high [NaOH] ([NaOH] = 40-50 

% w/w) (Berglund, Johansson & Sundberg, 2009; Boström & Karlson, 2013). 

Hereafter, low (r) refers mercerisation done at (r) ≤ 5.  In spite of the extensive 

work done on the alkalisation of cellulose (e.g., Borysiak & Garbarczyk, 2003; 

Budtova & Navard, 2016; Gupta, Uniyal & Naithani, 2013; Nishimura, Okano & 

Sarko, 1991; Okano & Sarko, 1985; Richter & Glidden, 1940; Wang, 2008), 

studies of mercerisation at low (r) in the absence of organic liquid are few. The 

influence of parameters such as [NaOH] and temperature on mercerisation of 

cellulose at low (r) is still not completely understood. Moreover, it remains 

uncertain whether the use of low (r) makes the Na-Cell complex possible to 

obtain.  

Early work using mercerisation at steeping conditions showed that the 

conversion of cellulose to Na-Cell is a moderately fast process at a temperature ≤ 

30 °C, however, highly affected by temperature and [NaOH] (Borysiak & 

Garbarczyk, 2003; Sisson & Saner, 1941). Yet, it was unknown if this was the case 

for LWC mercerisation, where the system is drier compared to steeping 

mercerisation, and the contact between the cellulose and the NaOH(aq) solution 

is limited. Therefore, there was a gap in knowledge about whether there is time 

dependence in this type of mercerisation or not.   

This PhD project was focused on improving the current understanding of 

mercerisation at steeping conditions, and to obtain knowledge of LWC 

mercerisation using conditions similar to those often used in industry for viscose 

and cellulose ether production, respectively. Note that previous mercerisation 

studies at steeping conditions (e.g. Borysiak & Garbarczyk, 2003; Schenzel, 



 
 

3 
 

Almlöf & Germgård, 2009; Sisson & Saner, 1941) have shown the influence of 

[NaOH], reaction time, and temperature on DoA. These results have been 

obtained by analysing the variables either independently or as a function of one 

more variable. In present work, these three variables were simultaneously 

variated, and their effect on DoA was measured quantitatively. In the case of LWC 

mercerisation, (r) was also included as a variable. The effect of studied variables 

on mass yield was also considered for mercerisation at steeping conditions. At 

LWC mercerisation, the Na-Cell complex formed at a fixed temperature was 

included. The knowledge obtained on LWC mercerisation was then applied in the 

production of the ionic cellulose ether CMC. 

Collectively, the results presented here can hopefully offer new insights that help 

optimisation of alkalinisation processes in the viscose and cellulose ethers 

industry.   

1.1 Cellulose 

The most common natural polymer is cellulose. As a polymer, cellulose has to be 

defined on three structural levels: molecular level, supramolecular level and 

morphological level (Credou & Berthelot, 2014; Krässig, 1993). Here follows a 

brief description of each level.  

1.1.1 Molecular level 

Cellulose is a linear macromolecule that consists of anhydroglucose units (AGUs, 

formula C6H10O5) linked together by β-1,4 glucosidic bonds, that is, oxygen 

linking carbons 1 and 4 of adjacent AGUs (Krässig, 1993), Fig. 1. The number of 

AGUs in the chain is commonly referred as the degree of polymerisation (DP). 

The DP depends among other things for example on the origin of the raw material 

and isolation method  (Credou & Berthelot, 2014). The terminal ends of the 

cellulose chain are different. One end has a hydroxyl group at C4 and is denoted 

as a non-reducing end, while the other end where C1 is an aldehyde carbon in the 

ring-opened form is termed as a reducing end (Sixta, 2008), Fig. 1.  
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Fig. 1 Molecular structure of cellulose, according to Credou and Berthelot (2014). 

(n = degree of polymerisation) 

As mentioned in Introduction section 1, the chemical stability of cellulose is 

determined by the hydrolysis of the β-glucosidic bonds and reactivity of the three 

functional groups at positions C2, C3 and C6. These three hydroxyl groups in each 

AGU together with the oxygen atom of the pyranose ring can form intra and 

intermolecular hydrogen bonds (Credou & Berthelot, 2014). The intramolecular 

hydrogen bonds in Cell I are formed between the hydroxyl groups at C3 of the 

AGU and the pyranose ring oxygen O5´ of the adjacent AGU in the cellulose 

chain, as well as between the hydroxyl group at C6 and C2´(Gardner & Blackwell, 

1974), see Fig 2. The intramolecular hydrogen bonds are responsible for 

stabilising the glucosidic bond and making the structure rigid (Ek, Gellerstedt & 

Henriksson, 2009). The intermolecular hydrogen bonds are between the 

hydroxyl group on C6 and the hydroxyl group on C3´ in the parallel cellulose 

chain (Gardner & Blackwell, 1974), Fig 2. 

 

Fig. 2 Hydrogen bonds pattern of cellulose I (left) and cellulose II (right). The 

dashed lines indicate intramolecular (black) and intermolecular (red) hydrogen 

bonds. Republished with permission of Credou and Berthelot (2014), from 

Cellulose: from biocompatible to bioactive material, Credou and Berthelot, 2, 30, 

2014 
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1.1.2 Supramolecular level 

The ability of the hydroxyl groups to form intermolecular hydrogen bonds causes 

the cellulose chain to organise into a parallel arrangement of crystallites and 

crystalline strands, this being the basic elements of the supramolecular structure 

of the cellulose fibre. Cellulose fibres are built by macro- and micro-fibrils, which 

are aggregates of even thinner and basic fibrillar units, known as elementary 

fibril, Fig. 3. The cellulose fibre structure includes not only crystalline regions 

(ordered) but also amorphous (disordered) regions (Ek, Gellerstedt & 

Henriksson, 2009; Ioelovich, 2016). The proportion of crystalline and 

amorphous regions depends on the origin of cellulose, e.g. from cotton and wood 

(Credou & Berthelot, 2014; Zugenmaier, 2008). Knowledge of the presence, 

proportions and properties of these two regions are of great importance for 

understanding reactions of heterogenous cellulose. These regions can be 

observed using methods such as X-ray diffraction (e.g. Parilla Philip, Himmel 

Michael, Baker John, Park & Johnson David, 2010) and solid-state NMR 

spectroscopy (e.g. Larsson, Wickholm & Iversen, 1997).  

 

Fig. 3 Schematic representation of the cellulose fibrillar structure. Adapted by 

permission from Ratke (2011): Springer, Aerogels Handbook, Monoliths and 

Fibrous Cellulose Aerogels, Ratke, 2011 

Cellulose is found in four different crystalline forms (I, II, III, IV), where Cell I 

and Cell II are the most important for the industry and the ones mentioned in 

this thesis. Information regarding the other crystalline forms (III, and IV) can be 

found in work presented by Isogai, Usuda, Kato, Uryu and Atalla (1989).  Cell I 

has a parallel crystalline structure (Ellis & Warwicker, 1962), and can be found in 

two different crystalline forms, Cell Iα and Cell Iß. Cell Iα has a one-chain triclinic 

unit cell, and this type of cellulose is mostly found in, e.g. bacteria or algae. The 

Cell Iß form has a two-chain monoclinic unit cell. It can be found mostly in woody 

plants and cotton (Atalla & Vanderhart, 1984; Atalla & VanderHart, 1999; Ek, 
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Gellerstedt & Henriksson, 2009). Cell II is obtained by treating Cell I with 

NaOH(aq) under mercerisation conditions, followed by washing until neutrality 

and drying of the cellulose. It can also be done through regeneration, by first 

dissolving the cellulose, followed by precipitation. This allomorph has an 

antiparallel crystalline structure, organised in a monoclinic unit cell (Kolpak, 

Weih & Blackwell, 1978; Langan, Nishiyama & Chanzy, 2001). After many 

controversies, scientist seems to agree that the hydroxyl group in the position at 

C6 are gauche-trans oriented (Gessler, Krauss, Steiner, Betzel, Sarko & Saenger, 

1995; Isogai, Usuda, Kato, Uryu & Atalla, 1989; Raymond, Heyraud, Qui, Kvick & 

Chanzy, 1995). This type of cellulose, i.e. Cell II has a complex hydrogen bond 

network, which differs from Cell I. The intramolecular hydrogen bond of the 

hydroxyl group at C3 and the O5´ of the adjacent AGU in the cellulose chain is 

the same as for Cell I (Credou & Berthelot, 2014; Gessler, Krauss, Steiner, Betzel, 

Sarko & Saenger, 1995). However, intermolecular hydrogen bonds in Cell II are 

different than in Cell l. Cell II has a hydrogen bond between hydroxyl group at C6 

and hydroxyl group at C2´in the parallel cellulose chain (Langan, Nishiyama & 

Chanzy, 1999), see Fig. 2.  

1.1.3 Morphological level 

Wood cells are composed of three major components, cellulose, hemicellulose, 

and lignin. Cellulose forms the core and is surrounded by hemicellulose, which in 

turn is covered in lignin. As mentioned earlier, cellulose is a linear 

macromolecule, composed of glucose units. Hemicellulose is a branched 

polymer, formed from sugars like glucose, mannose, galactose, xylose and 

arabinose. Lignin is a polymer with complex structure from different cross-linked 

phenylpropane units (Ek, Gellerstedt & Henriksson, 2009; Sjöström, 1993). In a 

tree, wood cells are composed of different cell wall layers (primary and secondary 

wall). These wood cells are bound together by the middle lamella, which in the 

mature state is made mostly of lignin. The primary wall is the outer layer of the 

wood cell, which consist of lamellae. The cellulose fibrils are randomly oriented 

(Krässig, 1993). The secondary wall is composed of three layers S1, S2, S3, where 

the cellulose fibrils can be either horizontally or vertically oriented (Ek, 

Gellerstedt & Henriksson, 2009). The thickest layer is S2. This layer contains 80-

85 % of the cellulose matter of the whole wood fibre, Fig. 4 (Krässig, 1993). When 

wood is processed into pulp lignin is hydrolysed and dissolved, thus freeing the 

fibres. However, native constituents different from cellulose, such as 

hemicellulose and waxes, still remain in the wood pulp after processing (Krässig, 

1993).  
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Fig. 4 Model of cell wall layers of the wood. P: primary wall, S: Secondary wall 

composed of three layers S1, S2, S3, M: Middle lamella. Reprinted by permission 

from Booker and Sell (1998): Springer, Holz als Roh- und Werkstoff. The 

nanostructure of the cell wall of softwoods and its functions in a living tree, 

Booker and Sell, 1998 

As can be observed in this section of the thesis, the complex morphology, 

supramolecular level, together with the high crystallinity of the cellulose 

represents a challenge when using cellulose as raw material for the production of 

cellulose-based value-added products.  

1.2 Chemical reactivity of cellulose  

In addition to the inherent chemical reactivity of the OH groups at positions C2, 

C3 and C6, the reactivity of these functional groups depends on their involvement 

in hydrogen bonding. The hydrogen bonding highly affects the cellulose 

accessibility, which appears to be much determined by the hydroxyl group at 

position C3. Some literature even labels this OH group as unavailable for 

reaction. In contrast, the hydroxyl groups at C2 and C6 seem to be available for 

chemical interaction (Krässig, 1993). The OH group at C6 is known to have the 

smallest steric hindrance, thus showing higher reactivity (Sjöström, 1993). The 

reactivity for each hydroxyl group also differ depending on the type of reaction. 

For esterification, the reactivity of the OH group at C6 is the highest and for 

etherification, the group at C2 is the most reactive (Sjöström, 1993). Concerning 

acidity, it is the OH  group at C2 which has been reported as the most acidic 

(Mischnick & Momcilovic, 2010).  The reactivity of cellulose is also affected by 

the crystalline structure of the cellulose fibres. Hydroxyl groups located in an 

amorphous area are more accessible, and will therefore react more easily 

(Sjöström, 1993), while groups located in a crystalline region are less accessible 

(Budtova & Navard, 2016). To improve accessibility to the hydroxyl groups, and 

hence increase the reactivity of a cellulose, different activation methods are used. 

There are mechanical as well as enzymatic and chemical methods. Among the 
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chemical methods, the most popular is alkali treatment with NaOH(aq). This 

treatment changes both chemical and physical properties of the cellulose. This 

thesis work focuses on alkalinisation of cellulose, and therefore only this method 

will be covered. Much information regarding the other activation methods are 

available for example in a review work (Budtova & Navard, 2016), and in the book 

by Krässig (Krässig, 1993). 

1.2.1 Mercerisation 

Mercerisation was patented in 1850 and named in honour to its inventor John 

Mercer. He found that the treatment of cellulose from cotton with concentrated 

alkaline NaOH solution followed by washing, improved properties such as lustre 

and smoothness (Budtova & Navard, 2016). During mercerisation, Cell I 

transforms into the more reactive, swollen, crystalline structure alkali cellulose 

(Na-Cell). Mercerisation has been extensively studied and widely used as a first 

step in processes for consecutive reactions or modifications of cellulose for 

obtaining products such as viscose and cellulose ethers. In 1985, Okano and Sarko 

(1985) described a mechanism for mercerisation. As a first step, the swelling 

agent, i.e. alkali solution, enters the amorphous region, causing swelling in the 

cellulose fibre. In this swollen state, the polymer chain is expected to be more 

mobile, where individual chains from the surface can diffuse laterally to form an 

antiparallel chain structure in the Na-Cell. In the transition from the parallel 

chain packing in Cell I to the antiparallel in Na-Cell I, the energy and entropic 

factors favour the formation of Na-Cell I, thus crystalline regions of Cell I are 

reduced as the crystallites of Na-Cell I increases. Once the first conversion is 

complete, the Na-Cell I is free to absorb more NaOH, hence transforming into 

Na-Cell II. It has been suggested that in such crystalline form, all contacts 

between the adjacent chains in the unit cell are removed. Once the NaOH(aq) is 

washed out from the Na-Cell complex, the cellulose is transformed into the 

antiparallel crystalline structure Cell II (Okano & Sarko, 1985) 

Older literature describes the most likely composition of Na-Cell I at the 

molecular level to contain one Na+ ion per AGU (C6H10O5·NaOH·2H2O) 

(Nishimura, Okano & Sarko, 1991; Sobue, Kiessig & Hess, 1939). It was also 

believed that Na-Cell II contains at least one Na+ ion per AGU (Okano & Sarko, 

1985; Sobue, Kiessig & Hess, 1939). Most authors agree that the most probable 

position of the Na+ ion is at the OH group at C2. The position at C3 seems to be 

more difficult to access (Kamide, Kowsaka & Okajima, 1985; Nishimura, Okano 

& Sarko, 1991; Takahashi, Ookubo & Takenaka, 1991). A more recent study also 

suggests that the OH group at C2, and in a lesser degree at C6 are deprotonated 

under aqueous alkaline conditions where cellulose can dissolve (Bialik et al., 

2016). Moreover, formation of sodium alcoholate at very high [NaOH] (40%) has 

also been suggested (Chédin & Marsaudon, 1956).  
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Cellulose swelling has been explained by the size of the hydrate NaOH ion, where 

small NaOH-hydrates facilitate penetration into the amorphous regions, and 

then the crystalline regions. Another plausible explanation is that the Na+ ion 

needs to bring water in order to swell the cellulose (Budtova & Navard, 2016; 

Stepanova, Pakshver & Kaller, 1982). Richter and Glidden have shown that 

cellulose is most highly swollen at [NaOH] around 8-12 %, with less swelling at 

higher or lower alkali concentration (Richter & Glidden, 1940). The same study 

also shows that swelling increases with temperature below 35 °C. It is worth 

mentioning that the degree of swelling depends on the raw material, e.g. cotton 

or wood cellulose. Furthermore, it has also been shown that swelling of cellulose 

is heterogeneous, taking place in some zones along the fibre, thus showing a 

ballooning effect (Cuissinat & Navard, 2006; Nageli, 1864).  

Due to the importance of mercerisation in the industry, the effect of the process 

conditions on the DoA has been extensively study. In this case, the scientists have 

studied mercerisation via transformation of Cell I to Cell II. Sisson and Saner 

(1941) presented a comprehensive qualitative diagram of three levels of DoA, i.e. 

cellulose, partially mercerised cellulose and fully mercerised cellulose, as a 

function of temperature from -20 °C to 100 °C and variation of [NaOH] from 2% 

to 50%, using X-ray diffraction. More recently, Borysiak and Garbarczyk (2003) 

reported a quantitative study of the DoA from Cell I to Cell II as a function of the 

[NaOH] in a span from 10% to 25% and reaction time from 1 to 30 minutes using 

WAXS. Later, Schenzel, Almlöf and Germgård (2009) developed a calibration 

model based on FT Raman spectroscopy to measure the DoA. In the same study, 

the DoA was quantitatively measured for sulphite dissolving cellulose pulp, 

mercerised at different [NaOH] from 2% to 28%. It is worth emphasising that all 

studies mentioned in this section have focused on mercerisation at steeping 

conditions. Moreover, most of the mentioned studies have focused on only two 

variables. In the modern industry, however, all variables are varied at the same 

time, since their co-dependency may affect the DoA. For industrial mercerisation 

conditions for cellulose ethers, where less water is involved, i.e. highly 

concentrated aqueous NaOH combined with very low (r), there is very little 

literature. Processes which do not utilise alcohols in the reaction mixture are only 

briefly described in available literature. As an example, in the qualitative study 

presented by Sisson and Saner (1941), cellulose from cotton was mercerised at 

steeping conditions with highly concentrated NaOH ([NaOH] = 45-50% w/w). 

