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Since cellulose is a linear macromolecule it can be used as a material for regenerated 

cellulose fiber products e.g. in textile fibers or film manufacturing. Cellulose is not 

thermoformable, thus the manufacturing of these regenerated fibers is mainly possible 

through dissolution processes preceding the regeneration process. However, the dissolution 

of cellulose in common solvents is hindered due to inter- and intra-molecular hydrogen 

bonds in the cellulose chains, and relatively high crystallinity. Interestingly at subzero 

temperatures relatively dilute sodium hydroxide solutions can be used to dissolve cellulose 

to a certain extent. 

 

The objective of this work was to investigate the possible factors that govern the solubility 

of cellulose in aqueous NaOH and the solution stability. Cellulose-NaOH solutions have 

the tendency to form a gel over time and at elevated temperature, which creates challenges 

for further processing. The main target of this work was to achieve high solubility of 

cellulose in aqueous NaOH without excessively compromising the solution stability. 

 

In the literature survey an overview of the cellulose dissolution is given and possible 

factors contributing to the solubility and solution properties of cellulose in aqueous NaOH 

are reviewed. Furthermore, the concept of solution rheology is discussed. In the 

experimental part the focus was on the characterization of the used materials and properties 

of the prepared solutions mainly concentrating on cellulose solubility and solution stability.    
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Selluloosa on lineaarinen makromolekyyli, minkä vuoksi se soveltuu regeneroitujen 

selluloosakuitutuotteiden valmistamiseen. Mahdollisia käyttökohteita regeneroiduille 

kuiduille ovat esimerkiksi tekstiilikuidut ja erilaiset kalvorakenteet. Koska selluloosa ei ole 

lämpömuovautuva, selluloosa täytyy liuottaa ennen regenerointia. Tavallisimpien 

liuottimien käyttö on kuitenkin ongelmallista, sillä selluloosan vahvat molekyylien sisäiset 

ja väliset vetysidokset sekä suhteellisen korkea kiteisyys estävät liukenemisen. Aiempien 

tutkimuksien perusteella on kuitenkin osoitettu, että laimeaa natriumhydroksidia voidaan 

käyttää selluloosan liuottamiseen alhaisissa lämpötiloissa. 

Työn tarkoituksena oli määrittää mahdolliset muuttujat, jotka vaikuttavat oleellisesti 

selluloosan liukenemiseen ja liuosten stabiliteettiin. Selluloosa-NaOH -liuoksilla on 

taipumus geeliytyä ajan myötä sekä korkeissa lämpötiloissa, mikä aiheuttaa ongelmia 

prosessoinnin seuraavissa vaiheissa. Tavoitteena oli saavuttaa mahdollisimman korkea 

selluloosan liukoisuus NaOH-liuoksiin vaarantamatta liuoksen stabiliteettia. 

Työn kirjallisuusosassa käsitellään selluloosan liuotuksessa olennaiset parametrit ja niiden 

vaikutukset valmistettujen selluloosa-NaOH liuoksien ominaisuuksiin. Lisäksi keskitytään 

liuosten reologiaan. Kokeellisen osan tarkoituksena oli määrittää ja arvioida mahdolliset 

muuttujat, jotka vaikuttavat selluloosaan liukenemiseen ja valmistettujen liuosten 

ominaisuuksiin. Näistä tärkeimpinä olivat liukoisuus ja liuosten stabiliteetti. 
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NOMENCLATURE 

Abbreviations 

AGU  anhydroglucose unit 

ASTM  American Society for Testing and Materials 

C2H5N3O2  biuret 

CCA  cellulose carbamate 

CS2  carbon disulfide 

CSA  fiber cross sectional area 

CWT  fiber cell wall thickness 

DP  degree of polymerization  

DS  degree of substitution [mol substituent per mol AGU] 

H2S  hydrogen sulfide 

H2SO4  sulfuric acid 

HNCO  isocyanic acid 

IC  inclusion complex 

ISO  International Organization for Standardization 

NaOH  sodium hydroxide 

Na2SO4  sodium sulfate 

Na2Zn(OH)4  sodium zincate 

NCO
-  

cyanate ion 

ND  never dried (pulp) 

NH3  ammonia 

NH4
+
 NCO

-
  ammonium cyanate 

NTU  Nephelometric Turbidity Units 

OC(NH2)2  urea 

OH
-
  hydroxyl ion 



RO water  reverse osmosis purified water 

SCAN  Scandinavian Pulp, Paper and Board 

WRV  Water Retention Value 

ZnO  zinc oxide 

Zn(OH)4
2-

  tetrahydroxozincate ion i.e. zincate 

ZnSO4  zinc sulfate 

 

Symbols 

c
*  

critical overlap concentration 

cCCA  concentration of cellulose carbamate [wt %] 

cNaOH  concentration of sodium hydroxide [wt %] 

cZnO  concentration of zinc oxide [wt %] 

[η]  intrinsic viscosity [ml/g] 

η  viscosity [mPa*s] (1mPa*s = 1cP) 

ΔG  Gibbs energy i.e. free enthalpy [J]  

G’  storage modulus [Pa] 

G’’  loss modulus [Pa] 

H  enthalpy [J] 

S  entropy [J/K] 

T  temperature [K, °C] 

Tgel  gelation temperature [K, °C] 
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1 INTRODUCTION 

Cellulose is widely abundant and available raw material for a variety of purposes. 

Traditionally, cellulose has been used as a construction material in the form of intact wood 

and as a material for chemical and mechanical pulping. The use of cellulose as a raw 

material for chemical conversions and cellulose derivatives has gained a lot of interest due 

to increasing demand for environmentally friendly and biocompatible products. Dissolving 

pulp is the most important raw material for cellulose derivatives. According to RISI (2013, 

1) the global demand for dissolving pulp is forecast to grow 9% annually in 2013-2017, 

reaching 8.8 million tons at the end of this period. 

Viscose process has been the prevailing manufacturing method in the field of regenerated 

cellulose products, and viscose products are the major end use (about 77%) for dissolving 

pulps. It has been estimated that worldwide viscose pulp consumption will exhibit 11% 

annual growth during 2013-2017, to 7.0 million tons in 2017. In the viscose process 

dissolving pulp is converted in a stepwise process to a spinnable solution and then into 

longer filaments. The main end use of viscose products is in the textile industry. It has been 

projected that the global textile fiber production in total increases annually 3.9 % and the 

cellulosic fibers have an established share in the textile production. Thus, share gains in the 

world textile fiber market for viscose fibers will be the primary driver for the increase in 

viscose pulp demand. (RISI 2013, 31-32) Global textile fiber production by major sector in 

2012 and estimate for 2017 are presented in Figure 1. 

 

Figure 1. Global textile fiber production by major sector in 2012 and estimate for 2017 in 

million tons and percentage share. (RISI. 2013, 125) 
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The viscose method, however, has several drawbacks concerning the environmental 

aspects of the process. Thus, efforts have been made to reduce the environmental burden 

by inventing new methods for manufacturing regenerated cellulose. Currently existing 

relevant commercial alternatives for viscose process include Lyocell and Cupro processes. 

However, the market share of these processes is relatively low. For example, Lyocell was 

estimated to have had a production level of 140,000 tons in 2012 when the global viscose 

pulp consumption was 4.2 million tons (RISI 2013, 32). Furthermore, there are several 

potential processes that could be used as an alternative for viscose process at a research 

stage, such as cellulose carbamate, biocelsol, and ionic liquids. In this study the cellulose 

carbamate (CCA) dissolution process and the properties of the CCA solutions are 

discussed and reviewed.  

Viscose and carbamate processes are regarded similar in terms of dissolution and final 

regenerated fiber properties, since the solvent used in both of the processes is dilute 

aqueous sodium hydroxide (< 10 wt %). In the carbamate process cellulose derivatization 

is performed using urea (OC(NH2)2) instead of toxic carbon disulfide (CS2) used in the 

viscose process. However, some difficulties concerning the solubility and stability of the 

cellulose carbamate solutions affect the feasibility of the production process.  

In the literature part the premise for understanding the factors contributing to cellulose 

carbamate dissolution and solution stability is presented. The focus in the experimental 

part was to characterize the properties of cellulose carbamate solutions and their suitability 

for further processing. The objective was to gain a better understanding of the factors that 

govern the solubility and stability of cellulose carbamate solution systems and find a 

feasible concept where sufficient amount of cellulose carbamate can be dissolved in 

aqueous sodium hydroxide without excessively compromising the solution stability. 
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I. Literature part 

2 CELLULOSE – A MATERIAL FOR REGENERATED FIBERS AND 

FILMS 

Pulps that are used for the preparation of cellulose derivatives are referred as dissolving 

grade pulps and their special characteristics are high α-cellulose content (> 92%), high 

level of brightness, and uniform molecular weight distribution (Bajpai 2012, 193; Sixta 

2006, 1022). The properties of dissolving pulps depend mainly on chemical composition 

and purity as well as supramolecular and morphological structure of cellulose. The 

supramolecular level refers to the crystal and molecular structure of cellulose and hydrogen 

bonding-system, whereas the morphological structure involves the arrangement of 

microfibrils and interstitial voids in relation to the cell wall. (Wertz et al. 2010, 87) Special 

characteristics of cellulose include amphiphilicity, chirality, biodegradability, broad 

chemical modifying capacity, and capability of forming versatile semicrystalline fiber 

morphologies (Wang 2008, 1).  

2.1 Molecular, supramolecular, and morphological structure of cellulose 

The cellulose molecule is a linear homopolymer of D-anhydroglucopyranose units linked 

together by β-1,4-glycosidic bonds. Glucose units are in 6-membered rings and joined 

together by acetal linkages between the C1 and C4. The cellulose chain has a chemical 

polarity due to the existence of reducing and non-reducing ends in the D-glucopyranose 

unit. The reducing end contains an unsubstituted hemiacetal, and anomeric carbon atom is 

free and is in equilibrium with the aldehyde structure. The non-reducing end contains an 

additional hydroxyl group at C4, and the anomeric carbon is involved in the glycosidic 

linkage. (Ciolacu & Popa. 2010, 2-3; Wertz et al. 2010, 21-22)  

The cellulose chain is consisted of repeating cellobiose units. The cellobiose unit itself has 

two anhydroglucose units (AGU), which are rotated by 180° against from each other. 

(Wüstenberg. 2015, 111) The average degree of polymerization (DP) defines the size of 

the cellulose molecules. The DP indicates the amount of repeating anhydroglucose units in 

the cellulose chain. Each AGU has three hydroxyl (OH) groups that present more than 

30% by weight: one primary (at C6-OH) and two secondary (at C2-OH and C3-OH). 

(Medronho & Lindman. 2014, 32; Wertz et al. 2010, 343) The molecular structure of 

cellulose is illustrated in Figure 2.  



5 

 

 

Figure 2. Molecular structure of cellulose with numbering of the carbon atoms. (modified 

from Olsson & Westman. 2013, 149) 

The cellulose molecule has a strong tendency for intra- and intermolecular hydrogen 

bonding which enables the cellulose chains to forms bundles of elementary fibrils which 

aggregate to microfibrils. Further aggregation forms fibrils from microfibrils and finally 

cellulose fibers are formed. (Liu & Sun. 2010, 138) The prevailing concept of the 

molecular structure of cellulose highlights the significance of hydrogen bonding as the 

basis for understanding the microscopic (e.g. interactions) and macroscopic (e.g. solubility) 

properties of cellulose. However, Medronho & Lindman (2014, 32) have focused on the 

amphiphilic nature of cellulose as an explanatory factor for cellulose properties. Since all 

of the three hydroxyl groups of the AGU are located on the equatorial positions, the 

equatorial direction has a hydrophilic character. On the contrary, the axial direction has a 

hydrophobic nature due to hydrogen atoms of C-H bonds on the axial positions. This 

structural anisotropy of cellulose molecules together with hydrogen bonding creates a 

chemical polarity and is believed to have a significant impact on the properties of 

cellulose. (Medronho & Lindman. 2014, 32)  

2.1.1 The significance of hydrogen bonding of cellulose 

The intra- and intermolecular hydrogen bonds are generally recognized as the most 

influential factors affecting the conformational and mechanical properties of cellulose. The 

hydroxyl groups of cellulose molecules have an equatorial position on the cellulose chain 

and protrude laterally along the extended molecule. Thus, the OH groups are readily 

available for intra- and intermolecular hydrogen bonding. The intramolecular hydrogen 

bonds are responsible for the shift and rigid nature of the cellulose molecule and the 
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intermolecular hydrogen bonds induce the sheet-like nature of native cellulose and prevent 

cellulose from melting. (Ciolacu & Popa 2010, 3-11) 

The fibril structure of cellulose allows the cellulose chains to be arranged in less ordered 

i.e. amorphous and highly ordered i.e. crystalline regions which alternate with each other 

as illustrated in Figure 3. (Sjöström 1993, 54) The cellulose chains can pass through 

several crystalline and amorphous regions depending on the molecular weight. According 

to Ciolacu & Popa (2010, 3-4) the intermolecular hydrogen bonds in the crystalline regions 

are strong, thus resulting in cellulose fibers with good strength properties and insolubility 

in most solvents. In amorphous regions the cellulose chains are further apart and more 

available for hydrogen bonding to other molecules. However, the hydrogen bonding does 

not automatically imply insolubility since most hydrogen bonded substances dissolve in 

water. Thus, some controversy about the significance of hydrogen bonds in cellulose 

insolubility exists (Glasser et al. 2012; Medronho et al. 2012).  

 

Figure 3. The arrangement of amorphous and crystalline regions in cellulose microfibrils, and 

the scheme for intra-and intermolecular hydrogen bonding ability of cellulose. 

(modified from Zhou & Wu 2012, 104) 

Cellulose can crystallize into several different polymorphs depending on the origin or the 

conditions during isolation or conversion. Cellulose polymorphs, generally identified on 

the basis of their X-ray diffraction patterns, include cellulose I, cellulose II, cellulose III, 

and cellulose IV. Cellulose I is the crystal form of native celluloses, and cellulose II is 

obtained from cellulose I after regeneration from different media or mercerization with 

aqueous sodium hydroxide (NaOH). Cellulose III and cellulose IV are obtained through 
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liquid ammonia or organic amine treatment and through thermal treatment, respectively. 

The difference between the polymorphs is in the network of hydrogen bonds developed at 

the neighboring and association limits of macromolecular chains, while the molecular 

structure remains the same. (Ciolacu & Popa 2010, 1; Olsson & Westman 2013, 150) 

2.1.2 The reactivity of cellulose 

The reactivity of cellulose can be defined as the degree of ability for the hydroxyl groups 

to react with chemicals and the relative ease by which the hydroxyl groups can be reached 

by the reactants (Sixta 2006, 1023; Sjöström 1993, 204). The possible reactions that can 

occur in the cellulose molecule chain include a substitution reaction at the hydroxyl groups 

(e.g. esterification, etherification, deoxyhalogenation, and acetalation); oxidation of the 

hydroxyl groups to ketones, aldehydes, and carboxylic groups; cleavage of the glycosidic 

linkage through acid hydrolysis or oxidation; oxidation and reduction reaction at the 

reducing end of the chain; and oxidative cleavage of the C2-C3 bond (Isogai 2001, 600). 

Accessibility of cellulose is a concept that is usually linked to the reactivity properties of 

cellulose. However, the concepts of cellulose reactivity and accessibility are in theory 

difficult to determine. In this study the reactivity of cellulose is considered to illustrate the 

ease and ability of substitution reactions to occur in the hydroxyl groups of cellulose 

during cellulose derivatization. Accessibility, in turn, is regarded as a physical ability of 

reactants to reach the hydroxyl groups and overcome steric hinders. Thus, accessibility can 

be seen as a factor governing the cellulose solubility. 

Reactivity of cellulose is highly dependent on the molecular, supramolecular, and 

morphological structure of cellulose. Especially the two-phase morphology of crystalline 

and amorphous regions has a significant influence on the accessibility and the reactivity of 

cellulose. The hydroxyl groups in the amorphous regions are considered to be more 

accessible and react more easily than the hydroxyl groups in the crystalline regions. 

(Ciolacu & Popa 2010, 23-28) The degree of crystallinity i.e. the proportion of crystalline 

sections in native cellulose is approximately 45-60% (Wüstenberg 2015, 117). Since 

crystallinity of cellulose is a significant factor in the reactivity of cellulose, determining the 

structure of microfibrils and the partial crystalline structure of cellulose is relevant for 

understanding the possible reaction mechanisms of cellulose (Klemm et al. 2005, 3363). 

The reactivity of cellulose in the hydroxyl groups is also dependent on the type of the 

hydroxyl group and the structure of the substituent group. In terms of chemical reactivity 
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the primary and secondary hydroxyl groups exhibit distinct reactivities towards different 

substituents. For example, in etherification the C2-OH is generally considered the most 

accessible hydroxyl group and for esterification the primary hydroxyl group (C6-OH) 

possesses the highest reactivity. In addition, the primary hydroxyl group has a higher 

reactivity towards bulky substituents compared to the secondary ones. (Ciolacu & Popa 

2010, 27-28; Sjöström 1993, 204)  

2.2 Dissolution and regeneration of cellulose 

Since cellulose is a linear macromolecule it can be used as a material for regenerated 

cellulose fiber products e.g. in textile fibers or film manufacturing. The manufacturing of 

these regenerated fibers is mainly possible through dissolution processes preceding the 

regeneration processes, since cellulose is not thermoformable. However, according to the 

general view, the dissolution of cellulose in common solvents is hindered due to inter- and 

intra-molecular hydrogen bonds, and relatively high crystallinity. (Medronho et al. 2012, 

583; Wendler et al. 2012, 153)  

In order for cellulose to be dissolved, the solvent has to be capable of disturbing the 

hydrogen bonding ability of the anhydroglucose unit of the cellulose molecule. Partial 

elimination of the strong intermolecular hydrogen bonds will interfere the bonding 

between the cellulose chains. Generally, ideal solvent has to be able to dissolve cellulosic 

material of sufficient DP values depending on the application and crystallinity without 

degradation of the cellulose molecules. (Heinze & Petzold 2008, 344-345) The solvent 

system needs to be optimized according to the desired application. For example, the 

manufacturing of textile fibers from dissolving pulp requires a certain DP level for good 

properties of regenerated fibers, thus the solvent system has to able to dissolve cellulose 

with the required DP.  

Cellulose can be dissolved with derivatizing or non-derivatizing i.e. direct solvent systems. 

Direct solvent systems dissolve cellulose by intermolecular interaction only. However, in 

most of the cases the solubility of cellulose is insufficient for feasible dissolution 

processes. In derivatizing solvent systems a cellulose derivative is formed which can be 

dissolved for example in aqueous sodium hydroxide. (Heinze & Petzold 2008, 344-345; 

Wertz et al. 2010, 175) Examples of dissolution processes where NaOH is used as a 

solvent are presented in Figure 4. Viscose and carbamate processes are regarded as 

derivatizing solvent systems whereas in biocelsol process enzymatic treatment is 
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performed in order to enhance the solubility of cellulose. The solubility of cellulose in 

aqueous sodium hydroxide is regarded in viscose process as adequate and in biocelsol 

limited. One of the purposes of this study was to clarify the solubility properties of 

cellulose carbamate in aqueous NaOH. 

Regenerated cellulose is obtained from the dissolved cellulose solution by precipitation or 

fiber spinning process. Properties of the prepared regenerated fibers, e.g. fiber morphology, 

pore size and shape, and strength properties, are dependent mainly on dissolution process 

and regeneration process conditions. (Fu et al. 2014a, 2820) Regenerated cellulose can be 

used for example for manufacturing of fibers, films, powders, beads, and membranes (Liu 

& Sun 2010, 151). 

 

Figure 4. Comparison between viscose, carbamate, and biocelsol process. (based on Fink et al. 

2014, 36; Wendler et al. 2012, 172-173, Wilkes. 2001, 38; WO/2009/135875 A1) 
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2.2.1 Derivatizing solvents 

In derivatizing solvent systems the formation of covalent bonds via chemical reaction 

between the cellulose molecule and substituent contributes to the solubility of cellulose 

(Heinze & Petzold 2008, 344). Thus, the purpose of the derivatization is to modify the 

chemical structure of cellulose towards more soluble form. The dissolution occurs in 

combination with the formation of an ester, ether or acetal derivative. The derivative can 

be dissolved in common solvents such as in aqueous sodium hydroxide. Possible processes 

based on derivatizing solvent systems include the viscose process, cellulose carbamate 

process, and the formation of cellulose nitrate, acetate and formate. (Wertz et al. 2010, 

175-176; Fink et al. 2014, 32)  

The viscose process is the dominant production method for regenerated cellulose products. 

However, the viscose process generates several environmentally hazardous byproducts 

such as carbon disulfide (CS2), hydrogen sulfide (H2S), and heavy metals. (Fu et al. 2014b, 

2363) In the viscose method, cellulose xanthogenate is formed through the derivatization 

of alkali steeped pulp with carbon disulfide. The xanthogenate is dissolved in dilute 

aqueous sodium hydroxide and the resulted viscose solution is spun into regenerated fibers 

usually at acidic pH using a wet spinning technique. Precipitation processes form 

regenerated high purity cellulose where the substituent cleaves off. (Klemm et al. 2005, 

3377-3378; Vehviläinen et al. 2008, 671) More detailed description of the viscose process 

can be found for example from Götze (1967, 420-578) and Wilkes (2001, 37-61).  

