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1. Introduction 

Ionic liquids (ILs) are salts that remain liquid at 100 °C or less. They usually 

consist of a large, hydrophobic ammonium cation and a small anion such as 

chloride or acetate. Ionic liquids with a sufficient hydrogen bonding basicity 

can dissolve cellulose in concentrations of 10–20%, and they are also good 

solvents for hemicelluloses and lignins. The cellulose solutions can be used for 

wet or dry-jet wet spinning of textile fibers. Furthermore, precipitation of a 

solution of wood with antisolvents produces fractions where cellulose or lignin 

is enriched. This suggests an opportunity to produce the raw material for tex-

tile fibers, purified cellulose. In this study, methods are developed for fraction-

ation of wood and spinning of cellulosic textile fibers using ionic liquids. The 

solvent parameters of ionic liquids and ionic liquid-water mixtures are meas-

ured, and the coagulation of cellulose from ionic liquid solutions is explored. 

1.1 Wood as a raw material for fibers 

In order to study fractionation of wood for purposes of fiber spinning, the ba-

sics of wood and its conventional fractionation are reviewed. The main con-

stituents of wood are cellulose, lignin and hemicellulose, and there are small 

amounts (0.3–5%) of other materials like inorganics (“ash”), proteins and sec-

ondary metabolites such as resins (Table 1) (Sjöström, 1993, Ragauskas, 2007, 

Werkelin et al., 2005, Pereira, 1988). 97–99% of wood is polymeric (Sixta, 

2006). Cellulose is a partially crystalline homopolymer of glucose linked by β-

1,4-glycosidic linkages. Hemicelluloses are branched, amorphous heteropoly-

saccharides, mostly 4O-methylglucuroxylans in hardwoods and galactogluco-

mannans in softwoods (Sixta, 2006). Lignin is a polyphenolic polymer pro-

duced by free-radical copolymerization of paracoumaryl, coniferyl, and sinapyl 

alcohols (Sjöström, 1993).  

Wood species are classified into softwoods or conifers, such as pine, spruce, 

larch, cedar, redwood or yew, with cones and usually evergreen needles, and 

hardwoods, such as birch, aspen, eucalyptus, maple, alder and oak, with seeds 

and annual leaves. In Finland, 98% of dissolving pulp is produced from pine, 

spruce and birch (see Table 1) (Mäki-Simola and Uotila, 2011, Väinämö, 2013, 

Peltola, 2016). Elsewhere, dissolving pulp is also produced from annual plants 

such as bamboo and cotton (cotton linters pulp, CLP). However, the high inor-

ganic silica content of annual plants often limits their use, e.g. straw contains 

3–7% silica (Atik and Ates, 2012, Sixta, 2006). 
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Table 1. Typical compositions from different species and share dissolving pulp production in 
Finland (Sjöström, 1993, Ragauskas, 2007, Werkelin et al., 2005, Pereira, 1988, Mäki-Simola 
and Uotila, 2011, Väinämö, 2013, Peltola, 2016). 

Constituent Scots pine 
Pinus 

sylvestris 

Norway 
spruce 

Picea abies 

Silver & white birch 
Betula pendula & 

pubescens 

Eucalyptus 
Eucalyptus 
urograndis 

Cellulose 40 40 45 41 

Hemicellulose 29 31 32 19 

 Glucomannan 16 17 2 3 

 Glucuroxylan 9 10 28 14 

 Other saccharides 4 3 3 2 

Lignin 28 28 22 31 

Extractives 3.5 2.1 3.0 2.8 

Ash 0.3 0.31 0.3 0.35 

Finland production % 48 25 25 – 

 

1.1.1 Cellulose in natural and man-made fiber form 

Cellulose is a strictly linear polymer of glucose (Figure 1), formed by condensa-

tion polymerization of the 1-aldehyde and 4-hydroxyl groups into a β-1,4 gly-

cosidic linkage, a type of an acetal. The formal monomer is the six-membered 

ring anhydroglucopyranose, joined to the next monomer through an oxygen 

atom. The three free hydroxyl groups form highly stable intra- and intermo-

lecular hydrogen bonds. The pyranose rings are in a chair conformation and 

are joined by the acetal oxygen in an anomeric conformation, which is main-

tained by hyperconjugation. This makes the cellulose chain rigid and enables 

crystallization into an anisotropic structure consisting of microfibrils orga-

nized into layered sheets (Ross et al., 1991, Bergenstråhle et al., 2010). 

 

 

Figure 1. Repeating units of cellulose, xylan and glucomannan (Dutta et al., 2012). 
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Native cellulose crystallizes as cellulose I, where the hydrogen bonds are all 

intrachain or intrasheet, with no hydrogen bonds between the sheets 

(Nishiyama et al., 2002). Hydration of the hydroxyl groups is entropically dis-

favored, which favors intra- and interchain hydrogen bonding over cellulose-

water hydrogen bonding (Bergenstråhle et al., 2010). Bonding between the 

sheets is caused by induced-dipole C-H∙∙∙O hydrogen bonds and entropic or-

dering with the "hydrophobic effect". The latter effect has two causes: first, the 

energy required to overcome water cohesion and form a cavity in water for the 

hydrophobic moiety gives rise to an inherent energy barrier, and second, solv-

ation of the hydrophobic moeity would reduce the internal hydrogen bonding 

in water (Haselmeier et al., 1995, Kim et al., 2015). Thus, cellulose has both a 

stable intrachain hydrogen bonding network but presents a hydrophobic ex-

ternal surface. Consequently, cellulose is insoluble both in nonpolar solvents 

and polar solvents such as water (Medronho et al., 2012). Cellulose I appears 

as two slightly different variants, Iα and Iβ, both of which appear in native cel-

lulose. High-temperature treatments such as pulping convert Iα to Iβ. 

Cellulose II also consists of layered sheets, but unlike cellulose I, it has inter-

sheet hydrogen bonds (Nishiyama et al., 2002, Krässig, 1993). Formation of 

cellulose II is energetically more favorable than the formation of cellulose I, 

and regeneration of cellulose from solution or from alkali celluloses produces 

only cellulose II or amorphous cellulose (Krässig, 1993, Kroon-Batenburg and 

Kroon, 1997). Ionic liquid treatment also converts cellulose I to cellulose II 

(Zhang et al., 2005). The conversion can be observed either with X-ray diffrac-

tion (XRD) or with cross-polarization magic angle spinning 13C nuclear mag-

netic resonance spectroscopy (CP/MAS 13C NMR). In XRD, for lattice planes 

(1 1 0), (110) and (200), cellulose I scatters at 2θ = 15.0°, 16.9° and 22.4°, 

while cellulose II scatters at 2θ = 12.0°, 20.1° and 21.2°, respectively (Koba-

yashi et al., 2011, Penttilä, 2013). In 13C NMR, cellulose I can be distinguished 

from cellulose II with its C-4 and C-6 peaks: cellulose I has the chemical shifts 

δ = 90 ppm (C-4) and δ = 64 ppm (C-6), while cellulose II has δ = 89 ppm (C-

4) and a peak pair δ = 63/61 ppm (C-6) (Publication II, Dudley et al., 1983). 

Cellulose also has two minor phases, III and IV, obtained by special treatments 

(Sixta, 2006). Cellulose I has a somewhat higher chain modulus (130–150 

GPa) than cellulose II (90 GPa) (Northolt, 1985, Iwamoto et al., 2009, Ishika-

wa et al., 1997). In practice, the difference in strength is small because of sec-

ondary effects: mercerized cellulose II fibers are dispersed better and have 

higher interfacial forces (Yue, 2011). Besides celluloses I–IV, cellulose appears 

also in an amorphous form, which is often the main component of unoriented 

reprecipitated cellulose. 

Cellulose is synthesized mainly by plants such as trees and grasses, which 

employ it for structural support of the cell wall. Cellulose can also be synthe-

sized by some individual species of bacteria such as Komagataeibacter xylinus 

(Gluconacetobacter xylinus) (Ross et al., 1991, Yamada et al., 2012), slime 

molds such as Physarum polycephalum (Ogawa et al., 2013), animals such as 

the tunicate Halocynthia roretzi (Zhao and Li, 2014), and algae such as Valo-

nia ventricosa (Revol, 1982). These celluloses are non-fibrous and can have a 
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high molar mass, but are of minor commercial importance. Biosynthesis of 

cellulose proceeds in a nonrandom, spatially ordered fashion. Polymerization  

occurs on an enzyme complex situated on the cell membrane, and the enzyme 

physically translocates the newly formed unit forward after each cycle. The 

complex consists of multiple active sites that simultaneously produce chains 

for immediate nonequilibrium zipper-like assembly into a microfibril bundle 

in the extracellular space (Ross et al., 1991, McNamara et al., 2015). In con-

trast, lignin and hemicellulose are amorphous and appear together spatially 

separated from the cellulose fibrils. Cellulose appears in the form of microfi-

brils 2.9–4.7 nm in diameter, consisting of 24–45 chains in a matrix of amor-

phous cellulose (Fernandes et al., 2011, Rämänen et al., 2012, Thomas et al., 

2013). In wood, the microfibrils form bundles of ~20 nm in diameter, bound 

with hemicellulose and the hydrated surfaces of  the cellulose microfibrils 

(Penttilä, 2013, Newman, 1999, Larsson et al., 1997). However, in fiber spin-

ning, the native microfibrillar structure does not survive because cellulose is 

solvated and dispersed into a solution. Instead, a secondary mixed amor-

phous/cellulose II structure is formed, which also has a microfibrillar form, as 

observed by scanning electron microscopy (Fink et al., 2001). 

 Carbohydrate fractions isolated from wood such as paper pulps have a bi-

modal molar mass distribution, wherein hemicellulose and cellulose give sepa-

rate, practically log-normal peaks. Cellulose has a weight-average molar mass 

(Mw) of 100–10,000 kDa, varying with the source. Cotton linters have a Mw of 

1600–4200 kDa, reducing to 1200 kDa with purification by alkaline kierboil-

ing and bleaching. The Mw of dissolving pulps varies: acetate-grade prehydrol-

ysis-kraft (PHK) pulp has the Mw 370 kDa, while the Mw of viscose grade PHK 

pulp is half of that at 170 kDa. Fiber spinning reduces the Mw further: Lyocell 

fiber has the Mw 150 kDa and modal 110 kDa (Sixta, 2000). Preferably, cellu-

lose used for Lyocell spinning should contain as much Mw > 320 kDa (DP > 

200) "alpha" cellulose as possible, and as little hemicellulose as possible, be-

cause shorter molecules interfere with spinning (TAPPI, 1999a, Strunk, 2012). 

The cellulose chain is stable to alkali, but cellulose is depolymerized endwise 

by the "peeling reaction". The peeling reaction is a sequence of isomerization 

and rearrangement reactions of the reducing end (aldehyde) glucose into a free 

hydroxyacid. Peeling removes sugars from the end of the chain one at a time 

and is a major cause of loss of yield and molar mass in viscose production 

(Sjöström, 1993, Sixta, 2006, Mozdyniewicz et al., 2013). Furthermore, in vis-

cose fiber production, it is necessary to deliberately depolymerize the cellulose, 

such that the viscosity of the solution is sufficiently low for wet spinning 

(Mozdyniewicz et al., 2013). This is avoided in Lyocell spinning, and as ionic 

liquids are similarly neutral, non-alkaline direct solvents, spinning from an IL 

could potentially preserve the original molar mass better than alkaline pro-

cesses and thus improve the strength of the fiber. 

1.1.2 Hemicellulose 

Hemicelluloses are amorphous, partially acetylated heteropolysaccharides 

with a lower molar mass than cellulose (10–100 kDa). They account for a third 



Introduction 

5 

of the dry mass of cell walls. For fiber spinning, hemicellulose is considered an 

undesirable impurity, because it interferes with the formation of a uniform 

structure, hurting spinning stability and strength properties, and dissolves if 

mercerized. Mannans, particularly galactoglucomannans, are the major hemi-

cellulose in gymnosperms such as softwoods. The backbone of a glucomannan 

consists of β-1,4-linked mannose interspersed with glucose. The backbone is 

decorated with galactose side chains and acetyl groups, which make the poly-

mer more soluble in water. Xylans, particularly glucuronoxylans, are the major 

hemicelluloses in dicots such as birch and other hardwoods. The backbone of a 

glucuronoxylan consists of β-1,4-linked xylan. 10% of the backbone is decorat-

ed with α-1,2-linked glucoronic acid and its methyl ester and 55% with acetyl 

groups. Smaller amounts of other hemicelluloses are present, such as xyloglu-

can and pectin, which is a polymer of galactopyranosyluronic acid with varying 

degrees of methyl esterification. In grasses, glucoronoarabinoxylan and arabi-

noxylan occur, decorated with arabinose and ferulic acid side chains (BeMiller, 

1986, Laine, 2005, Pauly et al., 2013). 

Hemicelluloses are extractable with alkali.  They can also be hydrolyzed by 

hot water treatment at 160–180 °C (autohydrolysis). Paper-grade pulp may 

contain substantial hemicellulose, but cooking processes aimed at dissolving 

pulp aim to remove as much of it as possible. Hemicelluloses could be utilized 

as polymers on their own right if they could be extracted intact. However, in 

kraft pulping, their fate is to be burned in the recovery boiler (Sixta, 2006). In 

the sulfite process, the sugars may be recovered and fermented to ethanol. In 

the past, this ethanol was used as an ingredient in aquavits or vodkas, alt-

hough today, its use is limited to fuel ethanol and manufacture of ethanol de-

rivatives (Heikura, 2007, Frölander and Rødsrud, 2011, Ilmajoen Museot, 

2015). 