Samples treated within a relevant temperature range for preparation of cellulose 

ethers ((T) = 30-60 °C) shows complete mercerisation.  
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1.2.2. Alkali cellulose complex 

The cellulose/NaOH/water complex (i.e. Na-Cell) formed at different 

temperature and [NaOH] was presented by Sobue, Kiessig and Hess (1939), 

where five different Na-Cell complex (I, II, III, IV and Q)  were identified, with 

Na-Cell Q being of great interest for cellulose dissolution (e.g., Alves, Medronho, 

Antunes, Topgaard & Lindman, 2016; Isogai & Atalla, 1998). This type of Na-Cell 

is formed at a temperature between below 1°C and [NaOH] around 7 - 8%. More 

recently Porro, Bedue, Chanzy and Heux (2007) suggested a reconsideration of 

the mentioned Na-Cell complex. By using 13C CP/MAS NMR experiments, it was 

found that only two stable forms, Na-Cell I and Na-Cell II, could be distinguished 

within the phase diagram, together with the Na-Cell Q. The authors also observed 

a dissolution of the cellulose under mentioned Q conditions (Fig. 5). 

 

Fig. 5 Na-cellulose (Na-cell) phase diagram for microcrystalline cellulose from 

cotton treated with different [NaOH] and temperature. Diagram based on 13C 

CP/MAS NMR measurements. Reprinted with permission from Porro, F., Bedue, 

O., Chanzy, H., & Heux, L. Solid-state C-13 NMR study of Na-cellulose complexes. 

Biomacromolecules, 8(8), 2586-2593. Copyright (2007) American Chemical 

Society 

1.3. Viscose process 

The manufacturing of viscose fibres was patented by Cross and Bevan in 1892. 

They discovered that the alkali cellulose formed in the mercerisation can react 

with carbon disulphide (CS2) (Krässig, 1993). In viscose processing, the cellulose 

pulp is mercerised at steeping conditions (typically having a consistency of  ≤ 6% 

cellulose) (Wilkes, 2001). The NaOH concentration is normally around 16-20 % 

(Krässig, 1993). During mercerisation, hemicellulose and short chained cellulose 

can dissolve in the caustic lye (Sixta, 2008; Wilkes, 2001). The temperature and 
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reaction time might vary, depending on the raw material and producer. After 

mercerisation, the swollen cellulose is pressed to a desired alkali to cellulose ratio 

(Wilkes, 2001). During this step, the excess of NaOH(aq), dissolved 

hemicellulose, and short-chain cellulose are removed. After pressing, shredding 

takes place to increase the surface area of the Na-Cell, hence improving 

penetration of O2 and increasing the accessibility for the reagents. The Na-Cell is 

then aged to a determined intrinsic viscosity by oxidative hydrolysis to lower DP 

under controlled conditions of temperature and time. In this step, the reduction 

of the DP is important, to allow a good processability of the final viscose dope 

(Strunk, 2012). In the xanthation step, CS2 reacts with the aged Na-Cell to form 

sodium cellulose xanthate. During this step, side reactions take place, giving by-

products such as sodium trithiocarbonate (Na2CS3) (Krässig, 1993; Wilkes, 

2001), which gives a yellow to orange colour to the viscose dope (Strunk, 2012). 

Next, the cellulose xanthate is dissolved in diluted NaOH under agitation, to form 

viscose dope. The dope is then aged in the ripening step, to facilitate 

redistribution of the xanthate group from C2 (and C3) to C6, in the kinetically 

and thermodynamically favoured structures, respectively (Krässig, 1993; Strunk, 

2012; Wilkes, 2001). During this process, the rearrangement of the CS2 at 

position C6 will give an even distribution in the cellulose chain (Strunk, 2012), 

and therefore a stable product (Wilkes, 2001). In the following step, the dope is 

filtered to remove impurities, e.g. undissolved gel, that can block the holes in the 

spinnerets. Before spinning, the viscose dope needs to be deaerated. This is done 

to remove air bubbles which can disturb the spinning process, and lower fibre 

tenacity (Wilkes, 2001). Next, the viscose dope is brought to spinning, where the 

viscose solution is pressed through very small holes of the spinneret, into a bath 

that contains sulphuric acid, sodium sulphate, zinc sulphate and water. In this 

bath, the acid regenerates the cellulose as a filament. This process is 

instantaneous. The regenerated filament is stretched, cut and washed (Strunk, 

2012). 

1.4. Cellulose Ethers 

Cellulose ethers (CEs) are a group of polymers that can be produced by chemically 

modifying cellulose. This process starts with the formation of Na-Cell, followed 

by a reaction with an etherifying reagent. The processing conditions are 

determined depending on which cellulose ether is produced. As an example, the 

reaction of Na-Cell with the etherifying reagent monochloroacetic acid (MCA) 

produces the ionic cellulose ether CMC (Saxell, Heiskanen, Axrup, Hensdal & 

Jokela, 2015), while the non-ionic cellulose ether ethyl hydroxyethyl cellulose 

(EHEC) is formed when Na-Cell reacts with ethyl chloride and ethylene oxide 

(Lindgren, 2000; Strunk, Lindgren, Agnemo & Eliasson, 2012).  An appealing 

feature of the CEs is their solubility, which is determined by the type of 

substituent (which turns to give a different type of CEs), the degree of 
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substitution, denoted as DS, and distribution of substituent along the cellulose 

chain (Coffey, Bell & Henderson, 2006; Fengel & Wegener, 1983; Heinze & 

Koschella, 2005). DS refers to the average number of the OH groups in the AGU 

that have been substituted, e.g. by carboxymethyl groups in the case of CMC 

(Feller & Wilt, 1991). In general, most of the CEs are soluble in water at relatively 

low DS (e.g. CMC, c.f. 1.4.1), while only those with hydrophobic substituents and 

shigh DS are soluble in organic solvents (e.g. ethylcellulose) (Fengel & Wegener, 

1983; Sjöström, 1993). A large variety of CEs are available in the market. They are 

used as thickening, water-retaining and dispersing agents (Berglund, Johansson 

& Sundberg, 2009; Carraher & Charles, 2003) in e.g. water-based paints, and in 

the building industry. 

1.4.1 Carboxymethylcellulose process 

Carboxymethylcellulose is a widely used water-soluble CE formed by reacting Na-

Cell with MCA, or its salt sodium monochloroacetate, Na-MCA. During its 

preparation, a large amount of Na-MCA (up to 30%) is consumed in side 

reactions with NaOH(aq). This leads to the formation of unwanted by-products, 

such as sodium glycolate (Klemm, Philipp, Heinze, Heinze & Wagenknecht, 

2004). In the Materials and methods section 3.2.5, the chemical reactions related 

to the formation of CMC and side products are presented.  

In a traditional CMC process, Na-Cell is formed at steeping mercerisation 

conditions, similar to those normally used in the viscose process ([NaOH] around 

20-30% w/w). This is followed by pressing, thus removing a large portion of the 

excess H2O and NaOH from the formed Na-cell cake (Barry, 1942; Klemm, 

Philipp, Heinze, Heinze & Wagenknecht, 2004). However, not all excess H2O and 

NaOH can be removed, leading to the formation of unwanted by-products in the 

following etherification step. This process has now been substituted, where the 

Na-Cell is formed in a medium of NaOH(aq) and an organic liquid, typically 

isopropanol (IPA), at a temperature of 25 °C. Subsequently, the temperature is 

increased to around 70 °C, and MCA is added to form CMC. The presence of 

organic liquid in this type of process works as a heat transfer agent, but also helps 

the mixing of the reactants. This favours an even distribution of the chemical, and 

thereby a more uniform etherification. (Klemm, Philipp, Heinze, Heinze & 

Wagenknecht, 2004; Stigsson, Wilson & Germgärd, 2004). It is worth 

mentioning that in the CMC process, oxygen needs to be removed to avoid chain 

degradation due to the strong alkaline medium. After etherification, the obtained 

CMC product contains 25-40% of by-product salts (NaCl and sodium glycolate). 

This crude product can be dried, and is commercialised as a technical grade for 

use e.g. in detergents (Stigsson, Wilson & Germgärd, 2004). Another option is to 

neutralise the crude product, e.g. with HCl, followed by washing out of the by-

product with methanol or a methanol/water mixture (Klemm, Philipp, Heinze, 
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Heinze & Wagenknecht, 2004). After drying and milling, the product is sieved for 

even particle size distribution. The final result is a product with less than 2% salts, 

that can be used for example in papermaking industry. A product with salt 

content lower than 0.5% is labelled extra pure grade and is usually used in food 

industry and pharmaceutical products (Ek, Gellerstedt & Henriksson, 2009; 

Stigsson, Wilson & Germgärd, 2004). CMC is produced with DS in the range of 

0.4 to 1.4 (Sjöström, 1993). The water solubility of CMC increases as DS increases. 

CMC with a DS value of 0.5 are soluble only in alkali (4 % NaOH), while CMC 

with DS values of 0.5 – 1.2 are soluble in cold water (Feller & Wilt, 1991). 

Due to the wide range of applications, the CMC process has been extensively 

studied. The influence of the organic liquid in the CMC process has been shown 

(e.g., Heinze, Liebert, Heinze & Schwikal, 2004; Stigsson, Kloow & Germgård, 

2006; Yokota, 1985; Zhang, Li, Zhang & Shi, 1993). Further, the effect of 

mercerisation conditions at LWC on the CMC properties has also been presented, 

where (r) has been varied between ca. 1 - 5.4 (Dapia, Santos & Parajó, 2003; 

Hedlund & Germgård, 2007) and [NaOH] between ca. 8 - 45% (Heinze & Pfeiffer, 

1999; Yeasmin & Mondal, 2015). However, these two variables, (r) and [NaOH] 

have not been independently co-varied in the studies. While the effect of 

etherification conditions in the CMC process has been explored (Salmi, Valtakari, 

Paatero, Holmbom & Sjoholm, 1994; Yeasmin & Mondal, 2015), studies focused 

on the influence of mercerisation conditions on the formation of by-products are 

few (Lorand, 1939).  
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2. Objectives  

The mercerisation conditions are known to affect the degree of activation of 

cellulose (Borysiak & Garbarczyk, 2003; Schenzel, Almlöf & Germgård, 2009; 

Sisson & Saner, 1941), as well as the properties of the final product (Heinze & 

Koschella, 2005; Heinze & Pfeiffer, 1999). Based on this prior knowledge, the 

overall aim of this thesis was to investigate how the alkalinisation of softwood 

sulphite dissolving cellulose pulp is influenced by the co-variation of process 

variables in the mercerisation at industrial relevant conditions, for both viscose 

and cellulose ether production. To accomplish this, the following research 

questions were investigated. The paper related to each question is indicated in 

parenthesis. 

1) How are DoA and mass yield of the dissolving cellulose pulp influenced by the 

simultaneous variation of mercerisation conditions at viscose production 

conditions? (Paper I) 

2) How is DoA of the dissolving pulp influenced by the simultaneous co-variation of 

mercerisation conditions at cellulose ethers production conditions? (Paper II) 

3) What time-dependence can be found for the mercerisation of dissolving pulp 

when low (r) is used? (Paper II and III) 

4) Is the type of Na-Cell affected by using low (r) in the mercerisation? (Paper III) 

5) How does variation of LWC mercerisation conditions influence the CMC 

properties and by-products? (Paper IV) 
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3. Materials and methods 

This chapter provides an overview of the materials and methods used to achieve 

the objective of understanding how the alkalinisation of softwood sulphite 

dissolving cellulose pulp is influenced by the co-variation of process variables in 

the mercerisation at industrial relevant conditions, for both viscose and cellulose 

ether production, as well as applying the knowledge to produce a cellulose ether.  

3.1 Materials 

A commercial sheet sulphite dissolving cellulose pulp from a blend of spruce and 

pine provided by Domsjö Fabriker AB, Örnsköldsvik, Sweden was used. It has an 

average molecular weight of 3.92×105 g mol-1 (internal method, KA 10.312), 

viscosity of 544 ml g-1 (ISO 2470:1999), R 18 of 95.3 % (ISO 699:1982), and R 10 

of 89.6 % (ISO 699:1983). The moisture content of the pulp was ≤ 5 %, measured 

using a Mettler Toledo HG63 moisture analyser. Calibration, mercerised as well 

as CMC samples were produced using the same raw material, i.e. same batch to 

minimise the number of uncertainties related to different sources of raw material. 

For the preparation of alkaline aqueous solutions, NaOH pellets and degassed (by 

boiling) ultrapure Milli-Q H2O was used. The solutions were used within one 

week after preparation. In Paper IV, the NaOH solution used in the preparation 

of N samples (i.e. samples prepared in the Netherlands) from a stock solution of 

50% (w/w) [NaOH], diluted using deionised H2O when 30% and 40% [NaOH] 

was used. All alkaline aqueous solutions were kept in vessels protected from 

atmospheric CO2. For carboxymethylation of the alkali cellulose, a powder Na-

MCA (assay ≥98.0%, Merck) was used. 

3.2 Methods 

The used methods in this PhD thesis were selected based on suitability, 

availability, and cost. The studied mercerisation parameters were selected since 

these were easily varied, both industrially and in the laboratory. The levels used 

for each parameter were based on suggested levels from industrial partners and 

selected after being verified with literature.  

A design of experiments (DoE) was used in Paper I, II and IV in order to select 

a set of experiments, in which all the studied parameters could be varied 

simultaneously, and a high amount of relevant information could be obtained 

using a reasonable amount of experiments. In all mentioned Papers, the DoE 

were performed using the software MODDE (v.9.1.1.0, Umetrics AB, Umeå, 

Sweden). 
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3.2.1 Grinding sulphite dissolving cellulose pulp  

Prior to mercerisation studies, the sheet dissolving cellulose pulp was ground, to 

facilitate the mixing of the cellulose pulp with the NaOH(aq). In Paper I, the 

grinding was performed in a Retsch Ultra Centrifugal Mill ZM 200, while for 

Paper II, III and IV it was performed in a pilot plant fine cutting mill (Netzsch, 

Germany), located at AkzoNobel, Örnsköldsvik Sweden. 

3.2.2 Calibration set samples for Raman spectroscopy 

quantification 

The method used to create the calibration samples for Raman spectroscopy 

quantification is described in detail in Paper I. The calibration samples consist 

of a mix of different weight proportions of dissolving cellulose pulp and fully 

mercerised material. The fully mercerised material was produced by mercerising 

the dissolving cellulose pulp with 30% (w/w) [NaOH], at 3°C for 1 h. Note: In this 

thesis, the concentration of NaOH is expressed as w/w of NaOH to H2O and 

denoted by [NaOH], which should not be mistaken for the normal use of the 

square type brackets, i.e. moles per litre of solution. The sample was then kept 

still without stirring at room temperature for 24h, followed by washing until 

neutrality and drying until constant weight, as is depicted in Fig. 6. The DoA 

levels ranged from 0 (untreated dissolving cellulose pulp, served as model 

material of Cell I) to 100 (fully mercerised material, served as model of Cell II) in 

intervals of 10% (w/w), similar as was described by Schenzel, Almlöf and 

Germgård (2009). The method and materials described were used since it is 

assumed that the dissolving cellulose pulp contains very little Cell II (Sundman, 

Albán Reyes, Svedberg & Hellström, 2016) and that the mercerised material 

represents a fully mercerised material (Porro, Bedue, Chanzy & Heux, 2007; 

Sisson & Saner, 1941), with very low levels of Cell I (Schenzel, Almlöf & Germgård, 

2009), thus providing clear end-points. It is important to note that the calibration 

curve was prepared using a fully mercerised material that had been transformed 

into Cell II of unknown crystallinity, which might introduce some error regarding 

the proportion of Cell II. Nevertheless, the DoA in the predicted data is valid and 

as was mentioned previously, during all the studies including the calibration 

samples, the same raw material, i.e. same batch was used to minimise the number 

of uncertainties that might influence the results, and the material of the 

calibration are representative of both unreacted and mercerised cellulose. 
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Fig. 6 Schematic representation of the preparation of calibration set samples 

3.2.3 Mercerisation of dissolving cellulose pulp at viscose production 

conditions 

To mimic mercerisation at viscose processing conditions in Paper I, 5% (w/v) 

cellulose content was used. This is a common value used in the industry for 

steeping type mercerisation process (Sixta, 2008). NaOH solution was added to 

ground cellulose pulp in a jacketed glass vessel. A propeller agitator was used for 

mixing. Samples were collected at the desired time-point, and the reaction was 

stopped by quickly bringing the concentration of the NaOH below 5 %, by the 

addition of deionised H2O. The samples were washed with deionised water until 

neutrality. After washing, the samples were dried until constant weight at 40 °C 

in vacuum. Finally, the mass yield of the reaction was calculated by subtracting 

the sample weight before and after the mercerisation. The described process is 

depicted in Fig. 7. 