2.2.2 Non-derivatizing solvents 

In non-derivatizing solvent systems the cellulose dissolution results from physical 

interactions between the cellulose molecule and the solvent (Heinze & Petzold 2008, 344). 

Thus, the cellulose dissolution is due to intermolecular interactions. The most relevant non-

derivatizing solvent systems include organic amine oxides (e.g. N-methyl-morpholine-n-

oxide), ionic liquids, non-aqueous lithium chloride, dimethylacetamide, and aqueous 

solutions of transition metal complexes (e.g. cuprammonium hydroxide, cupriethylene-

diamine hydroxide).  N-methyl-morpholine-n-oxide is used in commercial applications and 

generally known as the Lyocell process. (Wertz et al. 2010, 175-178) The interest towards 

ionic liquids as cellulose solvent has grown recently and there has been extensive studies 

regarding on the development and research of the topic. 
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Requirements for non-derivatizing solvents include sufficient dissolving power, cost 

efficient recovery, and environmental sustainability. In addition, proper properties of the 

regenerated end product have to be obtained. However, most non-derivatizing solvent 

systems do not meet completely the requirements set for the end properties of the 

regenerated fibers. (Fink et al. 2014, 32)  

2.3 Cellulose derivatization: Cellulose carbamate 

Cellulose carbamate is a cellulose derivative which has carbamate groups substituted in the 

hydroxyl groups along the cellulose chain molecule. According to Guo et al. (2011, 1928) 

it is hard to determine the substitution distribution at the individual position (C2, C3, and 

C6) of the anhydroglucose unit of cellulose since usually the degree of substitution (DS) in 

cellulose carbamates is relatively low. Cellulose carbamate is soluble in aqueous sodium 

hydroxide at low temperatures, typically below 5C°. Thus, cellulose carbamate can 

potentially provide an environmentally friendly alternative to the prevailing viscose 

process. The key difference between the cellulose xanthate generated for the viscose 

process and the cellulose carbamate is the molecular structure of substituent. In cellulose 

xanthate the substituent groups possess an ionic nature and in cellulose carbamate the 

bonds in the substituent group are covalent. Thus, the dissolution power of solvent (e.g. 

NaOH) towards cellulose xanthate can be expected to be higher than towards cellulose 

carbamate. The structures of cellulose xanthate and cellulose carbamate are illustrated in 

Figure 5.  

 

Figure 5. Cellulose xanthate and cellulose carbamate molecules. Substitution occurring at 

primary hydroxyl groups at C6. (based on Fink et al. 2014, 34; Turunen et al. 1985, 

111) 
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In order for the cellulose carbamate route to be considered as a feasible alternative for 

viscose process several challenges needs to be addressed. Controlling the degree of 

polymerization and obtaining even distribution of carbamate groups along the cellulose 

chain are regarded as problematic factors. The DP value optimization is vital for obtaining 

suitable solutions characteristics (e.g. viscosity, amount of undissolved fraction, stability) 

for fiber regeneration processes. (Ekman et al. 1984, 38) Also inadequate stability of the 

cellulose carbamate solutions creates challenges in the regeneration process. The CCA 

solutions have the tendency for gelation behavior, especially over time and heating. 

2.3.1 Cellulose carbamate manufacturing 

Cellulose carbamate is an ester of cellulose and carbamic acid and it is produced from the 

heterogeneous reaction of cellulose with urea (Vo et al. 2010, 1192). In principle different 

types of pulps are suitable for cellulose carbamate manufacturing. However, in order to 

minimize the effect of other substances pulp grades with high α- cellulose content e.g. 

dissolving grade pulps are used. The degree of polymerization of the cellulose carbamate 

produced from commercially available dissolving pulp grades is too high for dissolution 

purposes, thus depolymerization is required (Turunen et al. 1985, 111). The lowering of 

DP can be achieved through chemical processes e.g. alkali aging or peroxide treatment, or 

through physical modifications e.g. by irradiation treatments. In addition, the reaction 

requires high temperatures, a catalyst, or alternatively long reaction times. (Guo et al. 

2009, 1504) 

In the manufacturing process urea first decomposes into ammonia and isocyanic acid 

approximately at 135 °C (Wendler et al. 2012, 159). Isocyanic acid (HNCO) reacts with 

cellulose OH groups to form cellulose carbamate. Isocyanic acid can also form other 

compounds, thus decreasing the efficiency of the desired reaction. The reaction efficiency 

is dependent, among others, on the amount of urea, reaction conditions and raw material 

properties. (Turunen et al. 1985, 111) Possible reaction pathways of cellulose with urea 

including more detailed reaction descriptions are presented in Figure 6. 
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Figure 6. Schematic presentation of reactions of urea. Urea first decomposes into ammonia 

and isocyanic acid due to heating, the pyrolysis reaction occurs at 133 °C. (1) 

Isosyanic acid reacts with cellulose OH groups and forms cellulose carbamate. The 

carbamate groups are substituted in the hydroxyl groups along the cellulose chain. 

(2) Isocyanic acid reacts with ammonium and forms ammonium cyanate. 

Conversion of ammonium cyanate into urea (Wöhler synthesis). (3) Isocyanate acid 

reacts with urea to form biuret. (modified from Turunen et al. 1985, 111) 

2.3.1 Properties of cellulose carbamate 

In cellulose carbamate the hydroxyl groups in the cellulose repeating unit are partially 

substituted with carbamate groups. The degree of substitution indicates the average amount 

of substituted hydroxyl groups per anhydroglucose unit, thus the theoretical maximum for 

DS is 3.0 (Chunilall et al. 2013, 82). Properties that are most considerably affected by the 

degree of substitution are solubility, swelling, and plasticity (Ciolacu & Popa 2010, 28). 

Among others, one of the key factors governing the substitution of the prepared cellulose 

carbamate is the amount of urea in the manufacturing process. Nitrogen content (N-

content) of the cellulosic material is often used to describe the substitution degree of 

cellulose carbamates. However, the N-content indicates only the amount of nitrogen in the 

sample not the exact degree of substitution i.e. the amount of carbamate groups in the 

cellulose backbone. Also the uniformity of the product i.e. the evenness of the carbamate 

groups in the cellulose chains is a significant factor determining the cellulose carbamate 

quality and properties. However, the uniformity of the substituted cellulose is challenging 

to determine. (Ciolacu & Popa 2010, 27) 
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The crystallinity index of cellulose carbamate is lower than of untreated cellulose. When 

cellulose reacts with urea the substitution of the hydroxyl groups reduces the amount of 

hydrogen bonds, thus resulting in partially destroyed crystalline structure of the native 

cellulose. Therefore, increase in the amount of urea in the reaction leads to increased 

degree of substitution and reduced crystallinity of cellulose carbamate. (Guo et al. 2009, 

1507) Furthermore, the relatively large molecular size of carbamate group substituted in 

the cellulose backbone can create steric hinders and the possibility for formation of 

crystalline packing typical for cellulose structure decreases. For example, with substitution 

degree of 1 the molecular weight of cellulose increases 26.5%. 

The possible crystalline form of cellulose carbamate is still under debate. Guo et al. (2009, 

1506-1507) studied the structure of cellulose carbamate samples obtained through 

microwave heating of native cellulose and urea with X-ray diffraction and found that the 

distinct diffraction peaks from cellulose carbamate samples corresponded to the cellulose I 

crystalline form. From the obtained results it was concluded that the chemical modification 

from native cellulose to cellulose carbamate does not change the crystalline form. 

However, the results from XRD studies of cellulose carbamate conducted by Yin & Shen 

(2007, 3113) revealed dissimilar results. The intensity of diffraction peaks typical for 

cellulose I decreased with increasing nitrogen content of the cellulose carbamate samples. 

In addition, some new peaks were observed and the intensity of these new peaks increased 

when the nitrogen content increased. As a result it was proposed that in cellulose 

carbamate there is a possible formation of new crystal planes derived from cellulose I and 

II.  

3 SODIUM HYDROXIDE IN CELLULOSE DISSOLUTION 

Aqueous sodium hydroxide has been a widely studied and used in dissolution of cellulose 

and cellulose derivatives. The interests towards NaOH as cellulose solvent exist because 

the cellulose treatment with aqueous sodium hydroxide has numerous applications in fiber 

modification, dissolution, and regeneration. (Wang & Deng 2009, 1398) For cellulose 

dissolution purposes relatively dilute NaOH (< 10 wt %) solutions have been used.  

To understand the cellulose dissolution in alkali solution it is vital to clarify the structure of 

the sodium hydroxide-water system and the solvent interaction with cellulose. The premise 

for understanding the dissolution process requires reviewing the dissolution 
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thermodynamics and kinetics. In addition, the effect of cellulose derivatization sets new 

dimensions to the dissolution processes, which have to be evaluated for obtaining solutions 

with high cellulose solubility.  

3.1 Interactions between cellulose and sodium hydroxide  

It is generally recognized that the ions in sodium hydroxide-water system can form various 

stable hydrates i.e. chemical compounds that contains water depending on the NaOH 

concentration and temperature (Wang 2008, 20). This behavior has to be taken into 

consideration when aqueous NaOH is used in cellulose dissolution, especially at lower 

temperatures. For cellulose dissolution purposes the interesting concentration of NaOH 

solution ranges from 0~20 wt %. According to Egal (2006, 107) in this range the solution 

is a simple solution of NaOH and water, which are miscible in liquid state and immiscible 

in solid state. In this concentration range the freezing point of the dilute solution decreases 

with increasing NaOH concentration. The lowest freezing point temperature (-28.4 °C) is 

observed at NaOH concentration of approximately 19 wt %. More detailed description of 

the phase diagram and the structure of the NaOH hydrates are presented in Appendix I.  

The structure of cellulose-NaOH-water systems has been identified as early as in 1939 by 

Sobue et al. (1939, 312-313). Depending on the NaOH concentration and temperature 

cellulose interacts with NaOH to form different complex structures. Interestingly, a region 

(cellulose Q) has been discovered where cellulose is highly swollen and even soluble in 

aqueous NaOH. The NaOH concentration at this region is between 7 wt % to 8 wt % and 

the temperature is between -5 °C and 1 °C. In this region the soda hydrates can penetrate 

the amorphous area of cellulose and solvate to cellulose, which leads to destruction of the 

neighboring crystalline regions. (Sobue et al. 1939, 309; Wang 2008, 23-24) The phase 

diagram of cellulose- NaOH-water system is presented in Figure 7. 
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Figure 7. NaOH-water-cellulose phase diagram for ramie fiber. The unbroken hatching 

indicates the regions in which the sodium cellulose concerned is optimally formed. 

(Sobue et al. 1939, 312)  

According to Kamide et al. (1992, 72) understanding the combination of specific 

supramolecular structure of cellulose solid and specific solvent structure is vital for 

achieving complete dissolution of cellulose. The solvation structure of aqueous NaOH at 8-

10 wt % NaOH concentration at low temperature includes the existence of weakly bonded 

water layer on strongly solvated water molecules to OH
-
 anions and Na

+
 cations. The 

weakly bonded water layer is surrounded by free water and acts as an energy transfer layer 

during cellulose dissolution. (Yamashiki et al. 1988, 447; Kamide et al. 1992, 72) 

Roy et al. (2003, 261) have claimed that cellulose-NaOH-water solution is composed of 

free water, soda hydrates bound to NaOH, and soda hydrates bound to cellulose. The free 

water freezes much below zero and melts around temperatures from -1 °C to -14 °C 

depending on the NaOH concentration. The NaOH-bound hydrates are surrounded by 

amorphous water molecules and in the cellulose-bound hydrates one or two hydroxyl 

groups per AGU are bound to a soda hydroxide. The amount of free water is the same in 

NaOH-water and cellulose-NaOH-water solutions and the amount of amorphous water 

depends only on the NaOH concentration. Thus, the basic structure of NaOH-water and 
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cellulose-NaOH-water solutions is the same: a suspension of hydrates in water. Hence, 

according to the statement the change in cellulose concentration affects only to the 

viscosity of the solution. (Roy et al. 2003, 261) 

3.2 Dissolution mechanisms of cellulose in aqueous sodium hydroxide 

The prevailing opinion in the dissolution of cellulose and cellulose derivatives with 

aqueous sodium hydroxide is based on the assumption that the soda hydrates have the 

ability to break inter- and intramolecular hydrogen bonds of cellulose molecule, and are 

capable to bond with the hydroxyl groups of the cellulose chain. The dissolution of 

cellulose starts at the amorphous regions, since the hydroxyl groups are more accessible in 

the amorphous regions. This type of dissolution mechanism is believed to be applicable to 

cellulose materials with low to moderate DPs. Additionally, the concentration range for 

NaOH to be used as a solvent is quite narrow (6-10 wt %). (Medronho & Lindman 2014, 

36) However, it has been claimed (the Lindman’s hypothesis) that the amphiphilic and 

hydrophobic molecular interactions of cellulose significantly affects the solubility or 

insolubility characteristics of cellulose (Glasser et al. 2012, 589; Medronho et al. 2012, 

585) 

3.2.1 Dissolution thermodynamics and kinetics 

The dissolution of cellulose in aqueous NaOH is controlled by thermodynamics and 

kinetics. The thermodynamics of dissolution process are usually easier to describe 

compared to the dissolution kinetics controlled by a set of several interconnected physical 

and chemical phenomena. (Le Moigne & Navard 2010, 217-218) The thermodynamics of 

dissolution rely on the Gibbs free energy equation (Equation 1) and the idea of an ideal 

solution. According to Olsson & Westman (2013, 147) dissolution of cellulose can only 

take place if the dissolved state represents a lower free energy than the solid state i.e. 

enthalpy must be balanced by the entropy term. Thus, when ∆𝐺 is negative, cellulose 

dissolves. However, the dissolution may not be achieved even if favorable free energy 

conditions prevail (Medronho et al. 2012, 582). 

∆𝐺 = ∆𝐻 − 𝑇 ∗ ∆𝑆   (1) 

where,  ∆𝐺 change in Gibbs free energy [J] 

 ∆𝐻 change in enthalpy [J] 

𝑇 temperature [K] 

∆𝑆 change in entropy [J/K] 
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The dissolution of cellulose can be regarded as a heterogeneous reaction involving 

disintegration of the crystalline regions of cellulose. ∆𝐻 corresponds to the interaction 

between the polymer and solvent molecules and ∆𝑆 corresponds to the changed molecular 

organization due to dissolution. The total enthalpy of cellulose dissolution can be derived 

from the reaction stages of dissolution of crystalline cellulose into molecular dispersion 

and is usually negative. Thus, the decrystallization reaction is exothermic and favored by a 

lower temperature. The change in entropy is usually positive and dependent, among others, 

on the molecular weight of cellulose. As the degree of polymerization increases the bond 

rotation becomes more restricted and the change in entropy is minimal. (Marson & El 

Seoud 1999, 3742; Medronho et al. 2012, 582; Miller-Chou & Koenig 2003, 1234; Wang 

& Deng 2008, 1402)  

In order to determine the overall kinetics in the dissolution of cellulose in aqueous sodium 

hydroxide the fundamental kinetic parameters involved in the swelling and dissolution 

process has to be determined. Examples of possible kinetic parameters include the rate of 

dissolution and its relevant thermodynamic and kinetic parameters, the induction period of 

dissolution and its apparent activation energy in the swelling process, the diffusion process 

connected with swelling, and the kinetics of decrystallization. (Wang & Deng 2008, 1398; 

Lapčik et al. 1988, 221) More analysis regarding the kinetics of cellulose dissolution can 

be found from Olsson & Westman (2013, 148); Wang & Deng (2008, 1398-1405); and 

Wang (2008, 39-41). However, the research on the kinetics of cellulose dissolution is still 

rather undeveloped and the distinction between the kinetic and thermodynamic parameters 

is usually unclear (Medronho et al. 2012, 582). 

3.2.2 The dissolution process of cellulose – from swelling to dissolution 

The cellulose dissolution is typically preceded by swelling of the fibers. According to 

Olsson & Westman (2013, 151) swelling is defined as a process where the liquid molecule 

penetrates cellulose structure by interacting with the polymer to a certain extent, leaving 

the volume and physical properties of the cellulose significantly changed but the solid, or 

semi-solid state remains. The complete dissolution of cellulose the solvent is expected to 

destroy the supramolecular structure of cellulose and form a solution where cellulose is 

molecularly dispersed. Aqueous sodium hydroxide can act as a dissolving agent and also as 

a swelling agent, depending on the process conditions. Since the swelling and the 

dissolution process are both controlled by the same cellulose-solvent interactions, the 
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interface between swelling and dissolution is difficult to determine. (Medronho & Lindman 

2015, 2-3; Zhang et al. 2013, 671) 

According to Le Moigne & Navard (2010, 218) the dissolution process involves three main 

steps. First the solvent swells the outer part of the fiber when placed in contact with the 

fiber material. After that, further penetration of the solvent is eased since the 

disentanglement of the cellulose polymer allows the movement of the cellulose chains out 

of the polymer and into the solvent. Lastly, the cellulose chains are removed out of the 

vicinity of the dissolving cellulose through solvent convection around the cellulose fiber. 

In addition, the formation of a viscous i.e. gel-like polymer layer, which impedes the 

access of fresh solvent to the polymer, needs to be avoided. Usually stirring is applied to 

the dissolution process to prevent the formation of the viscous polymer layer. Dissolution 

is thus controlled by the disentanglement of the cellulose chains or by the diffusion of the 

chains through a boundary layer at the cellulose-solvent interface. (Le Moigne & Navard 

2010, 218; Medronho & Lindman 2014, 34) 

Research group of Navard (Cuissinat & Navard. 2006a; Cuissinat & Navard. 2006b; 

Cuissinat & Navard. 2008; Cuissinat et al. 2008a; Cuissinat et al. 2008b; Navard & 

Cuissinat. 2006) has extensively studied the dissolution of different types of cellulosic 

fibers in various solvent systems. As a conclusion, five modes describing the behavior of 

cellulose fibers in solvent have been defined: 

 Mode 1: Fast dissolution by disintegration into rod-like fragments 

 Mode 2: Large swelling by ballooning and dissolution of the fiber 

 Mode 3: Large swelling and partial dissolution of the fiber 

 Mode 4: Homogenous swelling without any dissolution of the fiber 

 Mode 5: A case of a non-solvent i.e. no swelling or dissolution occurs 

The solubility of cellulose in the solvent is dependent on the type of the mode, mode 1 

referring to the highest quality and mode 5 to the lowest. These dissolution modes 

determined by the research group of Navard can be also potentially applied to a certain 

extent to the dissolution of cellulose and cellulose derivatives in aqueous NaOH.   
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3.3 Solubility of cellulose in aqueous sodium hydroxide 

The solubility of cellulose and cellulose derivatives in aqueous NaOH is not only 

dependent on the NaOH concentration and temperature but also on the degree of 

polymerization and crystallinity of cellulose (Olsson & Westman 2013, 154). According to 

Qi et al. (2011, 238) it is difficult to dissolve cellulose with DP values higher than 300 in 

an alkali aqueous solution having only single alkali composition. Thus, the solubility of 

cellulose can be enhanced by decreasing the polymerization degree of cellulose. (Qi et al. 

2008, 779) Furthermore, crystallinity of cellulose is generally recognized as one of the key 

elements governing the cellulose dissolution. Solubility is believed to be enhanced with 

decreased crystallinity index. The ability of the solvent to break down the intermolecular 

hydrogen bonds contributes to the dissolution of cellulose and this break down starts at the 

amorphous regions. (Guo et al. 2009, 1506) However, Kamide et al. (1992, 72) have 

claimed that the solubility of cellulose is not governed by the content of amorphous regions 

but more likely by the degree of breakdown of O3-H¨¨O’5 intramolecular hydrogen bond. 

3.3.1 The effect of sodium hydroxide concentration on cellulose solubility 

According to the phase diagram of cellulose-NaOH-water system (Figure 7) the optimum 

NaOH concentration for dissolving cellulose at low temperatures is between 7-8 wt %. 