1.1.3 Lignin 

Lignin, owing to its brown color and tendency to disrupt fiber structure, must 

be removed completely to produce dissolving pulp. Lignin is a heteropolymer 

of paracoumaryl alcohol (1-[[(E)-3-hydroxyprop-1-enyl]phenol) and its 2-

methoxy- and 2,6-dimethoxy-derivatives, coniferyl alcohol and sinapyl alco-

hol, respectively. Lignin is formed by free radical polymerization, which gives 

it a random structure with many types of intermonomer linkages (Figure 2). 

Most of the linkages (55–65%) are β-O-4 linkages, and the hydrolysis of this 

linkage is responsible for depolymerization in pulping or autohydrolysis; other 

linkages are more stable (Capanema et al., 2005, Evtuguin et al., 2001, 

Leschinsky et al., 2008b). 

Formation of aromatic C–C bonds (Figure 3) through electrophilic aromatic 

substitution or by radical mechanisms is referred to as "lignin condensation" 

(Shimada et al., 1997, Yáñez-S et al., 2014). C–C bonds are stable and difficult 

to break. Condensation increases the degree of branching and the proportion 

of lignin resistant to dissolution, which makes the lignin less suitable for use in 

e.g. composites (Mansouri and Salvadó, 2006). 
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Figure 2. Substructures in lignin with the linkages highlighted (Li and Lundquist, 2000, 

Capanema et al., 2005, Fasching et al., 2008, Martin-Sampedro et al., 2011, Wong et al., 1995). 

 

Figure 3. A lignin condensation reaction (α–6) (Shimada et al., 1997, Yáñez-S et al., 2014). 

Klason hydrolysis is the definitive method for lignin content determination. 

The cellulose in the lignocellulosic sample is decrystallized with 72% sulfuric 

acid, the mixture is diluted to 4% and the carbohydrates are hydrolyzed at ele-

vated temperature. The remaining insoluble "Klason lignin" is weighed, and 

the lignin dissolved in the acid (acid-soluble lignin, ASL) is quantified with 

UV-vis spectrometry. Neutral sugars are quantified from the hydrolysis liquor 

to determine cellulose and hemicellulose contents (Hatfield and Fukushima, 

2005, Sluiter et al., 2008).  

Native lignin is difficult to isolate. In research, lignins extracted from ball-

milled wood are used as lignin models: these are for example milled wood lig-

nin (MWL), dissolved wood lignin (DWL) or enzymatic mild acidolysis lignin 

(EMAL) (Björkman, 1956, Fasching et al., 2008, Guerra et al., 2006a, Guerra 

et al., 2006b). Lignin has a bimodal molar mass distribution: MWL has 6 kDa 
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and 16 kDa peaks, also seen in autohydrolyzed lignin (Berthold et al., 2004, 

Mansouri and Salvadó, 2006). The high-molar mass lignin (HML) and low-

molar mass lignin fractions (LML) are chemically different: HML has a higher 

degree of condensation (Chua and Wayman, 1979). 

1.1.4 Autohydrolysis and dissolving pulp 

Dissolving pulp is a pulp grade suitable for viscose fiber production, character-

ized by its low hemicellulose content (<5%) and complete removal of lignin. In 

contrast, paper-grade pulps may contain up to 25% hemicellulose (Sixta, 

2006). Dissolving pulp is produced either with the kraft or the sulfite process. 

For kraft cooking, wood chips are pretreated with autohydrolysis (prehydroly-

sis), where the wood is heated to 160–180 °C in water for ½–3 h. Acetyl 

groups in hemicellulose are hydrolysed, releasing acetic acid that lowers the 

pH to  3–4. Lignin is partially depolymerized by homolytic cleavage of lignin 

and acid-catalyzed hydrolysis, but remains mostly insoluble (Chua and Way-

man, 1979, Leschinsky et al., 2008a, Leschinsky et al., 2008b, El Hage et al., 

2010, Sixta, 2006). Autohydrolysis is not compatible with the sulfite process as 

it retards sulfite delignification (Fasching et al., 2005, Sixta, 2006). 

1.2 Dissolution of cellulose 

For the study of dissolution and regeneration of cellulose, a review of the state 

of the art is necessary. Traditionally, cellulose is not dissolved, but functional-

ized into a soluble cellulose xanthate, carbamate, nitrate or acetate. The cellu-

lose is then regenerated by hydrolysis with dilute acid. In the viscose process, 

cellulose xanthate is formed into fibers by wet spinning into dilute sulfuric acid 

(see section 1.8.4 "Comparison of cellulose spinning processes", page 27) (de 

Wyss, 1925). 

Cellulose does not dissolve in water or conventional organic solvents; cellu-

lose I microcrystals are stable in water below 180 °C (Yu and Wu, 2010). Water 

can penetrate and swell the amorphous regions but is unable to disperse the 

polymer into a solution (Liebert, 2009). Dissolution has two stages. First, the 

hydroxyls are solvated to form cellulose hydroxyl solvates, breaking the intra- 

and intermolecular hydrogen bonds responsible for cohesion of solid cellulose. 

Second, reassociation of the hydroxyl solvates is prevented by intercalation of 

the solvent between the solvated molecules (Anslyn, 2006). Dissolution can be 

confirmed by microscopy with a polarized light, which reveals undissolved 

material (Frey et al., 1996). 

After a decrystallizing pretreatment, cellulose can apparently be dissolved in 

cold alkali in concentrations of 5–6% (Kamide et al., 1984, Yan and Gao, 

2008). This is not a true solution but a microporous suspension (Roy et al., 

2003, Gavillon and Budtova, 2007, Yan and Gao, 2008). Poor-quality fibers 

are produced because of this structure (Liebert, 2009). A molecular dispersion 

can be achieved with additives, e.g. systems such as 7% NaOH/12% urea/4% 

cellulose (Cai et al., 2008, Liebert, 2009), 5% LiOH/15% urea/5.5% cellulose 

(Cai et al., 2007b, Cai et al., 2008, Liu and Zhang, 2009), and 9% NaOH/1% 
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polyethylene glycol/13% cellulose (Yan and Gao, 2008, Zhang et al., 2010b). 

Solubility is low and the strengths of the fibers spun from these solutions reach 

the strength of regular viscose fibers at most (Liu and Zhang, 2009, Yan and 

Gao, 2008, Zhang et al., 2010b). 

Traditional cellulose solvents are presented in Table 2. Nonaqueous solvents 

are usually hygroscopic and highly sensitive to water. Arcane dissolution pro-

cedures and delicate optimization of composition are required. The dissolution 

of cellulose may be incomplete and the solubility low (Östlund et al., 2009, Ass 

et al., 2004, Frey et al., 1996, McCormick et al., 1985, Köhler and Heinze, 

2007, Mueller and Rogers, 1953, Kamide et al., 1984, Yan and Gao, 2008). For 

good solvents, the isotropic molecular solubility is limited to ca. 15–20%, alt-

hough some of them take cellulose loadings up to 30% as anisotropic liquid 

crystalline phases (Fink et al., 2001, Rosenau et al., 2001, Frey et al., 1996). 

 

Table 2. Conventional cellulose solvents. 

Solvent Type(1 Solub.  
[w%] 

Temp. 
[°C] 

Time Notes on procedures References 

H3PO4/P2O5 acid 7.5 / 
38(2 

43–49 2–3 
min 

Anisotropic phase (Boerstoel et al., 2001) 

NaOH alkali 5–6 0–4 1 h dissolves regenerated 
cellulose only; 8–10% 

NaOH 

(Kamide et al., 1984, Yan 
and Gao, 2008) 

NaOH/urea alkali 4 -12 2 min 7% NaOH, 12% urea, 
cold solvent 

(Cai et al., 2008) 

LiOH/urea alkali 5.5 -12 5 min 5% LiOH, 15% urea, 
cold solvent  

(Liu and Zhang, 2009, Cai 
et al., 2007b) 

NaOH/PEG alkali 13 -15 → 
rt 

12 h 1% PEG, 9% NaOH; 
freeze-thawing  

(Yan and Gao, 2008) 

NaOH/ZnO 
(Biocelsol) 

cpx. 6 -40 → 
18 

>4 h Enzyme treatment, 
freezing-thawing 

(Vehviläinen et al., 2015) 

cuprammoni-
um 

cpx. 9 rt hours Air-sensitive, metallic 
copper to prevent oxida-

tion 

(Mather and Wardman, 
2011, Joyner, 1922, Launer 

and Wilson, 1950) 

cupriethylene-
diamine hydr-
oxide 

cpx. 0.04–
0.75 

rt 15 
min 

Req. metallic copper; 
solubility highly depend-

ent on DP 

(TAPPI, 1999b, Mueller and 
Rogers, 1953) 

sodium iron 
tartrate 

cpx. 0 / 12(2 –9 5 h Unspinnable gelatinous 
solutions 

(Vu-Manh et al., 2012) 

zinc chloride cpx. 12–
13.5 

75 
75–90 

3–4 h 
1–3.5 

h 

62–76% ZnCl2 (Grinshpan et al., 1989, 
Ciechanska et al., 2009, 

Ulfstad, 2013, Lu and 
Shen, 2011) 

TBAF∙3H2O/ 
DMSO 

hydrate 2.9 20–60 15 
min 

Direct solvent (Heinze et al., 2000, Ass et 
al., 2004) 

TBAF/DMSO anhydr. n.d. 35 1 min Anhydrous synthesis; 
decomposes 

(Köhler and Heinze, 2007) 

BTMAF∙H2O/ 
DMSO 

hydrate 1 85 2 h Direct solvent (Köhler and Heinze, 2007) 

NMMO∙H2O hydrate 17 / 
29(2 

72–120 hours Monohydrate reached 
by evaporation of water 

(Fink et al., 2001, Rosenau 
et al., 2001) 

LiCl/DMAc anhydr. ~15 130 → 
80 

2 h Impregnation at 130 °C, 
add 5-10% LiCl 

(McCormick et al., 1985, 
Köhler and Heinze, 2007) 

LiCl/DMI anhydr. n.d. 150 → 
50 

1 day Impregnation at 150 °C, 
add 5% LiCl, dissolve 

for 1 day 

(Rousselle, 2002, Yanag-
isawa and Isogai, 2005) 

NH3/NH4SCN anhydr. 7 / 16(2 -90 → 
40 

6 h cycling 6 times in dry ice 
then 40 °C 

(Frey et al., 1996) 

1) types: acid, aqueous alkali, aqueous complex, non-derivatizing stoichiometric hydrate and non-

derivatizing anhydrous solvent. 2) isotropic/anisotropic 
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Cuprammonium, cupriethylenediamine and certain complexes of cadmium, 

cobalt, nickel, palladium, zinc and iron dissolve cellulose. Complexes are ra-

ther expensive for industrial use (Klemm et al., 2005, Heinze and Koschella, 

2005, Liebert, 2009, Ciechanska et al., 2009). Nevertheless, cuprammonium 

solutions are spinnable and are used in the cupro fiber process. In contrast, 

sodium iron tartrate solutions are not spinnable (Vu-Manh et al., 2012). Lithi-

um complexes are used in gel permeation chromatography (GPC) of cellulose, 

e.g. lithium chloride in dimethylacetamide (LiCl/DMAc), with 6–9% LiCl, and 

LiCl/N-methylpyrrolidine (LiCl/NMP) and LiCl-dimethylimidazolidinone 

(LiCl-DMI) (McCormick, 1981, McCormick et al., 1985, Rousselle, 2002, Yan-

agisawa and Isogai, 2005). However, a laborious solvent exchange procedure 

is required for LiCl-based solvents (Östlund et al., 2009). 

Metal-free solvents for cellulose are TBAF/DMSO, NH3/NH4SCN, 

NMMO∙H2O and H3PO4/P2O5., of which NMMO∙H2O is the only one used in a 

commercial process. While tributylammonium fluoride trihydrate (20%) in 

dimethyl sulfoxide (TBAF∙3H2O/DMSO) does dissolve cellulose, the solubility, 

1.6%, is too low for spinning (Heinze et al., 2000, Ass et al., 2004, Östlund et 

al., 2009, Liebert, 2009). NH3/NH4SCN dissolves up to 6–7% cellulose and is 

spinnable, although this system is a microgel with a complicated phase dia-

gram (Hudson and Cuculo, 1982, Liu et al., 1991, Frey et al., 1996). 

NMMO∙H2O (N-methylmorpholine N-oxide monohydrate, mp. 75–76 °C) is 

the solvent in the Lyocell process. Only the monohydrate is a cellulose solvent 

(VanRheenen et al., 1978, Fink et al., 2001). NMMO∙H2O solutions are iso-

tropic up to 17% and anisotropic solutions of up to 29% are possible (Rosenau 

et al., 2001). Fibers are formed by dry-jet wet spinning (see section 1.8.4 

"Comparison of cellulose spinning processes", page 27) from 10–20% solu-

tions. Direct solvents like NMMO∙H2O allow the cellulose to retain its molar 

mass, which is important for strength, and Lyocell fibers are indeed strong 

(Fink et al., 2001, Liebert, 2009). Cellulose solutions in superphosphoric acid, 

H3PO4/P2O5 with an excess of P2O5 (74 w-%), are liquid crystalline, but spin-

nable, and the fibers have good strength properties. However, the solvent is 

highly corrosive (Boerstoel et al., 2001, Northolt et al., 2001, Fink et al., 2014). 