The studied parameters in steeping mercerisation process were temperature, 

[NaOH], reaction time and grinding size. First, a simultaneous variation of 

temperature (from 20 °C to 70 °C), [NaOH] (from 4.4 mol/dm3 (15% w/w) to 6.6 

mol/dm3 (21 % w/w)), and reaction time (from 45 to 3600 seconds) was 

conducted, and the influence of this variation on measured DoA and mass yield 

was evaluated. Next, a mercerisation using a variation of grinding size (0.25, 0.5, 

and 1 mesh size) and reaction time (60, 2100, and 3600 seconds) was performed. 

Here, the [NaOH] (5.5 mol/dm3 (18% w/w)) and temperature (35 °C) were kept 

constant and the influence of variation of grinding size and reaction time on the 

measured DoA was evaluated.  
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Fig. 7 Experimental step to mimic the mercerisation in viscose processing 

3.2.4 Mercerisation of dissolving cellulose pulp at low NaOH 

stoichiometric excess 

As mentioned in the Introduction section, modern mercerisation of cellulose for 

CEs production differs from steeping mercerisation. In LWC mercerisation, it is 

important to keep a LWC during the process to decrease the formation of 

unwanted by-products. Thus, the combination of very low (r) ((r) ≤ 1.8) and 

highly concentrated NaOH (30-55 % w/w [NaOH]) was used in Paper II and IV, 

which includes processing conditions normally used in the industry. To clarify, 

(r) refers to the stoichiometric ratio between NaOH and AGU, while [NaOH] is 

defined as a variation that here relates mainly to added water (i.e. the 

concentration of water) at the defined (r). Fig. 8 depicts the relation between 

water/AGU mol/mol ratio and (r) at different [NaOH], an explanation of how 

these values were calculated can be found in Example 1 Appendix. In both studies, 

i.e. Paper II and IV samples were taken at different mercerisation reaction 

times. However, only in Paper II the temperature was varied (from 30 to 60 °C). 

Even though the main reason for using LWC mercerisation is to avoid excess of 

water in the system, a fundamental understanding of the alkalinisation of 

cellulose at low (r) and at concentrations that are well out of the normal range 

used in the industry was of interest. Therefore, in Paper III cellulose pulp was 

mercerised using two fixed low (r) ((r) = o.8 and 1.3) with a broader variation of 

[NaOH] (from 10 %-50 % w/w [NaOH]). In this paper, it was also explored if 

diffusion of NaOH from pre-mercerised cellulose (mercerised cellulose pulp with 

50 % w/w [NaOH], at (r) = 1.6 and at 2.6, for 60 min at 30 °C temperature) occurs 

into added unreacted cellulose pulp. A mercerisation of cellulose pulp at different 

low (r) ((r) = 0.8, 1.3 and 2.6) with a fixed [NaOH] (50 % w/w) was also included 

in this paper. In all the studies included in Paper III, the DoA was measured 

over time, to investigate whether there is time dependence or diffusion of NaOH 

in mercerisation performed at low (r) or not. More detailed information 

regarding the used experimental conditions can be found in Table S1 (Paper II, 

Supplementary materials), and the Materials and methods section in Paper III. 
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Fig. 8 Water/AGU mol/mol ratio versus (r) at different [NaOH]. a) 10%, b) 20%, 

c) 30%, d) 40%, e) 45%, f) 50% and g) 55% w/w. (r) = NaOH/AGU 

(anhydroglucose unit) stoichiometric ratio 

LWC mercerisation of dissolving pulp in Paper II and III was carried out using 

5 g of milled cellulose pulp. The NaOH solution was sprayed using an airbrush 

(Biltema AB, Sweden, unit nr 17372) modified by removing the limiting needle, 

to ensure even distribution of NaOH(aq) onto the milled cellulose pulp. To 

perform mixing, mercerisation was carried out in a water jacketed z-mixer in the 

viscose pilot plant at MoRe research in Örnsköldsvik, Sweden. The temperature 

during the mercerisation was controlled by the jacketed z-mixer and an external 

water bath with an estimated uncertainty of ± 2 °C. Photos of the used equipment 

can be found in supplementary material of Paper II. Samples were continuously 

mixed, including the duration of spraying NaOH(aq). To collect samples, the 

mixing was stopped at the set reaction times, samples were removed, and the 

mercerisation reaction was immediately stopped by washing the mercerised 

sample in excess of deionised H2O. The collected samples were suspended in 

deionised H2O, and their pH was checked for neutrality using indicator paper, 

before drying at 40 °C in a vacuum until constant weight was achieved. The 

described process is depicted in Fig. 9. 
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Fig. 9 Experimental step to mimic the low-water-content (LWC) mercerisation 

in cellulose ethers processing 

3.2.5 Synthesis of carboxymethylcellulose  

The synthesis of the carboxymethylcellulose proceeds through two main steps, 

activation of cellulose by NaOH(aq), and William etherification of the activated 

cellulose with Na-MCA. A simultaneous variation of three parameters in the 

activation step was conducted- (r), [NaOH], and mercerisation time, using two 

levels: (r) = 1 and 1.3 mol/mol; [NaOH] = 9.9 mol/dm3 (30 % w/w) and 19.1 

mol/dm3 (50 % w/w); mercerisation time = 10 and 60 min, while the temperature 

was kept constant at 26 °C. The mentioned parameters, as well as the chosen 

levels, were selected based on a previous studies (Paper II and Paper III) and 

at industrially relevant ranges (Berglund, Johansson & Sundberg, 2009; Boström 

& Karlson, 2013). In the etherification step, all parameters were kept constant. 

To produce CMC with conditions as close as possible to those normally used in 

industry. Hence, the Na-MCA/AGU ratio was varied in the same way as the 

NaOH/AGU ratio. This is because lower Na-MCA/AGU ratio gives less CMC. 

However, an excess of Na-MCA could result in more unreacted chemicals and is 

hence not normally used in the industry for economic reasons. Monochloroacetic 

acid (CH2ClCOOH) is often used as an etherifying agent in CMC production 

(Laine, Lindstrom, Bremberg & Glad-Nordmark, 2003; Stigsson, Kloow & 

Germgård, 2006; Zhao, Cheng, Li & Zhang, 2003). In this study the Na salt of 

MCA was used. This because MCA consumes added NaOH, and there was an 

intention to study the effect of the LWC mercerisation using the same low (r) (1-

1.3) that have been used in previous studies. Since the CMCs were synthesised at 

two occasions, one DoE was performed for each. The first DoE was generated 

using a Fractional Factorial Design, which consisted of 4 experiments plus two 

central points. These samples are label N1-N6. The second DoE is an extended 

version of the first, i.e. a Full Factorial Design, where the number of experiments 

were increased to 10, including two central points. These samples are labelled S1-

S10. To clarify, both DoE included the same studied parameters and levels. The 
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N samples were synthesised using IKA HKD-T 0.60 kneader with heavy duty 

duplex kneader knives, at AkzoNobel, Arnhem, the Netherlands. S samples were 

produced in a kneader in Örnsköldsvik, Sweden. As mentioned early, this 

equipment is described (with pictures) in the supplementary material of Paper 

II. The CMC production involved several steps. First, the ground cellulose pulp 

was added to the kneader, and the NaOH(aq) was sprayed using the airbrush as 

was described earlier in Section 3.2.4. The samples were continuously mixed 

during the whole CMC process. After the desired mercerisation time, powdered 

Na-MCA (equimolar to the NaOH) was added, and the temperature was increased 

to 70 °C. Once the desired temperature was reached, it was kept constant for 60 

min. Subsequently, after cooling to room temperature, the samples were dried, 

homogenised (i.e. milled) and stored at room temperature until analysis (see the 

analyses performed on CMC samples in Section 3.2.10). The chemical reactions 

related to the described process are presented in Eq. 1 to 5, while an overview of 

the used conditions for N and S samples are found in Paper IV, Table 1.   
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Mercerisation (Formation of Alkali cellulose) 

Cell-OH + NaOH (aq)  →  Cell-ONa + H2O                       (1)                    

                                        Alkali cellulose 

Etherification reaction 

Cell-ONa + ClCH2COONa  →  Cell-O-CH2COONa + NaCl                    (2) 

                                        Carboxymethylcellulose sodium                                            

Side reactions in CMC synthesis 

NaOH (aq) + ClCH2COONa  →  HOCH2COONa + NaCl                      (3) 

                                                    Sodium glycolate 

NaOH (aq) + HOCH2COONa  → NaOCH2COONa + H2O                      (4) 

                                                    Disodium glycolate 

ClCH2COONa + NaOCH2COONa  → NaOOCCH2OCH2COONa + NaCl  (5) 

                                                                  Sodium diglycolate 

 

Where Cell-OH represents the functional hydroxyl groups (OH-C2; OH-C3; 

OH-C6) in the AGU. 
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3.2.6 Raman spectroscopy 

Raman spectroscopy is a technique used to provide information on molecular 

vibrations. This technique uses laser light to irradiate a sample which generates 

an amount of Raman scattered light. This is measured by a CCD detector and 

eventually displayed as a Raman spectrum, which shows the difference in energy 

(as wavenumber) between the incident and scattered light. The scattered 

radiation is of three types: one elastic and two inelastic. The elastic one, known 

as Rayleigh scattering, appears when the molecule at ground level after excitation 

returns to the original ground level, thus not providing information about the 

vibrations of the molecular groups. The inelastic are known as anti-Stokes and 

Stokes Raman scattering. Anti-Stokes scattering appears when the molecule is 

excited from a low-lying vibrationally excited state and eventually returns to the 

ground level, emitting a scattered light with higher energy than the incident light. 

Stokes scattering originates from excitation of the molecule in the ground level 

and return to a low-lying excited vibrational level. Here, the molecule absorbs 

energy and thereby the Stokes Raman scattered light has less energy than the 

incident light, see Fig. 10. Since most molecules are in their ground vibrational 

state at normal temperature, the Stokes lines are of interest and the ones that 

compose the Raman spectra (Lambert, Gronert, Shurvell, Lightner & Cooks, 

1998; Skoog, Holler & Crouch, 2017). It is worth highlighting that Raman 

spectroscopy is a rapid, non-destructive technique that requires no or minimal 

sample preparation, making it attractive for investigating different materials, e.g. 

wood composition (Ona, Sonoda, Ohshima, Yokota & Yoshizawa, 2003; Röder & 

Sixta, 2004). 

 

Fig. 10 Raman scattering process for a) Rayleigh, b) Anti-stokes, and c) Stokes 

scattering 
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In this work, the technique used to measure the DoA from dissolving cellulose 

pulp (i.e. model of Cell I) to fully mercerised material (i.e. model of Cell II) was 

based on a Raman study presented by  Schenzel, Almlöf and Germgård (2009). 

The technique allows distinguishing between Cell I and Cell II by using a spectral 

region between 1500 cm-1 and 150 cm-1. The distinction was explained by different 

conformations of molecular chains in the two crystalline structures.  According 

to the authors, the changes in the Raman spectra, i.e. frequency shift and intensity 

of the Raman lines in the calibration set samples are caused by the lattice 

conversion process from Cell I to Cell II. As can be seen in section 1.1.1. Fig. 2, the 

lattice structure of the two allomorphs, Cell I and II, are stabilised by different 

hydrogen bondings. A summary of characteristic Raman frequencies and their 

approximate assignments for Cell I and Cell II is given in Table 1, while their 

Raman spectra is displayed in Section 4.1.1, Fig. 14. The assignments were 

derived from studies presented by Atalla (1975); Schenzel, Almlöf and Germgård 

(2009); Schenzel and Fischer (2001); Wiley and Atalla (1987). 

The Raman spectra of the calibration and mercerised samples were collected in a 

Renishaw InVia Raman spectrometer equipped with a CCD detector, using a 785 

nm diode laser. The measurements were performed in static mode, with a centre 

at 950 cm-1 (resulting in a spectral region around 327 - 1495 cm-1). Raman 

hyperspectral maps was recorded instead of single points and averaged all spectra 

in each map to avoid local heterogeneities in both calibration and mercerised 

sample. More detailed information on the setup used for Raman measurements 

and pre-treatment of data is given in Paper II. 
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Table 1. Summary of characteristics Raman frequencies and their approximate 

assignments for the allomorphs Cell I and Cell II in the spectra region ca. 327-

1495 cm-1.   

Cellulose I, 

frequency (cm-1) 

Cellulose II, 

frequency (cm-1) 

Approximate 
assignment 

1478  CH2 bending 

 1463 CH2 bending 

1461  CH2 bending 

1296  CH2, HCC; twisting 
mode 

 1265 CH2, HCC; twisting 
mode 

1122 1117 COC; glycosidic; ring 
breathing 

1096 1096 COC; glycosidic; ring 
breathing 

 577 COC; ring 

563  COC; ring 

460 463 CCC, CCO, ring 
deformation 

437  CCC, CCO, ring 
deformation 

 420 CCC, CCO, ring 
deformation 

381 377 CCC, CO, CCO, ring 
deformation 

352 352 CCC, CO, CCO, ring 
deformation 
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3.2.7 Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) spectroscopy is based on the magnetic 

properties of the atomic nucleus. The technique can be applied to both 

liquid/solution and solid samples. When a sample containing 1H or 13C nuclei is 

placed in a strong magnetic field and subjected to radiation of the appropriate 

frequency, these nuclei can absorb energy through a process called magnetic 

resonance. The frequency of the radiation necessary for the absorption depends 

on the type of nucleus as well as the chemical environment of the nucleus. The 

variation in the resonant frequency gives us information about the molecular 

structure in which the atom resides (Lungu, Neculae, Bunoiu & Biris, 2015). 13C-

NMR and 1H-NMR techniques have been widely used on cellulose and cellulose 

derivatives to investigate e.g. types of Na-Cell (Porro, Bedue, Chanzy & Heux, 

2007), cellulose polymorphous (Isogai, Usuda, Kato, Uryu & Atalla, 1989), and 

DS in the AGU cellulose (Heinze & Koschella, 2005). C-13 solid-state cross-

polarisation/magic angle spinning NMR (13C CP/MAS NMR) is a technique 

applied for solid samples, which uses cross polarisation to enhance the 

sensitivity, while the sample is rotated at an angle of 54.74° with respect to the 

external magnetic field direction. This ‘magic angle spinning’ (MAS) improves 

resolution and allows a better identification and analysis of the spectrum (Lungu, 

Neculae, Bunoiu & Biris, 2015). The technique was used to determine the 

appropriate mercerisation times to be included in the experimental design in 

Paper II. This was achieved by comparing the NMR spectra of the dissolved 

cellulose pulp (depicted Cell I) with NMR spectra of mercerised samples at 

different reaction times after washing and drying (Fig. 1 Appendix). NMR was 

also used to examine the type of Na-Cell formed at a sub-stoichiometric (r) with 

different [NaOH], as well as at different low (r) with a fixed [NaOH], see Section 

4.3.3 (Paper III). A 1H-NMR spectrum of CMC solution samples contains a 

number of signals that gives information on the different sets of protons in the 

molecule. From the area under each signal or signal group, the number of 

hydrogens that produce the signal is obtained, relative to the number of 

hydrogens of other signals. 1H-NMR was employed on hydrolysed 

carboxymethylcellulose solution samples (Paper IV) to get information about 

the partial DS at the OH positions C2, C3 and C6. The setup used in 13C CP/MAS 

NMR and 1H-NMR, are described in detail in Papers II and IV, respectively. 

3.2.8 Carbohydrate analysis 

As mentioned in the Introduction section 1.3, during mercerisation it is possible 

to remove some of the hemicelluloses that remains in the cellulose pulp. Thus, 

obtaining cellulose with high purity in terms of cellulose content (Fischer & 

Schmidt, 2008; Sixta, 2008). Therefore, the hemicellulose content of the 

dissolving cellulose pulp, as well as selected mercerised samples from Paper I 

was quantified to analyse the influence of mercerisation parameters at steeping 
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condition on the hemicellulose, i.e. xylose and mannose. The method used in this 

studied was similar to the one reported by  Suzuki, Sakamoto and Aoyagi (1995), 

briefly described as follows. The moisture content of each sample was measured 

to calculate their dry weight. Samples were then hydrolysed with 72% (w/w) 

H2SO4 solution at 30 °C, for 1 h in a water bath. Next, the hydrolysed samples 

were diluted with deionised water to 2.5 % H2SO4 and autoclaved at 120 °C for 1 

h, see Fig. 11. After this, the samples were diluted 100 times and levels of xylose, 

mannose and glucose were determined using Dionex ICS-3000 Ion 

Chromatography System equipped with a CarboPac PA20. 