Zhang et al. (2010, 669-670) have conducted studies concerning the significance of NaOH 

concentration in cellulose dissolution, and found that the solubility of cellulose improved 

significantly with increasing NaOH concentrations and peaked at 8 wt % NaOH with 91% 

cellulose solubility. This behavior was probably due to the concentration-dependent size of 

NaOH-water hydrates. At low alkali concentrations the hydrodynamic diameters of NaOH-

water hydrates can be too large to penetrate into the crystalline regions of cellulose. In 

addition, at very low NaOH concentrations the amount of alkali can be too low for 

dissolution to happen. (Zhang et al. 2010, 669-370) 

For the dissolution purposes of cellulose higher sodium hydroxide concentrations (> 18 wt 

%) are ineffectual since mercerization of cellulose occurs. In the mercerization process 

cellulose is treated with concentrated (18-20 wt %) caustic alkaline solution. The 

mercerization changes the morphology and the crystalline structure of the fiber. The 

concentrated NaOH prefers to stay in close proximity to the cellulose chains forming Na-

cellulose crystals. Thus, in the mercerization process there is no dissolution of cellulose but 
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a complex change of morphology and crystalline structure occurs in a derivatized and 

highly swollen state. (Navard et al. 2012, 101; Zhang et al. 2010, 670) 

3.3.2 The effect of temperature on cellulose solubility 

The dissolution of cellulose in aqueous NaOH does not follow the mechanism of a slow 

diffusion which is based on the interchangeability of solvent and polymer. Furthermore, 

the relatively low temperature required for cellulose dissolution does not follow the 

standard mechanism of solubility where the entropic driving force is strengthened with 

increasing temperature. (Cai et al. 2008, 9345; Medronho & Lindman 2014, 36) The 

dissolution of cellulose in aqueous NaOH is preferably conducted at subzero temperatures. 

Additionally, freezing-thawing method has also been applied for cellulose dissolution e.g. 

as in the biocelsol process. (Wang & Deng 2009, 1403-0104) 

According to Cai et al. (2008, 9345) and Luo & Zhang (2013, 388) the dissolution 

enhancement of cellulose at low temperatures can be associated with the complex 

formation induced hydrogen bonded networks between cellulose and solvent components. 

On the other hand, Medronho & Lindman’s (2014, 36) explanation is based on the possible 

conformation changes in the cellulose chain due to changes in the temperature. The 

cellulose polymer is presumably less polar at higher temperatures which can reduce the 

attractive interactions with the polar solvent. At lower temperatures the more polar 

configurations will be favored thus promoting a better interaction with the solvent. 

(Medronho & Lindman 2014, 36) 

The determination of the optimum temperature for cellulose dissolution is not regarded as 

a simple task. In many dissolution systems also additives are used to enhance the 

dissolution of cellulose and solution properties. Thus, the use of additives can significantly 

alter the dissolution mechanisms and kinetics of cellulose in sodium hydroxide solutions. 

However, the obtained optimum temperature ranges from various researches can be used to 

illustrate the feasible temperatures in cellulose dissolution. For example, Qi et al. (2011, 

237) studied the dissolution behavior of cellulose in NaOH/urea aqueous solution and 

found that the temperature range from -5 °C to -10 °C was the most favorable. Similarly, 

Egal et al. (2008, 361) defined the optimum temperature range for microcrystalline 

cellulose dissolution to be from -4 °C to -8 °C. Furthermore, too low solvent temperature 

can impede the dissolution process. Zhang et al. (2010, 671) discovered that the entire 
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solvent system (NaOH-thiourea-urea) became a solid ice-block at -15 °C and could not be 

used to dissolve cellulose. 

3.3.3 The effect of pulp fiber properties on cellulose solubility 

The solubility of cellulose is related also in the chemical and physical properties of the 

pulp. The pulp origin, type, and state can be explanatory factors when considering the 

solubility behavior. According to Rissanen et al. (2011, 2) solubility of softwood 

dissolving pulp in aqueous NaOH is higher than the solubility of hemi poor hardwood kraft 

and hardwood kraft. Also other substances have an influence on the solubility. According 

to Isogai & Atalla (1998, 317) the presence of lignin in the samples reduces the level of 

solubility. On the contrary, hemicelluloses do not seem to prevent the solubility, since most 

of the hemicellulose fractions are soluble in aqueous NaOH. However, the presence of 

hemicelluloses can have a negative impact on further processes.  

Possible pretreatment procedures can have an impact on cellulose solubility. For example 

drying cycles can have an effect on the fiber reactivity and accessibility. According to 

Spinu et al. (2011, 247) the never-dried state is more reactive for softwood pulps and 

cotton linterns but has no significant effect on hardwood pulps. The never-dried fibers of 

softwood pulp are in a swollen and more accessible state due to opening of the fiber 

structure, thus enabling the penetration of the aqueous NaOH. In contrast, the properties of 

pulp fibers change irreversibly after drying and wetting. The internal volume of the pulp 

fibers decreases and the fibers exhibit hornification phenomena, thus the accessibility of 

the fiber decreases. (Spinu et al. 2011, 247) Also some pretreatments and modifications, 

such as steam explosion and mechanical stress have been found to have a positive effect on 

cellulose solubility (Kamide et al. 1992, 79). 

3.3.4 The effect of cellulose carbamate substitution on cellulose solubility 

For cellulose derivatives, the degree of substitution is believed to be a substantial factor for 

enhancing the solubility of cellulose in aqueous sodium hydroxide. For cellulose 

carbamates the degree of substitution for dissolution purposes has to be below 0.5 (N-

content 3.8%) and preferably between 0.2 and 0.3 (N-content 1.65%-2.4%) in order to 

obtain the highest solubility (Braun et al. 2014, 804; Klemm et al. 1998, 161). The increase 

in the substitution degree of cellulose carbamate results to decreased crystallinity since the 

substitution of hydroxyl groups reduces the density of hydrogen bonds and then partially 
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destroys the crystalline structure (Guo et al. 2009, 1507; Fu et al. 2014, 2367). Thus, the 

solubility is enhanced. 

Fu et al. (2014b, 2367) have reported that the solubility of cellulose carbamate increased as 

the DS increased from 0 (N-content 0%) to 0.19 (N-content 1.572%) and then decreased 

until the DS was 0.59 (N-content 4.405%). The result indicated that high degree of 

substitution was not necessary for improved dissolution. The optimum DS for cellulose 

carbamate dissolution was determined to be between 0.12-0.25 (N-content 1-2%) and the 

dissolution occurred due to partial destruction of the hydrogen bonds and crystal structure 

with the introduction of the acyloamino groups on the cellulose backbone. Furthermore, 

without further justification Fu et al. (2014b, 2364) stated that the increased amount of 

carbamate groups in the cellulose backbone decreased the solubility due to cross-linking 

induced by the side reactions and carbonization.  

4 STABILITY OF CELLULOSE CARBAMATE SOLUTIONS 

For cellulose carbamate-sodium hydroxide solutions some concerns about the stability 

have been raised. High cellulose carbamate concentration in the solution and sufficient 

solution stability are essential for regeneration applications and for the industrial 

implementation of the cellulose carbamate route. In this study, stability relates to the 

gelling phenomena of the cellulose carbamate solutions. Stability of the cellulose 

carbamate solutions is mainly dependent on the CCA concentration, degree and pattern of 

substitution, DP, NaOH concentration, and temperature. Relatively long solution state 

durability during storage and high gelation temperatures (Tgel) can be used as indicators for 

sufficient stability. Furthermore, rheology is a useful tool when evaluating the interaction 

and behavior of the CCA-NaOH solutions in further processing. For example, the 

properties of spinning solution affect the processability, the choice of the spinning process, 

and the quality of the regenerated fibers (Guo et al. 2011, 1927).  

The possible cleavage of the carbamate groups in the cellulose molecule when cellulose 

carbamate is dissolved in aqueous sodium hydroxide can be used to determine the 

solution’s chemical stability. The carbamate group is considered to be stable in acidic 

systems but in alkaline media hydrolysis can take place (Turunen et al. 1985, 114). 

According to Klemm et al. (1998, 162-163) in alkaline media the carbamate groups are 

irreversibly decomposed to carbonate and ammonia at a rate depending on NaOH 
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concentration and temperature. Thus, when the cellulose carbamate is dissolved in aqueous 

sodium hydroxide some hydrolysis of the carbamate groups can be observed. In order to 

prevent the cleavage of the carbamate groups, low temperatures (< 5 °C) are used during 

storage. (Ekman et al. 1984, 39) 

There has not been a lot of published research work concerning the stability and gelation 

behavior of cellulose carbamate and the mechanisms of gelation behavior are still 

undetermined. However, the behavior of cellulose in aqueous NaOH has been widely 

studied. The mechanisms defined for cellulose-NaOH systems can be assumed at least 

partially to resemble with those of CCA-NaOH-water systems. 

4.1 Gelation tendency 

According to Gooch (2011, 337) gel is defined as a semisolid system consisting of a 

network of solid aggregates within which a liquid is trapped. Gels can be divided into 

physical and chemical gels. In physical gels the junction zones i.e. stable intermolecular 

regions of association are formed through physical interaction, e.g. by hydrogen bonding, 

hydrophobic association, chain entanglements of polymer-to-polymer interactions, or 

cation-mediated crosslinking. The chemical gels normally consist of covalently cross-

linked polymer chains. (Williams & Phillips 2009, 16; Cai & Zhang 2006, 183) 

Gelation is defined as a phenomenon where a polymeric liquid dramatically becomes solid-

like at a critical point in polymer concentration, molecular weight of the polymer, 

temperature, or storage time etc. (Luo & Zhang 2013, 390). The critical point is known as 

gel point where a liquid begins to exhibit elastic properties and increased viscosity (Gooch 

2011, 339). The gelation of cellulose carbamate solutions is usually time and temperature 

induced. 

4.1.1 Thermodynamics of gelation – gelation as a temperature driven process 

When thermal energy is introduced to the cellulose solution, activation energy destroys the 

interaction between the solvent molecules and cellulose formed during the dissolution 

process. Subsequently, the exposed hydroxyl groups form random junctions between 

cellulose molecules from self-associations resulting in a gel network. The released solvent 

molecules move randomly in the gel. (Zhang et al. 2010, 672)  

Gelation of the cellulose-NaOH solution system is a thermodynamic process since energy 

exchanges between the gel system and the surroundings results in the gelation. According 
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to Zhang et al. (2010, 672) when considering the thermodynamics, gelation occurs only 

when the free energy change i.e. Gibbs free energy (∆𝐺), defined in Equation 1, is negative 

at a given constant temperature. For gelation thermodynamics the changes in enthalpy and 

entropy are defined as: 

      ∆𝐻 = ∆𝐻𝑠𝑒𝑙𝑓−𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 + ∆𝐻𝑑𝑒𝑚𝑖𝑥𝑖𝑛𝑔  (2) 

       ∆𝑆 = ∆𝑆𝑒𝑛𝑡𝑎𝑛𝑔𝑙𝑒𝑚𝑒𝑛𝑡 + ∆𝑆𝑑𝑒𝑚𝑖𝑥𝑖𝑛𝑔   (3) 

∆𝐻𝑠𝑒𝑙𝑓−𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛 and ∆𝑆𝑒𝑛𝑡𝑎𝑛𝑔𝑙𝑒𝑚𝑒𝑛𝑡 are exothermic terms (∆𝐻, ∆𝑆 < 0) in Equations 2 

and 3, and refer to self-association of the hydroxyl groups in gelation and to aggregation of 

cellulose molecule chains, respectively. ∆𝐻𝑑𝑒𝑚𝑖𝑥𝑖𝑛𝑔 is endothermic (∆𝐻 > 0) and 

expresses the destruction of the interaction between the small molecules and cellulose. 

Also the term ∆𝑆𝑑𝑒𝑚𝑖𝑥𝑖𝑛𝑔 is endothermic (∆𝑆 > 0) and refers to the release of small 

molecules from the cellulose chain. If temperature increases in the cellulose-NaOH 

solution, the change in enthalpy is positive (∆𝐻 > 0), thus ∆𝐻𝑑𝑒𝑚𝑖𝑥𝑖𝑛𝑔 has to be greater 

than ∆𝐻𝑠𝑒𝑙𝑓−𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛. In order for gelation to occur, the change in entropy has to be 

positive enough to meet the requirement set in Equation 1. Thus, it can be concluded that 

gelation of cellulose in the aqueous sodium hydroxide solution is an entropy driven 

process. (Zhang et al. 2010, 672-673) 

4.1.2 Gel formation schematics 

In order to examine the gel formation in CCA-NaOH solutions, the possible cellulose 

carbamate-solvent interactions need to be addressed. According to Guo et al. (2011, 1929) 

there are several possible interactions between cellulose carbamate and the solvent system: 

1. Hydrogen bonding between hydroxyl and acyloamino groups of cellulose 

carbamate 

2. Hydrogen bonding among the hydroxyl and acyloamino groups of cellulose 

carbamate and solvent molecules i.e. NaOH hydrates and water 

3. Hydrogen bonding and electrostatic interaction between the solvent molecules 

The gelation schematics of cellulose carbamate solutions presumably comply with the gel 

formation of cellulose-NaOH solutions. In thermally induced gelation the gel formation 

includes the self-association of chain segments resulting in a three dimensional network. 

The solvent is in the interstices of the formed network. The chain segments are formed 
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with two or more cellulose chains and are defined as junction zones. As the temperature 

rises in the cellulose-NaOH-water solution, the number of junction points increases and the 

gel formation occurs. A schematic presentation of temperature induced gel formation in 

cellulose-NaOH solutions is illustrated in Figure 8. (Guo et al. 2011, 1927; Weng et al. 

2004, 2092)  

 

Figure 8. Schematic temperature induced gelation process of the cellulose (cotton lintern) in 

aqueous NaOH. A: Cellulose chains are surrounded with small molecules as an 

overcoat (solution temperature below 20 °C); B: Formation of random junction 

(solution temperature 25-40 °C); C: Formation of the network structure (solution 

temperature above 50 °C). (Weng et al. 2004, 2093) 

The gels formed from cellulose in aqueous sodium hydroxide solutions are generally 

recognized as physical gels. According to Weng et al. (2004, 2092) there is no chemical 

change during the gelation process, thus the gelation results from a physical interaction. In 

a physical gel the exposed hydroxyl groups of cellulose molecules have a significant effect 

on the formation of the network structure by random self-association of the cellulose 

chains. At elevated temperatures the self-association of the chains is strengthened which 

results to the formation of a gel. 

4.2 Rheology – an indicator for gelation behavior 

According to Mezger (2011, 17) rheology is the science of the deformation and flow of 

substances. Deformation in this application is considered to be the relative displacement of 

points of a body, and can be identified as viscous flow, elastic deformation, or a 

combination of the two (Miri 2011, 10). The flow behavior can be divided into Newtonian 

flow and non-Newtonian flow. The Newtonian fluids have linear flow behavior and the 
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viscosity of the fluid is independent of intensity and duration of a shear treatment. In non-

Newtonian fluids the shear stress and shear rate have an effect on the viscosity, and the 

flow behavior is time-independent or time-dependent. Time-independent flow can be 

divided into plastic, pseudoplastic, or dilatant flow behavior and time-dependent flow is 

characterized as thixotropic or rheopectic. (Wüstenberg 2015, 72-73) Descriptions for 

different types of flow behavior are presented in Table I. 

Table I. Different types of flow behavior. (Wüstenberg 2015, 79) 

Property Flow behavior Description 

Time-
independent 

Newtonian liquid 
Constant viscosity, independent of shear stress 

and shear rate 

Plastic, ideal plastic 
Substances flow after overcoming of a yield 

point 

Pseudoplastic i.e. shear 
thinning 

Apparent viscosity decreases with increased 
shear stress 

Dilatant i.e. shear thickening 
Apparent viscosity increases with increased 

shear stress 

Time-
dependent 

Thixotropic 
Apparent viscosity decreases with duration of 

shear stress 

Rheopectic 
Apparent viscosity increases with duration of 

shear stress 

Rheological measurements are usually conducted for observing the gel point and gelation 

behavior in cellulose solutions. In order to determine the gel point, generally the crossover 

of storage modulus curve (G’) and loss modulus curve (G’’) are used as indicators. G’ is a 

measure of the energy of deformation stored in the sample during shearing and G’’ is the 

measure of the energy consumed by the material during shearing. The relationship between 

G’ and G’’ during the rheological measurements determines the flow properties of the 

solution. If G’’ is greater than G’ the solution is in liquid state and if G’ is greater than G’’ 

the solution is at gel state. When G’ is equal to G’’ the solution is at the gel point i.e. 

gelation occurs. Furthermore, difference between the values of G’ and G’’ can describe the 

viscoelastic characteristics of the solution. Viscoelasticity defined as a relationship 

between the values of G’ and G’’ as well as the gelation phenomenon at elevated 

temperature is illustrated in Figure 9. (Luo & Zhang 2013, 390; Wüstenberg 2015, 71)  
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Figure 9. Illustration of the viscoelastic structure and gelation phenomenon at elevated 

temperature. The relationship between the values of G’ and G’’ describes the 

viscoelastic characteristics of the solution. The gelation during heating is presented 

in the graph on the right side: the gelation occurs at the intersection of G’ and G’’. 

(based on Metzger 2011, 143; Kalanti 2015) 

4.2.1 Properties affecting the cellulose carbamate solution rheology 

Elevated temperature is one of the most significant causes for gelation behavior in CCA-

NaOH solutions prepared at low temperatures. Guo et al. (2011, 1927) studied the effect of 

temperature in the gelation of cellulose carbamate-NaOH solutions with dynamic 

viscoelastic measurements by observing the storage and loss modulus curves. They found 

three behavioral regions for the solutions depending on the temperature. At first the 

solution exhibits viscoelastic behavior and the storage modulus curve is below the loss 

modulus curve. With gradually increasing temperature both of the curves exhibit fast 

growth, however G’ possess a faster growing rate. The evolution of the self-association of 

the cellulose chains mainly contributes to the elasticity of the system. The gelation 

temperature is reached when G’ crosses the G’’ and a gradual formation of the condensed 

gel network accompanied with micro-phase separation is observed. (Guo et al. 2011, 1929) 

In addition, gelation can take place as long as enough time is given at any temperature 

lower than the gelation temperature, thus the gelation can be defined also as a time driven 

process. (Weng et al. 2004, 2086) 

Cellulose concentration in the solution affects the behavior of storage modulus curve and 

the loss modulus curve. According to Roy et al. (2004, 262) gelation occurs in semi-dilute 

solutions above a critical overlap concentration (c
*
) and the viscosity increases due to 

cluster formation. Since the molecular chains are closer to each other at higher cellulose 

carbamate concentrations, the chance of collision of cellulose carbamate chains increases. 
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Thus, the higher CCA concentration lowers the gelation temperature. If the hydrodynamic 

behavior of CCA in NaOH is explained by considering each molecule as a flexible chain, 

the interaction between the macromolecules with increasing CCA concentration can be 

illustrated as in Figure 10. Also, higher molecular weight increases the self-association of 

the cellulose chains and further leads to increased gelation tendency. The increased 

molecular weight decreases the relaxation capacity and the elastic modulus of gels at the 

gel point increases. (Guo et al. 2011, 1929-1930)  

 

Figure 10. Macromolecular conformation and illustration of the critical overlap concentration 

(based on Foster & Wolf 2011, 65; Weng et al. 2004, 2093) 

Substitution characteristics of cellulose carbamate significantly affect the stability and 

solubility of cellulose carbamate in aqueous NaOH. Too low DS facilitates the cleavage of 

the carbamate groups, which can lead to reduced stability of the cellulose CCA-NaOH 

solutions. On the other hand, with relatively high DS (0.68-0.85) the solutions exhibit more 

elastic nature and gel formation occurs at lower temperature. When the amount of 

carbamate groups in the cellulose chain increase the chains aggregate with each other more 

easily and form a three dimensional structure. (Guo et al. 2011, 1930) The position of the 

substituent has a clear impact on the formation of chain aggregates. According to 

Schmidtbauer (1998, 35) the solubility and stability are enhanced and the viscosity of the 

solution is lower if the carbamate groups are evenly distributed in positions C2, C3, and C6 

of the glucose unit. Examples of possible substitution patterns at DS 1.0 with 

intermolecular hydrogen bonds are illustrated in Figure 11. With uneven substitution the 

possibility for intermolecular hydrogen bonds increase, which leads to a formation of a 

three dimensional structure. Uniform substitution prohibits the intermolecular chain 

association, although completely aggregate free solutions can be only formed if the 

hydroxyl groups are completely substituted (Sun et al. 2009, 1744). 
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Figure 11. Examples of possible cellulose carbamate substitution patterns with degree of 

substitution 1.0. A: Evenly substituted carbamate groups along the cellulose chain 

prevent the formation of intermolecular hydrogen bonds. B: Unevenly substituted 

carbamate groups allow the formation of intermolecular hydrogen bonds between 

the cellulose chains (intermolecular hydrogen bonds expressed as dashed lines). 

4.2.2 The reversibility of the gelation phenomenon 

Generally, the gelation behavior of CCA-NaOH-water solutions is regarded as an 

irreversible phenomenon. Studies concerning the gelation of native cellulose in aqueous 

sodium hydroxide indicate that there is an unstable equilibrium between NaOH hydrates 

bound to cellulose chains. At elevated temperature cellulose-cellulose interactions become 

more favorable compared to cellulose-NaOH interactions resulting in gelation. Thus, 

gelation of cellulose-NaOH-water solution is thermally induced and irreversible. (Liu et al. 

2011, 915)  

The mechanisms responsible for the irreversible gelation of cellulose-NaOH solutions are 

not clear yet. For example, if the interactions between solution components are 

characterized as hydrophobic interactions, thermoinduced gelation is regarded as reversible 

(Roy et al. 2003, 263). Thermoirreversible gelation can be induced by polymer chain 

interactions with divalent cations (Williams & Phillips 2009, 16). According to Luo & 
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Zhang (2013, 390) the reversibility of the gelation in cellulose solutions may be influenced 

by the cellulose concentration in the solution. However, according to Roy et al. (2003, 263) 

the gels formed from cellulose-NaOH solutions above 1.5 wt % cellulose concentration are 

not thermoreversible, even if cooled down to the dissolution temperature (-6 °C). 