1.3 Ionic liquids as cellulose solvents 

Ionic liquids are salts that melt at 100 °C or below. They usually consist of a 

large, non-coordinating cation and a small anion such as a chloride or acetate, 

e.g. 1-butyl-3-methylimidazolium chloride (Marsh et al., 2004). Examples of 

ionic liquids proposed for biorefinery use are shown in Figure 4. The cations 

can be cyclic ammonium cations such as pyridinium or imidazolium, or acyclic 

ammonium or phosphonium cations (Seddon et al., 2000). The substituents 

can be alkyl chains, hydroxyalkyls or alkylene ethers (Swatloski et al., 2002, 

Ohno and Fukaya, 2009, Fukaya et al., 2010, Zhang et al., 2010a). Ionic liq-

uids can exist in a liquid state because their liquid and solid states are similar.  
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Figure 4. Ionic liquids proposed for biorefinery uses: cellulose solvents on the left, lignin-

selective solvents on the right. 

The cations are large, asymmetric and conformationally flexible with low inter-

ion cohesion energy, and the solid state is disordered with frustrated crystalli-

zation (Krossing et al., 2006, Kapustinskii, 1956, Mallouk et al., 1984, Jenkins 

et al., 1999, Holbrey et al., 2002, Plechkova and Seddon, 2008). Microviscosity 

and viscosity limits possible ion size (Abbott, 2004). 

Many ionic liquids are good solvents and can dissolve materials that are oth-

erwise difficult to dissolve intact, such as cellulose (Swatloski et al., 2002), 

hemicellulose and various other polysaccharides (Fort et al., 2007, Zakrzewska 

et al., 2010), kraft lignin (Fort et al., 2007), chitin and chitosan (Xie et al., 

2006, Wu et al., 2008), silk (Phillips et al., 2005) and wool (Xie et al., 2005). 

Even whole biomaterials can dissolve: freeze-dried banana pulp dissolves 

completely (Fort et al., 2006) and wood dissolves partially or completely (Fort 

et al., 2006, Sun et al., 2009).  

Ionic liquids with a sufficiently basic anion and a suitable cation can dissolve 

cellulose with a high efficiency and high solubility (10–20%) without any pre-

treatments or laborious preparation procedures, which stands in contrast to 

traditional cellulose solvents (Gericke et al., 2012). Dissolution of cellulose in 

certain ammonium salts such as benzylpyridinium chloride was first reported 

by C. Graenacher in 1934, but the development was largely ignored 

(Graenacher, 1934, Gericke et al., 2012). It was until the discovery of [bmim]Cl 

by the R. D. Rogers group in 2002 when interest in ILs as cellulose solvents 

was rekindled (Swatloski et al., 2002). Cellulose dissolution has been tradi-

tionally used for the functionalization of cellulose, and IL/cosolvent-based 

routes to derivatives have been researched by e.g. the group of Prof. T. Heinze 
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(El Seoud et al., 2007, Liebert and Heinze, 2008, Gericke et al., 2012). Howev-

er, for this purpose, a high solubility is not necessary, and conventional sol-

vents or heterogeneous reactions can often reach the same conclusion (Gericke 

et al., 2012). 

Cellulose dissolution with ILs has been researched for cellulosic ethanol ap-

plications. Cellulose regenerated from ILs can be readily hydrolyzed with cellu-

lolytic enzymes into sugars, which are fermented into ethanol. Removal of 

hemicellulose and lignin is desirable because they interfere with the accessibil-

ity to cellulolytic enzymes (Lee et al., 2008, Trinh et al., 2015, Maurya et al., 

2015). However, for material applications, the molar mass of cellulose needs to 

be maintained and the cellulose needs to be particularly pure. Thus, an IL-

aided fractionation procedure successful in a biofuel application needs to be 

considered critically. For example, catalytic delignification with a polyoxymet-

alate catalyst has been demonstrated (Sun et al., 2011), but the highly Lewis 

acidic catalyst will likely depolymerize the cellulose. This only helps with cellu-

lose hydrolysis but renders the product unsuitable for fiber production. Simi-

larly, the use of very high temperatures (Li et al., 2011, Upfal et al., 2005) is 

suspect. Concerning material applications, cellulose has been shaped into fi-

bers, films, sponges and beads using ionic liquids (Gericke et al., 2012). Solu-

bility alone is not sufficient: the rheology and solution structure of the IL-

cellulose solution should be suitable for spinning. 

Solubility of cellulose is mostly explained by the hydrogen bonding basicity 

of the anion: the hydroxyls in cellulose are solvated by the anion of the ionic 

liquid (Remsing et al., 2006, Spange et al., 1998). Anion-wise, this calls for the 

conjugate ions of weak acids or other good hydrogen bonding donors. For ex-

ample, exchanging an acetate anion into a chloroacetate makes the IL a non-

solvent for cellulose (Gericke et al., 2012). The enthalpy of the hydrogen bond 

from the cellulose hydroxyl to an acetate anion is three times higher than to a 

water molecule (Liu et al., 2010). Anions used in cellulose solvents include 

chloride, formate, acetate, propanate, dimethylphosphonate, methylphospho-

nate, dimethylthiophosphate, dimethylphosphorothioate and alanine, while 

butanoate and amylate may give nonsolvents (Swatloski et al., 2002, Steg-

mann et al., 2008, Ohira et al., 2012, King et al., 2011, King et al., 2012, Hum-

mel et al., 2011a). The common IL cations triflate (OTf– where Tf = CF3SO2), 

bis(trifluoromethane)sulfonate (NTf2
–), tetrafluoroborate (BF4

–), alkylsulfates 

such as methylsulfate (MeSO4
–) and hexafluorophosphate (PF6

–) give nonsol-

vents (King et al., 2012). 

The role of the cation is not well-established, but it is decisive in determining 

solubility, solution structure and spinnability. The anion forms a hydrogen-

bonded complex with cellulose, but this complex is not necessarily soluble in 

bulk. It is the cation that breaks the intermolecular bonds between cellulose 

molecules and enables the cellulose-anion solvate to disperse into the solvent, 

apparently through favorable hydrophobic interactions. Cations in cellulose 

solvents include dialkylimidazoliums, trialkylimidazoliums, other substituted 

imidazoliums, bicyclic superbases such as DBU and DBN, pyridiniums and 

quaternary ammoniums such as piperidinium, guanidinium, morpholinium 
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and tetraalkylphosphoniums (Gericke et al., 2012, Abe et al., 2012, Fukaya et 

al., 2010, King et al., 2011, Raut et al., 2015). Hydrophobicity decreases cellu-

lose solubility: of alkylmethylimidazolium chlorides ([Rmim]Cl), ethyl and 

butylmim chlorides are good solvents, but hexylmim chloride dissolves only 

5% cellulose and octylmim chloride only small amounts (Swatloski et al., 

2002). 

1.4 Ionic liquid synthesis and impurities 

Ionic liquids are more challenging to synthesize than neutral compounds. Ion-

ic liquids with quaternary ammonium or phosphonium cations have very low 

vapor pressures. While this would reduce emissions of volatile organic com-

pounds (VOCs), such cations are usually toxic and poorly degradable in the 

environment (Docherty and Kulpa, Jr., 2005). Purification is challenging be-

cause these ILs are very difficult to distil or crystallize; solvent extractions and 

evaporation are used. Highly pure starting materials are preferred for synthe-

sis, because many impurities and side reaction products remain in the ionic 

liquid (Burrell et al., 2007, Nockemann et al., 2005). The typical synthesis is a 

quaternization of an amine with an alkylating agent such as an alkyl halide, 

followed by an ion metathesis to substitute the anion, if necessary. The me-

tathesis can be achieved by precipitation of the halide as an insoluble salt, or 

by alkylation with an dialkyl carbonate/sulfite followed by decomposition of 

the alkyl carbonate/sulfite (Szarvas and Massonne, 2007, Fabris et al., 2009, 

Hermann et al., 2013). The metathesis may not be quantitative, leaving resi-

dues of the original anion (Wasserscheid and Keim, 2000, Szarvas and Mas-

sonne, 2007, Hummel et al., 2011a). Side reactions from the quaternization 

and breakdown reactions also leave residues. Dimerization products of the 

cations can be intensely colored (Çetinkol et al., 2009, Schrems et al., 2010). 

On the contrary, the use of the highly stable quaternary ammoniums is not 

necessary or even desirable. Anions that are more basic are better for dissolu-

tion of cellulose, but they also more readily deprotonate the imidazolium cati-

on, which produces a reactive carbene and leads to degradation by dealkyla-

tion. Instead, cations which are not damaged by deprotonation are preferred. 

Such cations for example protonated organic superbases, and indeed, ionic 

liquids produced by protonation of a superbase such as TMG (1,1,3,3-tetra-

methylguanidium) or DBN (1,5-diazabicyclo[4.3.0]non-5-ene) are good cellu-

lose solvents (King et al., 2012). On heating, they reversibly dissociate into 

their constituent acids and bases and evaporate into a mixed vapor, which 

makes them distillable under vacuum. The benefit is that inorganic, polymeric 

or nonvolatile impurities can be removed completely from the solvent, which 

can be recovered quantitatively even from wood solutions (King et al., 2011). 

1.5 Solvent properties of ionic liquids 

Ionic liquids have unique solvent properties not found in molecular solvents. 

ILs are concentrated systems and generally do not obey ideal or ideal-dilute 
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models: the size of an ion does significantly affect properties (Atkins and de 

Paula, 2006, Huddleston et al., 2001). Polarity is correlated to the size of an 

anion, because charge density is significantly higher with smaller ions 

(Carmichael and Seddon, 2000). Both the anion and the cation contribute to 

the solvent properties of the IL in a complex manner, and can be considered 

separately in some cases (Huddleston et al., 2001). The hydrophobicity of in-

dividual ions affects the hydrophobicity of the ionic liquid. However, the exact 

relation is dependent on the chemistry of each individual molecule and meth-

od of measurement. As the electrostatic force binds the anion and the cation 

together, they do not need to be otherwise chemically compatible. Consequent-

ly, ionic liquids display microphase separation into hydrophobic and polar 

microregions, assembling into lamellar and micellar structures (Davila et al., 

2007, Weingärtner, 2008, Greaves et al., 2010). Anions and cations have 

markedly different self-diffusion coefficients, because the ions diffuse not in an 

isotropic liquid but within compartmentalized layers or micelles with low mi-

croviscosity (Alvarez et al., 2010). 

Ionic liquids are usually, but not generally, freely miscible with water. Mixing 

of ionic liquid and water substantially changes the solvent character of the 

liquid. Once hydrated, the ions are not available for solvation of other solutes, 

which makes ionic liquids water-sensitive. For ILs such as [emim]OAc, an IL-

water mixture in a ratio of 9:1 by mass is a 1:1 mixture by stoichiometry 

(Swatloski et al., 2004, Doherty et al., 2010, Gupta et al., 2013). There are also 

hydrophobic ionic liquids, e.g. bistriflimide (NTf2
–) and hexafluorophosphate 

(PF6
–) ILs, which show phase separation with water (Huddleston et al., 2001, 

Hallett and Welton, 2011). 

1.5.1 Hildebrand and Hansen parameters 

Mutual solubility of two compounds is more favorable when the compounds 

are chemically similar. However, there are many methods for defining "simi-

larity". One method for comparison is through cohesive energy densities 

(CEDs). The Hildebrand scale (δ) is based on the square root of CED and can 

be measured either from the enthalpy of vaporization, or from intrinsic viscos-

ity of the analyte in different solvents (Mangaraj et al., 1963, Lee and Lee, 

2005). On the Hildebrand scale, ILs are moderately polar: their δ = 25.0–29.8 

MPa½ is similar to alcohols (20.4–30.7 MPa½) (Burke, 1984, Lee and Lee, 

2005, Yoo et al., 2012). However, the microphase separation displayed by ion-

ic liquids is apparent, and one-parameter models are unlikely to be useful 

(Santos et al., 2007). In Hansen parameters, δ is divided into three parts: the 

dispersion, polar and hydrogen bonding components (Burke, 1984). This 

method is however better applicable for molecular solvents, and does not con-

sider hydrogen bonding acidity and basicity separately. 

1.5.2 Polarity and solvatochromic parameters 

The dielectric constant, which can be measured with dielectric spectroscopy, is 

one polarity scale, and there are many other types of scales. Like CED, polarity 
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can be divided into three components: neutral dipolarity, hydrogen bonding 

acidity and hydrogen bonding basicity. They can be measured with UV-vis 

spectroscopy of a set of at least three solvatochromic dyes dissolved in the sol-

vent of interest. A solvatochromic dye has a conjugated system with substitu-

ents that donate or receive partial charges from the solvent. The dye is a zwit-

terion while its excited state is neutral, or vice versa. The transition energy 

depends on the ability of the solvent to stabilize the differently charged excited 

state (Reichardt, 1994). In practice, the UV-vis absorption peak of the dye is 

shifted in response to the polarity of the solvent. Many dyes and scales have 

been proposed for this, but the most common dyes in IL studies are Reic-

hardt's dye (RD, also known as Dimroth's betaine) and Nile red (NR) (Figure 

5). Their transition energies (in kcal mol–1), as shifted by the solvent, establish 

the ET(30) and ENR polarity scales. For RD, this parameter is calculated with 

Equation 1: 

 

 
(1)

 
 

where λmax(RD) is the wavelength of the visible-light absorption maximum in 

nm. ET(30) values are sometimes expressed as ET
N values, which normalized to 

tetramethylsilane (ET(30) = 30.7) and water (63.1) (Reichardt, 2003, IUPAC, 

2006). However, RD loses its characteristic absorption when protonated, and 

explicitly acidic solvents require the more acidic Kessler's dichlorophenol dye 

(Figure 5), defining a separate ET(33) scale (Kessler and Wolfbeis, 1989). 