 

Fig. 11 Schematic representation of the procedure used for carbohydrate analysis 

of selected samples prepared using mercerisation conditions similar to those 

used in the viscose process 

3.2.9 Multivariate data analysis 

A large amount of Raman spectra data, and other analytical data were collected 

for this PhD thesis. The collected data results in a complex data table, difficult to 

overview and analysed based on the classical linear regression approach. 

Therefore, a multivariate data analysis based on the projection method was used 

in order to extract as much information as possible. In Paper I, II, and IV, the 

projection method PCA (Principal Component Analysis) was used as an initial 

analysis that helps to overview the collected data and to detect any deviating 

sample or aggrupation within the samples. Once the PCA was performed, a PLS 

(Partial Least Squares) regression was applied for finding relationships, e.g. 

between spectra data and DoA level. The PCA explains systematic variation in a 

data matrix X, in terms of new independent variables, called principal 

components. The introduction of a first principal component represents a vector 

that describes the largest part of the variation in the data. The second component, 

orthogonal to the first, describe the remaining largest variation in the data, and 

so on. The principal component consists of scores (t), which describes the 

position of an observation/sample in the model plane, and loadings (p) that 

describe the original variable. An additional term is the residual (E). It refers to 
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the variation not explained by the model (Eriksson, Byrne, Johansson, Trygg & 

Vikström, 2013). The second used projection method was PLS, which is an 

extension of PCA. This projection model finds relationships in two blocks of 

variables, X and Y, the last one also known as a response variable (Geladi & 

Kowalski, 1986). In PLS we also have components. Here, the components 

describe the variation in X and Y individually. At the same time, a good correction 

between X and Y is given. In Paper I, II, and IV, the PLS has been used to find 

relationships between the studied parameters in the mercerisation process (X) 

and corresponding values of responses (Y) as, e.g. DoA and CMC quality 

parameters. In these studies, the PLS model interpretation has been made by 

using a combination of VIP (variable influence on projection), coefficient, and 

response contour plots. The VIP plot summarised the importance of the X-

variable, both for the X and Y model. In this plot, the predictors with large VIP 

(>1), are most influential for the model. The coefficient plot, on the other hand, 

gives a visualisation of the X and Y relations in the model. In the coefficient plots, 

the size and signs of the coefficients relating to centred and scaled X-variables 

indicate the influence of each model term. In all the studies, the statistical 

significance of each coefficient is indicated with a 95% confidence interval. The 

response contour plots were generated to explore the relevance of the studied X-

variables on the selected response. It is worth mentioning that before applying 

any PCA or PLS, a scaling of the variables was performed. This is an important 

step for pre-treating data since variables can differ in units and ranges. The 

scaling applied to Raman spectral data was mean-centring, where the average 

value of each variable is calculated and then subtracted from the data.  This 

scaling approach is recommended when variables have the same unit, as is the 

case with spectra data. Another scaling that was used in this thesis work was the 

UV (unit variance), where the variable (column in the data set) is multiplied by 

the inverse of their standard deviation.  As a result, each variable has equal (unit) 

variance, the length of the variables is the same, but the mean value is still 

different. Another way that the PLS regression method was used in Paper I, II, 

and III was for multivariate calibration purposes. This type of approach is often 

used in, e.g. pulp and paper industries, where the chemical composition of the 

cellulose pulp is predicted by evaluating the spectra data of the analysed sample 

with a PLS method (Antti, Sjöström & Wallbäcks, 1996; Elg Christoffersson, 

2004; Fardim, Ferreira & Duran, 2002). In this way, results are obtained faster 

compared to time-consuming traditional analyses. In this PhD thesis, a 

multivariate calibration model was created to predict the DoA of the studied 

samples, where the X-block contains the intensities of the Raman spectra of the 

calibration samples digitalised at W wavelengths, and Y-block represents the 

known concentration of “fully” mercerised material in the calibration samples, 

Fig. 12. The resulting model was then used to predict the DoA from spectrums of 

new samples. Since the calibration model was developed for prediction purposes, 

model validation is important.  In this work, an internal validation has been used. 
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Cross-validation (CV) is a type of internal validation used to evaluate the 

predictability of the model and to define the optimal number of components. In 

CV, the PLS validation is done by excluding a portion of the data, generating a 

new model with the remaining data and predicting the excluded ones with the 

model. Then, the goodness of the prediction (Q2), which represents how much of 

the variation in Y the model can predict, is calculated per each model and the 

number of components is determined by the maximum Q2 value. Generally, a Q2 

> 0.5. is a good model and Q2> 0.9 is an excellent model. Another complementary 

model validation used was response permutation, which helps to evaluate if the 

model is the best-predicted alternative. In response permutation, the Y response 

is randomly re-ordered, and for each re-ordering, a number of parallel models 

are created. Then, both Q2 and R2 for each model is calculate and compared to the 

ones obtained by the original model (Eriksson, Byrne, Johansson, Trygg & 

Vikström, 2013; Geladi & Kowalski, 1986).  

 

Fig. 12 Overview of the applied PLS regression method for creation of the 

calibration model. The X block contains the C intensities Raman spectra data 

digitalised at W wavenumber, while Y block contains the concentration of the C 

samples 

3.2.10 Carboxymethylcellulose analyses 

Mercerisation, as well as the etherification step, affects the DS (Saxell, Heiskanen, 

Axrup, Hensdal & Jokela, 2015). As mentioned in the Introduction section 1.4, 

DS is a property of CMC, affecting its solubility and solution characteristics (e.g., 

rheology behaviour). The solubility and solubility characteristics of the CMC 

depend not only on the average DS values, but also on the substitution pattern 

within the AGU, i.e. individual DS of the OH groups at C2, C3 and C6, (analysed 

by 1H NMR, see Section 3.2.7) and along the polymer chain (Takahashi, 

Fujimoto, Miyamoto & Inagaki, 1987), and hence mol fractions of glucose, 2-; 3-

; 6-mono-O-carboxymethyl glucose (mono), 2,3-; 2,6-; 3,6-di-O-carboxymethyl 
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glucose (di), and 2,3,6-tri-O-carboxymethyl glucose (tri) in hydrolysed CMC 

(analysed by HPLC). The content of insoluble particles in CMC is caused by the 

presence of portions of poorly substituted and/or non-substituted parts of 

cellulose, which causes low solubility. The amounts of such particles were 

analysed by a gravimetric method. Glycolates and sodium chloride are by-

products formed by the reaction of the Na-MCA with NaOH(aq) (see section 

3.2.5, Eq 3-5) and were also analysed using HPLC. The mentioned analyses as 

well as the % of unreacted NaOH and Na-MCA, and resulting pH in a 2% solution 

CMC sample are presented in Paper IV. 
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4. Results and discussion 

The main results obtained during this PhD work are summarised in four papers 

and are briefly discussed in this chapter, divided into five sections: The first 

section 4.1, briefly describes the method used to measure the DoA. The second 

section 4.2 and third section 4.3 focuses on the mercerisation of dissolving 

cellulose pulp, where the experimental conditions were varied similarly to (but 

not strictly equal to) those normally used in the production of viscose (Paper I) 

and cellulose ethers (Paper II and III), respectively. The fourth section 4.4 

includes a comparison between these two types of mercerisation. The fifth section 

4.5 includes the results from Paper IV, where the effect of variation of 

mercerisation conditions at LWC on the production of CMC were studied. 

4.1 Mercerisation measurements of dissolving cellulose pulp  

The transformation of Na-Cell into the Cell II crystalline antiparallel-chain 

structure upon drying after removing NaOH from the cellulose structure has been 

used as a standard procedure to investigate mercerisation conditions (Borysiak & 

Garbarczyk, 2003; Gupta, Uniyal & Naithani, 2013; Oudiani, Chaabouni, Msahli 

& Sakli, 2011; Sisson & Saner, 1941). This “post-mortem” approach was used to 

study the DoA in Paper I, II and III, and was applied since it was necessary to 

control the reaction time and be able to stop the reaction at the desired time-point 

before analysing the produced sample. NMR measurements directly on 

mercerised cellulose were tested as a possible technique to follow alkalinisation 

of cellulose in “real time”. However, measuring at the desired time was difficult. 

First, the alkali cellulose needs to be packed into a zirconium oxide rotor. During 

this process the contact between the components, i.e. cellulose/ NaOH(aq) 

increase, due to the pressure applied manually when packing, thus altering the 

results at a determined mercerisation time. Also, the packaging process takes a 

few minutes. Mercerisation is fast at temperatures ≤ 30°C, especially at high (r) 

(i.e., steeping mercerisation) where there is more contact between the 

components. Hence, analyses on Na-Cell could be performed when the reaction 

time was not a studied variable. 

4.1.1 Calibration set samples and multivariate analysis of Raman 

spectroscopy data 

A PLS calibration model on mean-centred Raman spectroscopic data of 

calibration samples was built, in order to quantify the DoA of the mercerised 

samples. The obtained model consists of two components and results in R2 = 98% 

and Q2 = 97% (see Fig. 13), while the CV-ANOVA of the model results in a P = 

1.98 E-05. To validate the obtained model, a response permutation test was 

generated, where R2 and Q2 of the original model are compared with those 
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generated from a random permutation of Y-values. For the validation of a model, 

the R2 and Q2 values generated from the permutation must be far from the 

original ones, and close to the origin. In addition, a Y-intersect of R2 < 0.4 and Q2 

< 0.05 is preferred (Eriksson, Byrne, Johansson, Trygg & Vikström, 2013). Both 

of these conditions are fulfilled by the build model, Fig. 2 Appendix.  

The DoA levels in the calibration model presented in Paper I and II was 

expressed as, (Cell II/ (Cell I + Cell II)) *100 (%). Thus, assuming that the 

amorphous domains contained in Cell I and Cell II material are equal, and 

therefore not considered. This relationship results in a linear dependence that 

describes the DoA in terms of the content of Cell II. However, it is important to 

point out, as has already been mentioned in Section 3.2.2, that the crystallinity of 

the produced Cell II by full mercerisation of the dissolving cellulose pulp is 

unknown. Accordingly, the DoA calibration model depicted in Fig. 13 illustrates 

a relationship between the known and predicted percentage content of fully 

mercerised material in the eleven calibration set samples, expressed as a ratio, 

(fully mercerised material/(dissolving pulp + fully mercerised material))*100 

(%), where fully mercerised material has a starting value of zero. 

 

Fig. 13. DoA calibration model, using average Raman spectra data of calibration 

set samples. Predicted DoA (%) (here denoted as FMM / (DCP+ FMM)) vs. the 

known DoA (%) (FMM / (DCP + FMM)) of calibration samples (black circles) and 

trend line. FMM refers to Fully Mercerised Material, while DCP to Dissolving 

Cellulose Pulp 

The spectral difference induced by mercerisation is thus the difference between 

Cell I and Cell II. The main peaks in the loadings line plot generated by the first 

component (R2=98%) of the calibration model also match the relevant Raman 

spectra bands attributed to Cell I and Cell II, is depicted in Fig. 14.                                          
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For example, the bands at 1478 cm-1 and 1461 cm-1 for Cell I indicate the 

simultaneous presence of two stereochemically non-equivalent CH2OH groups, 

issued from the rotation of the side chains about the C5 -C6, which correlated to 

Cell I, but not to Cell II, where only one type of CH2OH is observed at 1463 cm-1. 

This shift manifests in a derivate shape featured in the loadings plot (positive 

peak at 1478 cm-1 - Cell I; negative peak at 1463 cm-1 - Cell II). 

 

Fig. 14 (a) Loadings line plot of the first component (R2 = 98%) in the PLS 

calibration model and its correlation to the Raman spectra of (b) Cell I and (c) 

Cell II 

Next, the developed calibration model was used to predict the DoA of the study 

mercerised samples in Paper I, II and III, by using the average spectral 

mapping data of each sample. 

4.2 Alkalinisation of dissolving cellulose pulp at steeping 

mercerisation conditions: A focus on the viscose process 

(Paper I) 

In this first study, mercerisation at steeping conditions was carried out using a 

simultaneous variation of temperature (from 20 °C to 70 °C), [NaOH] (from 15 % 

to 21 % w/w), and reaction time (from 45 to 3600 seconds). A PLS regression 

method was applied to investigate the influence of mentioned variation on the 

measured DoA and mass yield. Preliminary data analysis revealed a non-linearity 

between temperature (T) and mass yield. Therefore, the studied variables in the 

PLS model were expanded with a complimentary term, temperature square 

(T*T). It was found that using these four variables was the best combination for 
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explaining the two responses simultaneously. The PLS analysis included 31 

samples and two components, giving a model accuracy by R2 of 70% and Q2 of 

56%. The overall CV-ANOVA of the model reported P <0.05, (for mass yield, P= 

4.282 E-04 and for DoA, P= 2.051 E-04). It should be noted that some of the 

produced samples show a slight deviation from the general behaviour explained 

by PLS regression model. Since the model evaluated the whole data range, it only 

shows the common behaviour of all data. Nevertheless, the relative standard 

deviation (RSD) of three replicates for DoA and mass yield was 0% and 0.45%, 

respectively. Hence, proving a high reproducibility of the experimental work. Our 

results show that the data points are tightly clustered, and those few that differ 

distinctly can be found at higher temperatures and shorter times. As such, all the 

studied variables contributed to the PLS model and their order of importance 

cannot be statistically determined, see Paper I, Fig. 6. 

In this study, a mercerisation using a variation of grinding size (0.25, 0.5, and 1 

mm mesh size) and reaction time (60, 2100, and 3600 seconds) was performed. 

The influence of this variation on the measured DoA was evaluated. As was 

mentioned in Materials and methods section 3.2.3, the [NaOH] and temperature 

were kept constant during the whole experimental work.  

4.2.1 Effects on the degree of transformation to alkali cellulose 

At the studied conditions, the measured DoA values were ≥ 84 %, where only five 

samples were found with DoA lower than 90%. These samples are found at 

mercerisation conditions of 15 % [NaOH], temperature between 50 and 70 °C, 

and reaction time between 45 and 600 seconds. The interactive effect of the 

studied parameters on the modelled DoA for all samples is illustrated in Fig.15. 

First, temperature has the largest coefficient in the PLS model (see Paper I, Fig. 

6), correlating negatively to measured DoA (i.e. increased temperature generally 

gave lower DoA), see Fig. 15. As an example, the measured DoA decreases from 

96 % to 84 % by increasing the temperature from 20 °C to 70 °C (Paper I, Table 

1. Samples #3 and #28 respectively). Second, the [NaOH] had a positive and 

statistically significant influence on the measured DoA in the model, Fig. 15. In 

the data, however, it can only be observed at temperatures over 50 °C (Paper I, 

Table 1). Sisson and Saner (1941) indicated a negative effect of increased 

temperature on mercerisation at steeping conditions and concluded that 

increased temperature displaces the reaction to a higher [NaOH], which agreed 

with our model. In the PLS model, prolonged mercerisation time showed no 

statistically significant influence on the measured DoA. This finding is also 

consistent with previous reports where it was found that mercerisation reaction 

occurred in a matter of minutes (Borysiak & Garbarczyk, 2003; Sisson & Saner, 

1941). For example, at only 45 seconds (and at 20°C), a measured DoA of 99% 

was obtained (Paper I, Table 1. Sample #1 and #6). The reaction time, however, 
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was affected by both temperature and [NaOH], see Paper I, Supplementary 

material Fig. S3. At the studied conditions, mercerisation at high temperatures 

occur relatively slower and were, therefore, more affected by time (Fig. 18a). To 

explain the negative influence of temperature on measured DoA, the fact that 

mercerisation is quick even at a low temperature must be considered. Previous 

studies have shown that the swelling of cellulosic fibres is higher at low 

temperatures than at elevated temperatures (Richter & Glidden, 1940). Taking 

these observations into account, it can be reasoned that the bottleneck in the 

overall process speed is not likely to be the activation energy of the chemical 

reaction itself. Instead, the accessibility of the cellulose to the NaOH(aq) is 

probably a more critical limiting factor. By means of thermodynamic studies, 

Rånby (1952) explained the conversion from Cell I to Cell II through 

mercerisation as a natural exothermic process, favoured by low temperature. 

Cellulose dissolution has also been discussed as an exothermic reaction by 

Burchard (Glasser et al., 2012). Budtova and Navard (2016) explained that the 

rigidity of the cellulose chain hinders the increase of entropy in the system when 

the chain is going into solution. Similarly, Medronho and Lindman (2015) 

mentioned that the greater the molecular weight, the weaker the contribution of 

entropy to dissolution. The authors also pointed out that under these conditions 

(i.e. high molecular weight), the enthalpy term is crucial in determining the sign 

of the Gibbs free energy change. Even though this explanation is given for 

cellulose dissolution, the restricted increase of the entropy change might also 

explain the negative effect of increased temperature during mercerisation, due to 

negative TΔS term in the Gibbs free energy equation. 