Furthermore, cellulose carbamates can have distinct behavior during gelation compared to 

those with native cellulose.   

4.3 The purpose of additives – the effect on stability and solubility 

The solubility of cellulose in aqueous NaOH is limited by the degree of polymerization and 

cellulose concentration. In addition, aqueous NaOH is not considered to be 

thermodynamically good solvent and the occurring of gelation behavior over time and 

increased temperature restricts the use of the solutions. To overcome these problems 

several additives has been used in the dissolution processes. (Egal et al. 2008, 361) 

The role of additives in the dissolution of cellulose in aqueous sodium hydroxide is still 

controversial. Possible generally recognized additives for enhancing the dissolution of 

cellulose and solution properties include zinc oxide (ZnO), urea, and thiourea. (Medronho 

& Lindman 2014, 36) In addition, Zhao et al. (2013, 1261) have studied NaOH-urea-

acetamide, NaOH-urea-tetraethyl ammonium chloride, and NaOH-acetamide-tetraethyl 

ammonium chloride solvent systems for cellulose. Furthermore, Yao et al. (2014, 552) 

have used graphene oxide as an additive in the dissolution of CCA in aqueous NaOH. 

4.3.1 Zinc oxide 

Several studies (Fu et al. 2014a; Fu et al. 2014b; Liu et al. 2011; Yang et al. 2011) have 

reported that the stability and solubility of cellulose and cellulose derivatives in aqueous 

NaOH can be improved significantly by adding small amount of zinc oxide (0.4-2.0 wt %) 

to the solvent solution. The amount of zinc oxide added needs to be optimized in order to 

obtain the most favorable results in terms of stability, solubility, and feasibility of the 

entire dissolution process. 

When ZnO is dissolved in aqueous sodium hydroxide, sodium zincate (Na2Zn(OH)4) is 

formed. The sodium zincate can form a stable zinc hydroxide species, Zn(OH)4
2-

, which 

can further form strong hydrogen bonds with cellulose. As a result more hydrogen bonds 

between Zn(OH)4
2-

 and cellulose are formed compared to bonds between cellulose and 

NaOH. Thus, the interaction between cellulose and the solvent increases and the solubility 
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is enhanced. (Yang et al. 2011, 1186; Medronho & Lindman. 2014, 36) According to Fu et 

al. (2014a, 2822) the addition of zinc oxide is beneficial for the dismantlement of the 

intermolecular hydrogen bonds which results to increased solubility. 

The stabilizing effect of zinc oxide in microcrystalline cellulose-NaOH solutions has been 

illustrated by Liu et al. (2011, 915). They found that gelation can be significantly 

postponed with increasing ZnO content, which suggest that ZnO acts as a water molecular 

binder and stabilizes the cellulose-NaOH-water solutions. The addition of ZnO did not 

change the viscosity of the solutions nor gelation kinetics. It was concluded that ZnO does 

not have an influence on polymer conformation and behavior of cellulose chains at 

molecular level. Furthermore, ZnO does not improve the thermodynamic property of 

solvent towards cellulose. As an assumption, cellulose carbamates can exhibit the same 

type of behavior. The solubility of cellulose carbamate has been apparently proved to be 

enhanced with ZnO addition. However, according to Fu et al. (2014b, 2366-2397) the 

addition of 1.6 wt % ZnO in cellulose carbamate dissolution in aqueous 7 wt %  NaOH did 

not have an observable effect on the cleavage of the carbamate groups over time, and 

cellulose solutions with high amounts of dissolved ZnO were found unstable.  

4.3.2 Urea and thiourea 

Urea and thiourea has been widely studied as additives in cellulose dissolution. The 

possible interaction mechanism of urea with cellulose, NaOH, and water molecules is still 

under debate. The controversy concerns the existence of interactions between urea and the 

other molecular components in the dissolution solution. Also, the assumption that urea may 

have an effect to the dissolution of cellulose through van der Waals forces has to be taken 

into consideration. (Xiong et al. 2014, 1183-1184) According to Egal et al. (2008, 370) it is 

expected that the role of thiourea in cellulose dissolution resembles the role of urea. 

However, the stability of cellulose in thiourea-NaOH system is presumably higher than 

with urea as an additive (Luo & Zhang 2013, 389). 

According to studies conducted by Cai et al. (2008, 9349), Cai & Zhang (2006, 188), and 

Zhao et al. (2013, 1262) urea seems to interact with cellulose-NaOH system through 

hydrogen bonding. It has been suggested that the cellulose molecule forms an inclusion 

complex (IC) with alkali and urea, which prevents the formation of hydrogen bonds 

between cellulose chains and stabilizes the molecular dispersion of cellulose. In the 

inclusion complex urea and alkali hydrates are self-assembled at the surface of cellulose 
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causing swelling and dispersion of the cellulose chains. The cellulose chains are covered 

by hydrates and free water keeping the cellulose chains apart from each other. (Cai et al. 

2008, 9349; Cai & Zhang 2006, 188) The structure of the IC is illustrated in Figure 12. In 

addition, Zhao et al. (2013, 1262) stated that urea acts as a hydrogen bond donor and 

receptor to prevent the re-association of cellulose chains. Furthermore, it has been claimed 

that in contrast to water molecules, the cellulose prefers to interact with urea molecules. 

The interaction between cellulose and urea can decrease the interaction between cellulose 

chains, thus enhancing the dissolution of cellulose. (Medronho & Lindman 2015, 3) 

 

Figure 12. A schematic model of a channel inclusion complex of cellulose in alkali/urea 

aqueous solution. The channel IC hosted by urea encages the cellulose molecule 

bonded with alkali hydrates. Alkali ions (e.g. Na
+
 or Li

+
) penetrate into cellulose and 

are attached to the cellulose chain, leading to the relatively stable IC. (modified from 

Cai et al. 2007, 1577) 

Egal et al. (2008, 369) have suggested that based on calorimetric measurements and 

thermodynamic arguments urea has no direct interaction with either cellulose or alkali 

molecules. However, the urea addition seems to improve the solubility of cellulose in 

aqueous NaOH. The possible explanation for the solubility enhancement can be that urea 

traps the free water present in the solution and prevents the cellulose chains to interact with 

each other and forms networks of hydrogen bonds. Also Isobe et al. (2013, 97) have 

claimed that urea has no direct interaction with cellulose in the dissolution process, but 

promotes the penetration of alkali hydrate into crystalline region of cellulose by stabilizing 

the alkali-swollen cellulose molecules. This type of behavior can increase the dissolved 

fraction of cellulose.  
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II. Experimental part 

5 STRUCTURE AND OBJECTIVE OF THE EXPERIMENTAL WORK 

The experimental part was divided in three main sections. First, the characterization of the 

CCA material was made in order to study the effect of material properties, e.g. DP, DS, 

fiber properties, to the dissolution behavior and final CCA-NaOH solution properties. In 

addition, the effect of impurities was investigated for certain samples. Secondly, the 

dissolution process and the use of zinc oxide as an additive were investigated. Thirdly, the 

solution properties, e.g. solubility of CCA, viscosity, stability and rheology of the solutions 

were determined and reviewed. The overall process from CCA material to final CCA-

NaOH solution and examples of influential factors are shown in Figure 13. 

 

Figure 13. Properties and process conditions affecting the solubility of cellulose carbamate and 

stability of the prepared solutions throughout the dissolution process. 

The overall objective of this study was to gain a better understanding of the factors that 

govern the solubility and stability of cellulose carbamate solution systems. First clear 

purpose of the conducted dissolution studies was to find out the highest cellulose 

carbamate concentration in which the CCA material was soluble in 7 wt % or 8wt % 

NaOH. For further processes (e.g. regeneration) obtaining a sufficient concentration of 

dissolved cellulose carbamate is important for the overall process economy. However, the 

stability of the prepared solutions, especially at higher CCA concentration levels was 

expected to be relatively poor. Thus, the second clear target was to find out a feasible 

solution composition where sufficient amount of cellulose carbamate could be dissolved in 

aqueous sodium hydroxide without excessively compromising the solution stability. 

Concerning the stability of the solutions especially gelation behavior of the prepared 

solutions over time and temperature was regarded as a key element.  
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6 MATERIALS AND METHODS 

The main reason in comparing different CCA materials was to clarify the effect of DS on 

material and solution properties. Generally, a solution is defined as a liquid mixture in 

which the minor component (the solute) is on molecular level uniformly distributed within 

the major component (the solvent) (Petrucci et al. 2007, 528-529). In this study the 

mixtures of CCA in NaOH-water systems are called solutions even though it is realized 

that molecular dissolution confirmation is challenging and it definitely cannot be 

confirmed with the used analytical methods. 

6.1 Materials and preparation of solutions 

Cellulose carbamate samples previously prepared were used as a material for dissolution in 

aqueous NaOH. The dissolution studies were mainly made for unwashed CCA samples 

that contained impurities since one of the main interests was to obtain a dissolution 

procedure which involved the minimum amount of process steps. In addition, to chosen 

samples the impact of removal of impurities was studied. In order to ensure accuracy of the 

results two parallel assays were conducted for each dissolution study. All chemicals used 

were analytic grade and reverse osmosis water was used in formulating solutions. 

6.1.1 Cellulose carbamate materials 

The raw material used in cellulose carbamate manufacturing was never dried (ND) 

hardwood dissolving grade pulp (Stora Enso Pure) obtained from Enocell pulp mill. The 

DP of the cellulose carbamate samples was 227 and the DS of the samples varied from 

0.11 to 0.23. There was no information available about the distribution of the substitution 

on any morphological level. However, it was known that CCA samples with different DS 

have been prepared with a very similar procedure, mainly with varying amount of urea. 

Thus, it was expected that the substitution patterns should not vary significantly. 

The cellulose carbamate materials used in the dissolution studies had dry matter content 

varying from 95% to 99%.  All of the cellulose carbamate materials contained a certain 

sample specific amount of impurities and unreacted material from the manufacturing 

process. The properties of the used CCA materials and the reference material are presented 

in Table II. 
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Table II. Properties of used cellulose carbamate materials. 
1) 

Measured according to ISO 

5351:2010. 
2) 

Measured according to SCAN-C 62:00. 
3)

 Regarded as a raw material 

for derivatization and no additional treatments for the material were conducted.   

Material 
CED 

viscosity1) 
[g/ml] 

DP 
N-content 

[%] 
DS 

Purity 
[%] 

WRV2) at 
22±1 °C [%] 

ND Stora Enso 

Pure (ref)
3)

 
525 739 0.00 0.00 ~100 110 

CCA A 180 227 0.93 0.11 90 69 

CCA B 180 227 1.53 0.19 89 66 

CCA C 180 227 1.85 0.23 81 68 

6.1.2 Pretreatment of cellulose carbamate material  

To investigate the effect of impurities in the solution properties, chosen cellulose 

carbamate samples were washed. In the washing procedure approximately 100g of CCA 

material was washed with 4 liters of reverse osmosis water (RO water) in continuous 

procedure by using pressure assisted Büchner filtration. The washed material was dried at 

room temperature prior to the dissolution process. Washing of the CCA samples slightly 

increased brightness of the material. The appearances of the used materials are illustrated 

in Figure 14.  

 

Figure 14. The materials used in the dissolution process.  
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6.1.3 Preparation of solvent systems  

The stock solvent used in the CCA dissolution process was 18 wt % sodium hydroxide 

solution (FF Chemicals Ab), of which the alkali was diluted to the actual dissolution 

concentration in a step wise procedure. The solution was pre-cooled in freezer for 

minimum of 24 hours prior to use in the dissolution process. The temperature of the pre-

cooled NaOH solution was approximately -14 C°.  

For investigating the effect of additives on the dissolution of CCA, zinc oxide (AnalaR 

NORMAPUR) was used in the solvent system. According to literature, ZnO has shown to 

be effective in CCA-NaOH solutions. The ZnO was added to the sodium hydroxide 

solution prior to pre-cooling of the solution. The preparation of ZnO-NaOH solution was 

conducted in a beaker with magnetic stirrer. The volume of the NaOH solution was 1 liter 

and the temperature of the solution during dissolution of ZnO was 60 C°. The amount of 

ZnO dissolved in NaOH solution varied depending on the final NaOH concentration of 

cellulose carbamate-NaOH-water solutions and on the final ZnO concentration in the 

prepared cellulose carbamate solution. Two levels of ZnO addition were investigated: 0.7 

wt % and 1.1 wt % of the total CCA-NaOH solution. After complete dissolution of ZnO 

the prepared ZnO-NaOH solution was pre-cooled in freezer for minimum of 24 hours 

before use. 

6.1.4 Dissolution process 

The dissolution of cellulose carbamate was conducted in a ball shaped glass reactor 

(volume 2 liters) which was placed in a Lauda RA24 cooling bath with ethylene glycol as 

solution. During the dissolution temperature and stirring force were kept constant. The 

temperature of the bath was set at -7 °C and the temperature in the solution during 

dissolution was approximately -4 °C. An overhead stirrer was used constantly during 

dissolution to ensure sufficient mixing. The agitator was a right-handed paddle type and 

the speed of the stirrer was set at 300 rpm throughout the whole dissolution period. The 

dissolution equipment is illustrated in Figure 15.  
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Figure 15. The dissolution equipment. 

Prior to placing the solution into the glass reactor, the CCA material, RO water, and part of 

the 18 wt % sodium hydroxide were gently mixed together. The cellulose carbamate 

concentration in the solution varied from 6 wt % to 8 wt %. However, when ZnO was used 

as an additive in the solvent system, the CCA concentration varied from 6 wt % to 10 wt 

%. The purity and the moisture content of the CCA material was taken into consideration 

when preparing the CCA-NaOH solutions i.e. the CCA concentration indicated the 

absolute dry CCA concentration in the solution. The dissolution process was conducted 

with two-stage process. The purpose of the two-stage process was to induce swelling in the 

CCA fibers during the 1
st
 stage prior to the dissolution of the fibers in the 2

nd
 stage.  In the 

1
st
 stage the sodium hydroxide concentration was 4 wt % and the stirring time was 5 

minutes. During this stage the CCA fibers were allowed to swell helping then the 

penetration of the more concentrated solvent in the following step. At the beginning of the 

2
nd

 stage the rest of the NaOH was added to the solution, so that the final concentration 

was 7 wt % or 8 wt %. The stirring time in the 2
nd

 stage was 25 minutes, thus the total 

dissolution time was 30 minutes. Examples of the prepared solutions are presented in 

Figure 16. 
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Figure 16. Examples of the prepared cellulose carbamate-sodium hydroxide solutions. 

Cellulose carbamate concentration in the solutions is 7 wt % and NaOH 

concentration 7 wt %. 

6.2 Sample analysis and characterization methods 

The analysis of the investigated cellulose carbamate samples was conducted in order to 

gain information on the effect of substitution to the fiber properties. The properties CCA-

NaOH solutions were evaluated with various methods, mainly concentrating on the 

solubility and stability of the prepared solutions.  

6.2.1 Carbamate substitution and degree of polymerization 

Thermo Nicolet 6700 Fourier transform infrared spectrometer (FTIR) with a Smart Orbit 

D-ATR accessory (attenuated total reflection with a diamond crystal) was used to collect 

FTIR spectra of treated/untreated cellulose samples. The number of scans was 32 using 

resolution of 4 cm
-1

. A total number of five spectra were recorded per sample and the 

calculated average was used for each sample as the final result. The FTIR spectra was 

analysed in order to evaluate the presence of substitution in the cellulose molecule 

backbone. The carbamate group can be identified from reflectance peak assigned to 

carbonyl stretching (1725 cm
-1

-1705 cm
-1

). 

The nitrogen content for cellulose carbamate samples was measured with Flash 2000 

Organic Elemental Analyzer (CHNS Analyzer). The used standard powder in the 

measurement was 2.5 Bis (5-tert-butyl-benzaxazol-2-yl) thiophene (BBOT). The 

temperature of the reaction pipe was 950 °C and the temperature of the column was 65 C°. 

The carrier gas flow during the measurement was 140 ml/min.   
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Degree of substitution was determined from the results obtained from elemental analysis. 

The total nitrogen content of the cellulose carbamate sample was used to calculate the DS 

as follows: 

𝐷𝑆 =
162 ∗ 𝑁𝑁

100 ∗ 𝑀𝑁 − (𝑀𝑆 − 𝑀𝐿) ∗ 𝑁𝑐
⁄   (4) 

where 𝑁𝑁 nitrogen content [%] 

𝑀𝑁  molar mass of nitrogen [g/mol] 

 𝑀𝑆 molar mass of the substituent i.e. cellulose carbamate [g/mol] 

 𝑀𝐿 molar mass of the leaving group i.e. hydrogen [g/mol] 

 

Degree of polymerization for the samples was determined from the intrinsic viscosity. The 

intrinsic viscosity was measured according to ISO 5351:2010 with Rheotek TLC-1 

Viscosity Measuring Instruments system using cupriethylenediamine (CED) as a solvent 

and a capillary viscometer. The viscometric average degree of polymerization was 

calculated according to Immergut et al. (1953, 234): 

[η] = 𝐾 ∗ 𝐷𝑃𝛼       (5) 

where [η] intrinsic viscosity [ml/g] 

 𝐾  1.33 [constant] 

 𝐷𝑃 degree of polymerization 

 𝛼 0.905 [constant] 

 

The equation can be expressed alternatively as follows: 

𝐷𝑃 = (
1

𝐾
∗ [η])

(1/𝛼)

               (6) 

 

6.2.2 Fiber properties 

The influence of carbamation on the fiber properties was investigated with fiber analyzer 

and by determination of the water retention value (WRV). Fiber analyses for cellulose 

carbamate samples were conducted with Metso kajaaniFiberLab modular fiber analyzer in 

order to determine morphological properties of fiber such as fiber length, fiber, width, cell 

wall thickness, and fiber deformation. Determination of water retention value was executed 

according to SCAN-C 62:00 at 22±1 °C. The WRV characterizes the fiber’s ability to 

retain water if defined centrifugal forces are applied. WRV is also an indicator of the total 
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pore volume that can be occupied by water, and is related to the accessibility of cellulose 

(Halonen et al. 2013, 61; Jones et al. 214, 520).The unwashed samples for fiber analyses 

and WRV measurements were pre-swollen in RO water for 24 hours at room temperature 

prior to the measurements.  

Zeta potential is a kinetic quantity which relates to the charge or Zeta potential at a given 

distance from the surface of the solid particles in the pulp mixture and it is widely used for 

determination of the magnitude of the electrical charge at the double layer (Stenius 2000, 

254). Zeta potential was measured with Malvern Zetasizer Nano according to micro-

electrophoresis principle for washed and unwashed cellulose carbamate samples. The 

principle of the measurement is that very small particles of suspension move due to an 

external electrical field and their velocity is evaluated.  RO water was used as a dispersion 

medium in the measurement. The temperature during the measurement was 25 °C and the 

concentration of the fiber material was approximately 5.0 g/l. The pH of the samples was 

on the range of 6.5-7.5. 

6.2.3 Ball-drop viscosity 

Ball-drop viscosity for the CCA-NaOH solutions was measured according to ASTM 

D1343-95. The ball-drop viscosity measurement is suitable for solutions of various 

cellulose derivatives having viscosities greater than 1000 mPa*s. During the measurement 

the time that the ball took to drop a certain distance in the solution was measured, and 

converted into viscosity units (e.g. P, mPa*s) when the densities of the ball and solution, 

the ball radius, the distance of ball-drop, and the bottle diameter were known. The densities 

for the used balls and investigated solutions were 7.8 g/cm
3
 and 1.1 g/cm

3
, respectively. 

The distance of the ball-drop was 50.8 mm and the diameter of the bottles used in the 

measurement was 20.7 mm. Temperature during the measurement was 20±0.3 C°. Four 

parallel measurements per sample were conducted and the calculated average was used for 

each sample as the final result. The statistical differences were determined at 95% 

confidence level. 

6.2.4 Turbidity 

Turbidity for CCA-NaOH solutions was measured with Hach 2100P Turbidimeter. 

Nephelometric Turbidity Units (NTU) were used as turbidity measurement units. Prior to 

the measurement the solutions were stored overnight at 5±1 °C to minimize the effect of air 

bubbles on the measurement result. Four parallel measurements per sample were 
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conducted and the calculated average was used for each sample as the final result. The 

statistical differences were determined at 95% confidence level.Turbidity of CCA-NaOH 

solutions refers to the possible existence of undissolved fraction in the sample. As an 

example, higher NTU value assumable indicates higher amount of undissolved cellulose 

carbamate fiber fraction in the sample. Turbidity was used as an analysis tool since it is 

simple, fast, and cost-effective way to characterize the prepared CCA solutions. However, 

the results obtained from the measurements can be used for illustrative purposes only since 

the reliability of turbidity measurement used for determination of the amount of 

undissolved fiber fraction has not been confirmed.   