 

 

Figure 5. Nile red (NR), Reichardt's dye (RD), Kessler's dye (KD), diethylnitroaniline (DENA) 

and nitroaniline (NA). 

The solvatochromic polarity of the 1-alkyl-3-methylimidazolium tetrafluorobo-

rate and hexafluorophosphate ([Cnmim]BF4 and [Cnmim]PF6) series depends 

nonlinearly on the alkyl chain length (n), using NR as the indicator 

(Carmichael and Seddon, 2000). Nonlinear behavior is also seen in alkylme-

thylpyrrolidium bistriflimides using RD as the indicator: for the propyl, butyl 

and octyl derivatives, ET(30) first decreases from 52.4 to 49.0 but then in-

creases to 57.0. The nonlinearity is caused by the competition between the 

cation and anion in the interaction with the dye. There is a specific steric inter-

action between the dye and the octylmethylpyrrolidium cation, which posi-

ET (30) = 28592
λmax(RD)
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tions the cation near the dye and thus the anion cannot affect the parameter. 

For short chains, in contrast, the anion mainly interacts with the dye and de-

termines the parameter (Carmichael and Seddon, 2000, Lee and Prausnitz, 

2010). This illustrates that while simple polarity dyes work well with molecular 

solvents, a microheterogeneous material like an ionic liquid would require 

dividing the polarity into components. A solute–and the dye–can absorb pref-

erentially into a hydrophilic microregion, so that an IL with a longer chain may 

appear more polar to a solvatochromic dye. 

1.5.3 Kamlet-Taft parameters 

Kamlet-Taft solvent parameters are the three solvatochromic parameters α, 

hydrogen-bonding acidity, β, hydrogen-bonding basicity, and π*, the dipolari-

ty-polarizability ratio (Kamlet and Taft, 1976, Taft and Kamlet, 1976, Kamlet et 

al., 1983). Various sets of solvatochromic dyes are used, but there must be a 

polarity-sensitive dye, a Lewis acidic dye and a Lewis basic dye. In practice, 

these are usually Reichardt's dye or 2,6-diphenyl-4-(2,4,6-triphenyl-1-pyridi-

nio)phenolate (RD), 4-nitroaniline (NA) and N-diethyl-4-nitroaniline (DENA, 

Figure 5), respectively. π* is determined from the peak wavelength of DENA, 

while α is a function of λRD and λDENA and β is a function of λNA and λDENA 

(Equations 1–4): 

 

 (2) 

 

  (3) 

 

  
(4)

 
 

where λmax is the wavelength of the maximum in nm and νmax is the wave-

number in 1000 cm–1. The equations are based on correlations in a large num-

ber of solvents and chosen so that the parameters are normalized against 

standard solvents. For α, α = 1 for methanol and α = 0 for any solvent that 

lacks hydrogen bond donors, such as n-hexane or is basic like triethylamine 

(Taft and Kamlet, 1976, Kamlet et al., 1983). For β, β = 1 for hexa-

methylphosphoramide and β = 0 for n-hexane (Kamlet and Taft, 1976, Kamlet 

et al., 1983). 

In ionic liquids, the binary nature of the material makes interactions specific. 

All ionic liquids have a high π* (0.84–1.16) as they consist of ionic species. 

However, α and β vary significantly between ILs. To a first approximation, β is 

determined by the basicity of the anion. It might be tempting to assume that 

conversely α would be determined by the cation, but this is not the case. The 

same cation combined with different anions produces ILs with different α's, 

e.g. α([emim]NTf2) = 0.76, α([emim]NO3) = 0.48. Conversely, the hydroxylat-

ed [HOC2mim]OAc differs little in α from the simply alkylated [bmim]OAc (α 

= 0.53 and 0.47, respectively) (Zhang et al., 2010a); see also Publication I. 

α = 0.0649ET (30) − 2.03 − (0.72π*)

π* = 0.314(27.52 − νmax(DENA))

β =
(1.03νmax(DENA) + 2.64 − νmax(NA))

2.8
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Dilution of ILs with cosolvents to lower the viscosity is possible, however, 

cosolvents useful for cellulose dissolution are similar to the ILs: aprotic, with a 

high π* > 0.8 and β > 0.7, but low α < 0.25, for example dimethyl formamide 

(Rinaldi, 2011, Rinaldi, 2012). These solvents are nonvolatile and toxic, so 

there is no obvious advantage with diluting the nonhazardous IL solvent. In a 

cellulose solution, the cellulose hydroxyls are solvated with a hydrogen bond to 

the anion, but water displaces them by forming similar hydrogen bonds to the 

anions. The β parameter of the wet IL decreases, and the α parameter increas-

es because of the acidity of water. This leads to solidification of cellulose, 

which facilitates cellulose regeneration for fibers. This is discussed further in 

section 4.2 "Coagulation of cellulose from solution", page 54. 

1.6 Polymer solutions 

Lyocell spinning of cellulose is a process where a polymer product is formed 

from a solution of a polymer in a direct solvent. In order to study such pro-

cesses, the basic definitions and theory of polymer solutions are reviewed. 

1.6.1 Solvation and dissolution in ionic liquids 

Solvation is the formation of intermolecular bonds between a solute molecule 

and multiple solvent molecules resulting in a solvate complex, which is dis-

persed into the fluid. Solvation of cellulose by an ionic liquid is depicted in 

Figure 6. The interaction between the solute and the solvent must be thermo-

dynamically more favorable than intra-solute or intra-solvent interaction. A 

"true solution" is one where a solvated molecule is free to move independently 

and forms a molecular dispersion (IUPAC, 2006, Anslyn, 2006, Atkins and de 

Paula, 2006). However, solvation may be incomplete, and the solvates form 

aggregates. This is the case with cellulose in the ionic liquid [emim]OAc, where 

aggregates can be observed by dynamic light scattering, even if the solution is 

visually clear (Kuzmina et al., 2010). Another concept to distinguish from 

solvation is liquefaction, where chemical changes such as depolymerization 

may occur. For example, hydrolysis of hemicelluloses in acids does liquefy 

them, but the polymer cannot be recovered. 

 

 

Figure 6. Schematic depiction the solvation of cellulose by the ionic liquid [DBNH]OAc. 
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Solvation is more complicated in ionic liquids than in molecular solvents, be-

cause the anion and cation make distinct contributions. The chemical incom-

patibility of the cation and anion increases the solvating power of an ionic liq-

uid. In a molecular mixture, any component can preferentially bind to the sur-

face of a solute molecule in any ratio. In an ionic liquid, the cation/anion ratio 

near a solute molecule is fixed at 1 to maintain electroneutrality. Because of 

this "forced marriage", any increase of free energy from cation-anion incom-

patibility directly contributes to the energy gained in the solvation of a solute, 

because solvation allows the cation and anion to separate. Solubility is uni-

formly increased at all molar fractions (Aerov et al., 2006). 

1.6.2 Structure of solutions 

Dissolution is driven by the entropy resulting from the random translation and 

orientation of the solute in the solvent, and a single molecule can diffuse into 

arbitrary distances from its original location. However, for polymers, the ran-

domness is limited by the covalent bonds between the monomers. Given the 

freedom of rotation of each monomer, even a polymer in an ideal solvent is 

forced by entropy into a random coil that crumples on itself (Atkins and de 

Paula, 2006). The quality of the solution gives rise to four thermodynamically 

stable, distinct conformations: random coil, crumpled coil, molten globule and 

fully collapsed globule (Figure 7). 

Figure 7. Stable states observed in a monodisperse solution of poly(N-isopropylacrylamide) 
(Wu and Wang, 1998). © American Physical Society 1998. Reprinted with permission from Wu, 

C. Wang, X. Phys. Rev. Lett., 80:4092, 1998. http://doi.org/10.1103/PhysRevLett.80.4092

In a "good solvent", the coil is opened up because the solvent-polymer interac-

tion is more favorable than intra-polymer interaction. A "theta solvent" is a 

solvent that exactly cancels polymer self-interaction, so that the polymer will 

assume a random coil shape, as if there were no interactions. A regenerating 

polymer will first form a crumpled coil that admits less solvent. In a bad sol-

vent, the intrachain interactions are more favorable and the polymer appears 

as a compressed globule. With a worse solvent, a molten globule, where indi-

http://doi.org/10.1103/PhysRevLett.80.4092
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vidual loops still project to the solvent transitions into a fully collapsed globule 

with no free solvent inside. 

The hydrodynamic radius represents the size of a molecule as it appears in 

motion through the solvent, thus depending on the conformation of the solute 

in solution. The hydrodynamic radius can be measured using autocorrelated 

light scattering experiments and depends on a fractional power of the molar 

mass. The hydrodynamic radius also determines the intrinsic viscosity [η], as 

described by the Mark-Houwink equation (Mark, 1938, Houwink, 1940): 

 

 (5) 

 

where K is a constant and Mw is the mass-average molar mass. The exponent a 

= 0.5–2.0 in Equation 5 depends on the shape: the larger it is, the more linear 

the polymer is in solution. A perfect sphere has a = 0, a globule a = 0–0.5, a 

random coil in a theta solvent gives a = 0.5, a good solvent has a = 0.7–0.8 or 

above. A rigid rod-shaped molecule has a = 1.8–2.0 (Sousa et al., 1995, Dealy, 

2006). Traditionally, this equation is used to measure the mass-average molar 

mass (Mw) of pulp, wherein the viscosities of various concentrations of cellu-

lose in cupriethylenediamine are measured and the intrinsic viscosity calculat-

ed by extrapolation to zero concentration. The intrinsic viscosities are usually 

reported as is in ml g–1 (TAPPI, 1999b). 

However, this classification strictly applies only to single molecules: in real 

concentrated solutions, there is overlap and mutual entanglement between 

individual molecules. In a better solvent, there is more overlap because of bet-

ter dispersion, and it begins at a lower concentration (Larson, 1999). The in-

creased entanglement improves fiber strength, because the number of tie mol-

ecules is increased. Instead of an actual coil-to-globule transition, multimolec-

ular aggregates of increasing size are produced when the solvent gets worse. 

The solvent quality may be worsened and regeneration induced by adding an-

tisolvents, or by cooling or heating, depending on liquid order (Moore, 1977, 

Wu and Wang, 1998). Formation of aggregates can be observed with light scat-

tering experiments, and when the aggregates are sufficiently large, the mixture 

becomes turbid (Atkins and de Paula, 2006, Mazza et al., 2009, Kuzmina et 

al., 2010). 

1.6.3 Molar mass distribution 

A molar mass distribution (MMD) is the normalized count of molecules for 

each individual molar mass. The MMD is critically important for the strength 

properties of a polymer product. The ultimate strength of a cellulose fiber is 

dependent on the number of tie molecules, the molecules that link the crystal-

line regions. Longer chains lead to more entanglements between the mole-

cules, adding to the number of tie molecules and increasing the tensile 

strength. However, high molar mass also increases the stiffness and reduces 

elongation at break (Hearle and Schawaller, 2011, Stibal et al., 2001). Also, the 

high-molar mass fraction contributes to strength more than the increase in 

average molar mass would suggest. Celluloses consisting of only a low-DP frac-

[η] = K Mw
a
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tion aggregate into large globules with few tie molecules. Whereas, in polydis-

perse celluloses containing a high-molar mass fraction, a high-DP backbone is 

formed, and the backbone prevents the formation of the globules. An axially 

dispersed structure with more tie molecules is formed, leading to a higher fiber 

strength (Frey et al., 1996). The formation of a uniform structure is disturbed 

by low-molar mass cellulose, the presence of which reduces the strength mark-

edly: the increase of the low-molar mass fraction from 3 to 9% is associated 

with a 20% loss of strength (Sixta, 2006). 

MMDs are measured using gel permeation chromatography (GPC), also 

known as size exclusion chromatography (SEC). A solution of a polymer is 

forced through an inert porous gel. Smaller molecules diffuse into the pores of 

the gel, while larger molecules fail to do so and are passed through the gel first 

(Atkins and de Paula, 2006). For cellulose and pulp, LiCl/DMAc is usually 

used as the solvent (Berggren et al., 2003), although LiCl/DMI has also been 

demonstrated (Yamamoto et al., 2011). The holocellulose may have to be pre-

treated with ethylenediamine before dissolution (Yamamoto et al., 2011). 

1.7 Rheology of polymer solutions 

In solution, polymers have large hydrodynamic radii and produce highly vis-

cous, nonideal solutions that undergo both viscous and elastic deformation. 

Details about the fundamental structure of solutions can be obtained by rheo-

logical studies and applied to questions of spinnability of solutions. A short 

review is presented here as a convenience to the reader for understanding the 

fundamentals of the rheological experiments in this work. Viscosity and the 

dynamic moduli are measured with a viscometer such as a rotational rheome-

ter. The liquid is sandwiched between two plates or more complex shapes such 

as serrated plates, cylinders or cones, and the surfaces are rotated or rotation-

ally oscillated at varying shear rates. Empirically, rotational oscillatory visco-

sity is very similar to steady-shear viscosity, a practical rule called Cox–Merz 

rule, so the basic rheometry of spin dopes is usually done with oscillatory ex-

periments (Larson, 1999). 