 

Fig. 15 Coefficient plot showing interaction effects for the DoA of mercerised 

samples. Terms on the X-axis: T = temperature in °C, t = time in seconds, [NaOH] 

= NaOH concentration in (w/w) %, and T*T = expanded temperature term in 

(°C2). The significance is indicated for each variable (95% confidence interval) 

Contrary to expectations, the variation in mesh size for grinding the cellulose pulp 

showed no significant influence on measured DoA at studied reaction times. The 

mesh sizes used, 0.25-1.0 mm, result in small fibres, which react easily with the 
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excess of NaOH solution during the mercerisation. The mesh size was varied, but 

the length of the fibres after grinding was not measured. Hence it is not known 

whether used mesh size span results in varied fibre length or not.  

4.2.2 Effects on mass yield 

In addition to measuring the DoA, the mass yield of the mercerisation reaction 

was calculated by subtracting the sample weight before and after the 

mercerisation. The calculated mass yield in the produced samples were between 

84.9% and 94.4%. Interestingly, the data in general shows that at fixed [NaOH] 

and mercerisation time, the first increase of temperature (e.g. from 20 °C to 50 

°C) correlates positively with mass yield, after which the relationship its negative. 

This behaviour is depicted in the coeffect plot as T and T*T, respectively (Fig. 17), 

and better illustrated in the contour plot Fig. 18b.  For example, by comparing 

samples produced at 20 °C, 50 °C and 70 °C the mass yield increased from 87.7% 

to 91.1% with the first temperature increase but then decreased to 86.4% for the 

highest temperature (Paper I, Table 1. Samples #4, #20 and #29 respectively). 

This kind of dependence of temperature can possibly be explained by how 

cellulose fibres swell at low and high temperatures respectively. At low 

temperature (e.g. 20 °C) the swelling of cellulosic fibres increases (Richter & 

Glidden, 1940), allowing the short-chain material to dissolve during alkali 

treatment (Sixta, 2008). This could explain the low mass yield obtained in 

samples mercerised at room temperature; it is hypothesised that a larger amount 

of dissolved short-chained material was thus free and could pass through the 

filter during washing. At high temperature (e.g. 70 °C) alkaline peeling reactions 

most likely dominate the mass yield loss, Fig. 16. Hot alkali treatment is known 

to lead to degradation of carbohydrates which is the result of releasing of 

monosaccharide end units from the polysaccharide chain, a reaction known as 

peeling (e.g. Hon & Shiraishi, 2000; Whistler & BeMiller, 1958).  

 

Fig. 16 Peeling reaction at the reducing end of a cellulose molecule. Cellulose 

with a degree of polymerisation (DP) n is hydrolysed to cellulose with DP n-1 and 

isosaccharinic acid 
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In our PLS model, prolonged reaction time had a negative influence on the mass 

yield, Fig. 17. In the data, this is observed at temperatures over 20 °C. As an 

example, when the reaction time was extended from 600 seconds to 3600 

seconds at 70°C and 21% [NaOH], mass yield decreased from 88.5 to 84.9% 

(Paper I, Table 1. Samples #30 and #31 respectively). The degradation of fibres 

by prolonged alkali treatment in the presence of air at high temperature has been 

previously documented (e.g Golova & Nosova, 1973; Sixta, 2008) and can 

possibly explain the mass yield loss with time. For example, Sisson and Saner 

(1941) showed that complete mercerisation could be reached at 75 °C and 25 % 

[NaOH] in samples measured after two weeks of mercerisation. When a sample 

with the same parameters was run in a nitrogen atmosphere, full DoA was not 

achieved. Therefore, the authors suggested that what looks like a continued 

mercerisation more likely was a degrading effect of NaOH on cellulose in the 

presence of O2. Even though full DoA was not achieved in the mercerised samples 

at 70 °C, an increase of measured DoA over time was observed. A decrease in 

mass yield is also observed. Hence the presented results bring support to the 

notion of degrading of fibres by prolonged alkali treatment in the presence of air. 

An often used fact for quality control in the cellulose pulp industry is that 10% of 

NaOH dissolve both hemicellulose and short-chain cellulose, while 18% NaOH 

only dissolve the hemicelluloses (Sixta, 2008). As an hypothesis, it was predicted 

that an increased [NaOH] from 15 to 21 % would have a significant positive effect 

on mass yield. Contrary to these expectations, in the model [NaOH] showed to 

have a negative, but only barely statistically significant influence on mass yield at 

a 95 % confidence level. In our data, however, no significant effect of increasing 

[NaOH] on mass yield could be seen at room temperature, and only a minor 

negative effect can be seen at temperatures over 35 °C. For example, at 35 °C and 

2100 seconds, increased [NaOH] from 15 to 21% only decreased the mass yield 

from 89.7 to 88.8% (Paper I, Table 1. Samples #10 and #16 respectively) which 

is not a significant decrease.  
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Fig. 17 Coefficient plot showing interaction effects for the mass yield of 

mercerised samples. Terms on the X-axis: T = temperature in °C, t = time in 

seconds, [NaOH] = NaOH concentration in (w/w) %, and T*T = expanded 

temperature term in (°C)2. The significance is indicated for each variable (95% 

confidence interval) 

Quantification of the DoA and mass yield is crucial for multivariable modelling, 

e.g. to do optimisations. The PLS model was used to test optimising conditions to 

reach a high DoA with minimal loss of mass yield. Alkalinisation of cellulose 

occurs quickly, especially at high [NaOH] and low temperature. On the other 

hand, the mass yield of this reaction decreases at the lowest and highest studied 

temperature, and prolonged reaction time. The effect of varied [NaOH] seems not 

to be significant for the calculated mass yield. In the data, 90% was the highest 

mass yield achieved for a single sample with 100% DoA. This sample was 

mercerised at 20 °C, 60 seconds and 21 % [NaOH] (Paper I, Table 1. Sample # 

7). Hence, the target mass yield was set at >90%. The mercerisation conditions 

where the target mass yield can be achieved having a high DoA was 

mathematically calculated with the computer program MODDE software v.10.1 

(Umetrics AB, Umeå, Sweden). The calculated optimum point is found at 29 °C, 

45 seconds and 21 % [NaOH], where the target mass yield is achieved with a 

maximum DoA of 98%, see Fig. 18. This point was confirmed by manually 

comparing contour plots, as is described in Paper I. The contour plots also 

revealed that target mass yield and high DoA (i.e. DoA ≥98%) could also be 

reached at other conditions. However, at increased temperatures, prolonged 

reaction times, as well as at lower [NaOH], the size of the contour plot area where 

the target mass yield and high DoA can be reached decreased. It should be noted 

that this study is based on milled softwood pulp with specified properties. Any 

variation in the raw material and pre-treatment could lead to different levels of 

DoA and mass yield. Therefore, the optimal mercerisation conditions may also 

vary. 
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Fig. 18 Contour plot for a) DoA and b) mass yield of the mercerised samples as a 

function of reaction time and temperature at 21 % (w/w) [NaOH]. Terms on the 

X-axis: T = temperature in °C, and on the Y-axis, t = time in seconds  

4.2.3 Effects on hemicelluloses content 

The results obtained from the carbohydrate analysis performed on the selected 

mercerised samples confirmed that during mercerisation, it is possible to 

decrease the hemicellulose content. In the analysed samples, xylose is the sugar 

that decreased the most, Fig. 19. The lowest xylose content achievable is 0.7% 

(Sixta, 2008), which it was obtained when mercerisation was carried out with 

15% [NaOH] and at 70 °C (Paper I, Table 1. Sample # 20). However, it worth 

mention that the use of such high temperature (i.e. 70 °C), it also means a mass 

yield loss. 

 

Fig. 19 Carbohydrate composition of the sulphite dissolving cellulose pulp and 

selected samples mercerised at steeping conditions            



 
 

41 
 

4.3 Alkalinisation of dissolving cellulose pulp at low-water-

content mercerisation conditions: A focus on cellulose ether 

production (Paper II and Paper III)  

As mentioned in the Introduction section 1, in the production of cellulose ethers, 

the conditions used in mercerisation differ from the well-studied mercerisation 

at steeping conditions. A LWC mercerisation is used in order to avoid the 

formation of unwanted by-products, generated by the reactions of the added 

chemicals (i.e. etherifying agent) with NaOH(aq). This chapter focuses on this 

type of mercerisation; the first aim was to investigate the co-dependence of 

parameters such as (r), [NaOH], temperature and reaction time, and their effects 

on the measured DoA, using industrially relevant conditions for modern cellulose 

ethers production. A PLS analysis was used to model the overall effect of the 

studied parameters on measured DoA for the mercerised samples (Paper II). 

The amount of water in the system was limited, using low (r) (from 0.8 to 1.8 

molar ratio) and highly concentrated caustic ([NaOH] from 45 % to 55 % w/w), 

see section 3.2.4, Fig. 8. This study was based on 16 experiments, including three 

replicates at the central points. For each experiment, samples were taken after 5 

and 25 min of mercerisation (See NMR spectra of mercerised samples at different 

reaction time in Fig. 1 Appendix). Since (r) and (T) shows a non-linear correlation 

with measured DoA, the PLS model was performed including the complementary 

model terms, r2 (from (r)) and T2.  The PLS included two components, with R2 = 

78% and Q2 = 56%, while the CV-ANOVA of the model has a P= 2.10 E-04 . It is 

worth mentioning that the cellulose pulp sheet was ground into a powder to 

facilitate mixing of the pulp with a small amount of NaOH(aq). The mixing of 

these two components at the studied experimental conditions was problematic 

and might have an unsatisfactory reproducibility. As an example, during short 

experimental times, the samples remained somewhat heterogeneous, resulting in 

a RSD of 17% for the modelled DoA. However, the mixing improves by the 25th 

min, and the observed RSD decreases to 5% (Paper II, Table S1, supplementary 

material). Thus, the measured DoA in the first study varied significantly, between 

6 and 87 %. Due to the high heterogeneity of the mercerised samples at LWC, the 

non-statistical effect of some of the studied parameters on measured DoA in the 

PLS model might require further studies, i.e., a higher number of experiments, to 

be verified. Nevertheless, it was observed some interesting trends in the non-

significant parameters which are discussed below in section 4.3.1. Moreover, 

additional experiments were performed to verify their effect, which is addressed 

in section 4.3.2 (Paper III). When analysing measured DoA values for samples 

produced at (r)=0.8, an increase of DoA over time was observed. This suggests a 

possible diffusion of the NaOH through the ground cellulose material, i.e. Na-Cell 

formation. Since that study only covered a limited range of [NaOH] (45-55 %, 

w/w) and reaction time (5 and 25 min), the suggested diffusion was inconclusive. 

Hence, in the second study, it was investigated whether there is time dependence 
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in mercerisation performed at low (r) or not (Paper III). In that study, the type 

of Na-Cell formed at a sub-stoichiometric ratio with different [NaOH], as well as 

at different low (r) with a fixed sprayed [NaOH] was also examined. The main 

results of the two mentioned studies are summarised in this chapter.   

4.3.1 Effects on the degree of transformation to alkali cellulose 

Among the investigated parameters in the first study (Paper II), the statistically 

most important variable in determining the DoA is (r), since it has the largest 

coefficient (above 1) in the model (Fig. 20), and it correlates positively with the 

measured DoA, see Paper II, Fig. S1 Supplementary material. Previous X-ray 

studies have shown that the most likely composition of Na-Cell I contains ca. one 

Na+ ion per AGU (Nishimura, Okano & Sarko, 1991; Sobue, Kiessig & Hess, 1939). 

Although it was uncertain, Na-Cell II was also suspected to contain at least one 

Na+ ion per AGU (Okano & Sarko, 1985; Sobue, Kiessig & Hess, 1939). At the 

experimental conditions used in our study (see Section 3.2.4) Na-Cell II is 

formed. When powder cellulose was mercerised at (r)=0.8 with 40 % and 50% 

[NaOH], Na-Cell II was formed (section 4.3.3. Fig. 25). The same type of 

allomorph was formed at (r)=1.3 and 50% [NaOH] (section 4.3.3. Fig. 26). 

Nevertheless, it is likely that (r) ≥1 is needed in order to theoretically complete 

the Na-Cell formation. The reaction between cellulose and NaOH during the 

formation of Na-Cell can be written as an equilibrium reaction, Eq. 6.  

Where Cell-OH and Cell-ONa denote cellulose and Na-Cell, respectively. 

According to the equation (6), less NaOH in relation to Cell-OH results in less 

Na-Cell at equilibrium and hence a lower DoA. Since (r) represents the NaOH to 

AGU concentration ratio in the system, (r) is obviously an important 

experimental variable for the DoA. Its importance is illustrated in Fig. 21, where 

measured DoA increases when (r) is increased at constant [NaOH]. The DoA 

doubles when (r) increases from 0.8 to 2.6. Other authors have demonstrated by 

NMR studies that both the OH− ion and the Na+ ion play an important role in 

cellulose dissolution, where the anions break the cellulose hydrogen bonds, while 

the cations most likely form a complex with cellulose molecules to maintain the 

stability of the solution (Xiong, Zhao, Cai, Zhang, Hu & Cheng, 2013). Similarly, 

Kuo and Hong (2005) suggested that the insufficient number of Na+ ion gives 

poor swelling in microcrystalline cellulose. Hence, it is reasoned that the OH− ion 

and Na+ ion deficiency at sub-stoichiometric (r) give a less swollen Na-Cell 

material (judged by physical and optical observations) and a drop in measured 

DoA. 

Cell-OH + NaOH(aq)  ⇌  Cell-OH (NaOH)  ⇌  Cell-ONa + H2O            (6) 
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Fig. 20 Variable Importance for the Projection (VIP) plot for the PLS modelling 

of the overall data. Terms on the X-axis:  (r) = NaOH/AGU stoichiometric ratio, 

[NaOH] = NaOH concentration of the NaOH solution in % (w/w), T = 

temperature in °C, and  time = reaction time in minutes. The significance of the 

studied variables is indicated for each (95% confidence interval) 

 

Fig. 21 DoA (%) versus (r) for samples mercerised with 50% (w/w) [NaOH], at 

30 °C, and at different reaction times 5, 25, 90, and 1440 min. (r) = NaOH/AGU 

(anhydroglucose unit) stoichiometric ratio 

The importance of the variation of [NaOH] for our model remains uncertain (Fig. 

20), while its effect on the measured DoA was apparently negative but not 

statistically significant at a 95% confidence level, Paper II, Fig. S1 

Supplementary material.  Even though the effect of the studied [NaOH] range 

shows to be insignificant, an interesting effect of [NaOH] on the DoA in the PLS 

model and in the measured DoA values was observed. First, when the overall 

effect of the [NaOH] and (r) on the DoA is modelled, an increase of DoA is 

observed when the [NaOH] is decreased and (r) increased, Fig. 22. It should be 

recognised that the stoichiometric ratio of NaOH/AGU is described by (r), while 

the [NaOH] of the sprayed solution mostly affects how much H2O is added, and 

not whether there is a stoichiometric excess or deficiency of NaOH. A decrease in 

the [NaOH] of the sprayed solution from 55 to 45 % (w/w) at a given (r) means 

an increase of the water content by ca 22%. This water likely improves the mixing 

of the ground cellulose and sprayed lye, which in turn helps the diffusion of NaOH 
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into the cellulose fibres, and results in an increase of DoA. Lorand (1939) 

mentioned that mercerisation speed is influenced by the water content in the 

system. Even though at different experimental conditions, Gavillon and Budtova 

(2007) later reported that the diffusion coefficient of NaOH increased with 

increased water content. Hence, these results were expected. In our data the 

increase of DoA with decreased [NaOH] is only observed at stoichiometric 

amounts of NaOH ≥ 1.3. At (r) = 0.8, for instance, the opposite trend was 

observed in samples mercerised for 25 min (Paper II, Table S1. Supplementary 

materials). Most likely the equilibrium described in Eq. 6 became important for 

the resulting DoA. At this (r), any additional H2O supplied with the NaOH(aq) 

shifts the reaction to the reactants and decreases the DoA.  