6.2.5 Microscopic imaging 

Solubility of the prepared CCA-NaOH-water solutions was determined visually by 

observing microscopic images. The images were acquired with Leica Microsystems DMR 

(DC300) optical light microscope and tenfold magnification was used. Five different 

solubility classes were determined, class one referring to the highest solubility and class 

five referring to the lowest. Solubility classes 1 and 2 were considered to illustrate 

sufficient solubility of cellulose carbamate in aqueous NaOH. Solubility class 3 was 

regarded as a moderate solubility and solubility classes 4 and 5 illustrated insufficient 

solubility of the cellulose carbamate material. Examples of the solubility classes are 

illustrated in Figure 17. 

 

Figure 17. Examples of solubility classes for cellulose carbamate- sodium hydroxide solutions. 

a: solubility class 1, b: solubility class 2, c: solubility class 3, d: solubility class 4, e: 

solubility class 5. Images acquired with 10x magnification.   

a c b 

d e 
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The visual evaluation followed partially the dissolution behavior determined in Chapter 

3.2.2 by Navard’s research group.  For example, if the fibers in the sample were more 

prone to ballooning than swelling higher solubility was assumed. However, the solubility 

class determination was more focused on the amount of fibers in the solution sample and 

not based on the mechanism of the dissolution.  Thus, as the amount of visually observed 

fibers in the sample increased the solubility of the solution decreased. The solubility 

determination by microscopic imaging did not include the possible existence of gelling 

phenomenon.  

6.2.6 Rheology 

The solution rheology was studied with Anton Paar Rheometer MCR 302 and the used 

measurement system was parallel plate (PP50) with a gap of 1 mm. Prior to the 

measurement the solutions were stored overnight at 5±1 °C to minimize the effect of air 

bubbles on the measurement result. The focus in the rheology measurements was to study 

the effect of cellulose carbamate properties, such as DS, purity, and concentration as well 

as the solvent properties (NaOH concentration) on the gelation and flow behavior of the 

prepared solutions. Gelation temperature was determined by measuring the solutions with a 

specific oscillation test as a function of temperature. The gel point was then determined 

from the intersection of loss and storage modulus. The general rheological behavior of the 

studied CCA samples in chosen solution compositions was studied by measuring viscosity 

as a function of shear rate at different temperatures. Three parallel measurements per 

sample were conducted and the calculated average was used for each sample as the final 

result.  

For oscillation tests i.e. the development of G’ and G’’ over temperature, amplitude sweep 

was performed in order to ensure that the constants used in the oscillation tests were within 

the linear viscoelastic regime. The constants in the linear region were defined to be for 

strain amplitude (γ) 1% and for angular frequency (ω) 10 rad/s. Normal force during all of 

the measurements was set to 0 N. During the measurement the sample was heated with a 

heating rate of 1 °C/min from 5 °C to 40 °C. Viscosity of the solutions was evaluated with 

the rotation test as a function of shear rate at different temperatures. The shear rate range 

used in the measurement was 0.1 s
-1

-1000 s
-1

 and the measuring temperatures were 5 °C, 

10 °C, and 20 °C. The oscillation and rotation measurements were not started until 

temperature was within absolute tolerance of 5±0.1 °C with 5 minutes checking time. A 
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peltier hood was used to ensure even heat transfer in the sample during the measurement. 

The airflow inside the peltier hood was adjusted at approximately 150 l/h. 

6.2.7 Stability and storage durability 

The carbamate groups are considered to be unstable in alkaline conditions. It is known that 

increasing temperature and alkali concentration will enhance the cleavage of the carbamate 

groups. (Klemm et al. 1998, 162-163) The possible cleavage of the carbamate groups in 

the prepared solutions and the effect of the N-content to the solution stability were studied 

as a function of storage temperature and time. The N-content was followed and compared 

from sample to sample by precipitating films from the prepared solution in predefined time 

interval. It was assumed that all of the residual nitrogen was related to the carbamate 

groups in the cellulose molecule. 

The freshly prepared CCA solutions were stored in refrigerator (5±1C°) and at room 

temperature (22±1C°). For film precipitation, approximately 5g of the cellulose-carbamate-

NaOH-water solution was placed on a glass plate and another glass plate was set on top of 

the solution. The glass plates were carefully pressed together so that the solution formed a 

thin layer between the plates. The plates were then separated from each other and placed in 

the regeneration bath for 10 minutes. The regeneration bath was 9.25 wt % (1 mol/l) 

sulfuric acid to ensure complete regeneration. After regeneration the films were washed 

with reverse osmosis water and dried at room temperature for 24h. The nitrogen content 

from the dried films was determined with Flash 2000 Organic Elemental Analyzer (CHNS 

Analyzer) as already described.  

Storage stability for the prepared CCA-NaOH solutions was determined by monitoring 

visually the gel formation in the solutions during storage. Two storage temperatures were 

used: 5±1 °C and 22±1 °C. The occurrence of gelation behavior was examined in 24-hour 

cycles and the time required for gel formation was recorded. 

7 RESULTS AND DISCUSSIONS 

Solubility, rheology of the solutions, and stability are the most important characteristics 

determining the suitability of CCA-NaOH solutions in further processing steps. In order to 

compete with the prevailing viscose process, the solubility of cellulose carbamate has to be 

high enough to ensure sufficient process economy. Since the stability of the solutions 

decreases when CCA concentration increases, the most applicable approach will focus on 
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finding the highest CCA concentration in which the stability of the solution is good enough 

for a particular purpose. Furthermore, it goes without saying that the fiber properties have a 

substantial impact on the solution properties. Thus, the focus needs to be also in optimizing 

the material properties, such as DP, DS, and fiber morphology for dissolution purposes. 

7.1 Characterization of cellulose carbamate fiber materials 

Since the properties of the CCA material are one of the most significant factors 

contributing to the solubility and stability of CCA-NaOH solutions, differences between 

the used CCA samples were evaluated. The main focus in evaluating the CCA properties 

was on the varying degree of substitution.  

7.1.1 Occurrence of the carbamate group 

The structure, especially the degree of substitution, of cellulose carbamate has been studied 

mainly with infrared spectroscopy. To investigate the occurrence of carbamate group in the 

cellulose carbamate samples FTIR spectra of the CCA samples were compared to the 

spectra of untreated never dried dissolving grade pulp i.e. the reference material (ND Stora 

Enso Pure).  

The FTIR spectra of cellulose carbamate samples showed a notable peak in reflectance 

around 1706 cm
-1

, which can be assigned to carbonyl stretching (C=O) of the carbamate 

group (Williams & Fleming 1995, 47). The FTIR spectra for the studied materials are 

presented in Figure 18. The results confirmed that in the production process of the studied 

cellulose carbamate samples urea had reacted with cellulose and formed cellulose 

carbamate. For the reference sample, no such peak was observed as expected. Similarly, 

Nada et al. (2000, 347) and Guo et al. (2009, 1506) have obtained results from FTIR 

spectra of cellulose carbamate indicating that the wide absorption band present in the 

carbamate samples corresponds to the carbonyl group. Furthermore, the increase in degree 

of substitution of cellulose carbamates decreased the hydrogen bonding of cellulose.  
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Figure 18. FTIR spectra of investigated fiber materials. 

To further investigate the FTIR spectra of the cellulose carbamate samples, the relation 

between peak reflectance at 1706 cm
-1

 and at 1613 cm
-1

 was determined by peak area 

integration by baseline correction method. The absorption band at 1613 cm
-1 

refers to the 

OH bending of absorbed water and could be identified from all of the samples (Baeza & 

Freer 2001, 297). A relation between the intensity ratio and degree of substitution is shown 

in Figure 19. The reflectance intensity ratio of the band at 1706 cm
-1

 to the band at 1613 

cm
-1

 increased with increasing substitution degree. Approximately linear relationship at the 

studied DS range was obtained between the carbonyl stretching group intensity and degree 

of substitution. Thus, IR could potentially be a good and quick method for determining the 

degree of substitution. Similar results have been observed by Guang-Mei (2001, 94) and 

Nada et al. (2000, 348). However, some error in the results can exist due to overlapping of 

the bands and baseline method integration.   
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Figure 19. Relation between the intensity ratio of A1706/A1613 and degree of substitution. 

7.1.2 Cellulose carbamate fiber properties 

Fiber dimensions and deformation were determined in order to evaluate the effect of 

carbamation on fiber properties. The data obtained from the fiber analysis is presented in 

Appendix II. The carbamation process does not appear to have any significant effect on the 

fiber length, fiber width, and length weighted fractions of the sample fibers. Interestingly, 

for the cellulose carbamate samples the fiber cell wall thickness (CWT) grows 

approximately 11% compared to the reference material. In addition, the fiber cross 

sectional area (CSA) is 11-19% higher with cellulose carbamate samples. Fiber swelling 

can potentially be one of the reasons for increased CWT and CSA.  

The most significant impact of carbamation on fiber properties can be observed from the 

fiber curl and fiber fibrillation. As the degree of substitution increased the fiber curl 

increased and fibrillation decreased as illustrated in Figure 20. Fiber curl is defined as the 

relation between fiber contour length and longest dimension and used to quantify fiber wall 

deformations (Levlin & Söderhjelm 1999, 31). Most likely the increased curl in treated 

fiber materials is caused by processing during manufacturing of the cellulose carbamates or 

due to structural changes caused by the carbamation reaction. However, there is no 

significant variation between the studied substitution degrees (0.11-0.23) which indicate 

that the difference of curl between the untreated and treated fibers could be merely caused 

by stress and/or strain during processing.  
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Figure 20. Fiber curl and fibrillation determined as a function of DS for cellulose carbamate 

fibers. 

Decreasing fibrillation for the cellulose carbamate samples as a function of growing DS 

can potentially be explained through the hornification phenomenon. Hornification 

illustrates the irreversible loss of water binding ability upon drying of cellulose. Drying of 

the fibers causes the cellulose fibrils to form a tightly packed structure through hydrogen 

bonding. During rewetting the formed packed cell wall structure swells and part of the 

hydrogen bonds are broken leading to internal fibrillation. However, due to hornification 

rewetting only partially destroys the tightly packed structure and causes the shrinkage and 

loss of pores in the cell wall. (Luo & Zhu 2011, 93) Since the reference material was 

never-dried dissolving grade pulp it was assumed that the hornification in reference pulp 

was negligible. During the cellulose carbamate manufacturing the fiber material was 

exposed to high temperatures (app. 140 °C) which may have caused some hornification to 

take place in the fibers. With increasing DS the possibility of hydrogen bond breakage 

during rewetting decreases which led to decreased fibrillation. However, the decreased 

fibrillation is most probably not only caused by hornification but can be also due to the 

processing in the manufacturing process.     

The results obtained from WRV measurement (Table II) indicated that the cellulose 

carbamate samples had significantly lower water retaining capacity compared to the 
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reference material, approximately 40% lower. WRV is an indicator of the total pore 

volume that can be occupied by water.  Thus, shrinkage and loss of pores in the cell wall 

structure due to hornification can potentially be an explanatory factor of decreased WRV. 

Additionally, the results obtained from fiber analysis support the reducing WRV, since 

lower internal fiber fibrillation and curlier fibers correlate with lower WRV (Blomsted 

2007, 36). Also a correlation between increased cell wall thickness and decreased WRV 

has been reported (Joutsimo & Asikainen 2013, 2727). 

Zeta potential was used to indicate the electrokinetic behavior of the CCA materials 

dispersed in water. The results obtained from zeta potential measurements are illustrated in 

Figure 21. It was assumed that the amount of impurities and unreacted urea in the washed 

samples were negligible, thus the washed fiber materials were regarded as pure CCA 

samples. The most significant changes in zeta potential were caused by the washing of the 

samples. There was no notable difference between different CCA materials. The lower zeta 

potential values for unwashed samples indicated that the magnitude of the potential at the 

boundary of the electrical double layer on the fiber surface was lower compared to the 

washed samples.  

 

Figure 21. Zeta potential for investigated fiber materials at 95% confidence level. The 

dispersion medium in the measurement was reverse osmosis water and the fiber 

concentration was 5 g/l. The pH of the samples was in the range of 6.5-7.5. Zeta 

potential was measured with Malvern Zetasizer Nano according to micro-

electrophoresis principle. 
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Since Zeta potential was measured from the particle’s movement in the electric field, the 

viscous forces resisting the particle’s movement in the suspensions may have affected the 

measurement result. For example, fiber agglomeration due to interaction between the fibers 

can have caused flow resistance which reduced the absolute value of Zeta potential. From 

this point of view even the removal of fines during washing of the cellulose carbamate 

samples can have a significant effect on Zeta potential. On the other hand, the thickness of 

the double layer depends on the type e.g. valency and concentration of ions in solution. 

The higher the ionic strength, the more compressed the double layer becomes and the 

absolute value of Zeta potential decreases. In addition, Zeta potential is affected by the 

electrical conductivity of the solution, thus washing of the material can also cause changes 

in the conductivity of the samples in suspension. Nevertheless, it cannot be assumed that 

the change in Zeta potential between washed and unwashed samples indicated a change in 

fiber properties.  

7.2 Solubility and solution quality 

For determining solubility and quality of the cellulose carbamate-sodium hydroxide 

solutions microscopic imaging, turbidity, and ball-drop viscosity measurements were 

made. The solubility class was determined from the microscopic images by observing the 

amount and type of undissolved fibers in the solution sample. The lower the amount of 

fibers visually detected from the image the better the solubility. Turbidity measurements 

were used to estimate the amount of residual fibers in the solution. As a rule of thumb, 

turbidity values under 30 NTU indicated sufficient solubility for the investigated CCA-

NaOH solutions.  

Ball-drop viscosity was measured for the CCA-NaOH solutions in order to determine the 

suitability and usability of the solution for further processing. If the viscosity is too high or 

too low it can create problems during processing. For example, the viscosity of the solution 

for fiber spinning applications should be 3400-7500 mPas (Götze 1967, 441). The overall 

results for all of the prepared CCA-NaOH solutions from turbidity and ball-drop viscosity 

measurements and solubility class determination are presented in Appendix III. 

7.2.1 Solubility class 

The solubility of cellulose carbamates was mainly dependent on the CCA concentration 

and the amount of NaOH in the solution. An example of the impact of solution 

composition on CCA-C solubility is illustrated in Figure 22. As the CCA-C concentration 
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in the NaOH-water solution increased from 7 wt % to 8 wt % the solubility class decreased 

from 2 to 3, since more undissolved fibers in the microscopic image were present. On the 

other hand, an increase in the NaOH concentration from 7 wt % to 8 wt % led to improved 

dissolution. This type of behavior was distinctive for all of the prepared CCA-NaOH 

solutions. 

 

Figure 22. The effect of CCA-C concentration to the solubility. a: 7 wt % CCA/7 wt % NaOH 

(solubility class 2) b: 8 wt % CCA/7 wt % NaOH (solubility class 3) c: 7 wt % 

CCA/8 wt % NaOH (solubility class 1) d: 8 wt % CCA/8 wt % NaOH (solubility 

class 2). Images acquired with 10x magnification.   

Increased degree of substitution of CCA contributed to the solubility of CCA in aqueous 

NaOH. For solution with 8 wt % of CCA and 7 wt % of NaOH the solubility class 

improved from 4 to 2 when the degree of substitution increased from 0.11 to 0.19. 

However, the amount of impurities in the CCA material had an influence on the solubility 

and solution properties. For CCA-C material (DS 0.23), the solubility decreased when 

compared to CCA-B material (DS 0.19), even though the degree of substitution was the 

highest.  
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Washing of the samples was carried out for CCA-B and CCA-C materials in order to 

remove the impurities from the CCA material. For CCA-C the solutions showed a 

moderate improvement in the solution quality. For example, the solubility class of a 

solution with 8 wt % of CCA-C and 7 wt % of NaOH improved from 3 to 2 when the 

sample was washed - see Figure 23. For CCA-B samples no significant improvement of 

solubility over unwashed samples was observed. Since the purity degrees of CCA-B and 

CCA-C samples were 89% and 81%, respectively, it was concluded that the decrease in 

solubility for unwashed CCA-C material was mainly due to relatively high content of 

impurities (19%).  

 

Figure 23. Optical light microscope images from unwashed (a) and washed (b) CCA-C 

samples, CCA 8 wt % NaOH 7wt %. Solubility improvement from 3 to 2. Images 

acquired with 10x magnification.    

7.2.2 Ball-drop viscosity and turbidity as solution quality parameters 

Ball-drop viscosity and turbidity were used to characterize the properties and quality of the 

prepared CCA-NaOH solutions. Turbidity measurement was affected by the amount and 

size of the entrapped air bubbles in the solution and notably higher turbidity values were 

obtained when the viscosity of the solution was relatively high. When the viscosity of the 

solution increased and the air release from the solution became longer, the amount of 

entrapped air in the solution was greater. These entrained air bubbles increased the 

turbidity value even if the amount of residual fibers did not increase. Ball-drop viscosities 

for CCA-A and CCA-B with different solution compositions are presented in Figure 24. 

Turbidity as a function of CCA concentration for CCA-A and CCA-B when the NaOH 

concentration in the solution was 7 wt % is presented in Figure 25.  
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Figure 24. Ball-drop viscosity of CCA-A and CCA-B solutions with varying NaOH 

concentration at 20±0.3 °C.  

 

Figure 25. Turbidity of unwashed cellulose carbamate samples as a function of cellulose 

carbamate concentration in the CCA-NaOH solution. The sodium hydroxide 

concentration in each solution was 7 wt %.  
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Both viscosity and turbidity of the CCA-NaOH solutions increased with increasing CCA 

concentration, whereas the increased NaOH concentration in the solution decreased the 

viscosity and the turbidity. However, for CCA-A and CCA-C solutions with 8 wt % NaOH 

concentration and at higher CCA concentrations (≥ 8wt %) the ball-drop viscosity of the 

solutions was not measurable due to gelation behavior. Interestingly, the results indicated 

that with 8 wt % NaOH concentration the solutions were more prone to gelation even 

though the ball-drop viscosities were lower prior to gelation. Increase in viscosity due to 

gelation also increased the turbidity value. Since the high viscosity caused by the gelation 

phenomenon increased the amount of air bubbles in the solution, turbidity values at 6-8 wt 

% CCA concentration range were regarded reliable only when the NaOH concentration in 

the solution was 7 wt %. Furthermore, solutions with 8 wt % NaOH concentration formed 

a gel faster during storage at 5±1 °C when compared to solutions with 7 wt % NaOH 

concentration.  

Based on viscosity and turbidity measurements, it can be assumed that the degree of 

substitution most likely contributed through gelation phenomenon. As already noted in 

Chapter 4.2.1, low DS facilitates the cleavage of the carbamate groups, which can also lead 

to reduced stability of the CCA-NaOH solutions. In addition, the evenness of the 

substitution can affect the solution stability. For the studied range of DS (0.11-0.23) the 

gelation tendency of the solutions was expected to decrease with increasing substitution 

degree. From the obtained results, it was not reliable to draw such conclusions since the 

purity for each CCA material varied. Usually with higher CCA substitution degree a lower 

purity is obtained due to the higher amount of chemicals required in the manufacturing 

process leading to higher amount of unreacted urea and/or by-products.  

The comparison of solution viscosity and turbidity between the unwashed and washed 

CCA-B and CCA-C materials were made in order to study the effect of impurities - see 

Table III. Washing of the CCA-C samples decreased viscosity and turbidity of the prepared 

solutions. However, for unwashed CCA-C sample solution with 8 wt % CCA and 8 wt % 

NaOH turbidity and ball-drop viscosity could not be determined due to excessive gelation 

behavior prior to the measurement. For CCA-B solutions with 7 wt % CCA/7 wt % NaOH 

and with 8 wt % CCA/8 wt % NaOH both viscosity and turbidity increased after washing 

of the fiber material, which indicated that the sample quality was deteriorated. One reason 
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to this behavior could potentially be stronger gelation tendency of washed CCA-B 

solutions. 

Table III. The effect of impurities on turbidity and ball-drop viscosity of the CCA-B and 

CCA-C solutions. 
1)

 results with 95% confidence level 

Material 
specification 

Content of 
impurities 

[%] 
DS 

cCCA       
[wt %] 

cNaOH   
[wt %] 

Turbidity1) 

[NTU] 

Ball-drop 
viscosity at 
20±0.3°C1) 
[mPa*s] 

CCA B  11 0.19 7 7 22±0.5 2383±149 

CCA B  11 0.19 8 8 218±33.6 5144±327 

CCA B washed ~0 0.19 7 7 29.4±1.1 3422±95 

CCA B washed ~0 0.19 8 8 409±32.5 5965±314 

CCA C 19 0.23 6 7 25±2.5 1271±154 

CCA C 19 0.23 7 7 32.9±2.8 3093±85 

CCA C 19 0.23 8 7 128±13.5 20628±1872 

CCA C washed ~0 0.23 6 7 17.9±0.7 982±62 

CCA C washed ~0 0.23 7 7 21.4±1.8 1835±91 

CCA C washed ~0 0.23 8 7 36.5±0.6 4679±31 

CCA C 19 0.23 6 8 14±0.9 1066±35 

CCA C 19 0.23 7 8 224±33.3 2274±124 

CCA C 19 0.23 8 8 n/a n/a 

CCA C washed ~0 0.23 6 8 13±0.4 1017±10 

CCA C washed ~0 0.23 7 8 19.8±2.7 2114±29 

CCA C washed ~0 0.23 8 8 775±65.1 5119±24 

From the obtained results it was concluded that washing of the CCA material could be 

beneficial when the amount of impurities was relatively high (≥ 19 wt %). Furthermore, in 

order to reliably evaluate the impact of impurities on solubility and solution properties 

more precise characterization of the present impurities need to be conducted. For example, 

the unwashed CCA samples can contain unreacted urea which can potentially contribute to 

the solubility and stability of the solutions as discussed in Chapter 4.3.2.  