1.7.1 Types of fluids 

Fluids can be classified into many types, of which Newtonian, power-law, 

Cross and Carreau fluids are discussed here. The simplest type of fluid is an 

ideal Newtonian fluid, for which viscosity is not a function of the shear rate, 

but spin dopes are typically nonideal. In contrast to liquids, the viscosity of 

gels and solids never reaches a plateau at low shear rates, and they are 

gov-erned by the Ostwald-de Waele power law model (Equation 6): 

(6) 

where η is viscosity, KFCI a material- and temperature-dependent flow con-

sistency index, γ̇  the shear rate (velocity gradient) and n is the power law in-

dex. Alternatively, the angular frequency (ω) may be used for γ̇  in oscillatory 

η = KFCI Ûγn−1
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experiments. Partially solidified cellulose gels can be described with this mod-

el. A Newtonian fluid has n = 1 i.e. exponent 0. However, polymer systems 

such as spin dopes are neither: they are pseudoplastic, shear-thinning fluids. 

At high shear rates, they behave according to a power law, while a Newtonian 

plateau occurs at very low shear rates (Larson, 1999, Morrison, 2001). In oscil-

latory experiments, pseudoplastic fluids can be described with the Cross mod-

el, which introduces a zero-shear viscosity η0 (Cross, 1965): 

 

  
(7)

 
 

where Kc is a constant, ω is the angular frequency and m is the power law ex-

ponent. The molecular view is that when shear is applied, intermolecular 

bonds are broken and entanglements undone. They cannot reform as long as 

high shear continues to be applied, leading to lower viscosity at high shear 

rate. For spinning, the zero-shear viscosity is a good measure of spinnability by 

itself, because the rate of deformation for the drawn jet depends on it. There is 

an optimum: for a too low viscosity, the shape is not retained and spinning is 

limited to low draw ratio, whereas for too high viscosities the required extru-

sion pressure is too high. Unlike molecular liquids, polymer solutions such as 

spin dopes do not have a single melting point, but a melting range, where the 

power law index decreases with increasing temperature (Chae et al., 2002). 

Additionally, the Carreau model can be used if the liquid thickens again at high 

shear rates (Bird and Carreau, 1968, Petrovan et al., 2001).  

1.7.2 Storage and loss modulus 

Several kinds of viscosity are distinguished. Steady-shear viscosity occurs in 

uninterrupted forward shear, and is measured in "steady-shear" experiments. 

Complex viscosity is measured with sinusoidal oscillatory shear, where part of 

the energy may be recovered by elastic rebound. Complex viscosity is a com-

plex, phase-dependent quantity, analogous to impedance in alternating cur-

rent, as opposed to resistance in direct current. Usually, only the scalar magni-

tude of complex viscosity is reported. 

Complex viscosity η* is divided into two dynamic moduli, the storage modu-

lus G' and the loss modulus G". The storage modulus G' characterizes the re-

versible, elastic part of the deformation i.e. the energy stored by and returned 

from the system. G' is in phase with the strain wave: at high deformation, elas-

tic stress is high. The loss modulus G" characterizes the irreversible defor-

mation and the energy dissipated by viscous heating. G" is out of phase with 

the strain wave: for a sinusoidal wave, the strain rate is highest at zero defor-

mation and lowest at maximum strain. The damping factor (loss tangent) is 

the ratio of loss modulus to elastic modulus: tan δ = G"/G'. A solid-like materi-

al has tan δ ≈ 0, a liquid-like material has a high tan δ. η*, G' and G" are shear 

rate- and equivalently angular frequency-dependent. For spin dopes, both 

moduli increase with angular frequency, but the storage modulus increases 

faster. The frequency where tan δ = 1 is called the cross-over point, and it 

η =
η0

1 + (Kcω)m
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marks the transition from liquid-like to solid-like behavior, and its reciprocal 

is the characteristic relaxation time of the dope. In addition to zero-shear vis-

cosity, the cross-over point is another rheological key parameter for spinnabil-

ity (Larson, 1999, Morrison, 2001, Sammons et al., 2008). 

1.7.3 Extensional viscosity 

Viscosity is also defined for elongational flow. The  ratio of extensional viscosi-

ty to shear viscosity is termed Trouton's ratio. For a Newtonian fluid, it is 3. 

For polymer solutions, extensional viscosity is substantially higher than three 

times shear viscosity at high shear rates. Near a critical deformation rate, 

Trouton's ratio increases and then plateaus, or equivalently, extensional vis-

cosity first increases to a maximum before decreasing again at the same rela-

tive rate as shear viscosity. This is because shear and extension have the oppo-

site effect on polymer coils. Shear untangles the ball-shaped tangled polymer 

solvates, breaking intra-coil bonds and reducing the hydrodynamic radius of 

the solvates, which decreases resistance to flow. Whereas, extension com-

presses the jet laterally, forcing the polymer chains together, and the increased 

orientation promotes intermolecular bonding by fitting longer stretches of 

polymer chain together (Stibal et al., 2001). Extensional viscosity is relevant to 

spinning because the deformation in the spinning process is extensional after 

the dope exits the spinneret. For NMMO-cellulose solutions, Trouton's ratio is 

highest at low shear rate (50–170 depending on DP) and asymptotically ap-

proaches a plateau (40–80) at high shear rates (Petrovan et al., 2001). Howev-

er, for [emim]OAc-cellulose solutions, terminal extensional viscosity is linearly 

related to rotational zero-shear viscosity (Hummel et al., 2011b).  

1.7.4 Solution properties and rheology 

For polymer melts, the dependency between viscosity and molar mass (Equa-

tion 8) is piecewise exponential: 

 

 
(8)

 
 

In other words, log η0 and log Mw are piecewise linear with two regions. Above 

the critical value of ca. Mw = 500–630 Da (log Mw,c = 2.7–2.8), entanglements 

begin to affect viscosity. Above Mw,c, the mesh formed by the entangled poly-

mer forms an impediment to the free flow of the polymer chains, which are 

forced to move along their own contour like a snake in a tunnel, a process 

called reptation. Reptation predicts an exponent of n = 3.0; time-dependent 

relaxation effects are responsible for the exponent being higher at n = 3.4. 

With longer chains the load is transmitted longer distances, such that the 

longer chains become tie molecules (Larson, 1999). In actual dissolving pulps, 

essentially all of the cellulose has Mw > 1000 (Sixta, 2006). Concentration af-

fects the viscosity of a spin dope with a similar power-law relation. Higher 

concentrations cause steric crowding of the polymer chains and forces the 

η0 ∝ Mw
n, n=1.0, Mw < Mw,c

3.4, Mw > Mw,c
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chains into reptation and related effects. Higher concentrations also increase 

the number of tie molecules, which increases the yield strength (Larson, 1999). 

For [emim]OAc-cellulose solutions, the power law index for concentration vs. 

viscosity was 3.5, with no threshold concentration (Hummel et al., 2011b). 

1.8 Textile fibers 

A textile fiber is a long, flexible and thin structure with a linear density of 1–30 

dtex (g (10 km)–1) and a length of >1 cm. Even materials that are brittle in 

bulk, such as glass, can produce flexible fibers. Given the fineness, a length of 

cloth contains thousands of fibers. Fine fibers are stronger, more pliable and 

more comfortable than thick fibers. Fibers are made into yarns by carding, 

preparing into a roving and physically spinning them together into a yarn by 

e.g. ring spinning (Hearle and Schawaller, 2011, Stibal et al., 2001, Michud et 

al., 2016b). Textile fibers are categorized into natural and man-made fibers. 

Man-made fibers include synthetic fibers such as nylon and semisynthetic or 

reconstituted fibers such as Lyocell or cellulose acetate. Natural fibers such as 

hemp, cotton, linen, silk and wool are processed into yarn from their natural 

length, and their length and strength varies greatly. Synthetic polymers or 

man-made cellulose fibers are first formed into a continuous filament by ex-

trusion, then cut into fixed-length staple fibers and then processed into yarn in 

the same way as natural fibers. Cellulosic textile filaments are semisynthetic: 

they are made from the cellulose by dissolving the natural cellulose I and re-

generating it into a continuous filament of cellulose II, which is cut into staple 

fibers (Hearle and Schawaller, 2011, Stibal et al., 2001). The strength of a yarn 

is ca. 70% of the strength of the individual filaments, with a slightly lower 

elongation at break (Hummel et al., 2016, Michud et al., 2016b). 

1.8.1 Material and strength properties 

The main mechanical properties of a textile fiber are titer (T), tenacity (τ), 

elongation at break (εt), modulus (E), elastic limit (εp) and resilience (U). The 

titer is the linear density of the fiber, measured in decitex: 1 dtex = 1 

g (10 km)–1. Older works may use the denier: 1 den = 1 g (9 km)–1. A cotton 

fiber has a typical titer of 1.3 dtex, which corresponds to a fiber diameter of 

10.5 µm at a cellulose density of 1.5 g cm–3. Titer is measured with a vibro-

scope, which measures the fundamental frequency of sonic vibration of the 

sample, or alternatively, by scanning electron microscopy (Montgomery and 

Milloway, 1952). 

The stress-strain curve σ = σSSC(ε) of a dry Lyocell fiber is divided into two  or 

three regions (Figure 8), where σ and ε are the technical stress and strain. 

First, there is an elastic region ending at the yield stress σy at the proportional 

limit εp. The proportional limit is usually nearly always 1%, varying in the 

range εp = 0.8–1.6% in Lyocell fibers, and the yield stress is about half of the 

tensile strength (Gindl et al., 2008b, Kong and Eichhorn, 2005). 
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Figure 8. Stress-strain curves of Lyocell fibers spun at different draw ratios (Kong and Eichhorn, 

2005). © Elsevier 2005. 

In the elastic region, the fibrillar structure undergoes extension and the poly-

mer chains rotate towards a higher orientation but without disruption of inter-

fibrillar hydrogen bonds. The slope of this region is the elastic modulus E 

(Young's modulus), in the range E = 10–27 GPa in cellulosic fibers (Adusumali 

et al., 2006). Second, there is a plastic deformation region ending at the ulti-

mate tensile strength (σt) at the elongation at break (εt). Finally, the plastic 

region may end with a slight convexity right before rupture. In the plastic re-

gion, the strength of the interfibrillar hydrogen bonds is exceeded and the fi-

brils can slip against each other (Northolt, 1985). Deformation is permanent 

with very little hysteresis in viscose and Lyocell fibers (Gindl and Keckes, 

2006). In cellulosic fiber practice, strength is expressed in the form of tenacity, 

which is the ultimate tensile strength divided by linear density (τ = σt / T), 

with the unit cN tex–1 (centinewtons per decitex), or gram-force per denier (g 

den–1) in older works (1 g den–1 = 8.83 cN tex–1). Tensile strength is related to 

tenacity by 1 cN tex–1 = 15 MPa for a density 1.5 g cm–3. For cellulosic fibers, 

the two regions are approximately linear and the transition is sharp. 

Tenacity, elongation at break and modulus are also measured for a wet fiber, 

in practice by submerging the test fiber. Unlike the stress-strain curve for a dry 

Lyocell fiber, the curve for a wet fiber is nearly linear and ends in a random 

break (BISFA, 2004). In viscose, the amorphous regions swell and weaken, 

leading to a 34–50% loss in tenacity. The converse is the case for cotton, which 

gains 28% in tenacity when wet (Das, 2009, Mark, 2007, Erdumlu and Ozipek, 

2008). 

The specific energy spent for the deformation is quantified by resilience and 

toughness. Resilience, or elastic energy density, is the integral of the SSC to the 

yield point, measured in MJ m-3 of material, and characterizes the amount of 

deformation the fiber can withstand without plastic deformation or damage. 

Toughness, or total energy density, is the integral of the entire SSC, wherein 

the plastic deformation comprises most of the energy required. Resiliences of 

Lyocell fibers vary between 0.8–1.6 MJ m-3, 0.5 MJ m-3 for viscose and 1.9 MJ 

m-3 for tirecord rayon. Toughnesses are 31, 32, and 52 MJ m-3 for Lyocell, vis-
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cose and tirecord rayon, respectively (Adusumali et al., 2006, Gindl et al., 

2008b, Ratner et al., 2013). 

1.8.2 Crystallinity, crystal and amorphous orientation 

Although cellulose crystallizes in fiber spinning, fibers are not fully crystalline: 

they are a mixture of microcrystals and a partially aligned, but non-crystalline 

amorphous matrix. The fringed-micellar model is thought to describe the mi-

crostructure of cellulose fibers: micellar crystallites are connected by partially 

oriented amorphous regions localized in discrete regions, so that microfibrillar 

and amorphous materials alternate in the axial and lateral directions (Figure 

9).  

 

 

Figure 9. Fringed micellar model for fiber microstructure (Hearle and Schawaller, 2011). 

The micelles are entangled together through the polymer chains in the amor-

phous material on their surface (Hess and Kiessig, 1944, Hess et al., 1957, 

Hearle and Schawaller, 2011). This model explains well the phenomenon of 

level-off degree of polymerization (LODP) in hydrolysis. Hydrolysis of native 

cellulose attacks the amorphous material and liberates crystallites of well-

defined size, which matches the microstructural periodicity observed in small-

angle neutron scattering (SANS) of the native cellulose (Battista, 1950, 

Nishiyama et al., 2003). Another model is the fringed-fibrillar model, where  

most of the material is aligned and the amorphous material is scattered along 

the microfibrils in defects instead of discrete regions (Frey-Wyssling, 1954). In 

textile fibers, cellulose chains are so long that diffusion into monomolecular 

crystals does not occur before the structure is solidified, and a single molecule 

can span multiple crystallites and amorphous regions. The molecules that pro-

vide this connectivity are called "tie molecules" and are responsible for the tear 

strength of the fiber (Hearle and Schawaller, 2011, Stibal et al., 2001). Anoth-

er, rather different type of structure is observed in algal Valonia cellulose, 

where single cellulose I crystal microfibrils appear alone: the chain is wound 

into a flat ribbon, which forms a helix (Manley, 1964). 