 

Fig. 22 Contour plot generated by the PLS model showing DoA as a function of 

(r) and [NaOH] (in %, w/w) at 15 min and 45 °C. (r) refers to NaOH/AGU 

stoichiometric ratio 

In the PLS model, neither elevated temperature (from 30 °C to 60°C) nor 

prolonged time (from 5 to 25 min) in the mercerisation at LWC had any 

statistically significant effect on the DoA at a 95% confidence level, see Fig. 20 

and Paper II, Fig. S1 Supplementary material. The insignificant effect of 

temperature was not expected. Especially in light of our previous study on 

mercerisation at steeping conditions, where temperature was found to be a very 

important parameter for the DoA (Section 4.2.1). However, that study was carried 

out using an excess of water ((r)≥15 with [NaOH] in the range of 15-21%). At those 

conditions, better contact between the components exist. In fact, the mercerised 

samples at those conditions were less heterogeneous (RSD of DoA for replicate 

samples after 35 min of mercerisation was 0%) and looked highly swollen (judged 

by optical observations). In contrast, samples produced at dry mercerisation 

conditions, i.e. low (r) and highly concentrated caustic were more heterogeneous 

(RSD of DoA for replicates samples after 25 min of mercerisation was 5%) and 

looked poorly swollen. The non-significant effect of temperature at dry 

mercerisation conditions is attributed to the poor swelling and high heterogeneity 
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of the produced samples at such conditions, which makes it difficult to note any 

effect of varied temperature. Another plausible explanation could be based on 

thermodynamics. As mentioned in section 4.2.1, the transformation from Cell I 

to Cell II via mercerisation is an exothermic reaction, favoured by low 

temperature. On the one hand, for a macromolecule like cellulose, with limited 

motion around its β-1,4 link, the gain in entropy during alkali treatment might be 

very small. On the other hand, the entropy changes that relate to Na+ ions (and 

surrounding water) are most likely negative, considering that the disordered 

aqueous Na+ ions become more ordered when they are bound in Na-Cell. Thus, 

ΔG for the transformation of Cell I to Cell II via mercerisation becomes less 

negative at increasing temperatures, because of the TΔS term. In other words, the 

accessibility of cellulose for NaOH improves at lower temperatures, due to 

favourable swelling. This could be the phenomenon behind mercerisation at 

steeping conditions, where cellulose swell better at low temperature  (Richter & 

Glidden, 1940) and high DoA is reported (Sisson & Saner, 1941). However, as has 

already been mentioned, swelling is less pronounced in mercerisation at LWC. In 

similarity with the reasoning of a negative value of ΔS for Na+ ions in the swelling 

process, the less pronounced swelling at higher [NaOH] can be elucidated by a 

less negative value of ΔS. This is consistent with a lower degree of water 

coordination around Na+ (and OH-) at high [NaOH], due to fewer available water 

molecules. Since ΔG is linearly dependent on the TΔS term, it also becomes less 

temperature-dependent at LWC mercerisation, which could then bring some 

theoretical explanation to the difference between the majority of previous reports 

and current results (Paper II and III). Explained in a different way, this less 

pronounced swelling at higher values of [NaOH] is due to too few water molecules 

per NaOH to permit good diffusion of the ions. At 45% [NaOH], there is 

approximately only 2.7 H2O molecules for each Na+OH− ion pair, and at 55% only 

1.8 H2O molecules for each NaOH. 

The statistically non-significant effect of the reaction time on the DoA was 

somehow expected since mercerisation reactions are generally quick (Borysiak & 

Garbarczyk, 2003; Sisson & Saner, 1941). However, as mentioned earlier contact 

between cellulose and NaOH is more limited under the conditions of the present 

studies than during mercerisation at steeping conditions. This limited contact 

between the cellulose and NaOH(aq) could explain the positive (but not 

significant) effect of reaction time on the DoA in the model (Paper II, Fig. S1 

Supplementary material), which in our data seems to become an important factor 

for the measured DoA at the sub-stoichiometric ratio (Paper II, Table S1 

Supplementary material, DoA values for (r) = 0.8). As mentioned earlier, the 

presence of water in the system most likely helps NaOH to diffuse into the 

cellulose fibres. At the studied conditions, (r)= 0.8 has the lowest water content 

(water/AGU mol/mol ratio was 2.2 for 45% [NaOH], while it was 1.5 for 55% 

[NaOH]), see Fig 8 in section 3.2.4. This low water content is likely a limiting 
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factor for NaOH diffusion into the cellulose fibres, which is indicated in our data 

by a slight increase of DoA with time at this sub-stoichiometric (r), Fig. 23. 

 

Fig. 23 Contour data plot depicting the measured DoA in LWC mercerisation, as 

a function of time in minutes, and [NaOH] in % (w/w), at (r) = 0.8. Note: this plot 

was created using only the DoA values of (r) at 0.8 

In the comprehensive review presented by Budtova and Navard (2016) on 

cellulose and NaOH interaction, it was pointed out that the Na+ ions must bring 

water close to the cellulose chain to swell it. At steeping mercerisation conditions, 

Richter and Glidden (1940) found that at 20 °C, cellulose pulp swells better when 

it is treated with 10 % [NaOH]. Increasing the lye concentration further, swelling 

was less pronounced. In this first study (Paper II), mercerisation is performed 

at LWC (Water /AGU mol/mol ratio ≤ 4.9) which gives samples with poor 

swelling and low DoA (measured DoA ≤ 87 %); which is more noticeable at the 

lowest (r). Importantly, the poor swelling and the accompanying low measured 

DoA values at the lowest (r) are likely the result of both a slow diffusion of NaOH 

and that the limited amount of water becomes bound to the cellulose.  

4.3.2 Measuring alkali cellulose formation over time at low NaOH 

stoichiometric excess  

As mentioned in section 4.3.1 neither increased [NaOH] (from 45% to 55%) nor 

prolonged mercerisation time (from 5 min to 25 min) had a statistically 

significant effect on the measured DoA in the PLS model. Despite this, an increase 

of measured DoA with time was observed in the samples produced using (r)=0.8 

(Paper II). The mentioned study only covered a limited range of [NaOH] and 

reaction time. Therefore, the effect of these two parameters and the possible 

increase of DoA with time were inconclusive. Paper III attempted to address 

these uncertainties. Firstly, milled cellulose pulp was mercerised using a large 

[NaOH] span ([NaOH] varied from 10 to 50 % w/w) and at two (r) ((r)=0.8 and 
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1.3). In doing so, the effect of varied [NaOH] (i.e., variation in water content) on 

the measured DoA was statistically significant for the two studies (r), samples 

mercerised at (r)=0.8, with P= 2.23 E-04, and samples mercerised at (r)=1.3, with 

P=2.37 E-05. Additionally, a non-linear correlation between [NaOH] and 

measured DoA for the two (r) is observed, see Fig. 3 and 4 Appendix. Secondly, 

samples were taken after 5, 25, 45, 90 and 1440 min of mercerisation to address 

how this variation in water content (see section 3.2.4, Fig. 8) influence the DoA 

overtime at the two mentioned (r). Once again, our results show a non-

statistically significant effect of prolonging mercerisation time (CV-ANOVA with 

P>0.05). This observation is consistent with the results obtained in our previous 

two studies (Paper I and Paper II) and literature reporting mercerisation as a 

quick reaction (Borysiak & Garbarczyk, 2003; Sisson & Saner, 1941). The results 

present in this section confirms the importance of (r) for DoA reported earlier in 

section 4.3.1, but further shows its complex dependence on the [NaOH] with a 

broader variation. An increase of the (r) from 0.8 to 1.3 increases the measured 

DoA at all studied [NaOH]. The measured DoA for mercerised samples at (r) = 

0.8 from 5 to 90 min (Fig. 24), corresponds to an average DoA of two replicate 

samples (Paper III, Fig. S4 Supplementary material). Previously, it has been 

reported that at our conditions, i.e. LWC mercerisation, the relative standard 

deviation for samples mercerised at (r) = 1.3 and at 50% [NaOH] is 17% at 5 min 

and 5% at 25 min (Paper II, Table S1, supplementary material), thus indicating 

the deviation and reproducibility of the presented results. Measured DoA values 

over time reaches a peak, followed by an apparent decrease. This behaviour is not 

a sign of reconversion from Cell II to Cell I, but is caused by the heterogeneity of 

samples at dry mercerisation conditions. At the studied conditions, the lowest 

measured DoA values are obtained with 10% [NaOH]. No increase of DoA with 

time is observed for these samples. However, DoA values at (r) = 1.3 are almost 

twice as high, compared to at (r) = 0.8. A plausible explanation could be the 

adsorption of NaOH reported in older studies (Coward & Spencer, 1923; Richter 

& Glidden, 1940). In such case, the amount of NaOH in the free lye would 

decrease due to adsorption of NaOH by the cellulose fibres. It has previously been 

reported that at least 10% [NaOH] is needed for reasonable Na-Cell formation 

(Laszkiewicz & Wcislo, 1990; Schenzel, Almlöf & Germgård, 2009; Yokota, Sei, 

Horii & Kitamaru, 1990). So, adsorption causes the lye to become non-active. The 

mentioned phenomenon is more noticeble at the sub-stochiometric ratio. When 

the concentration of the sprayed solution of NaOH is increased to 20%, DoA-

values double for (r)=0.8 as well as (r)=1.3. This is true for all studied reaction 

times (compare Fig. 24a to the 24b). These results were expected, since increasing 

the [NaOH] leads to more effective collisions between the Na+ ions and cellulose 

molecules, moreover smaller NaOH-hydrates facilitates penetration into the 

amorphous regions and then crystalline regions (Budtova & Navard, 2016). At 

steeping mercerisation conditions, an increase in Na-Cell (i.e. Cell II) with 

increased [NaOH] from 10% to 20% have also been reported (Schenzel, Almlöf & 
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Germgård, 2009; Yokota, Sei, Horii & Kitamaru, 1990). However, the results in 

Paper III shows a larger increase of Cell II with increased [NaOH] than at 

previously reported conditions. Although the experimental conditions in the 

present study are quite dry, compared to mercerisation at steeping mercerisation, 

a quick mercerisation can be observed with 10% and 20% of [NaOH] for both (r). 

The high amount of water in these samples facilitates rapid diffusion of NaOH, 

hence the relatively fast mercerisation. As example at 20 % [NaOH] the measured 

DoA does not clearly increase after 25 minutes for (r) = 0.8 and not after 5 min 

for (r) = 1.3, Fig 24b. As has been previously reported, diffusion of NaOH likely 

occurs faster in aqueous solution than in 7% cellulose solution (Gavillon & 

Budtova, 2007). When 30% and 40% of [NaOH] was sprayed, the highest DoA 

values for samples mercerised at (r) = 0.8 is reached. At this sub-stoichiometric 

ratio, it seems as the increased water concentration when decreasing [NaOH] to 

or below 20%, limits the Na-Cell formation. This is explained by the equilibrium 

reaction in section 4.3.1 (Paper II). Even though the overall effect of prolonging 

mercerisation time was not statistically significant, in a narrow window an 

increase of the measured DoA with time is observed for samples mercerised at (r) 

= 0.8 with 30 and 40 % [NaOH], suggesting an apparent slow diffusion of NaOH 

and Na-Cell formation, as can be seen in the Fig. 24c and 24d. In contrast, the 

measured DoA at (r) = 1.3 at the mentioned NaOH concentrations suggests that 

any diffusion and Na-Cell formation is likely to be faster than 5 min. Samples 

mercerised with 50 % [NaOH] are more heterogenous, Fig. 24e. At this 

concentration, water content is likely too low for significant diffusion to occur. 
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Fig. 24 DoA (%) versus reaction time (in minutes) for samples mercerised at (r) 

= 0.8 (grey) and at (r) = 1.3 (black) and at different [NaOH]. a) 10 %, b) 20 %, c) 

30 %, d) 40 % and e) 50 %, w/w. (r)= NaOH/AGU (anhydroglucose unit) 

stoichiometric ratio  

In addition to the previous study, powdered cellulose pulp was mercerised at (r) 

= 1.6 and 2.6 with 50% [NaOH] for 60 min (i.e. pre-mercerised samples) and 

diluted by adding dry dissolving cellulose pulp (i.e. unreacted cellulose pulp) to 

an average value of (r) = 0.8 and (r) =1.3. In doing so, it was expected that the 

diffusion of NaOH from the pre-mercerised cellulose into the cellulose being 

added after 10 and 25 min could be analysed. However, the results were 

inconclusive. After the subsequent addition of cellulose, the mixed samples (i.e. 

pre-mercerised samples plus added unreacted cellulose pulp) were highly 

heterogeneous, giving a large standard deviation between the measured DoA 
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within the sample and replicates. Hence, a weak increase of the DoA over time 

would be invisible, see Paper III, Fig 3.  

4.3.3 Alkali cellulose formed at low NaOH stoichiometric excess and 

fixed temperature 

For (r) = 0.8, samples were sprayed with different [NaOH] at room temperature. 

DoA was measured after 24 h. Formed Na-Cell complexes were also studied, 

using 13C CP/MAS NMR. As references, NMR spectra of the dissolving cellulose 

pulp (depicting Cell I) and cellulose pulp mercerised at steeping condition with 

18 % [NaOH] (depicting Na-Cell I) and 40 % [NaOH] (depicting Na-Cell II), at 

room temperature and for 24h was used. Complete transformation to Na-Cell has 

previously been reported for these conditions. This means that there are 

reference spectra’s of both Na-Cell allomorphs (Porro, Bedue, Chanzy & Heux, 

2007). The 13C CP/MAS NMR spectra of the reference samples and the samples 

mercerised at low (r) are shown in Fig. 25 and Fig. 26. In the figures the signals 

in the spectra regions of 109-102, 91-82, 80-70, and 66-60 ppm are belong to C1, 

C4, C2-C3-C5, and C6, respectively (Halonen, Larsson & Iversen, 2013; Isogai, 

Usuda, Kato, Uryu & Atalla, 1989; Yokota, Sei, Horii & Kitamaru, 1990). The 

NMR spectra of semi-wet mercerised samples at (r)= 0.8 shows that fully Na-Cell 

is not formed (Fig. 25), in agreement with the measured DoA, depicted in Fig. 24. 

Considering that the most likely composition of Na-Cell I contains one Na+ ion 

per AGU (Nishimura, Okano & Sarko, 1991), the changes in C1, C4 and C6 shown 

in the NMR spectra for 10 % [NaOH] were not expected at this sub-stoichiometric 

(r) (Fig. 25d). When the sprayed [NaOH] is increased to 20 %, and 30 % (Fig. 25e 

and f), samples show many similarities with Na-Cell I. This is especially true for 

30 % [NaOH]. This agrees with the measured DoA of produced samples after 24h 

of mercerisation. The measured DoA of the sample treated with 30 % [NaOH] 

was higher than the sample treated with 20 %, see Fig. 24. As expected, when     

40 % and 50 % of [NaOH] is sprayed the NMR spectra of the treated samples have 

similarities to Na-Cell II. At 20 %, 40 % and 50 % [NaOH] results confirm already 

published data on the type of Na-Cell formed for each [NaOH] at steeping 

mercerisation conditions (Porro, Bedue, Chanzy & Heux, 2007). But, while 

mentioned study reports no changes in the NMR spectra for [NaOH] below 13 %, 

here it is observed changes in the cellulose pulp at 10% [NaOH]. Transformation 

from Cell I to Na-Cell I at 10 % [NaOH] has previously been reported in a study 

made on milled cotton linter (Yokota, Sei, Horii & Kitamaru, 1990). Moreover, 

Schenzel, Almlöf and Germgård (2009) observed a decrease in Cell I content 

when sulphite dissolving cellulose pulp was mercerised at steeping conditions 

using [NaOH] between 6-12 %. The observed discrepancy between the references 

thus seems to be due to, e.g. raw material and pre-treatment of the cellulose. For 

cellulose treated with 30 % [NaOH] at (r) = 0.8 (Fig. 25f), results divert from 

those previously reported. Sobue, Kiessig and Hess (1939) as well as Porro, 



 
 

51 
 

Bedue, Chanzy and Heux (2007) report transformation to Na-Cell II for samples 

treated with 30% [NaOH] at steeping conditions. Here, only signals consistent 

with Na-Cell I can be observed (e.g. 108.1 ppm (C1), 86.6 ppm (C4), and 62.7 ppm 

(C6)). This unexpected find is likely related to the much lower (r), that in turn 

changes the AGU/NaOH/H2O equilibrium. Porro, Bedue, Chanzy and Heux 

(2007) explained that different cellulose allomorphs than those expected can 

occur when constraints are applied to the mercerisation process (e.g. here low (r), 

at 30% [NaOH]). For 50 % [NaOH] however, (r) shows no influence on formed 

Na-Cell allomorph. From (r) = 0.8 to (r) = 2.6, all samples present characteristics 

of Na-Cell II. 

 

Fig. 25 13C CP/MAS NMR spectra of dissolving cellulose pulp after 24h of 

mercerisation at different [NaOH], room temperature and at (r) = 0.8. a) 

dissolving cellulose pulp, representing Cell I, b) reference sample, representing 

Na-Cell I, and c) reference sample, representing Na-Cell II. The [NaOH] (%, w/w) 

used were d) 10 %, e) 20 %, f) 30 %, g) 40 %, and h) 50 %. (r) refers to NaOH/AGU 

(anhydroglucose unit) stoichiometric ratio 
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Fig. 26 13C CP/MAS NMR spectra of dissolving cellulose pulp after 24h of 

mercerisation at different (r), 50 % (w/w) [NaOH], and at room temperature. a) 

dissolving cellulose pulp, representing Cell I, b) reference sample, representing 

Na-Cell I, and c) reference sample, representing Na-Cell II. The (r) used were d) 

0.8, e) 1.0, f) 1.3, and g) 2.6. (r) refers to NaOH/AGU (anhydroglucose unit) 

stoichiometric ratio 

4.4 Analysing steeping and low-water-content mercerisation 

(Paper I, II, and III) 

As mentioned in Section 4.2.1, the accessibility of cellulose for NaOH(aq) seems 

to be a critical limiting factor for, e.g. the rate of the reaction and DoA, as 

supported by our other findings. In mercerisation at higher (r), e.g. steeping, 

more contact between cellulose and NaOH(aq) takes place, making mercerisation 

a rather quick process, however, highly affected by temperature and [NaOH]. In 

contrast, in LWC mercerisation the NaOH(aq) is initially randomly distributed. 