7.2.3 The effect of zinc oxide addition on CCA-NaOH solution properties 

In order to investigate the impact of ZnO addition to the CCA solubility and solution 

properties, two ZnO loading levels were studied: 0.7 wt % and 1.1 wt % of ZnO in the 

solution. Zinc oxide addition into the solution increased the CCA solubility significantly 

when the NaOH concentration in the solution was 8 wt % - see Figure 26. For CCA-NaOH 

solutions with 7 wt % NaOH concentration no impact of ZnO addition on solubility was 

observed. From the studied ZnO loading levels, 1.1 wt % of ZnO addition seemed to be 
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more sufficient in terms of solubility improvement when the NaOH concentration in the 

solution was 8 wt %. Thus, with 1.1 wt % ZnO addition the CCA concentration in 8 wt % 

NaOH solution was possible to raise to 10 wt % and still obtain sufficient solubility.  

 

Figure 26. The effect of ZnO addition on CCA-B (DP 227, DS 0.19) solubility. The sodium 

hydroxide concentration in each solution was 8 wt %.  

The differences between ZnO loading levels at different CCA and NaOH concentrations 

are shown in Figure 27. For 9 wt % CCA in 7 wt % NaOH the addition and the amount of 

ZnO had no impact on the solubility as already stated. On the contrary, for 10 wt % CCA 

solutions with 8 wt % NaOH addition the solubility class improved 2 to 1 when the amount 

of ZnO in the solution increased from 0.7 to 1.1 wt %. Interestingly, ZnO addition 

significantly postponed the gelation of all of the prepared CCA-NaOH solutions during 

storage and the gel formation occurred even later when the NaOH concentration in the 

solution was 7 wt %, as illustrated in Figure 28. This indicated that the solubility of the 

solutions had no direct influence on the stability since higher storage stability was obtained 

with lower quality solutions. 
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Figure 27. The effect of ZnO addition on CCA-B (DP 227, DS 0.19) solubility. a: 9 wt % CCA/ 

7 wt % NaOH/0.7 wt % ZnO (solubility class 4) b: 9 wt % CCA/ 7 wt % NaOH/1.1 

wt % ZnO (solubility class 4) c: 10 wt % CCA/ 8 wt % NaOH/0.7 wt % ZnO 

(solubility class 2) d: 10 wt % CCA/ 8 wt % NaOH/1.1 wt % ZnO (solubility class 

1). Images acquired with 10x magnification.   
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Figure 28. Time (days) required for visually observed gel formation in storage at 5±1 °C. 

The effects of ZnO addition on ball-drop viscosity and turbidity for CCA-B in 8 wt % 

NaOH solutions are presented in Figure 29 and Figure 30. The solutions with ZnO addition 

had higher viscosity compared to the solutions without ZnO. In addition, when the amount 

of ZnO increased from 0.7 wt % to 1.1 wt % viscosity increased. The obtained results from 

ball-drop viscosity measurement indicated that there was an exponential increase in ball-

drop viscosity as a function of CCA-B concentration. When the CCA-B concentration 

increased by 1 wt % the ball-drop viscosity two-folded. Since the gelation of the solutions 

was significantly postponed, it was assumed that there was no impact of gelation behavior 

on solution viscosity. Turbidity was notably lower for solutions containing ZnO when the 

NaOH concentration in the solution was 8 wt %.  
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Figure 29. Ball-drop viscosity of CCA-B-NaOH solution with ZnO addition. The NaOH 

concentration in the solution was 8 wt %. The fiber material used in the dissolution 

was CCA-B (DP 227 and DS 0.19) 

 

Figure 30. The effect of ZnO addition. The sodium hydroxide concentration in each solution 

was 8 wt %. The fiber material used in the dissolution was CCA-B (DP 227 and DS 

0.19) 
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The ZnO addition improved the solubility of CCA when the NaOH concentration in the 

solution was 8 wt %, while no effect was observed when the NaOH concentration was 7 wt 

%. As it was already suggested zinc hydroxide can increase the interaction between 

cellulose and the solvent and be beneficial for the dismantlement of the intermolecular 

hydrogen bonds which results to increased solubility (Yang et al. 2011, 1186; Fu et al. 

2014a, 2822). Thus type of mechanism could potentially explain the effect of ZnO on 

solubility when the NaOH concentration in the solution was 8 wt %. 

The addition of ZnO improved the stability of the prepared CCA-NaOH solutions by 

postponing the gelation during storage significantly. Interestingly, this behavior was 

observed for both NaOH concentrations (7 wt % and 8 wt %). According to literature the 

stabilizing effect of zinc oxide in CCA-NaOH solutions has been attributed to ZnO acting 

as a water molecular binder in the solution (Liu et al. 2011, 915). Similar behavior was 

assumed for the prepared CCA-NaOH/ZnO solutions, which could explain the differences 

in ball-drop viscosities and gelling behavior. Furthermore, the stabilizing effect of ZnO can 

potentially be due to steric hindrance. The formed zinc hydroxide species can have 

prevented the chains to form intermolecular hydrogen bonds with each other since the Zn 

molecule is relatively large. 

7.3 Stability 

Stability of the prepared CCA-NaOH solutions was mainly analyzed by investigating the 

cleavage of the carbamate groups in the solution, stability during storage, gelation 

temperature, and reversibility of the gelation.  

7.3.1 Cleavage of the carbamate group – studies on nitrogen content 

The cleavage of the carbamate groups in prepared CCA-NaOH and CCA-NaOH/ZnO 

solutions was investigated by determining the nitrogen content from films precipitated 

from the stored solutions. It was assumed that the reduction in N-content of the films was 

an indicator for the cleavage of the carbamate groups. Also the impact of storage 

temperature of solutions was evaluated. The storage temperatures for the prepared 

solutions were 22±1 °C and 5±1 °C. If the solution had formed a gel, the film precipitation 

and determination of the nitrogen content could not be executed. 

For CCA-B and CCA-C materials the nitrogen content of the films precipitated from the 

prepared solutions just after completion of the dissolution process was approximately 10% 
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lower than the nitrogen content of the CCA material prior to the dissolution. For CCA-A 

this same change was approximately 30%. Hereafter the nitrogen content gradually 

decreased with increasing storage time of the CCA-NaOH solution. Interestingly, the 

CCA-A solutions exhibited faster cleavage rate during the first two hours of storage. After 

this, the differences between the CCA samples levelled out. This relatively faster cleavage 

was potentially caused by the lower DS of CCA-A material. 

Figure 31 shows the dependence of the nitrogen content of CCA samples in NaOH solution 

(7 wt % and 8 wt % NaOH) on the storage time at 5±1 °C. After 48 hours storage of CCA-

NaOH solutions at 5±1 °C the nitrogen content had decreased 63-70% from the initial 

nitrogen content of the CCA samples. In the examined NaOH concentration range the 

evolution of the nitrogen content during storage was independent from the NaOH 

concentration in the solution. Furthermore, washing of the samples did not have a notable 

impact on the cleavage of the carbamate groups in the alkaline media.  

 

Figure 31. Nitrogen content as a function of storage time at 5±1 °C for CCA-NaOH solutions. 

The fiber materials used in the dissolution were CCA-A (DS 0.11 i.e. N-content 

0.93%), CCA-B (DS 0.19 i.e. N-content 1.53%), and CCA-C (DS 0.23 i.e. N-

content 1.85%).  (7/7) refers to 7 wt % CCA/7 wt % NaOH. (7/8) refers to 7wt % 

CCA/8 wt % NaOH. 
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It has been claimed that lower storage temperatures can prevent the cleavage of the 

carbamate groups in CCA-NaOH solutions (Ekman et al. 1984, 39). Similar behavior was 

observed from the obtained results for prepared CCA solutions, see Figure 32. At 22±1 °C 

after 5 hours storage time the reduction of nitrogen content was approximately 60% from 

the initial CCA sample nitrogen content. At 5±1 °C the same decrease was approximately 

only 20%. Furthermore, at 22±1 °C for all of the prepared CCA-NaOH solutions gelation 

occurred between 5 and 24 hours of storage. Thus, at 22±1 °C after 5 hours of storage the 

nitrogen content could not be determined. 

 

Figure 32. Nitrogen content as a function of storage time at different temperatures. The fiber 

materials used in the dissolution were CCA-A (DS 0.11 i.e. N-content 0.93%), 

CCA-B (DS 0.19 i.e. N-content 1.53%), and CCA-C (DS 0.23 i.e. N-content 

1.85%). CCA concentration in the solutions was 7 wt % and NaOH concentration 

was 7 wt %. RT refers to storage at room temperature (22±1 °C) and RF refers to 

storage at refrigerator (5±1 °C). 

The effect of ZnO addition to the nitrogen content is illustrated in Figure 33. The evolution 

of the nitrogen content over storage time at different temperatures followed roughly the 

same behavior as for the solution samples without ZnO addition. Additionally, since the 
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measured. Thus, it was noted that the nitrogen content decreased approximately 85% from 

the initial CCA sample nitrogen content after 48 hours storage at 22±1 °C. The 85% 

reduction in the nitrogen content indicated almost a complete cleavage of the carbamate 

groups from the cellulose molecule. It was assumed that this cleavage rate could be applied 

also to CCA-NaOH solutions without ZnO addition. Prior to the experiments it was 

expected that the main cause for gelation behavior was the cleavage of the carbamate 

groups in the alkaline media. Since the addition of ZnO significantly postponed the 

gelation of the prepared CCA-NaOH/ZnO solutions but did not affect notably to the 

cleavage of the carbamate groups, it was concluded that the cleavage of the carbamate 

groups in the CCA-NaOH solutions was not the cause for gelation behavior.  

 

Figure 33. The effect of zinc oxide addition on nitrogen content as a function of storage time at 

different temperatures. The fiber material used in the dissolution was CCA-B (DS 

0.19 i.e. N-content 1.53%). CCA concentration in the solutions was 7 wt % and 

NaOH concentration was 8 wt %. RT refers to storage at room temperature (22±1 

°C) and RF refers to storage at refrigerator (5±1 °C). 
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elevated temperature for the prepared solutions are presented in Appendix IV. Introduction 

of thermal energy to the solution system irreversibly shifted the nature of the solution from 

viscoelastic liquid towards viscoelastic solid. 

The gelation temperatures determined from the intersection of G’ and G’’ of solutions with 

7 wt % CCA concentration and with 7 wt % and 8 wt % NaOH concentrations are 

presented in Figure 34. Lower gelation temperatures were recorded for the solution 

containing 8 wt % NaOH, whereas the solutions with 7 wt % NaOH concentration showed 

higher gelation temperatures for all of the CCA materials. Furthermore, the solutions with 

8 wt % NaOH concentration were characterized as more viscoelastic prior to the gelation 

point, since the difference between G’ and G’’ was relatively small. This can be assigned 

to polymer chain aggregation and entanglement taking place in the solution. As an 

exception, the viscoelastic nature of washed CCA-C solution did not change between the 

studied NaOH concentrations.  

 

Figure 34. Gelation temperatures at 95% confidence level determined from the intersection of 

G’ and G’’ for studied CCA-NaOH solutions. The fiber materials used in the 

dissolution were CCA-A (DS 0.11), CCA-B (DS 0.19), and CCA-C (DS 0.23). (7/7) 

refers to 7 wt % CCA/7 wt % NaOH. (7/8) refers to 7wt % CCA/8 wt % NaOH. 
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varied from 0.11 to 0.23, which can be regarded as low DS values.  When the DS increased 

from 0.11 to 0.19 the gelation temperature of 7 wt % CCA/ 7wt % NaOH solution 

increased from 22.5 °C to 24.4 °C. However, when the DS further increased to 0.23 the 

gelation temperature was 23.9 °C. Most likely the slightly lower gelation temperature at 

0.23 DS was due to relatively high amount of impurities. Washing of the CCA-C sample 

increased the gelation temperature of 7 wt % CCA/ 7wt % NaOH solution from 23.9 °C to 

25.1 °C, which also indicated that the impurities in CCA-C material had a negative effect 

on solution stability. 

The effect of cellulose carbamate concentration in the solution on gelation temperature is 

shown in Figure 35. As the CCA concentration increased in the studied range by 1wt %, 

the gelation temperature decreased approximately 5% and an approximately linear 

correlation was observed. When the CCA concentration in the solution increased, the 

chance of collision of the CCA chains increased. Thus, the gelation occurred at a faster rate 

and at lower temperatures. The increased cluster formation in the CCA solutions also 

increased viscosity and affected the behavior of G’ and G’’. Increased CCA concentration 

intensified the viscoelasticity of the solution. 

 

Figure 35. The impact of cellulose carbamate concentration in the CCA-NaOH solution on 

gelation temperatures at 95% confidence level. The fiber material used in the 

dissolution was CCA-B (DS 0.19) with two levels of NaOH concentration in the 

solution, 7 wt % and 8 wt %. 
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7.3.3 Reversibility of the gelation phenomenon 

As it was already stated the gel formation in cellulose-NaOH solutions is generally 

regarded as thermally induced and irreversible process. For the investigated CCA-NaOH 

solutions without any ZnO addition this statement appeared to be accurate. Surprisingly, 

the gelation of CCA-NaOH/ZnO solution systems had a distinct behavior pattern when the 

amount of CCA in the solution was 8 wt % or less. When mechanical energy was 

introduced to the gel system in the form of slight mixing, solution state was obtained. 

However, soon after finishing the stress the solution reverted to gel state. Furthermore, too 

intense mechanical stress transformed the partially reversible CCA-NaOH/ZnO gelling 

systems into irreversible gels.  

Most likely the gelling phenomenon occurs in the CCA-NaOH solutions due to formation 

of physical interactions. In gel formation intermolecular interactions bind the cellulose 

chains together. The higher the cellulose carbamate concentration in the solution, the faster 

the gelation which according to Guo et al. (2011, 1931) implies that the gelation process 

relates closely to an increasing chance for collision of macromolecular chains. This self-

association tendency of cellulose leads to gelation in the CCA-NaOH solutions. 

Presumably, in ZnO containing CCA-NaOH solutions the applied mechanical energy was 

able to break these intermolecular interactions. If the ZnO formed zinc hydroxide species 

in sodium hydroxide solution which were able to form hydrogen bonds with cellulose, the 

interaction between cellulose chains potentially decreased. However, the interaction was 

strong enough to restore the gel structure after stress.   

The strength i.e. the viscoelasticity of the formed gel structure most likely has a substantial 

impact on the gel properties and the reversibility gelation phenomenon. Examples of the 

formed gels after 24 hours of storage at 22±1 °C are presented in Figure 36. As the CCA 

concentration in the solution increased, the formed gel structure was visually recognized as 

more “stiff”. Also, the formed gels with higher NaOH concentration appeared to have 

more viscous character. By using ZnO as an additive in the CCA-NaOH solutions, the 

visually observed gelation behavior was significantly postponed and the formed gels were 

regarded as more “weak”. The gel like structures formed in CCA-B in NaOH/ZnO solution 

systems are shown in Figure 37. 
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Figure 36. Gelation behavior of CCA-B solution samples after 24 hours of storage at room 

temperature. (22±1 °C). 

 

Figure 37. Gelation behavior of CCA-B solution samples with 1.1 wt % ZnO addition after 24 

hours of storage at room temperature (22±1 °C). 

It may be plausible that the ZnO addition increased the critical overlap concentration of the 

solutions, thus the gelation phenomenon in the solution became less dominant. 

Furthermore, it has been reported that the reversibility of the gelation in cellulose solutions 

may be influenced by the cellulose concentration in the solution. Luo & Zhang (2013, 390) 

have stated that for 3 wt % cellulose in 9.5 wt % NaOH/4.5wt % thiourea aqueous solvent 

system some reversibility can occur. The gel formed at 30 °C with long storage time was 

stirred at -5 °C and a transition to a transparent liquid state was observed, namely G’’ 

exceeded again G’. This partially reversible gelation took place due to the reconstruction of 

the hydrogen bond networks between cellulose molecules and the solvent. This can 

potentially also explain the reversibility of the gelation phenomenon in the prepared CCA-

NaOH/ZnO solutions.   
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7.4 Rheological properties 

Determining the solution rheology for CCA-NaOH solutions is helpful for evaluating the 

processability in the post steps such as in regeneration (e.g. wet spinning process and film 

forming). The viscosity behavior as a function of shear rate at different temperatures can 

give information about the most feasible storage and processing temperatures. The purpose 

of the rotation measurements was to determine the temperature range where the CCA-

NaOH solutions could be potentially stored and processed without any gelation occurring 

in the solution. Thus, the effect of shear rate on solution properties at different 

temperatures was investigated. Technically interesting shear rates in this study were in the 

range of 10-1000 s
-1

 since in most of the possible applications high shear forces are 

applied. For example, in mixing and pumping of polymer solutions the shear rates usually 

vary from 10 s
-1

 to 1000 s
-1

.
 
In polymer fiber spinning processes the shear rates are higher, 

approximately 1000-10
5 

s
-1

 (Metzger 2011, 23). The data obtained from the rotation tests is 

presented in Appendix V. 

The characterization of the flow behavior of the studied CCA-NaOH solutions was 

conducted prior to more detailed investigation of solution rheology. As already concluded, 

the gelation of CCA-NaOH solutions is also a time-driven process. For determining the 

time dependency of the CCA-NaOH solutions hysteresis measurement at 20 °C were 

made. The hysteresis curves for CCA-B dissolved in 7 wt % NaOH solution are presented 

in Figure 38. The investigated CCA-NaOH solutions exhibited a slight viscosity reduction 

during application of shear stress and the viscosity reduction was reversible after 

interruption of the shear force. Thus, the flow behavior during hysteresis indicated a 

partially thixotropic flow behavior. The time-dependent viscosity curves for the 

investigated solutions are visualized in Figure 39. Logically, the time-dependent flow 

property intensified when the CCA concentration in the solution increased. Furthermore, it 

was assumed that the shear-dependent viscosity reduction is fully reversible at moderate 

temperatures (T < Tgel) and low CCA concentrations.  
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Figure 38. Hysteresis curve for CCA-B (DP 227, DS 0.19) solutions at 20 °C indicating 

thixotropic flow behavior: the corresponding value of shear stress for a given shear 

rate is higher during increasing shear rate than during its subsequent decrease. (7/7) 

refers to 7 wt % CCA/7 wt % NaOH. (8/7) refers to 8wt % CCA/7 wt % NaOH. 

 

Figure 39. Viscosity development of thixotropic CCA-B (DP 227, DS 0.19) solutions over time 

in hysteresis test at 20 °C. The hysteresis test was comprised of two shear rate 

intervals: Interval 1, from 0.1 to 1000 1/s and Interval 2, from 1000 to 0.1 1/s. (7/7) 

refers to 7 wt % CCA/7 wt % NaOH. (8/7) refers to 8 wt % CCA/7 wt % NaOH. 
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7.4.1 Viscosity as a function of temperature – the effect of gelation  

Since temperature is one of the main factors determining the properties and stability of the 

prepared CCA-NaOH solutions, the impact of temperature on the solution flow behavior 

was investigated. The development of viscosity as a function of shear stress at different 

temperatures was measured for all CCA materials with 7 wt % CCA and 7 wt % NaOH 

concentrations. All of the studied CCA-NaOH solution samples had shear thinning flow 

behavior i.e. the solutions flew easier when shear forces were applied. Furthermore, no 

clear Newtonian plateau for viscosity curves was observed.  

For CCA-B solutions the viscosity decreased systematically when the temperature 

increased from 5 °C to 20 °C - see Figure 40.  At low shear rates (from 0.1 s
-1

 to 1.0 s
-1

) the 

viscosity decreased 24% when the temperature increased from 5 °C to 10 °C, and 

subsequently 19% when the temperature increased from 10 °C to 20 °C. Thus, it was 

concluded that no apparent gelation behavior in the solution occurred at the temperature 

range of 5-20 °C. 

 

Figure 40. Viscosity at as a function of shear rate at different temperatures. The CCA 

concentration in the solutions was 7 wt % and the NaOH concentration was 7 wt %. 

The fiber material used in the dissolution was CCA-B (DS 0.19). 