Orientation is characterized by three quantities: crystallinity (xc), crystalline 

orientation (fc) and amorphous orientation (fa). The strength and mechanical 

properties of a cellulose fiber are correlated with these measures of orientation 

(Hearle and Schawaller, 2011, Stibal et al., 2001). The crystallinity or propor-

tion of crystalline cellulose (xc) is measured with wide-angle X-ray scattering 
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(WAXS), a type of X-ray diffraction (XRD). Purely crystalline material orient-

ed with the beam will give precisely defined scattering patterns where each 

individual plane spacing is visible as Lorentzian peak concentrated around a 

point. Diffuse scattering from unoriented material reduces the sharpness of 

the peaks. The peaks spread into arcs when the crystals are not precisely ori-

ented with the beam. To measure crystal orientation (fc or Hermans orienta-

tion), the fiber is rotated from perpendicular to parallel orientation with the X-

ray beam, and the crystal orientation fc is calculated from the intensity profile 

of a selected reflection vs. angle of rotation (Krässig, 1993). Crystallinity rang-

es from 27 to 96% and crystal orientation from 43 to 97% in different fibers 

(Table 3). Lowest crystallinities are found in fibers that are undrawn, wet-

spun, have been spun with a low-concentration dope, such as viscose; con-

versely, fibers that are drawn, dry-jet wet spun, or spun from high-

concentration or liquid crystalline dopes gain and retain high crystallinities. 

Drawing the fiber or jet mechanically promotes crystallization by aligning the 

chains together. The crystals serve to strengthen the fiber (Stibal et al., 2001). 

Viscose fiber has a low crystallinity (generally xc = 15–31%, Table 3) and while 

its total orientation may be reasonably high, its strength and modulus are low. 

Conversely, Lyocell fibers have a higher crystallinity and a strength double that 

of viscose (Table 3). 

The amorphous part is also partially oriented, and the sum of amorphous 

orientation and crystal orientation is the total orientation. The total orienta-

tion is linearly related to optical birefringence, which is the refractive index 

difference between the direction with the maximum orientation – the fiber 

axis – and with the minimum orientation – the cross-sectional plane. In cellu-

lose II, a birefringence of 0.062 corresponds to 100% orientation. Birefrin-

gence is measured using a microscope with a polarizing filter and a Berek tilt-

ing compensator. The amorphous orientation is then calculated from the dif-

ference between the total and crystalline orientation (Lenz et al., 1994). 

The dimensions of the crystals can be estimated from the width of WAXS 

peaks or by transmission electron microscopy (Kim et al., 2013). For cellulose 

I, a typical width is 5–7.5 nm for cotton or pulp, or 10–12 nm in tunicate cellu-

lose. The mode of the lengths of the crystallites in cotton is 200 nm, varying 

from 75 to 350 nm (Elazzouzi-Hafraoui et al., 2008, Sèbe et al., 2012). For 

cellulose II, the crystal width is around 4–6 nm and the crystal length increas-

es with fiber orientation from 8 to 12 nm (Sixta et al., 2015). 

Orientation during drawing in spinning follows the Kratky I model, where 

solid segments (the crystallites) move in a viscous, amorphous matrix, instead 

of the Kratky II model, where individual polymer chains are drawn straight. In 

Kratky I, maximal orientation is approached asymptotically with increasing 

draw ratio, reaching 0.8 at DR = 5, while in Kratky II, maximal orientation is 

reached linearly at DR = 2 (Kratky, 1933, Kratky and Platzek, 1939, Ziabicki, 

1976). However, in dry-jet wet spinning, drawing occurs for a solution, and the 

crystallization occurs later in regeneration in the bath and in drying. Accord-

ingly, drawing only produces suitably oriented precursor micelles for crystalli-

zation. The aspect ratio of the crystals formed is correlated with the elastic 
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modulus: at DR 1, the aspect ratio is 2, but increases nonlinearly to 3.5 to draw 

ratio 14 (for IL spinning). Longer crystals strengthen the fiber: the crystals 

have a significantly higher modulus than the amorphous material, and longer 

crystals have better parallel mechanical coupling via the amorphous material, 

which that acts as a matrix or "glue" (Ganster et al., 1994, Sixta et al., 2015). 

1.8.3 Types of fiber spinning 

In fiber spinning, the polymer is formed into a continuous filament by extru-

sion through a nozzle called spinneret, with drawing of the filament either be-

fore or after solidification. A spinneret is a plate with precisely machined coni-

cal holes terminating in a thin capillary (50–800 µm), whose length-to-

diameter ratio is called the spinneret aspect ratio (L/D). Production spinnerets 

can have more than 7000 holes. Types of fiber spinning are melt spinning, dry 

spinning, wet spinning, gel spinning, dry jet-wet spinning and electrospinning. 

In melt spinning, the polymer is melted, directly extruded and solidified by 

cooling, which is inapplicable to cellulose as cellulose does not melt. In dry 

spinning, a polymer solution is extruded and solidified by drying. Dry spinning 

is applicable to cellulose acetate and cellulose nitrate from acetone and alco-

hol/ether solutions, respectively. No such high-volatility solvent is known for 

cellulose (Ziabicki, 1976, Stibal et al., 2001). 

In wet spinning, a polymer solution is extruded directly into a bath of anti-

solvent and solidified by desolvation of the polymer. Viscose fibers are spun by 

wet spinning of an alkaline cellulose xanthate solution. The standard viscose 

process results in fibers with a strength of 320–360 MPa (Table 3). Also, it has 

been demonstrated that undissolved, dispersed cellulose I nanocrystal suspen-

sions can be spun into low-strength fibers (Hooshmand et al., 2015). 

Dry jet-wet spinning is a variant of wet spinning where the solution is ex-

truded into air and drawn in an air gap before being solidified in an antisolvent 

bath (Figure 10). In the commercial Lyocell process, the solvent is NMMO∙H2O 

and the antisolvent is water. The drawing step substantially increases strength 

(Table 3). 

In gel spinning, the polymer is extruded as a gel where the polymer is plasti-

cized but not fully dissolved (Ziabicki, 1976, Stibal et al., 2001). Gel spinning 

from thiocyanate systems achieves reasonably good tenacities of up to 44 cN 

tex–1 (660 MPa) (Hattori et al., 1999). Alkali cellulose also forms a microgelat-

inous suspension, but the produced fibers are weak, with tenacities of 13–20 

cN tex–1 (200–300 MPa) (Roy et al., 2003, Gavillon and Budtova, 2007, 

Ciechanska et al., 2009). 

In electrospinning, the jet is accelerated by an electric field, drawn by the 

whipping action of the filament and deposited onto a collector. Cellulose has 

been electrospun from NMMO, ethylenediamine/KSCN, LiCl/DMAc, 

[bmim]Cl, [emim]PhCOO and trifluoroacetic acid. Electrospun fibers are 

amorphous and not very strong, but electrospun mats are employed as e.g. 

filter media or as a carrier material for medical applications (Li and Xia, 2004, 

Frey, 2008, Ohkawa et al., 2009). 
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Figure 10. The Lyocell spinning process: a) spinneret, b) air gap, c) spin bath, d) guide, e) pri-

mary godet, f) washing bath, g) drying chamber, h) heated godet, i) winder. 

 

1.8.4 Comparison of cellulose spinning processes 

Fiber properties from conventional cellulose spinning processes are shown in 

Table 3. The viscose process, which was invented in 1892, accounts for most 

(>90%) of the world production of man-made cellulose fibers (Krässig, 1993, 

Sixta, 2006, Woodings, 2001). The pulp is steeped in alkali in order to lower 

the DP of the cellulose in order to lower the viscosity of the spinning solution, 

then xanthated with carbon disulfide (CS2) in an alkaline solution. The fila-

ments are formed by wet spinning into a dilute sulfuric acid bath, where the 

xanthate groups are hydrolyzed, regenerating the cellulose (de Wyss, 1925). 

The spin-draw ratio is near 1, because drawing in wet spinning would break 

the freshly formed solidified skin. Instead, drawing is done separately on the 

already regenerated fiber, which increases the total orientation but not crystal-

linity (Ziabicki, 1976, Stibal et al., 2001). The wet-spinning process results in a 

relatively low strength (270–450 MPa or 18–30 cN tex–1). Viscose fibers un-

dergo significant plastic deformation before break (Kreze and Malej, 2003, 

Adusumali et al., 2006). Process improvements result in higher-strength fibers 

like polynosic, modal, high-wet modulus rayon (HWM rayon) and tirecord 

rayon. In HWM, regeneration is slowed down with additives, allowing the core 

to stretch and gain orientation (Mather and Wardman, 2011). Tirecord rayon 

is used for strengthening car tyres. A problem with the viscose process is the 

toxicity, volatility and flammability of the carbon disulfide and that 10% of CS2 

per cycle is hydrolyzed to hazardous and odorous waste products, such as H2S, 

COS and thiols (Fink et al., 2001). 

Man-made cellulosic fibers have good absorbent properties, being capable of 

absorbing twice as much water as cotton: viscose has a water retention value of 

84% and Lyocell 74%. They are particularly suitable for skin-contact applica-

tions, such as bedsheets and underwear. Cotton absorbs water only on its sur-

face, and viscose nonuniformly. In contrast, Lyocell fiber is uniform in shape 

and admits water throughout its whole structure. Absorption properties are 

explained by the hydration of a monolayer in the water-accessible surface of 

cellulose molecules (Hailwood and Horrobin, 1946, Schuster et al., 2006, Rous 

et al., 2006, Palme et al., 2014). 
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Table 3. Fiber properties of different fiber types; multiple values from different sources. 

Process/ 
solvent 

Titre 
[dtex] 

Strength 
[MPa] 

Elong 
[%] 

Modulus 
[GPa] 

w/d 
[%](1 

ft(2 
[%] 

xc
(3 

[%] 
fc(4  
[%] 

References 

Viscose 1.4 340 
359 
323 

15.4 
20.1 
22.6 

10.8 
8.0 
5.4 

52 
55 
66 

63 
64 
50 
35 
40 
 

27 
24–30 
27–31 
15.5 
94 

86 
46-77 

86  

(Adusumali et al., 2006, Fink et al., 
2001, Yamane et al., 1996, Röder 
et al., 2009, Röder et al., 2006, 
Klemm et al., 2005, Woodings, 
2001, Zhou et al., 2001, Jiang et 
al., 2012a, Fink et al., 2014) 

Modal 1.3 497 13.5 9.5 56 61 28–34 43–85 (Röder et al., 2009, Röder et al., 
2006, Woodings, 2001) 

HWM 
rayon 

1.32 426 
525 

22.6 7.0 60 
60 

40 65 93 (Jiang et al., 2012a, Fink et al., 
2014) 

Tirecord, 
cordenka 

1.9 785 
960 

15.1 
5.5 

16.7 
28.5 
18.9 

29 73 
92 
63 

17 93 
97 

(Röder et al., 2009, Klemm et al., 
2005, Coulsey and Smith, 1996, 
Northolt et al., 2001) 

Polynosic 1.8 573 
600 
570 

9.7 
14 

15 68 
70 

81 25–44 53–85 
94 

(Röder et al., 2009, Röder et al., 
2006, Coulsey and Smith, 1996, 
Fink et al., 2014) 

Cupro 2.5 335 
300 

24.3 
12 

14.9 79 
50 

56 29 
30.7 

72 
91.2 

(Röder et al., 2009, Röder et al., 
2006, Woodings, 2001, Zhou et 
al., 2001, Fink et al., 2014) 

NMMO 
(Lyocell) 

1.3 
1.32 

603 
413 

13.0 
13.1 

13.2 
13.3 
13.2 

93 
85 
64 

65 
46 

38–47 
42 
35 
73 

74–83 
96 
96 

(Röder et al., 2009, Röder et al., 
2006, Fink et al., 2001, Klemm et 
al., 2005, Woodings, 2001, Jiang 
et al., 2012a) 

Fortisan 
(ceased)(5 

0.7 359 
1050 

3.2 32 116 77 47 92 (Krässig, 1993, Röder et al., 2009, 
Röder et al., 2006, Northolt et al., 
2001) 

CarbaCell 
(6 

2.85 
2.8 

297 
195–390 

7.7 
8–25 

– 33 54 46 
34–43 

28 

94 (Röder et al., 2006, Klemm et al., 
2005, Fink et al., 2014) 

carbamate-
ZnO 

 387 12.1 5.64 31 – 55 82 (Fu et al., 2014) 

ZnCl2 wet 
spun 

7.91 
15.4 

125 
201 

3.66 
12.4 

4.12 
8.78 

28 – 45 – (Lu and Shen, 2011, Ulfstad, 
2013) 

Celsol (6 3.3 254 7.8 – 42 – 38 – (Röder et al., 2009, Röder et al., 
2006) 

Biocelsol 
(6,(7 

1.5 204 15 9.0 – 40 71 – (Vehviläinen et al., 2015) 

NaOH/urea
(6 

4.7(8 255 
300 

9 
9.2 

– – – 61 64 (Cai et al., 2007a, Mao et al., 
2008) 

NaOH/ 
PEG (6 

8.8(8 291 5.7 "high" – – 54 – (Zhang et al., 2010b) 

H3PO4 (6 1.6 1700 6.5 44 
45 

– 81 – – (Boerstoel et al., 2001, Northolt et 
al., 2001) 

1) wet/dry strength ratio; 2) orientation, assuming 100% orientation has the birefringence 0.062 (Lenz et 

al., 1994); 3) fraction of crystalline material; 4) orientation of crystalline material; 5) production ceased; 6) 

research only; 7) H2SO4/Na2SO4 bath; 8) based on diameters 20 and 27.3 µm and density 1.5 g ml–1 

 

Only amorphous cellulose and the surface of a crystallite can absorb water, so 

that smaller crystals are expected to result in higher water absorption. Indeed, 

there is a good linear correlation between reciprocal crystallite width and wa-

ter absorption: the absorption rises from 0.35 g/g to 0.53 g/g when the crystal-

lite size decreases from 9.1 to 3.2 nm. The disorder from imperfect packing of 

the crystallites accounts for  a baseline of water absorption (Hailwood and 

Horrobin, 1946, Driemeier and Bragatto, 2013). 