Here, less contact between cellulose and NaOH(aq) takes place, and the system 

is drier compared to mercerisation at higher (r). In this type of mercerisation, it 

is essential to use a mixing system of high intensity, that helps to bring all the 

components together. The presented results show that in mercerisation at LWC, 

the variation in (r) and [NaOH] becomes important for the DoA, while the 

temperature shows to be of less importance in such a highly heterogeneous 

system. Furthermore, the measured DoA data from LWC mercerisation differ 

markedly from steeping mercerisation. First, the levels of DoA are lower than 

those found during steeping mercerisation. The difference is larger than what is 

expected based on stoichiometric calculations alone. As discussed earlier, one 

plausible explanation is based on large NaOH hydrates, that limits penetration of 
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cellulose fibres (true for 10% NaOH).  Another explanation would be the limited 

amount of water in the system (given mainly, but not exclusively, by [NaOH]) as 

for mercerisation with 50% [NaOH] (Stepanova, Pakshver & Kaller, 1982; Xiong, 

Zhao, Cai, Zhang, Hu & Cheng, 2013). In that latter case, there is less water 

present for efficient diffusion of Na+ and OH- ions, and less water facilitating 

swelling of the cellulose fibres at low (r). In Fig. 27, the hypothetic mechanisms 

of steeping mercerisation (controlled mainly by a fast swelling) and LWC 

mercerisation (controlled by diffusion) are compared. 

 

Fig. 27 Schematic comparison of hypothetic mechanisms for a) steeping 

(swelling-controlled) and b) LWC (diffusion-controlled) mercerisation 

This leads to the hypothesis that cellulose (pulp) mercerisation proceeds via a 

combination of different degrees of these two mechanisms. At (r) = 0.8, swelling 

is very limited (the amount of the water, as well as the Na+ and OH- ion 

concentrations are low at this (r)), and thus the mechanism of mercerisation is 

predominantly determined by the (low) rate of diffusion of NaOH, Fig. 27a. At (r) 

= 1.3, samples are more swollen, hence the swelling-controlled mechanism is 

dominant, Fig. 27b. This trend continues with increasing (r) (see section 4.3.1, 

Fig. 21), resulting in higher values of DoA. In general, the higher amount of water 

used by a lower [NaOH] favours swelling of the cellulose and diffusion of the 

NaOH. Some results by others, which can contribute to the understanding of 

mercerisation are as follows: i) Swelling of cellulose at mercerisation conditions, 

i.e. its transformation into Na-Cell, causes a change in the morphology of the 

cellulose (Budtova & Navard, 2016). ii) Previous studies have shown that 
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mercerisation at low [NaOH] results in more extensive swelling than at high 

[NaOH] (Richter & Glidden, 1940). iii) It is also known that diffusion of NaOH 

occurs rather rapidly in water (Gavillon & Budtova, 2007). Hence, it is likely that 

low [NaOH] would provide good conditions for diffusion of NaOH into well-

swollen cellulose at low (r) (Fig. 28), which is supported by the data for 

mercerisation at [NaOH] ≤ 20 % and at (r) = 0.8 and at (r)=1.3 (Fig. 24a and b). 

Given this, the diffusion of NaOH through well swollen cellulose might occur so 

quickly that it remains unnoticed at the time frame of the studies. For (r) = 0.8 

and [NaOH] of 30% and 40%, there is not enough water to swell the cellulose 

well. The slight increase of measured DoA with time for these cases indicates slow 

diffusion of NaOH and slow formation of Na-Cellulose. At (r) = 1.3 more NaOH 

hydrates are present, and the diffusion may then be faster. Hence, no time 

dependence is observed. These observations illustrate how the amount of H2O in 

the system (decided by (r) and [NaOH]), influences the apparent diffusion rate of 

NaOH and Na-Cell formation, and affects the time it takes for the system to reach 

a steady-state. As was discussed in section 4.3.2, the alkali adsorption onto 

cellulose fibres could also influence the diffusion of NaOH to some extent when 

(r) < 1. 

 

Fig. 28 Schematic representation of diffusion of NaOH at LWC mercerisation 

4.5 Variation of alkalinisation conditions during the 

production of carboxymethylcellulose in the absence of 

alcohols (Paper IV) 

The present section focuses on the effect of simultaneous variation of (r) (from 1 

to 1.3 molar ratio); [NaOH] (30 % to 50 %); and mercerization time (from 10 to 

60 min). The analysed parameters were the DS, amounts of by-products (i.e., Na-

glycolate, Na-diglycolate), insoluble particles, and unreacted chemicals. The CMC 

was produced without alcohols and under conditions like those often used for 

non-ionic cellulose ethers. Even though both commercial and lab-scale CMC are 



 
 

55 
 

produced in the presence of alcohols (Heinze & Pfeiffer, 1999; Klemm, Philipp, 

Heinze, Heinze & Wagenknecht, 2004), this study is based on CMC produced in 

the absence of alcohols. This was done for the following reasons: Firstly, to 

provide a study that works as a basis for understanding LWC mercerisation and 

can be generally suitable for any CEs that employ alkali  treatment of cellulose as 

a first process step in dry conditions. Secondly, in the studies mentioned in 

section 4.3, mercerisation at LWC was investigated without the influence of 

alcohols. This to be able to use acquired knowledge in the experimental design 

for CE production. Last but not least, in this way it was possible to mimic the 

production process of non-ionic CEs, while being able to use the analytical 

advantages of working with CMC.  

Mixing of the ground cellulose pulp with a small amount of NaOH(aq) and 

powdered Na-MCA is problematic, and it is highly affected by the efficiency of the 

mixer, as can be observed in the data in Paper IV. Hence, the presented results 

vary depending on the equipment used for mixing, thus causing unsatisfactory 

reproducibility. This is true especially when comparing absolute values, but less 

so for data trends. To provide additional validation to the results, and to test the 

influence of the mixing system, the synthesis of CMC was performed at two 

occasions using two kneaders with different mixing efficiency (see Section 3.2.5), 

in the Netherlands and in Sweden (i.e., N and S samples). The N kneader 

(normally used for CMC production) was known to be more efficient in mixing 

compared to the S kneader (normally used for pre-ageing of alkali cellulose in 

viscose production). Even though the experimental conditions were the same in 

both kneaders, the results obtained for samples produced in N and S kneaders 

differ (Paper IV, Table. 2 and Table. 3). However, the trend in DScalc is mostly 

the same in the two data sets (Paper IV, Fig. S2, supplementary material). In 

each kneader, two replicates were performed, thus indicating the reproducibility 

of the results separately (Paper IV, Table 2, Table 3).  In general, samples from 

the N kneader show less deviation in the replicates (i.e., better reproducibility of 

the results), a higher DScalc, slightly lower amount of Na-diglycolate, and low 

insoluble particles, compared to the samples from the S kneader.  

4.5.1 Effects on the degree of substitution 

As mentioned in the Introduction of this thesis, the initial step in the production 

of CEs is alkalinisation of the cellulose. During this process, the hydrogen bonds 

are disrupted, and swelling is promoted (Mischnick & Momcilovic, 2010). This 

enhances the reactivity of the cellulose, making it more accessible for reagents to 

penetrate and react with the hydroxyls groups (Sjöström, 1993). Alkalinisation, 

as well as the etherification of the cellulose, affects the DS (Saxell, Heiskanen, 

Axrup, Hensdal & Jokela, 2015). Hereafter, DScalc refers to the DS values derived 

by means of HPLC and calculated according to Eq. (11) mentioned in section 
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4.5.3. Consistent with our hypothesis increased [NaOH] has a statistically 

significant model negative effect on DS, while (r) has a marginally positive effect, 

Fig. 29 (see also Paper IV, Fig. S4. Supplementary material). The mentioned 

correlations were expected since previous studies at LWC mercerisation (section 

4.3) showed an increase in the DoA of cellulose pulp as the [NaOH] decreases and 

(r) increases. These findings agree with previous studies, indicating an increase 

in the DS with (r) (Hedlund & Germgård, 2007; Ramos, Frollini & Heinze, 2005), 

and decreased DS with increased [NaOH] (Yeasmin & Mondal, 2015). However, 

in these studies, the parameters were not varied independently. 

 

Fig. 29 Contour plot displaying the calculated DS (DScalc) for S samples, as a 

simultaneous function of (r), and [NaOH] (in %, w/w). (r) refers to NaOH/AGU 

stoichiometric ratio 

When the effect of prolonged mercerisation time is modelled, no statistically 

significant influence on DS is observed for samples produced in neither N or S 

kneader (Paper IV, Fig. S4. Supplementary material). This observation is 

consistent with results presented previously (section 4.3.1 and 4.3.2), where 

reaction time shows no statistically significant effect on the DoA in LWC 

mercerisation. However, it may be noticed that a small increase in DScalc with 

mercerisation time is indicated for reaction in the S kneader with 30% [NaOH]. 

Also in our previous study (section 4.3.2 and Paper III), an increase in DoA with 

time was observed, at similar mercerisation conditions ((r)=0.8 and 30% 

[NaOH]). The relative change in DScalc is, however, lower than the DoA reported 

in that previous study.   

From literature, it is known that the properties of CEs are influenced not only by 

the average DS, but also by the substitution pattern within the AGU (positions 

C2, C3, C6) and along the polymer chain (molar fraction) (e.g., Heinze & 

Koschella, 2005). Here, both patterns have been analysed, and they are reported 

in sections 4.5.2 and 4.5.3, respectively. 
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4.5.2 Effects on the substitution pattern within the anhydroglucose 

unit  

The three functional OH-groups in position C2, C3, and C6 in the AGU are 

substituted to different degrees during cellulose derivatisation (Ho & Klosiewicz, 

1980; Sjöström, 1993). The resulting partial degree of substitution at the 

respective carbons are referred as �̅�2, �̅�3 and �̅�6, calculated as described in 

equations (7) to (9). Both the carbon and proton NMR chemical shifts differ 

significantly depending on whether the oxygen is substituted (s) or unsubstituted 

(u). From the 1H-NMR spectra of hydrolysed CMC, �̅�i (i = 2, 3, 6) can thus be 

derived, Fig. 30.   

 

Fig. 30 1H NMR spectra of a hydrolysed carboxymethylcellulose N3 sample in 

25% D2SO4/D2O. The assignment was based on the study presented by Heinze 

and Pfeiffer (1999). The X-axis presents the chemical shift as ppm 

The �̅�i are calculated according to Eq. (7) to (9):  

C-1 H1α (O2s) H1α (O2u) H1β (O2s) H1β (O2u)
SUM A A A A= + + +  (7) 

H1α (O2s) H1β (O2s)
2

C-1

A A
X

SUM

+
=                                                                         (8) 

1/2 (      2

-

)

C 1

protons attached at positionA CH
X i

S

i

UM

O−
=                            (9)    



 
 

58 
 

Where A represents the integral area of the respective peak (numbers highlighted 

in red, Fig. 30), H1 the hydrogen atom at the anomeric carbon atom, C1 in an α 

or β position of the AGU, and O the oxygen atom at the i-th position (i =2, 3, 6). 

For example, AO-3 is the integral of the peak at the O-3 position (0.116 in Fig. 30). 

The DS of the CMC is then calculated as shown in Eq. (10).  

𝐷𝑆SUM = 𝑋2 + 𝑋3 + 𝑋6                                                                                    (10) 

The partial degree of substitution of the individual positions, as well as the DSSum 

are shown in Paper IV, Table 2. Even though the produced CMC samples are 

highly heterogeneous, the results show a partial degree of substitution of  

�̅�3<�̅�2≈�̅�6, which agree with the well-accepted reactivity pattern for the 

functional groups in the AGU (e.g., Kono, Oshima, Hashimoto, Shimizu & 

Tajima, 2016; Kragten, Kamerling & Vliegenthart, 1992; Qi, Liebert, Meister, 

Zhang & Heinze, 2010; Tezuka, Tsuchiya & Shiomi, 1996). Interestingly, the data 

show that the relative contribution of �̅�2 and �̅�6 for DSSum decreases slightly when 

[NaOH] increases from 30 to 50 %, while the relative contribution of �̅�3 increases. 

In N samples sprayed with [NaOH] = 30 % (w/w), the average values in % of the 

relative contribution from �̅�2,  �̅�3 and �̅�6 was 41, 15 and 44, respectively. At 

[NaOH] = 50 % (w/w), these numbers changed to 39%, 22% and 39%, 

respectively. The average relative contribution of the individual �̅�i in S samples 

has the same behaviour although the data for these samples are more spread (i.e. 

large standard deviation) and no increase or decrease can be easily observed (see 

Paper IV, Fig. S5b. Supplementary materials). It is known that substitution on 

C2 is more kinetically favoured, while substitution on C6 is more 

thermodynamically stable (Kaplan, 1998). The difference in the distribution of 

substituents is believed to be due to the accessibility (Sjöström, 1993).Hence, it is 

likely that at the studied conditions, at increasing the [NaOH] the hindrance for 

substitution at C3 becomes less pronounced as the system becomes drier, since 

the hindrance is also affecting slight to the OH-groups at C2, and to a large extent 

at C6 positions. This then makes the relative contribution of �̅�3 slightly larger. 

For a slurry method in isopropanol Heinze and Pfeiffer (1999) reported an 

increase of �̅�6 with increased [NaOH], contrary to results presented here. 

However, there are important differences in conditions between the two studies, 

with current samples being a lot drier. Hence as the amount of water in an already 

dry system decreases with increased [NaOH], the OH groups become less 

accessible. This in turn decreases the relative contribution of �̅�6 (as well as �̅�2). 

The functionalization of all positions, i.e.  X̅2, �̅�3 and �̅�6 increase with (r), (see 

Paper IV, Table 2, and Fig. S6. Supplementary materials). This phenomenon is 

seen more clearly when the cellulose is treated with the highest [NaOH]. 
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4.5.3 Effects on the substitution pattern along the polymer chains  

As mentioned in Materials and methods section 3.2.10, the substitution pattern 

along the polymer chains was analysed with HPLC, which revealed the mol 

fractions of glucose, mono, di and tri-O-carboxymethyl glucose in the hydrolysed 

CMC samples. The determined mol fractions, together with the DScalc are 

presented in Fig. 31, and Paper IV, Table S1. Supplementary materials. The 

DScalc is calculated according to Eq. 11. 

calc

glucose*0 + mono*1 + di*2 + tri*3 
DS

SUM (glucose + mono + di + tri)
=            (11) 

Where glucose, mono, di and tri are the molar fractions of un-, mono-, di- and 

tri-substituted glucose in the CMC sample, respectively.  

Already in 1939, Spurlin calculated the statistical distribution of substituent of 

CDs as a function of DS. In his method, it is assumed that the three functional 

OH-groups are equally accessible, and the no preferences exist between them. 

The reactivity of such groups is also assumed to be constants through the whole 

reaction. Although this is a simplification, such a statistical model has 

successfully been much used (e.g. Heinze & Pfeiffer, 1999; Ramos, Frollini & 

Heinze, 2005). A comparison of the mol fraction determined by HPLC and the 

statistical distribution proposed by Spurlin (1939) is illustrated in Fig. 31. The 

mono-substituted glucose in the hydrolysed CMC samples shows a lower mol 

fraction compared to what would be statistically expected, while the 

unsubstituted (i.e., glucose), di- and tri-substituted carboxymethyl glucose was 

slightly higher. The non-statistic distribution in the CMC samples indicates the 

existence of areas with lower and higher substitution than the average DScalc. 

Thus, indicating a high heterogeneity in the samples. 
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Fig. 31 Molar fraction of glucose (Glu), 2-; 3-; 6-mono-O-carboxymethyl glucose 

(mono), 2,3-; 2,6-; 3,6-di-O-carboxymethyl glucose (di), and 2,3,6-tri-O-

carboxymethyl glucose (tri) in the hydrolysed carboxymethylcellulose samples 

versus DScalc. The symbols represent data points (i.e., samples) while the lines 

represent the statistical distribution proposed by Spurlin (1939) 

In general, different hydrolysis methods used to measured DS give similar values 

for a given sample. As an example, Heinze and Pfeiffer (1999) obtained similar 

DS values in CMC samples prepared in slurry conditions with isopropanol/water 

when 1H-NMR and HPLC methods were used. In this study, however, the 

calculated DS using the mentioned two methods (i.e., DSSum and DScalc) differ. 