For CCA-A and CCA-C solutions viscosity decreased when the temperature increased 

from 5 °C to 10 °C. Interestingly, when the temperature during the measurement was 20 °C 

the behavior of the viscosity curves indicated that some gelation in the sample had 
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occurred - see Figure 41. Since more shear force was required to move the sample, the 

viscosity curve had an apparent transient viscosity peak at low shear rates i.e. the duration 

of the measurement point was too short at the beginning of the measurement. This 

observed flow behavior was most likely due to the lower gelation temperatures of CCA-A 

and CCA-C solutions. When the temperature in the solution approached the gelation 

temperature the solution nature shifted from viscoelastic fluid towards viscoelastic solid. 

However, the shear-thinning behavior of the solution was more intense if the gelation 

temperature was lower. The applied high shear forces were able to break down the 

agglomerates formed at 20 °C. Thus, at higher shear rates (10-1000 s
-1

) the flow behavior 

was relatively similar for all of the prepared CCA solutions.  

 

Figure 41. Viscosity at as a function of shear rate at different temperatures. The CCA 

concentration in the solutions was 7 wt % and the NaOH concentration was 7 wt %. 

The fiber materials used in the dissolution were CCA-A (DS 0.11) and CCA-C (DS 

0.23). 

Since removal of impurities from the CCA-C fiber material by washing substantially 

increased the gelation temperature of the prepared solutions, the viscosity-shear rate flow 

curves for the washed CCA-C material at different temperatures were also determined. 

From Figure 42 it can be observed that viscosity of the washed CCA-C solution decreased 

when the temperature increased from 5 °C to 20 °C. Furthermore, for washed CCA-C 

solutions no transient viscosity peak was observed at 20 °C, which can be attributed to the 

increased gelation temperature due to washing of the CCA-C material.  
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Figure 42. Viscosity as a function of shear rate at different temperatures. The CCA 

concentration in the solution was 7 wt % and the NaOH concentration was 7 wt %. 

The fiber materials used in the dissolution were unwashed CCA-C and washed 

CCA-C.  

7.4.2 Viscosity as a function of concentration 

The effect of CCA concentration as well as the impact of NaOH concentration in the 

solution was investigated for unwashed CCA-B fiber material. Figure 43 and Figure 44 

illustrate the correlation between concentration and viscosity of the solution at 5 °C and 10 

°C when the NaOH concentration in the solution was 7 wt %. At the studied CCA 

concentration range (from 6 wt % to 8 wt %) it was observed that the increase in CCA 

concentration by 1 wt % doubled the viscosity of the solution at low shear rates i.e. 0.1-10 

s
-1

. At 20 °C the increase in CCA concentration from 6 wt % to 7wt % showed a similar 

behavior in viscosity of the solution than at 5 °C and 10 °C. However, at 20 °C a slight 

gelation effect increased the viscosity of 8 wt % CCA/ 7 wt % NaOH solution extensively. 

The higher the concentration of CCA, the bigger is the thickening performance in the 

NaOH-water system (Wüstenberg 2015, 199). The shear-thinning behavior of the solutions 

was also affected by the amount of CCA in the solution. As the CCA concentration 

increased, the shear-thinning behavior intensified with increasing shear rate and occurred 

at lower shear rate. 
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Figure 43. Combined effect of shear force and CCA-B (DP 227, DS 0.19) concentration to 

viscosity at 5 °C. (6/7) refers to 6 wt % CCA/7 wt % NaOH. (7/7) refers to 7 wt % 

CCA/7 wt % NaOH. (8/7) refers to 8 wt % CCA/7 wt % NaOH. 

 

Figure 44. Combined effect of shear force and CCA-B (DP 227, DS 0.19) concentration to 

viscosity at 10 °C. (6/7) refers to 6 wt % CCA/7 wt % NaOH. (7/7) refers to 7 wt % 

CCA/7 wt % NaOH. (8/7) refers to 8 wt % CCA/7 wt % NaOH. 
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A comparison between used NaOH concentrations (7 wt % and 8 wt %) in 7 wt % CCA-B 

solution is illustrated in Figure 45. When the amount of NaOH in the solution was 8 wt % 

the shear-thinning behavior was more obvious and the solution was regarded as more non-

Newtonian fluid. At a higher shear rate range, from 100 s
-1

 to 1000 s
-1

, the differences 

between the viscosities levelled out as already seen in the previous results. On the contrary 

to the results obtained from ball-drop viscosity measurement, the results from the 

oscillation test indicated that the viscosity of the solutions at 8 wt % NaOH concentration 

were higher than with 7 wt % NaOH concentration. Most probably this was due to slight 

gelation occurring in the solutions with 8 wt % NaOH concentration during storage, since 

prior to the oscillation measurements the solutions were stored overnight. 

 

Figure 45. Combined effect of temperature and shear force to viscosity of CCA-B (DP 227, DS 

0.19) in aqueous NaOH. (7/7) refers to 7 wt % CCA/7 wt % NaOH. (7/8) refers to 

7wt % CCA/8 wt % NaOH. 

Reviewing the flow behavior of the CCA solutions indicated that if high shear rates were 

applied (> 1000 s
-1

) the viscosity of the solution was less affected by CCA concentration 

and temperature. If assumed that there are interaction forces between particles in the CCA-

NaOH solutions, the solution was most likely consistent of agglomerated than randomly 

suspended polymers. Thus, at rest the solutions had higher viscosity than under shear since 

the formed agglomerates were surrounded by a part of the dispersion liquid which 
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immobilized the solution system (Mezger. 2011, 43). When shear forces were introduced 

in the solution the agglomerates were disintegrated into primary particles/molecules and 

the viscosity decreased. However, it is possible that if the elastic characteristics of the 

solution had increased due to elevated temperature prior to applying high shear stress, the 

structure of the solution had altered and would not be suitable for further processing. Thus, 

the flow behavior in the low shear rates need to be specified even if only high shear rates 

are applied in further processing and applications. Even slight gelation can cause 

irreversible changes in the solution structure and deteriorate the properties of the CCA 

solution. 

8 CONCLUSIONS  

The solubility and stability of cellulose carbamate were mainly dependent on the CCA and 

NaOH concentration in the solution, the degree of substitution, and the purity of the CCA 

material. In addition, the degree of polymerization and dissolution conditions (e.g. 

temperature and stirring force) were considered to be vital parameters. However, DP, 

temperature, and stirring force were not varied during the experiments in order to minimize 

the possible combined effect of the variables.  

Solubility of cellulose carbamate samples in aqueous NaOH was found to improve with 

decreasing CCA concentration and increasing NaOH concentration as assumed. However, 

this behavior can only be reliably applied for the studied NaOH concentration range which 

was 7-8 wt %. The stability of the solutions was mainly dependent on the CCA 

concentration and temperature. As the CCA concentration increased in the studied range 

by 1 wt %, the gelation temperature decreased approximately 5%. Furthermore, the 

solution stability was better when the NaOH concentration in the solution was 7 wt %. 

The effect of impurities in the CCA material was investigated by washing the samples of 

the byproducts formed in the synthesis step. The results indicated that if the content of 

impurities was relatively high (≥ 19%) it was be beneficial to remove the impurities. On 

the contrary, when the amount of impurities in the CCA was approximately 10% removal 

of the impurities did not have a significant effect on solubility. However, stability was 

slightly reduced for the purified sample i.e. the gelation occurred at a faster rate during 

storage when the impurities were removed. It was possible that the unwashed CCA 

samples contained unreacted urea which could have improved the solution stability. 
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Prior to the experiments it was expected that the main cause for gelation behavior was the 

cleavage of the carbamate groups in the alkaline media. However, the results indicated that 

the cleavage of the carbamate groups in all of the solution samples followed roughly the 

same pattern even though there were notable differences between the stabilities of the 

prepared solutions. It was assumed that too low degree of substitution leads to gelation 

since the cleavage of the carbamate groups in aqueous sodium hydroxide will occur at a 

faster rate but according to the measurement results there was no statistical evidence to 

support this theory.  However, it was obvious that greater DS of the samples increased the 

gelation temperature and enhanced the solution stability during storage. Therefore, the 

question was raised whether the changes in stability of the studied solutions were mainly 

caused by the rising cellulose carbamate concentration or the degree of substitution of the 

CCA material. Most probably the relevant factors governing the stability of the solutions 

include the degree and evenness of the substitution, solution composition i.e. CCA and 

NaOH concentrations, and the amount of impurities in the used CCA material.  

Addition of zinc oxide significantly improved the stability of the solutions. Interestingly, 

by adding ZnO the solubility of CCA was only increased when the NaOH concentration in 

the solution was 8 wt %. The solubility and stability were further enhanced when the 

amount of ZnO in the solution increased from 0.7 wt % to 1.1 wt %. The storage stability 

of the solutions containing ZnO was considerably higher. In addition, when the CCA 

concentration in the solution was below 8 wt % the formed gels were partially reversible. 

The role of ZnO in the CCA-NaOH solutions still remains unclear. It is possible that the 

formation of zincate prevented gelation and improved solubility. On the other hand ZnO 

can act as a water molecular binder or create steric hindrance and prevent the formation of 

intermolecular hydrogen bonds between the cellulose chains.   

The highest solubility with sufficient solution stability was obtained with washed CCA-C 

material (DS 0.23, DP 227) at 7 wt % CCA concentration and 7 wt % NaOH 

concentration. Addition of zinc oxide in the solution increased the solubility and stability 

significantly when the NaOH concentration in the solution was 8 wt %. Thus, the highest 

CCA concentration that could be sufficiently dissolved in 8 wt % NaOH/1.1 wt % ZnO 

solution system was 10 wt %.  

Rheological properties of the solutions were determined in order to obtain information 

about the possible flow behavior and viscosity under shear and at different temperatures. 
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All of the prepared CCA-NaOH solutions had a shear-thinning behavior and were slightly 

thixotropic. It was observed that elevated temperature decreased the viscosity of the 

solutions to a certain extent. When the solution temperature shifted towards the gelation 

temperature some gelation occurred and increased the viscosity of the solution. 

Furthermore, the viscosity increased exponentially when the CCA concentration increased. 

However, if high shear forces were applied the effect of CCA concentration and solution 

temperature became almost negligible. The solution rheology was an important parameter 

to evaluate since it can predict the behavior and suitability of the solutions in further 

processes. 

9 FURTHER RECOMMENDATIONS 

Despite of the obtained results, there remain some unresolved questions and issues 

concerning the solubility of CCA in aqueous NaOH and the solution properties: 

 Why the solutions with 8 wt % NaOH concentration had a higher tendency for 

gelation behavior than the solutions with 7 wt % NaOH concentration even though 

the cleavage of the carbamate group followed the same pattern? 

 Why did the ZnO addition improve the solubility of CCA only when the NaOH 

concentration in the solution was 8 wt % but significantly postponed the gelation of 

the solutions for all of the prepared solutions? 

 How does the presence of impurities affect the solution properties on a molecular 

level and is there a synergistic effect of ZnO and the present impurities? 

 What are the mechanisms governing the reversibility of the gelation of CCA-

NaOH/ZnO solutions and is there a CCA concentration where the same 

reversibility without any addition of ZnO will occur? 

The most relevant approach to solve these uncertainties should concentrate on determining 

the chemical properties and possible interactions and complex formations occurring in the 

CCA solution systems. Furthermore, for optimizing the CCA material properties for 

dissolution purposes more precise evaluation of the impact of manufacturing process on 

the CCA material properties is required.  

In order to improve the feasibility of cellulose carbamate process the most essential 

variables that need to be further examined include the use of ZnO and the type of 
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impurities present in CCA material. Firstly, determination of the lowest possible ZnO 

addition level that can sufficiently improve the solubility and solution stability is vital for 

process economy. Secondly, more precise definition of the impurities in the CCA material 

is required. Lastly, the extensive impacts of each parameter related to the dissolution of 

cellulose carbamate in aqueous sodium hydroxide need to be comprehensively assessed in 

order to comprehend and govern the cellulose carbamate dissolution process. 
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Appendix I. Structure and Properties of Sodium hydroxide -Water Solutions 

 

Figure 46. Solubility of the sodium hydroxide in water and the formation of NaOH hydrates. (Solvay Chemicals. 2005, 1) 

 

 



Appendix I. Structure and Properties of Sodium hydroxide -Water Solutions 

 

Table IV. The structure of NaOH-water solution at various concentrations and temperatures: 

areas from Figure 46. (Solvay Chemicals. 2005, 2) 

Area 0 Solution 

 Area 1 Ice+Solution 

Area 2 Solution +NaOH 7H2O 

Area 3 Solution +NaOH 5H2O 

Area 4 Solution +NaOH 4H2O 

Area 5 Solution +NaOH 3.5H2O 

Area 6 Solution +NaOH 2H2O 

Area 7 Solution +NaOH H2O 

Area 8 Ice +NaOH 7H2O 

Area 9 NaOH 7H2O +NaOH 5H2O 

Area 10 NaOH 5H2O +NaOH 4H2O 

Area 11 NaOH 4H2O +NaOH 3.5H2O 

Area 12 NaOH 3.5H2O +NaOH 2H2O 

Area 13 NaOH 2H2O +NaOH H2O 

Area 14 NaOH H2O +NaOH  
 

Table V. Eutectic points of NaOH-water solution at various concentrations and temperatures: 

areas from Figure 46. (Solvay Chemicals. 2005, 2) 

Eutectic Point Temperature [°C] 
Saturated Solution 

Concentration [kg/kg] 

A -28.4 0.1896 

B -24.2 0.2211 

C -17.9 0.2473 

D 5.4 0.3225 

E 5.2 0.4590 

F 12.2 0.5080 

G 62.3 0.74 

 

 

 

 



Appendix II. Fiber properties – Morphology and Deformation parameters 

 

Table VI. Fiber properties. Measured with kajaaniMetso FiberLab fiber analyzer. 

Sample  Ref.  CCA-A CCA-B CCA-C 

Fiber length [mm]  0.61 0.63 0.54 0.59 

Fines content [%] 9.24 14.51 19.54 17.04 

Fiber width [µm] 15.84 17.20 16.90 16.76 

Fiber CWT [µm] 3.69 4.09 4.13 4.06 

Fiber CSA [µm²] 128.47 142.05 144.80 152.37 

Fiber volume index [10*6µm3] 0.07 0.08 0.07 0.08 

Fiber curl [%] 23.30 34.80 35.20 36.23 

Fibrillation [%] 3.14 2.81 2.60 2.48 

Length- weighted fractions         

0.00-0.20 mm 1.81 2.79 4.00 3.29 

0.20-0.50 mm 17.08 16.46 20.76 18.20 

0.50-1.20 mm 73.86 58.72 60.49 60.44 

1.20-2.00 mm 6.72 14.15 7.18 9.03 

2.00-3.20 mm 0.38 5.96 6.43 6.98 

3.20-7.60 mm 0.14 1.92 1.14 2.06 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix III. Measurement data 

Table VII. Measurement data 1/2. 
1)

 results with 95% confidence level 

CCA material 
specification 

DP DS 
Nitrogen 
content 

[%] 

Purity 
[%] 

CCA 
concentration         

[wt %] 

NaOH 
concentration 

[wt %] 

Turbidity1) 

[NTU] 

Ball-drop 
viscosity at 
20±0.3°C 1) 

[mPa*s] 

Solubility 
class                 
[1-5] 

Gel 
formation 
observed 
at 22±1°C 

Gel 
formation 
observed 
at 5±1°C 

CCA A 227 0.11 0.93 89.6 6 7 45.4±1.1 1291±49 2 <24h n/a 

CCA A 227 0.11 0.93 89.6 7 7 71.7±1.4 3571±160 2 5h 10d 

CCA A 227 0.11 0.93 89.6 8 7 445±8.5 n/a 4 <24h n/a 

CCA A 227 0.11 0.93 89.6 6 8 26.9±2.3 1157±20 2 <24h n/a 

CCA A 227 0.11 0.93 89.6 7 8 116±9.7 2583±413 2 5h 24h 

CCA A 227 0.11 0.93 89.6 8 8 n/a n/a 4 <24h n/a 

CCA B 227 0.19 1.53 88.6 6 7 11.9±0.8 897±123 1 <24h 30d 

CCA B 227 0.19 1.53 88.6 7 7 22±0.5 2383±149 1 <24h 12d 

CCA B 227 0.19 1.53 88.6 8 7 38.4±2.2 15664±1962 2 <24h 8d 

CCA B + 0.7% ZnO 227 0.19 1.53 88.6 6 7 15.7±0.3 1189±48 1 29d >100d 

CCA B + 0.7% ZnO 227 0.19 1.53 88.6 7 7 20.8±1.3 2475±190 1 3d 43d 

CCA B + 0.7% ZnO 227 0.19 1.53 88.6 8 7 32.9±1.6 5574±243 2 <24h 19d 

CCA B + 0.7% ZnO 227 0.19 1.53 88.6 9 7 425±21.9 25636±521 4 <24h 9d 

CCA B + 1.1% ZnO 227 0.19 1.53 88.6 6 7 23.4±2.0 1308±113 1 77d >100d 

CCA B + 1.1% ZnO 227 0.19 1.53 88.6 7 7 29.6±4.0 2890±123 1 6d >100d 

CCA B + 1.1% ZnO 227 0.19 1.53 88.6 8 7 60.4±1.2 7128±246 2 24-48h 51d 

CCA B+ 1.1% ZnO 227 0.19 1.53 88.6 9 7 632±66.2 20628±774 4 <24h 11d 

CCA B 227 0.19 1.53 88.6 6 8 9.6±0.5 918±101 1 <24h 6d 

CCA B 227 0.19 1.53 88.6 7 8 14.9±1.0 2049±38 1 <24h 3d 

CCA B 227 0.19 1.53 88.6 8 8 218±33.6 5144±327 1 <24h 24h 



Appendix III. Measurement data 

Table VIII. Measurement data 2/2. 
1)

 results with 95% confidence level 

CCA material 
specification 

DP DS 
Nitrogen 
content 

[%] 

Purity 
[%] 

CCA 
concentration         

[wt %] 

NaOH 
concentration 

[wt %] 

Turbidity1) 

[NTU] 

Ball-drop 
viscosity 

20±0.3°C 1) 
[mPa*s] 

Solubility 
class                 
[1-5] 

Gel 
formation 
observed 
at 22±1°C 

Gel 
formation 
observed 
at 5±1°C 

CCA B + 0.7% ZnO 227 0.19 1.53 88.6 6 8 7.7±0.3 1085±14 1 18d  15d  

CCA B + 0.7% ZnO 227 0.19 1.53 88.6 7 8 8.4±0.1 2329±48 1 5d 5d 

CCA B + 0.7% ZnO 227 0.19 1.53 88.6 8 8 12.3±0.1 4413±447 1 <48h 4d 

CCA B + 0.7% ZnO 227 0.19 1.53 88.6 9 8 268±15.6 8407±298 1 <24h 48h 

CCA B + 0.7% ZnO 227 0.19 1.53 88.6 10 8 448±24.0 18533±688 2 <24h 48h 

CCA B + 1.1% ZnO 227 0.19 1.53 88.6 7 8 10±0.5 2483±254 1 17d  48d  

CCA B + 1.1% ZnO 227 0.19 1.53 88.6 8 8 17±1.4 4952±264 1 5d 8d 

CCA B + 1.1% ZnO 227 0.19 1.53 88.6 9 8 59.2±15.9 9481±817 1 <24h 6d 

CCA B + 1.1% ZnO 227 0.19 1.53 88.6 10 8 334±42.4 20660±869 1 <24h 48h 

CCA B washed 227 0.19 1.53 100 7 7 29.4±1.1 3422±95 1 <24h 5d  

CCA B washed 227 0.19 1.53 100 8 8 409±32.5 5965±314 1 <24h <24h 

CCA C 227 0.23 1.85 80.2 6 7 25±2.5 1271±154 1 <24h 21d 

CCA C 227 0.23 1.85 80.5 7 7 32.9±2.8 3093±85 2 5h 13d 

CCA C 227 0.23 1.85 80.5 8 7 128±13.5 20628±1872 3 <24h 8d 

CCA C 227 0.23 1.85 80.5 6 8 14±0.9 1066±35 1 <24h 4d 

CCA C 227 0.23 1.85 80.5 7 8 224±33.3 2274±124 1 <24h 48h 

CCA C 227 0.23 1.85 80.5 8 8 n/a n/a 2 <1h  <1h 

CCA C washed 227 0.23 1.85 100 6 7 17.9±0.7 982±62 1 <24h 22d 

CCA C washed 227 0.23 1.85 100 7 7 21.4±1.8 1835±91 1 <24h 11d 

CCA C washed 227 0.23 1.85 100 8 7 36.5±0.6 4679±31 2 <24h 8d 

CCA C washed 227 0.23 1.85 100 6 8 13±0.4 1017±10 1 <24h 5d 

CCA C washed 227 0.23 1.85 100 7 8 19.8±2.7 2114±29 1 <24h 3d 

CCA C washed 227 0.23 1.85 100 8 8 775±65.1 5119±24 1 <24h <24h 



Appendix III. Measurement data 

Table IX. The effect of storage time and storage temperature on the nitrogen content of 

regenerated films precipitated from cellulose carbamate-sodium hydroxide solutions. 

The films were not precipitated if the gel formation had already occurred. 