The Lyocell process was initially developed by American Enka/Akzona Inc. 

and patented in 1980. Lyocell accounts for 5–6% of current production of 

man-made cellulose fibers (Krässig et al., 2000, Happel, 2014). Cellulose is 

dispersed into a slurry with 75% N-methylmorpholine oxide (NMMO), and 

water is evaporated at ca. 80–130 °C under vacuum in a thin film evaporator 

until the molar ratio ξ = 1 (monohydrate, NMMO·H2O) is reached and cellu-
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lose is fully dissolved. The 10–15% cellulose solution is dry-jet wet spun into 

fibers with DR ≈ 10 (Fink et al., 2001). The drawing accounts for the high crys-

tal orientation (fc = 74–96%) and strength (413–603 MPa or 27.5–40.2 

cN tex–1) of Lyocell fibers (Table 3) (Ziabicki, 1976, Fink et al., 2001). The re-

covery rate of NMMO is >99.5%. However, as NMMO is an oxidant, its self-

oxidation can lead to thermal runaway resulting in an explosion. The risk can 

be mitigated by adding the stabilizer propyl gallate (Fink et al., 2001). 

A smaller quantity of fiber is produced commercially by wet-spinning a 9% 

solution of cellulose in cuprammonium hydroxide into dilute sulfuric acid. 

Cupro fiber may be used as a silk substitute, but its high cost limits its use to 

special applications, such as hollow fibers for dialysis (Liebert, 2009, Mather 

and Wardman, 2011). Formerly, cellulose was also spun from cellulose nitrate 

(Chardonnet silk) and cellulose acetate (Fortisan), but production has ceased. 

Fortisan fibers are very stiff (E = 32 GPa) and have a high tenacity (up to 1050 

MPa) with a low elongation at break (Röder et al., 2009). 

There are also many processes that have not been commercialized. In 

theBiocelsol process, after enzymatic pretreatment, a 6% cellulose spin dope in 

6.5% NaOH/1.3% ZnO is produced. The mixture is a gel and spinning is possi-

ble only up to DR 1.5. The total orientation is only 40%, which is consistent 

with the low DR, and the fibers have a low tenacity (117–213 MPa or 7.8–14.2 

cN tex–1) and high elongation (15–24%) (Vehviläinen et al., 2015, Kong and 

Eichhorn, 2005). NaOH/urea and NaOH/PEG, which give true solutions, give 

also somewhat better strength (255–300 MPa or 17–20 cN tex–1), which is still 

lower than the strength of viscose fibers (Cai et al., 2007a, Zhang et al., 

2010b). The strengths of fibers from NaOH-based processes are inherently 

limited by the low cellulose DP required for solubility (Kamide et al., 1984, 

Budtova and Navard, 2016). In the CarbaCell process, cellulose is functional-

ized as a carbamate in an alkaline urea solution and regenerated by hydrolysis 

of the carbamate (Ekman et al., 1982). CarbaCell fibers are similar to or lower 

in strength (195–390 MPa) than viscose fibers (Röder et al., 2006, Klemm et 

al., 2005, Fink et al., 2014, Fu et al., 2014). Cellulose trifluoroacetate, pro-

duced with trifluoroacetic acid, is also spinnable, but this reagent is expensive 

and highly toxic (Liebert, 2009). Zinc-cellulose complex solutions are also 

spinnable, but the strength is only 125–201 MPa or 8.3–13.4 cN tex–1 (Lu and 

Shen, 2011, Ulfstad, 2013). Cellulose forms liquid crystalline solutions in su-

perphosphoric acid (H3PO4), which allows the polymer chains to gain and re-

tain orientation well. Bocell fibers are produced by dry jet-wet spinning of a 

17% cellulose-superphosphoric acid solution. The Bocell process affords excep-

tionally high tenacities (1700 MPa or 110 cN tex–1) and a very high orientation 

(80–89%). However, because superphosphoric acid is corrosive, the process 

has not been scaled up (Boerstoel et al., 2001, Northolt et al., 2001). 

1.8.5 Fibers spun from ionic liquids 

Fiber spinning from ionic liquids using industrially scalable spinning equip-

ment was first demonstrated by Laus et al. (2005) from 10% cellulose solu-

tions in [amim]Cl and [bmim]Cl. Good fiber strengths (569–624 MPa) were 
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obtained by dry-jet wet spinning. [Bmim]Cl has been used in many studies 

(Table 4), with similarly good results, fineness reaching as low as 0.9 dtex, 

with 1.3 dtex being a desirable result. The related [emim]Cl is similar. Howev-

er, besides their toxicity, chloride ILs can contain acidic byproducts that cause 

hydrolysis reactions. Imidazolium chlorides decompose by retroalkylation, 

elimination and transalkylation already at 120 °C, far below the temperature 

where the decomposition is detectable by the traditional thermogravimetric 

method, and these reactions are accelerated by water and oxygen (Awad et al., 

2004, Meine et al., 2010). The basic counterion acetate can be also used, as in 

[emim]OAc and [bmim]OAc. The viscosity of [emim]OAc solutions is compar-

atively low (Kosan et al., 2008). Good fibers can be spun from 20% solutions 

of cellulose in [emim]OAc (Kosan et al., 2008). However, spinning from solu-

tions with a lower cellulose content is unstable, and sufficiently high draw ra-

tios cannot be reached (Cai et al., 2013). [Emim]DEP (diethyl phosphate) and 

[emim]MPo and [mmim]MPo (methylphosphonate) are also spinnable, but 

the desired fineness has not been demonstrated (Ingildeev et al., 2013, Kimura 

et al., 2015, Spörl et al., 2016).  Generally, IL spinning produces results analo-

gous to the commercial Lyocell process with NMMO. Also, cellulose has been 

spun by wet spinning from 6% solutions in [emim]OAc, resulting in tenacities 

of 22 cN tex–1 (330 MPa), similar to viscose fibers (Ingildeev et al., 2013). A 

review has been compiled by Hummel (Hummel et al., 2016). 

Table 4. Fiber properties of different fiber types spun from ionic liquids. 

Process/ 
solvent 

Titre 
[dtex] 

Strengt
h [MPa] 

Elong 
[%] 

Modulus 
[GPa] 

w/d(1 

[%] 
ft(2 
[%] 

xc
(3 

[%] 
fc(4 
[%] 

References 

[bmim]Cl 1.5 
2.2 
0.9 
1.0 
1.6 
1.5 

752 
632 
768 
531 
497 
671 
801 

9.3 
6.2 
8.5 

7.24 
11.5 
12.0 
13.1 

10.9 
11.2 

79 
73 

46(5 

46 

73 
74 

83 
98 

(Röder et al., 2009, Jiang et 
al., 2012b, Bentivoglio et al., 
2006, Jiang et al., 2012a, 
Laus et al., 2006, Michels 
and Kosan, 2006, Kosan et 
al., 2008) 

[emim]Cl 1.7 
1.8 

645 
797 

9.6 
12.9 

12.2 83 – – – (Kosan et al., 2008, Röder 
et al., 2009) 

[amim]Cl 2.2 
1.3 

624 
548 

17.6 
11.2 

– 80 – – – (Laus et al., 2005, Ben-
tivoglio et al., 2006) 

[emim]OAc 1.8 
1.8 
4.1 

671 
684 
369 

10.4 
11.2 
3.8 

15.0 
10.2 

– 

85 
89 
87 

41–53 
57 

– 
high 

– 
81 

(Röder et al., 2009, Klemm 
et al., 2005, Kosan et al., 
2008, Ingildeev et al., 2013) 

[emim]OAc 
wet spun 

1.6 
2.6 

333 
410 

8.0 
7.5 

– 
22.2 

88 
– 

43 
72 

low 
43.5 

– 
57 

(Ingildeev et al., 2013, Li et 
al., 2014) 

[bmim]OAc 1.6 729 12.9 10.7 86 – – – (Kosan et al., 2008) 

[emim]DEP 4.9 396 6.0 – 91 57 high 79 (Ingildeev et al., 2013) 

[emimMPo – 600 3.9 28.1 – – – – (Kimura et al., 2015) 

[mmim]MPo 9.0 300 8.0 16.4 – 57 78 75 (Spörl et al., 2016) 

1) wet/dry strength ratio; 2) orientation, assuming 100% orientation has the birefringence 0.062 (Lenz et 

al., 1994); 3) fraction of crystalline material; 4) orientation of crystalline material; 5) apparently incorrect fa 

83.4% in Jiang 2012, Δn is reported as 0.0286 

1.8.6 Structure formation 

The steps of the structure formation in Lyocell or ionic liquid spinning is 

shown in Figure 11. In summary, the cellulose, present in cellulose I crystal 

form (11a), is dissolved and filtered (11b) and placed in the spinning cylinder 

(11c). The polymer solution is extruded with a pressure of 0.5–4 MPa through 
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the spinneret inlet cone (11d) into the capillary (11e), from where it emerges 

into the air gap with some die swell (11f). The jet is drawn in air (11h) with the 

force of a godet (a roller). The polymer is desolvated with the antisolvent (11h), 

which solidifies the incipient filament. The filament is then washed to remove 

the solvent (11i) and the final structure is formed by drying (11j). The dry fila-

ment is processed into a staple fiber and further into yarn or other products 

(Stibal et al., 2001, Fink et al., 2001). The evolution of orientation and compo-

sition presented in Figure 11 can be readily observed with changes in birefrin-

gence (Ziabicki, 1976, Mortimer and Péguy, 1996a, Mortimer and Péguy, 

1996b). 

 

 

Figure 11. Structure formation steps: a native cellulose I, b) dissolution, c) solution, d) inlet 

cone, e) capillary, f) die swell, g) draw, h) desolvation, i) washing, j) drying. 

The main process parameters in dry-jet wet spinning are extrusion velocity, 

draw ratio, extrusion temperature and spin bath temperature. Anisotropic 

structure formation in dry-jet wet spinning is possible because of the long rhe-

ological relaxation times of polymers in solution. The jet is pulled into a 

nonequilibrium oriented state (Figure 11g) and the orientation is fixed by cool-

ing and solidification (11h) before it has time to relax. Relaxation times of 

dopes are of the order of 1 second. Drawing is characterized by the draw ratio 

(DR), which is the ratio of the take-up velocity at the godet to the extrusion 

velocity, or equivalently, the ratio of the cross-sectional areas of the drawn jet 

vs. the spinneret, respectively. DR is ca. 10 in dry jet-wet spinning and 0.5–3 in 

wet spinning (Ziabicki, 1976, Fink et al., 2001). Extrusion throughput, and 

thus extrusion velocity, depends on extrusion pressure and viscosity of the 

solution (11c). Therefore, a spinning dope must have a sufficiently low viscosi-

ty. However, low viscosity also promotes relaxation, which is also undesirable, 

so an optimum in terms of viscoelastic properties has to be found (Hummel et 

al., 2016). The titer of the fiber is (Equation 9): 

 

 (9) 

 

where T is the titer, DR is the draw ratio, ρ is the density of the dope, w is the 

mass concentration of cellulose in the dope, r0 is the spinneret radius and s is a 

correction factor for contraction on drying; for Lyocell, s = 2 (Kong and Eich-

horn, 2005). The drawing action occurs in the air gap (Figure 11g), because the 

jet in the air gap is the most pliable part of the spinline. In isothermal condi-

tions, draw is uniform across the air gap, so that the stress is spread evenly and 

the shape of the filament follows an exponential function. However, because 

the air gap is cooler than the spinning temperature, the jet cools as it traverses 

T = sρwπr0
2DR

−1
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the air gap, and stress is concentrated on the upper, less viscous part of the jet. 

The thermal quench when entering the bath terminates the drawing action. 

Given that the DR fixes the initial and final diameter, the shape of the jet is a 

function of the extrusion velocity: a thicker jet is formed with a higher 

throughput because of the larger heat flow required (Petrie and Denn, 1976, 

Mortimer and Péguy, 1996b). 

Some of the orientation also occurs in the spinneret (Figure 11d–e), depend-

ing on its aspect ratio. However, because concentrated polymer solutions are 

partially elastic, compressing them in the inlet cone (11d) into capillary (11e) 

causes them to store elastic energy and re-expand on exit, a phenomenon 

called die swell (11f). Die swell partially cancels the orientation gained in the 

capillary. Because the jet diameter is enlarged, the true draw ratio is higher 

than the technical draw ratio calculated from spinneret diameter (Ziabicki, 

1976, Fink et al., 2001, Mortimer and Péguy, 1996a, Mortimer and Péguy, 

1996b).  

Desolvation (Figure 11h) in Lyocell spinning is a spinodal, rather than a nu-

cleated process (Biganska and Navard, 2003, Biganska and Navard, 2008). In 

a spinodal phase separation, the system is not metastable and even small mi-

croscopic perturbations lead to phase separation. The desolvation occurs im-

mediately at the diffusion front, and does not require formation of crystal 

seeds or other nuclei as in many types of physical solidification. Consequently, 

the crystals formed are very small in lateral direction and largely retain their 

axial dimensions from solution. This structure is responsible for the high 

strength of Lyocell fibers (Fink et al., 2001, IUPAC, 2006). On a molecular 

level, two processes occur: hydrophobic and nontraditional hydrogen bonds 

re-form between the cellulose surfaces, forming sheets, and the polar hydrox-

yl-solvent bonds are broken, in case of ILs removing the association between 

the hydroxyl and the anion (Liu et al., 2011). 