This difference is due to incomplete hydrolysis in the insoluble non-reacted 

cellulose of these highly heterogeneous samples. Nevertheless, the DS values 

obtained using these two methods give mostly the same data trends, see Paper 

IV, Table 1 (DS derived by 1H NMR) and Table S1. Supplementary materials (DS 

derived by HPLC).  

4.5.4 Effects on insoluble particles 

The highest achieved DScalc in the synthesised CMC samples was 0.7 (Paper IV, 

Table S1. Samples N3, S3 and S9). DS of 0.5-0.8 is normally an indication of good 

water solubility (Klemm, Philipp, Heinze, Heinze & Wagenknecht, 2004; Ramos, 

Frollini & Heinze, 2005). Still, our results show 14% insoluble particles for 

samples with high DS, see Fig. 32. Ramos, Frollini and Heinze (2005) connected 

similar results to inhomogeneity in the samples. Lower solubility than expected 

for any given DS is an indication of areas in the samples with much lower DS than 

the measured average, and thus a non-statistic distribution of the monomer units 

in the polymer chain (Ramos, Frollini & Heinze, 2005), as can also seen in Fig. 

31.  
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In the present study, both the highest (> 50%) and the lowest (<14%) values of 

insoluble particles were found in CMC samples prepared in the S kneader when 

50% and 30% of [NaOH] was used, respectively. This indicated that the 

processing conditions, e.g. the [NaOH] of the sprayed lye as well as the efficiency 

of the mixing affect the amount of insoluble particles. The latter can easily be seen 

by comparing the results obtained from N and S kneaders, see Fig. 32, and Paper 

IV, Table 3. 

 

Fig. 32 Amount of insoluble particles (%, w/w) as a function of the DScalc for 

carboxymethylcellulose samples prepared in the N (triangles) and the S (circles) 

kneader 

4.5.5 Effects on by-products  

The idea of LWC mercerisation compared to steeping mercerisation, is that with 

such a process much fewer by-products should be formed (Myllymaki & Aksela, 

2007; Saxell, Heiskanen, Axrup, Hensdal & Jokela, 2015). In general, the data 

show that for N samples treated with 50 % [NaOH] and (r) = 1 give lower amounts 

of by-products, than those with 30 % [NaOH] and (r) = 1.3, see Paper IV, Table 

3. When the effect of the [NaOH], and (r) on by-products in samples produced in 

the N kneader is modelled, [NaOH] shows a statistically significant negative 

effect on the measured Na-glycolate, while (r) shows a positive influence, Fig. 33a 

(see also Paper IV, Fig. S7a. Supplementary material). For Na-diglycolate, only 

the variation in (r) shows to be statistically significant, with a positive effect on 

this by-product, Fig. 33b (Paper IV, Fig. S7b. Supplementary materials). In S 

samples, where the mixing efficiency of the used kneader is low, the effect of the 

[NaOH] and (r) on the two measured by-products is not statistically significant. 

The observed increase of the Na-diglycolate with (r) might not only be related to 

(r), but also to the Na-MCA/AGU mol/mol ratio. As was mentioned in the 

Materials and methods section 3.2.5, both ratios were varied equally. Thus, any 

increase in (r) also results in the same increase of Na-MCA/AGU molar ratio. 

According to Eq. 3-5 in section 3.2.5, lower (r) and Na-MCA/AGU mol/mol ratio 
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could limit the Na-glycolate formation, but also to a greater extent the Na-

diglycolate formation.  In accord with this, a high (r) and low [NaOH] give a high 

degree of hydrated NaOH in the reaction mixture, which results in a high DS in 

the CMC samples. However, the increased amount of NaOH(aq) also leads to an 

increase in the formation of by-products because of the NaOH reaction with the 

Na-MCA. 

Next, the effect of mercerisation time on by-products was modelled. The 

modelled mercerisation time has insignificant influence on by-products for 

samples prepared in the N kneader, Paper IV, Fig. S7. Supplementary material. 

This lack of significance was not unexpected because of the limited number of 

experiments performed. Additionally, it can be reasoned that the formation of by-

products is very sensitive to [NaOH], (r), and also to the water content, 

as noted above. These correlations make it difficult to observe any effect of 

reaction time since all samples have different water content. Results from 

samples produced in the S kneader show that in this kneader it is challenging to 

achieve reproducible results. Hence, only the negative effect of time on Na-

diglycolate was statistically significant (Paper IV, Fig. S9. Supplementary 

materials). A plausible explanation for this is based on a slow Na-Cell formation 

with mercerisation time, that reduces the NaOH(aq) in the system for by-product 

formation.  

The unreacted NaOH (% NaOH) and Na-MCA, mostly correlate positively with 

the [NaOH] used in the mercerisation step (Paper IV, Table 3 and Fig. S3, 

Supplementary material). 

 

Fig. 33 Contour plots depicting a) Na-glycolate (%, w/w) and b) Na-diglycolate 

(%, w/w) for N samples, as a simultaneous function of NaOH/AGU 

stoichiometric ratio ((r), X-axis) and the sprayed [NaOH] (in %, w/w, Y-axis)  
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5. Conclusions and future perspectives 

The main objective of this thesis was to investigate how the alkalinisation of 

softwood sulphite dissolving cellulose pulp is influenced by the co-variation of 

process variables in the mercerisation at industrial relevant conditions, for both 

viscose and cellulose ether production. This objective was investigated through 

five main questions. The main results for each question are summarised below. 

1) How are DoA and mass yield of the dissolving cellulose pulp influenced by the 

simultaneous variation of mercerisation conditions at viscose production 

conditions? (Paper I) 

A multivariate data approach was shown to be useful to evaluate the effect of 

simultaneous variation of three variable parameters in mercerisation at steeping 

conditions; [NaOH], temperature and reaction time, on the measured DoA and 

mass yield. Using this approach, it was observed that temperature is a highly 

important variable in this type of mercerisation, which contributes to both DoA 

(linear dependence) and mass yield (non-linear dependence). Measured DoA 

decreases as the temperature increases from 20 to 70 °C. The mass yield 

correlates positively with the temperature up to 45-50 °C, after which the relation 

is negative. It is known that the swelling of cellulose fibres in aqueous solutions 

of NaOH increases with decreased temperature. It is therefore likely that the 

observed relationship between temperature and DoA is due to the amount of 

swelling generated for each given temperature. The decreased mass yield at low 

temperature is believed to be a result of high swelling that allow more material to 

dissolve. For temperatures above 50 °C, swelling no longer controls the response. 

Instead, the loss of mass yield with increased temperature is believed to be due 

to a peeling reaction. For [NaOH] and reaction time no simple correlations could 

be established to the responses and should be analysed along with the other 

variables. 

 

2) How is DoA of the dissolving pulp influenced by the simultaneous co-variation 

of mercerisation conditions at cellulose ethers production conditions? (Paper 

II) 

The effect of stoichiometric NaOH/AGU ratio (r), [NaOH], temperature and 

reaction time on measured DoA for dissolving cellulose pulp mercerised at LWC 

was evaluated by multivariate data analysis. During the evaluation, (r) proves to 

be an important variable to determine the DoA. As (r) increases, DoA increases. 

This finding gives support to the importance of OH¯ and Na+ ions reported in 

previous studies on the dissolution of cellulose. The influence of the [NaOH] (i.e., 

the concentration of water) shows a complex dependence on (r). As (r) increases 

and the [NaOH] decreases, the measured DoA increases. At the studied 

experimental conditions, LWC mercerisation does not fully activate cellulose. For 



 
 

64 
 

(r) = 0.8, full activation is not expected, due to the stoichiometric requirement 

being ≥ 1. At (r) = 1.8 the stoichiometric requirement is fulfilled. Still, complete 

activation was not achieved (measured DoA values ≤ 87%). This is possibly due 

to the low amount of water used in the experiments, that limits the swelling of 

cellulose and diffusion of NaOH. Neither prolonged mercerisation time, nor 

increased temperature are found to be significant in the model.  

 

3) What time-dependence can be found for the mercerisation of dissolving pulp 

when low (r) is used? (Paper II and III) 

No significant effect of prolonging mercerisation time on the DoA was found for 

the experiments described in Paper II. Since such a time-dependence was 

unexpected, more experiments were conducted. However, no effect could be seen 

from data presented in Paper III either. In a narrow window ((r) = 0.8, with 

30% and 40% [NaOH]) a clear increase in measured DoA over time was observed, 

suggesting an apparent continuous Na-Cell formation. In mercerisation at LWC, 

there is less contact between cellulose and NaOH(aq), and the cellulose is poorly 

swollen. When an increased DoA is seen over time, this is likely due to slow 

diffusion of NaOH and Na-Cell formation. The amount of water in the system is 

believed to be a limiting factor in this process.  

 

4) Is the type of Na-Cell affected by using low (r) in the mercerisation? (Paper III) 

NMR measurements show that when softwood dissolving cellulose pulp is 

mercerised at LWC and room temperature, the principal determining factor for 

the formed Na-Cell allomorph is the concentration of the sprayed NaOH solution. 

However, close to the transition area between Na-Cell I and Na-Cell II, (r) also 

seems to be of importance.  

 

5) How does variation of LWC mercerisation conditions influence the CMC 

properties and by-products? (Paper IV) 

For mercerisation at LWC and in the absence of alcohols, increased (r) and 

decreased [NaOH] increases the DS. However, such conditions also favoured the 

formation of by-products during the etherification step. This by-product 

formation is unfavourable from an economic point of view, due to the amount of 

chemicals that are consumed. In the synthesised CMC samples, a DS of up to 0.7 

was achieved. Although CMC is expected to be soluble at DS of 0.5, total solubility 

was not achieved for the produced CMC samples (the least percentage of 

insoluble particles was 14%). This is explained by the high heterogeneity that the 

synthesised samples present, and the resulting non-statistical distribution of 

monomer units in the polymer chain. The distribution of substituents within the 

AGU show a lower value for �̅�3 compared to �̅�2 and �̅�6. This is similar to what is 

often found in CMC studies, even though it is more heterogeneous than for most 

traditional processes. The obtained data shows that the partial degree of 
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substitution, i.e. to �̅�2, �̅�3, and �̅�6 increase with (r). Interestingly, the relative 

importance of the substitution in �̅�3 indicated an increase when [NaOH] 

increases. The results presented here, also indicate that the equipment used to 

perform mixing of the chemicals has a high impact on both CMC properties and 

by-product formation. 

This thesis presents a detailed, systematic study of the effects of simultaneous 

variation of a set of key parameters on the degree of alkalinisation of dissolving 

cellulose pulp, mercerised at industrial relevant conditions for viscose and 

cellulose ether production. Presented models can serve as a basis for predicting 

the effects on the degree of alkalinisation of cellulose pulp when mercerisation 

conditions are adjusted. Also, it provides information on how such adjustments 

can affect the mass yield in mercerisation at steeping conditions. Hopefully, the 

results presented in this thesis can provide new insights towards a better 

understanding of LWC mercerisation. The complex dependency of sprayed 

[NaOH] and (r) and their influence on DoA, DS and by-products in the CMC 

industry is highlighted.  

The presented models are built using a softwood sulphite cellulose pulp. Any 

variation in raw material and pre-treatment of the cellulose pulp will give 

different results, e.g. DoA values. As mentioned earlier, the equipment used for 

mercerisation at LWC has a strong effect on DS and by-products. These factors 

must be considered when the presented results are replicated or used for 

optimisation of mercerisation processes.  

Although the present work contributes to a better understanding of mercerisation 

and shows the impact on the properties of CMC and amount of by-products, more 

work is still needed. It would be interesting to study how the cellulose feedstock 

(e.g. hardwood/softwood, Kraft/sulphite process) affects the DoA in 

mercerisation processes. Moreover, measurements of crystallinity, as well as the 

determination of “hornification” in the cellulose pulp could be analysed. This to 

determine how such ’properties’ affect the DoA and hence to gain a better 

understanding of the influence of the raw material on the DoA and property of 

the cellulose derivative produced. For mercerisation at LWC, only limited 

literature is available. Thus there is plenty of room for further investigations. As 

an example, it would be of great interest to perform macro- and microscopy 

analysis of the cellulose pulp mercerised at LWC over time, to get a better 

understanding of the changes that the material goes through during the 

mercerisation, especially at those conditions where an increase in DoA was 

observed over time. Another study of interest for mercerisation at LWC could be 

the investigation of different solvents/heat transfer agents, to see their impact on 

DS, substitution patterns in the AGU and along the polymer chain, CMC 

solubility, as well as by-products formation. 



 
 

66 
 

Appendix 

 

Fig. 1 13C CP/MAS NMR spectra of dissolving cellulose pulp samples mercerised 

at different reaction times, at (r) = 1.3 with 50% [NaOH] and at 30 °C, followed 

by washing with deionised H2O and drying: a) 0 min. (i.e. unreacted dissolving 

cellulose pulp (Cell I), representing 0% DoA), b) 3 min., c) 5 min., d) 10 min., and 

e) 25 min. The peaks marked at 65.6 and 107.4 ppm are attributed to C6 in Cell I, 

and to C1 in Cell II, respectively 

 

Fig. 2 Response permutation plot for validating PLS calibration model with 20 

permutations on two components. Y-Intercepts: R2= 0.0, 0.251, and                           

Q2=0.0, -0.339  
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Fig. 3 DoA (%) versus [NaOH] for samples mercerised at a) (r) = 0.8 and b) 

(r)=1.3 and at different reaction time. (r)= NaOH/AGU (anhydroglucose unit) 

stoichiometric ratio 

 

     

Fig. 4 Coefficient plot showing the interaction effects of [NaOH] and reaction 

time on the DoA (%). (a) (r)=0.8 and (b) (r)=1.3. Terms on the X-axis: Time = 

time in minutes, [NaOH] = NaOH concentration in (w/w) %, and 

[NaOH]*[NaOH] = expanded [NaOH]2. The coefficient plot was generated at the 

95% confidence level 
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Example 1  

Relation between concentration of NaOH and concentration of water 

for the NaOH-water solution. 

Here, concentration of NaOH is expressed as w/w of NaOH to H2O and denoted 

by [NaOH], which should not be mistaken for the normal use of the square type 

brackets, i.e. moles per liter of solution 

As an example, if (r) = 2 is used 

1 (C6H702) (OH)3 + 2 NaOH ⇌ 1(C6H702) (OH)1 (ONa)2 + 2 H2O 

15 g of cellulose pulp / 162 g/mol cellulose = 0.092 mol of AGU 

(r)=2  → 

2 mol of NaOH/1 AGU = X mol of NaOH/ 0.092 mol of AGU 

Hence, X = 0.184 mol NaOH 

1a)  To make a 50% (w/w) NaOH solution: 

40 g/mol of NaOH * 0.184 mol NaOH = 7.36 g of NaOH to take 

Thus 7.36 g NaOH and 7.36 g H2O is needed 

The mass of solution = 14.72 g of NaOH (or 7.36 g NaOH + 7.36 g H2O) 

1b)  To calculate moles (n) of H2O per mol of AGU: 

(7.36 g of H2O in the solution) / 18 g/mol = 0.40 mol 

n(AGU) = 0.092 mol, and n(H2O) = 0.40 mol 

ratio H2O/AGU = 0.4/0.092 = 4.35 

2a)  To make a 30% (w/w) NaOH solution, and again (r)  = 2 

n(NaOH) = 0.184 mol → 7.36 g of NaOH to take 

30% NaOH is (of course) 30% NaOH and 70% H2O 
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m(NaOH) / {(m(NaOH) + m(H2O)} = 0.30  and  m(NaOH) = 7.36 g → 

7.36 / {7.36 + m(H2O)} = 0.30 → 

m(H2O) = {7.36 / 0.30} – 7.36 = 17.17 

Thus, 17.17 = 17.2 g of H2O is used. 

The mass of solution = 24.56 g  

2b) To calculate moles (n) of H2O per mol of AGU: 

 (17.2 g of H2O in the solution) / 18 g/mol = 0.955 mol 

n(AGU) = 0.092 mol, and n(H2O) = 0.955 mol 

ratio H2O/AGU = 0.955 / 0.092 = 10.38   

Note: Now, it can be observed that the change from 50 % to 30 % NaOH results 

in an increase of the ratio water to AGU   

…………………………………………………………………………… 

To know what volume to take for the two NaOH concentrations and add to 

15 g of cellulose pulp 

1c) To know what volume to take :  

Density () of 50% [NaOH] is 1.52 g/ml.   = mass/V → V= (14.72 g of the NaOH 

sol) / 1.521 g/ml = 9.68 ml 

Volume that will be used for mercerisation = 9.68 ml NaOH.  

2c) To know what volume to take:  

Density () of 30% [NaOH] is 1.322 g/ml.   = mass/V → V= 24.56 g of NaOH / 

1.326 g/ml = 18.52 ml 

Volume that will be used for mercerisation = 18.6 ml NaOH. 

Note: The density values were obtained from the work presented by Akerlof and 

Kegeles (1939) 
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