CCA material 
specification 

cCCA   
[wt %] 

cNaOH 

[wt %] 

Storage 
temperature 

[°C] 

ZnO 
addition 
[wt %] 

Nitrogen content after storage 
[%] 

0h 2h 5h 24h 48h 

CCA A  7 8 22±1 0 0.63 0.53 0.44 - -  

CCA A  7 8 5±1 0 0.63 0.62 0.58 0.38 -  

CCA A  7 7 22±1 0 0.7 0.54 0.28 - -  

CCA A  7 7 5±1 0 0.7 n/a 0.6 0.43 -  

CCA A  7 8 22±1 1.1 0.67 0.62 0.35 0.19 0.15 

CCA A  7 8 5±1 1.1 0.67 0.64 0.61 0.44 0.32 

CCA B 7 8 22±1 0 1.4 1.12 0.6 -  - 

CCA B 7 8 5±1 0 1.4 1.34 1.29 0.84 0.56 

CCA B 7 7 22±1 0 1.38 1.09 0.66 -  - 

CCA B 7 7 5±1 0 1.38 1.32 1.25 0.81 0.52 

CCA B  7 8 22±1 0.7 1.41 1.22 0.79 0.25 0.23 

CCA B  7 8 5±1 0.7 1.41 1.33 1.21 0.79 0.7 

CCA B  7 7 22±1 0.7 1.39 1.17 0.81 0.3 0.26 

CCA B  7 7 5±1 0.7 1.39 1.31 1.29 0.99 0.63 

CCA B  7 8 22±1 1.1 1.46 1.17 0.63 0.24 0.21 

CCA B  7 8 5±1 1.1 1.46 1.37 1.26 0.71 0.58 

CCA B  7 7 22±1 1.1 1.42 1.18 0.7 0.23 0.22 

CCA B  7 7 5±1 1.1 1.42 1.37 1.28 0.83 0.59 

CCA C  7 8 22±1 0 1.65 1.32 0.72  - -  

CCA C  7 8 5±1 0 1.65 1.52 1.46 1.11 0.64 

CCA C  7 7 22±1 0 1.8 1.42 0.79 -  - 

CCA C  7 7 5±1 0 1.8 1.6 1.57 1.05 0.6 

CCA C  washed 7 8 22±1 0 1.62 1.29 0.77 -  -  

CCA C  washed 7 8 5±1 0 1.62 1.41 1.33 0.87 0.56 

CCA C  washed 7 7 22±1 0 1.67 1.3 0.8 - -  

CCA C  washed 7 7 5±1 0 1.67 1.54 1.45 1.03 0.69 

 

 

 

 

 

 



Appendix IV. Rheology measurements: Oscillation 

 

Figure 47. Oscillation tests for CCA-A/NaOH solution. (7/7) refers to 7 wt % CCA/7 wt % 

NaOH. (7/8) refers to 7wt % CCA/8 wt % NaOH. 

 

Figure 48. Oscillation test for CCA-B/NaOH solutions. (7/7) refers to 7 wt % CCA/7 wt % 

NaOH. (7/8) refers to 7wt % CCA/8 wt % NaOH. 
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Appendix IV. Rheology measurements: Oscillation 

 

Figure 49. Oscillation test for CCA-C/NaOH solutions. (7/7) refers to 7 wt % CCA/7 wt % 

NaOH. (7/8) refers to 7wt % CCA/8 wt % NaOH. 

 

Figure 50. Oscillation test for CCA-C washed/NaOH solutions. (7/7) refers to 7 wt % CCA/7 

wt % NaOH. (7/8) refers to 7wt % CCA/8 wt % NaOH. 
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Appendix IV. Rheology measurements: Oscillation 

 

 

Figure 51. Oscillation test for CCA-B/NaOH solutions at different CCA concentrations. (6/7) 

refers to 6 wt % CCA/7 wt % NaOH. (7/7) refers to 7 wt % CCA/7 wt % NaOH. 

(8/7) refers to 8 wt % CCA/7 wt % NaOH. 

 

Figure 52. Oscillation test for CCA-B/NaOH solutions at different CCA concentrations. (6/8) 

refers to 6 wt % CCA/8 wt % NaOH. (7/8) refers to 7 wt % CCA/8 wt % NaOH. 

(8/8) refers to 8 wt % CCA/8 wt % NaOH.  
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Appendix V. Rheology measurements: Rotation 

Table X. Measurement data from rotation tests: viscosity as a function of shear rate at 5 °C. The CCA concentration in the solution was 7 wt % and 

NaOH concentration was 7 wt %. 

Shear Rate Viscosity at 5 °C Change in viscosity compared to 0.10 1/s shear rate 

[1/s] [mPa·s] [%] 

Sample CCA-A 7/7 CCA-B 7/7 CCA-C 7/7 CCA-C w. 7/7 CCA-A 7/7 CCA-B 7/7 CCA-C 7/7 CCA-C w. 7/7 

0.10 5192 4053 4484 4030 0 % 0 % 0 % 0 % 

0.16 4983 4004 4397 3993 -4 % -1 % -2 % -1 % 

0.25 4776 3945 4294 3943 -8 % -3 % -4 % -2 % 

0.40 4546 3866 4157 3869 -12 % -5 % -7 % -4 % 

0.63 4327 3784 4016 3787 -17 % -7 % -10 % -6 % 

1.00 4127 3695 3879 3703 -21 % -9 % -13 % -8 % 

1.58 3933 3606 3740 3615 -24 % -11 % -17 % -10 % 

2.51 3745 3511 3598 3518 -28 % -13 % -20 % -13 % 

3.98 3563 3410 3453 3414 -31 % -16 % -23 % -15 % 

6.31 3378 3298 3300 3297 -35 % -19 % -26 % -18 % 

10.0 3190 3173 3139 3165 -39 % -22 % -30 % -21 % 

15.8 2996 3032 2968 3017 -42 % -25 % -34 % -25 % 

25.1 2792 2869 2783 2848 -46 % -29 % -38 % -29 % 

39.8 2584 2691 2587 2664 -50 % -34 % -42 % -34 % 

63.1 2368 2492 2380 2462 -54 % -39 % -47 % -39 % 

100 2146 2277 2161 2244 -59 % -44 % -52 % -44 % 

158 1920 2048 1936 2014 -63 % -49 % -57 % -50 % 

251 1692 1808 1705 1776 -67 % -55 % -62 % -56 % 

398 1462 1559 1472 1533 -72 % -62 % -67 % -62 % 

631 1229 1301 1233 1283 -76 % -68 % -72 % -68 % 

1000 992 1032 999 1024 -81 % -75 % -78 % -75 % 

 



Appendix V. Rheology measurements: Rotation 

Table XI. Measurement data from rotation tests: viscosity as a function of shear rate at 10 °C. The CCA concentration in the solution was 7 wt % and 

NaOH concentration was 7 wt %. 

Shear Rate Viscosity at 10 °C Change in viscosity compared to 0.10 1/s shear rate 

[1/s] [mPa·s] [%] 

Sample CCA-A 7/7 CCA-B 7/7 CCA-C 7/7 CCA-C w. 7/7 CCA-A 7/7 CCA-B 7/7 CCA-C 7/7 CCA-C w. 7/7 

0.10 4539 3062 3575 3160 0 % 0 % 0 % 0 % 

0.16 4294 3032 3502 3127 -5 % -1 % -2 % -1 % 

0.25 4035 2990 3415 3088 -11 % -2 % -4 % -2 % 

0.40 3794 2934 3308 3029 -16 % -4 % -7 % -4 % 

0.63 3572 2871 3197 2965 -21 % -6 % -11 % -6 % 

1.00 3372 2806 3085 2901 -26 % -8 % -14 % -8 % 

1.58 3188 2739 2975 2833 -30 % -11 % -17 % -10 % 

2.51 3010 2669 2863 2759 -34 % -13 % -20 % -13 % 

3.98 2845 2597 2750 2681 -37 % -15 % -23 % -15 % 

6.31 2680 2517 2631 2595 -41 % -18 % -26 % -18 % 

10.0 2517 2429 2508 2499 -45 % -21 % -30 % -21 % 

15.8 2351 2331 2379 2393 -48 % -24 % -33 % -24 % 

25.1 2186 2221 2242 2274 -52 % -27 % -37 % -28 % 

39.8 2019 2096 2094 2138 -56 % -32 % -41 % -32 % 

63.1 1853 1958 1938 1991 -59 % -36 % -46 % -37 % 

100 1685 1806 1774 1831 -63 % -41 % -50 % -42 % 

158 1517 1643 1603 1660 -67 % -46 % -55 % -47 % 

251 1348 1469 1427 1481 -70 % -52 % -60 % -53 % 

398 1179 1288 1247 1296 -74 % -58 % -65 % -59 % 

631 1006 1097 1065 1106 -78 % -64 % -70 % -65 % 

1000 832 894 880 909 -82 % -71 % -75 % -71 % 

 



Appendix V. Rheology measurements: Rotation 

Table XII. Measurement data from rotation tests: viscosity as a function of shear rate at 20 °C. The CCA concentration in the solution was 7 wt % and 

NaOH concentration was 7 wt %. 

Shear Rate Viscosity at 20 °C Change in viscosity compared to 0.10 1/s shear rate 

[1/s] [mPa·s] [%] 

Sample CCA-A 7/7 CCA-B 7/7 CCA-C 7/7 CCA-C w. 7/7 CCA-A 7/7 CCA-B 7/7 CCA-C 7/7 CCA-C w. 7/7 

0.10 7506 2574 4346 2392 0 % 0 % 0 % 0 % 

0.16 10851 2514 4758 2354 -45 % -2 % 9 % -2 % 

0.25 9748 2425 4145 2298 -30 % -6 % -5 % -4 % 

0.40 7605 2340 3626 2229 -1 % -9 % -17 % -7 % 

0.63 6003 2249 3282 2157 20 % -13 % -24 % -10 % 

1.00 4988 2164 3010 2085 34 % -16 % -31 % -13 % 

1.58 4303 2080 2779 2014 43 % -19 % -36 % -16 % 

2.51 3742 1999 2569 1943 50 % -22 % -41 % -19 % 

3.98 3281 1921 2379 1874 56 % -25 % -45 % -22 % 

6.31 2884 1843 2200 1802 62 % -28 % -49 % -25 % 

10.0 2543 1763 2029 1728 66 % -31 % -53 % -28 % 

15.8 2245 1680 1864 1649 70 % -35 % -57 % -31 % 

25.1 1983 1592 1706 1566 74 % -38 % -61 % -35 % 

39.8 1750 1499 1554 1476 77 % -42 % -64 % -38 % 

63.1 1546 1401 1411 1379 79 % -46 % -68 % -42 % 

100 1367 1298 1277 1277 82 % -50 % -71 % -47 % 

158 1208 1190 1150 1170 84 % -54 % -74 % -51 % 

251 1064 1078 1027 1059 86 % -58 % -76 % -56 % 

398 931 961 908 945 88 % -63 % -79 % -61 % 

631 804 840 790 827 89 % -67 % -82 % -65 % 

1000 684 714 676 706 91 % -72 % -84 % -70 % 

 



Appendix V. Rheology measurements: Rotation 

Table XIII. Measurement data from rotation tests: viscosity as a function of shear rate at 5 °C. (6/7) refers to 6 wt % CCA/7 wt % NaOH. (7/7) refers to 

7 wt % CCA/7 wt % NaOH. (8/7) refers to 8 wt % CCA/7 wt % NaOH. (6/8) refers to 6 wt % CCA/8 wt % NaOH. (7/8) refers to 7 wt % 

CCA/8 wt % NaOH. (8/8) refers to 8 wt % CCA/8 wt % NaOH.  

Shear Rate Viscosity at 5 °C Change in viscosity compared to 0.10 1/s shear rate 

[1/s] [mPa·s] [%] 

Sample CCA-B 6/7 CCA-B 7/7 CCA-B 8/7 CCA-B 6/8 CCA-B 7/8 CCA-B 8/8 CCA-B 6/7 CCA-B 7/7 CCA-B 8/7 CCA-B 6/8 CCA-B 7/8 CCA-B 8/8 

0.10 1876 4053 8187 2311 9509 56596 0 % 0 % 0 % 0 % 0 % 0 % 

0.16 1866 4004 7949 2242 8569 49442 -1 % -1 % -3 % -3 % -10 % -13 % 

0.25 1849 3945 7708 2178 7583 37590 -1 % -3 % -6 % -6 % -20 % -34 % 

0.40 1827 3866 7454 2115 6811 29580 -3 % -5 % -9 % -8 % -28 % -48 % 

0.63 1801 3784 7203 2053 6189 23909 -4 % -7 % -12 % -11 % -35 % -58 % 

1.00 1774 3695 6955 1993 5667 19843 -5 % -9 % -15 % -14 % -40 % -65 % 

1.58 1745 3606 6707 1936 5213 16792 -7 % -11 % -18 % -16 % -45 % -70 % 

2.51 1714 3511 6450 1880 4812 14368 -9 % -13 % -21 % -19 % -49 % -75 % 

3.98 1682 3410 6181 1827 4454 12376 -10 % -16 % -24 % -21 % -53 % -78 % 

6.31 1644 3298 5892 1772 4127 10689 -12 % -19 % -28 % -23 % -57 % -81 % 

10.0 1602 3173 5580 1715 3823 9226 -15 % -22 % -32 % -26 % -60 % -84 % 

15.8 1553 3032 5237 1655 3533 7919 -17 % -25 % -36 % -28 % -63 % -86 % 

25.1 1496 2869 4872 1588 3250 6765 -20 % -29 % -40 % -31 % -66 % -88 % 

39.8 1429 2691 4481 1514 2976 5769 -24 % -34 % -45 % -34 % -69 % -90 % 

63.1 1351 2492 4067 1430 2703 4883 -28 % -39 % -50 % -38 % -72 % -91 % 

100 1263 2277 3636 1336 2431 4131 -33 % -44 % -56 % -42 % -74 % -93 % 

158 1164 2048 3191 1232 2160 3480 -38 % -49 % -61 % -47 % -77 % -94 % 

251 1057 1808 2733 1119 1890 2873 -44 % -55 % -67 % -52 % -80 % -95 % 

398 942 1559 2254 997 1619 2311 -50 % -62 % -72 % -57 % -83 % -96 % 

631 822 1301 1732 870 1345 1818 -56 % -68 % -79 % -62 % -86 % -97 % 

1000 697 1032 1133 737 1063 788 -63 % -75 % -86 % -68 % -89 % -99 % 



Appendix V. Rheology measurements: Rotation 

Table XIV. Measurement data from rotation tests: viscosity as a function of shear rate at 10 °C. (6/7) refers to 6 wt % CCA/7 wt % NaOH. (7/7) refers 

to 7 wt % CCA/7 wt % NaOH. (8/7) refers to 8 wt % CCA/7 wt % NaOH. (6/8) refers to 6 wt % CCA/8 wt % NaOH. (7/8) refers to 7 wt % 

CCA/8 wt % NaOH. (8/8) refers to 8 wt % CCA/8 wt % NaOH. 

Shear Rate Viscosity at 10 °C Change in viscosity compared to 0.10 1/s shear rate 

[1/s] [mPa·s] [%] 

Sample CCA-B 6/7 CCA-B 7/7 CCA-B 8/7 CCA-B 6/8 CCA-B 7/8 CCA-B 8/8 CCA-B 6/7 CCA-B 7/7 CCA-B 8/7 CCA-B 6/8 CCA-B 7/8 CCA-B 8/8 

0.10 1502 3062 6686 2031 6880 24284 0 % 0 % 0 % 0 % 0 % 0 % 

0.16 1498 3032 6478 1936 6307 24086 0 % -1 % -3 % -5 % -8 % -1 % 

0.25 1486 2990 6259 1868 5578 19405 -1 % -2 % -6 % -8 % -19 % -20 % 

0.40 1465 2934 6034 1803 5076 16051 -2 % -4 % -10 % -11 % -26 % -34 % 

0.63 1444 2871 5813 1741 4646 13737 -4 % -6 % -13 % -14 % -32 % -43 % 

1.00 1422 2806 5599 1675 4282 11954 -5 % -8 % -16 % -18 % -38 % -51 % 

1.58 1399 2739 5387 1610 3964 10494 -7 % -11 % -19 % -21 % -42 % -57 % 

2.51 1375 2669 5172 1547 3684 9270 -8 % -13 % -23 % -24 % -46 % -62 % 

3.98 1350 2597 4954 1487 3434 8223 -10 % -15 % -26 % -27 % -50 % -66 % 

6.31 1321 2517 4725 1428 3206 7295 -12 % -18 % -29 % -30 % -53 % -70 % 

10.0 1290 2429 4483 1366 2992 6473 -14 % -21 % -33 % -33 % -57 % -73 % 

15.8 1254 2331 4225 1305 2789 5721 -17 % -24 % -37 % -36 % -59 % -76 % 

25.1 1213 2221 3944 1238 2591 5037 -19 % -27 % -41 % -39 % -62 % -79 % 

39.8 1165 2096 3648 1172 2393 4392 -22 % -32 % -45 % -42 % -65 % -82 % 

63.1 1108 1958 3335 1104 2196 3796 -26 % -36 % -50 % -46 % -68 % -84 % 

100 1043 1806 3008 1028 1996 3261 -31 % -41 % -55 % -49 % -71 % -87 % 

158 969 1643 2670 948 1795 2788 -35 % -46 % -60 % -53 % -74 % -89 % 

251 888 1469 2323 865 1590 2360 -41 % -52 % -65 % -57 % -77 % -90 % 

398 800 1288 1962 777 1384 1940 -47 % -58 % -71 % -62 % -80 % -92 % 

631 707 1097 1579 684 1172 1547 -53 % -64 % -76 % -66 % -83 % -94 % 

1000 610 894 1152 588 952 1239 -59 % -71 % -83 % -71 % -86 % -95 % 



Appendix V. Rheology measurements: Rotation 

Table XV. Measurement data from rotation tests: viscosity as a function of shear rate at 20 °C. (6/7) refers to 6 wt % CCA/7 wt % NaOH. (7/7) refers 

to 7 wt % CCA/7 wt % NaOH. (8/7) refers to 8 wt % CCA/7 wt % NaOH. (6/8) refers to 6 wt % CCA/8 wt % NaOH. (7/8) refers to 7 wt % 

CCA/8 wt % NaOH. (8/8) refers to 8 wt % CCA/8 wt % NaOH. 

Shear Rate Viscosity at 20 °C Change in viscosity compared to 0.10 1/s shear rate 

[1/s] [mPa·s] [%] 

Sample CCA-B 6/7 CCA-B 7/7 CCA-B 8/7 CCA-B 6/8 CCA-B 7/8 CCA-B 8/8 CCA-B 6/7 CCA-B 7/7 CCA-B 8/7 CCA-B 6/8 CCA-B 7/8 CCA-B 8/8 

0.10 1021 2574 10607 1059 5072 65491 0 % 0 % 0 % 0 % 0 % 0 % 

0.16 1017 2514 16711 1048 4929 48734 0 % -2 % 58 % -1 % -3 % -26 % 

0.25 1006 2425 14033 1038 4165 31967 -1 % -6 % 32 % -2 % -18 % -51 % 

0.40 990 2340 10648 1020 3608 23068 -3 % -9 % 0 % -4 % -29 % -65 % 

0.63 974 2249 8407 1001 3242 17477 -5 % -13 % -21 % -5 % -36 % -73 % 

1.00 956 2164 7069 981 2954 13680 -6 % -16 % -33 % -7 % -42 % -79 % 

1.58 936 2080 6224 959 2715 11075 -8 % -19 % -41 % -9 % -46 % -83 % 

2.51 916 1999 5564 936 2509 9202 -10 % -22 % -48 % -12 % -51 % -86 % 

3.98 897 1921 4991 914 2335 7788 -12 % -25 % -53 % -14 % -54 % -88 % 

6.31 877 1843 4467 894 2179 6634 -14 % -28 % -58 % -16 % -57 % -90 % 

10.0 854 1763 4027 872 2034 5683 -16 % -31 % -62 % -18 % -60 % -91 % 

15.8 830 1680 3611 850 1900 4880 -19 % -35 % -66 % -20 % -63 % -93 % 

25.1 804 1592 3233 825 1771 4196 -21 % -38 % -70 % -22 % -65 % -94 % 

39.8 775 1499 2890 798 1645 3596 -24 % -42 % -73 % -25 % -68 % -95 % 

63.1 742 1401 2575 767 1518 3065 -27 % -46 % -76 % -28 % -70 % -95 % 

100 704 1298 2286 730 1394 2609 -31 % -50 % -78 % -31 % -73 % -96 % 

158 661 1190 2017 688 1268 2215 -35 % -54 % -81 % -35 % -75 % -97 % 

251 613 1078 1762 641 1140 1872 -40 % -58 % -83 % -39 % -78 % -97 % 

398 562 961 1518 590 1012 1572 -45 % -63 % -86 % -44 % -80 % -98 % 

631 506 840 1286 533 883 1293 -50 % -67 % -88 % -50 % -83 % -98 % 

1000 447 714 1052 471 749 1043 -56 % -72 % -90 % -55 % -85 % -98 % 

 