The final structure forms on drying, when the water of hydration is removed 

(Figure 11j) (Ziabicki, 1976).  The orientation of dry fiber does not start at zero; 

in Lyocell, it can be as high as 70% at draw ratio 1, increasing to ca. 90% at 

higher draw ratios (Coulsey and Smith, 1996). The orientations of the jet and 

the final fiber are correlated precisely with each other even if spinning parame-

ters are changed. The relationship is logarithmic (R2 > 0.99), although practi-

cally nearly linear in drawn fibers (Mortimer and Péguy, 1996b). 

1.8.7 Filament breach mechanisms 

Ideally, spinning is a steady-state process stable over arbitrary lengths of time. 

However, the stability of spinning can be disturbed by many mechanisms: co-

hesive fracture, capillary waves, melt fracture, draw resonance, telescopic frac-

ture, shark-skin and stick-slip. Spinning where the rate of rotation of the godet 

is fixed is dynamically unstable, because random disturbances have the poten-

tial to produce overthinned sections that stretch further and become points of 

failure. However, for polymer solutions, random disturbances are partially 

damped because stretching increases Trouton viscosity (Stibal et al., 2001). 
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Cohesive fracture limits the thinning of the jet and thus DR and fiber fine-

ness. Cohesive fracture is initiated when the jet (Figure 11g) is stretched so thin 

that the true stress exceeds the tensile strength of the material. Spinning sta-

bility can be evaluated with the maximum thread length (x*) for a jet drawn 

from the liquid. The cohesive fracture-limited thread length x*coh depends on 

the product of viscosity and velocity, thus is spinning the pertinent variables 

are DR, ve and cooling rate in the air gap: x*coh increases with ve and reaches a 

maximum (Ziabicki, 1976, Fisher and Denn, 1976). Capillary waves are waves 

that travel on the surface of the jet (Figure 11g) and are amplified by surface 

tension. When their amplitude approaches the thickness of the jet, necking 

occurs and eventually the jet breaks into drops. For spinning dopes, which are 

highly viscous, the capillary wave-limited thread length x*cap is proportional to 

the ratio of surface tension to viscosity (γ/η) and decreases with extrusion ve-

locity (ve), spinneret radius (r0) and the deformation gradient (A). Together, 

cohesive fracture and capillary waves define an envelope x*(ve) < min{x*coh(ve), 

x*cap(ve)} where the thread length x* quickly reaches a maximum due to 

x*coh(ve) and then linearly decreases with increasing extrusion velocity and/or 

viscosity due to x*cap(ve) (Ziabicki, 1976, Fisher and Denn, 1976). 

A telescope breach is caused by a difference in speed between the core and 

the shell of the jet. In wet spinning, a telescope breach is initiated when the 

drawing force fractures the solidified skin (Figure 11h) and exposes the fluid 

inner core, which continues deforming until break. Telescope breach occurs at 

a particular DR and does not depend on other parameters (Gries et al., 2011). 

In shark-skin and stick-slip, the strength of the material is exceeded at the 

spinneret inner wall (Figure 11e), causing a surface fracture as in shark-skin, or 

cycle between fracture and smooth flow as in stick-slip. This is a surface effect 

and depends on the stiffness of the dope, which is controlled by temperature, 

composition, polymer molar mass and polydispersity (Bertola et al., 2003, 

Meulenbroek et al., 2003, Mather and Wardman, 2011). 

Melt fracture is an effect caused by an excessively high deformation gradient 

inside the spinneret between the fluid and the wall (Figure 11e). The defor-

mation will be partially elastic, loading the jet (Figure 11f–g) with elastic ener-

gy. Small instabilities cause small bending or twisting torques, which are am-

plified by the stored elastic tensions. The jet is twisted into an irregular spiral. 

The process is analogous to the transition from laminar to turbulent momen-

tum transport in bulk flow; it is not a fracture or surface effect despite the 

name. Melt fracture is a function of the shear rate and thus dependent on ex-

trusion velocity and spinneret diameter. The onset of melt fracture occurs at 

Weissenberg number Wi = 5–8, where Wi = γ̇ × trelax is the product of the shear 

rate γ̇  and the relaxation time trelax (Petrie and Denn, 1976, van Saarloos, 

2003, Bertola et al., 2003, Meulenbroek et al., 2003). 

Unlike the previous failure modes, which are specific to a particular step 

(Figure 11), draw resonance affects the whole spinline from extrusion to godet 

(Figure 11f–i). Draw resonance is cyclical. In the initial part of the cycle, there 

is a partial failure or overstretch of the spinline (Figure 11g). The damaged 

section travels to the rollers (11i), where it yields. This reduces the drawing 
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force applied to the jet near the spinneret (11g), producing an over-thickened 

section of filament. In the final part of the cycle, this over-thickened section 

stretches less at the godet (11i), and applies excessive force to the jet (11g). This 

causes another partial failure of the jet, restarting the cycle. The filament di-

ameter fluctuates at a period consistent with the residence time of the filament 

in the spinline. In the viscose process, the wavelength is 3.5–12 m, the period 

is 60–64 s and the amplitude is 3–33%, leading to an increased scatter in the 

filament titer and streakiness of the produced fabric (Serkov and Skorobogat-

ykh, 1995). Draw resonance occurs at a limiting DR, which decreases with the 

power law index: it is DR = 20 for n = 1, but only DR = 3 with the power law 

index n = 0.33. To get DR > 20, the fluid must be extensionally strain-

hardening, implying n > 1 (Fisher and Denn, 1976, Serkov and Skorobogatykh, 

1995, Renardy, 2006, Renardy, 2007, Mather and Wardman, 2011). 

1.9 Fractionation by selective precipitation 

Besides production of fibers from conventional chemical pulp, the possibility 

of producing dissolving pulp by fractionation of wood dissolved in an ionic 

liquid is researched in this thesis. A new biorefinery fractionation process 

should achieve the same or better results as currently used pulping processes 

with respect to selectivity, yield, molar mass, consumption of reagents and 

energy and emissions. Preferably, not only cellulose, but both lignin and hemi-

cellulose should be made into sellable products (Upfal et al., 2005, Sixta, 

2006). Ionic liquid-aided fractionation (ILAF) presents a possible opportunity 

with respect to green chemistry, because ILs are solvents rather than reagents. 

Ionic liquid-aided fractionation can be done either heterogeneously by extrac-

tion, or homogeneously by full dissolution followed by precipitation. Results 

from various IL treatments are listed in Tables 5–6. 

1.9.1 Solubility of biomass in ionic liquids 

Wood is partially soluble in ionic liquids, depending on the IL and species 

(Kilpeläinen et al., 2007, Sun et al., 2009). A high Kamlet-Taft β promotes 

cellulose solubility and lignin extraction (Doherty et al., 2010). The ILs 

[bmim]Cl, [emim]OAc and [amim]Cl are good solvents for biomass. At a load-

ing of 5%, solubility of wood in [bmim]Cl is 58–69% depending on species. 

98.5% of red oak (Quercus) and Southern yellow pine (Pinus) dissolves in [em-

im]OAc, and sugarcane bagasse (Saccharum) dissolves completely (Fort et al., 

2007, Lee et al., 2008, Kilpeläinen et al., 2007). Ionic liquid treatment has 

been researched usually for saccharification (Lee et al., 2008, Doherty et al., 

2010). For this purpose, the measure of success is in saccharification yield, and 

full dissolution is not needed; decrystallization suffices. 

While technical lignins such as kraft lignins are soluble in ionic liquids, (Lee 

et al., 2008, D’Andola et al., 2008, Xin et al., 2012) they are depolymerized 

and functionalized lignins, and thus not good analogues for native lignin. Not 

all native lignins dissolve completely. Ball milling does render wood soluble 

(Leskinen et al., 2011, Leskinen et al., 2013), but it is infeasibly energy-
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intensive. In Publication II, native silver birch (Betula pendula) is found to be 

markedly difficult to dissolve in [emim]OAc: a kneaded mixture remains 

grainy and 7% of wood is retained in the filter cake after filtration. 

1.9.2 Heterogeneous lignin extraction 

In extraction or heterogeneous fractionation (Table 5), crystalline cellulose 

stays undissolved as P1 and lignin and hemicellulose dissolve. The lignin frac-

tion (P2) is then precipitated from the solution. Delignification improves sac-

charification yield (Diedericks et al., 2012). Alkylsulfate ILs, which dissolve 

lignin but not cellulose, have been used for lignin mobilization above the glass 

transition temperature of lignin (>160 °C). Upfal et al. extracted lignin from 

bagasse with the xylenesulfonate IL solution [emim]XS/H2O (ξ = 1), to give a 

"pulp" with 7–9% lignin (Upfal et al., 2005). 

Lignin is also extracted by [bmim]MeSO4 (Doherty et al., 2010, Brandt et al., 

2011), [mmim]MeSO4 (Shamsuri and Abdullah, 2010), [bmim]HSO4 (Brandt 

et al., 2011), [bmim]Br (Yu et al., 2011) and [bmim]OAc (Doherty et al., 2010). 

This is not purely a physical extraction because hydrolysis reactions occur 

(Upfal et al., 2005, Upfal et al., 2007, Diedericks et al., 2012). Alternatively, 

the hydrolysis can be accomplished at lower temperature (100 °C) with 7% 

H2SO4 as a catalyst (Diedericks et al., 2012). 

Table 5. Examples of heterogeneous lignin extractions for biomass. 

IL / antisol-
vent 

Conditions Species Solu-
ble % 

P1 % 
yield1 

P1 % 
lignin2 

P2 % 
yield1 

Delig-
nifica-
tion %6 

Comment Reference 

[emim]XS 
acetone 

<6.7%, 150–
160 °C, 2 h, 
filt. in acetone 

Sugar-
cane 
bagasse 
(Sac-
charum)  

n.d. 56 7.2 26 
n.i.3 

71 ξ = 1 for 
hydrolysis 

(Upfal et 
al., 2005, 
Upfal et al., 
2007) 

[TBA]XS 
acetone 

n.d. 50 8.7 n.d.4 68 IL loss 
52% 

[emim]XS 
NaOH, HCl 

10%, 170–190 
°C, ½–2 h 

n.d. 55–45 9–3% 14.4–
21.5 

58–86 lignin 
sulfonated 

(Tan et al., 
2009) 

[bmim]OAc 
NaOH 5%, diluted to 

1.7%, 90 °C, 
24 h 

Maple 
(Acer) 

n.d. n.d. n.d. n.i.3 493 
lignin ex-
traction & 
sacchari-
fication 

(Doherty et 
al., 2010) 

[bmim] 
MeSO4 
NaOH 

n.d. n.d. n.d. n.i.3 193 

[mmim]-
MeSO4(aq) 
0.5 M 
MeOH 

100 °C, 2 h, 
P2 pt. with 
MeOH 

Rubber-
wood 
(Hevea 
brasili-
ensis) 

21.5 78 n.d. 
(165) 

13 515 8.5% 
remains in 
solution 

(Shamsuri 
and Abdul-
lah, 2010, 
ECN, 2003) 

[bmim]-
MeSO4(aq) 
MeOH 

10%, 120 °C, 
2 h, 20% H2O 

Miscan-
thus 
giganteus 

n.d. 90 19.3 6 27 6% glu-
cose loss 

(Brandt et 
al., 2011) [bmim]-

HSO4(aq) 
MeOH 

as above n.d. 72 14.9 12 44 27% gl. 
loss 

as above 
except 22 h 

n.d. 44 1.9 45 93 60% gl. 
loss 

[bmim]Br 170 °C, 2 h, 
P2 pt. with 
water 

Pine 
(Pinus) 

75 25 6 n.d. 78 8% EtOH, 
4% H2O 
in IL 

(Yu et al., 
2011) 

[bmim] 
Me-
SO4/7%H2

SO4 water 

10%, 100 °C, 
2 h 

Bagasse 
(Sac-
charum) 

n.d. 58 13 n.d. 32 autohy-
drolyzed 
with 83% 
yield 

(Diedericks 
et al., 2012) 

1) yield per original dry wood; 2) composition percent; 3) not isolated, estimated from solution; 4) not de-

termined; 5) assuming a lignin content of 25.5% (ECN, 2003) and all removed lignin being in P2; 6) the 

degree of delignification defined as XL = 100% – wP1/w0, where  wP1 and w0 are the lignin contents in P1 

and the original biomass 
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In these conditions, all of the polymers are degraded. Liquefaction is possible 

to up to 100%, with loss of glucose (Brandt et al., 2011, Yu et al., 2011). In par-

ticular, yield losses occur at high temperatures: comparing 165 °C and 185 °C, 

P1 yields are 69% and 49%, respectively (Li et al., 2011). Also, carbohydrate-

derived pseudolignin is formed (Tan et al., 2009). The results suggest that hy-

drolysis-extraction is likely to be too damaging to the polymers for material 

applications. Also, the ionic liquid may react: lignin from [emim]XS treatment 

contained 9% xylenesulfonate (Tan et al., 2009). Similarly, lignin treated with 

various alkyl and hydroxyalkylammonium hydrogen sulfate ILs contains sulfur 

despite extensive washing (George et al., 2015). 

1.9.3 Homogeneous fractionation 

In homogeneous fractionations (Table 6), the biomass is dissolved into a ho-

mogeneous solution in ILs such as [bmim]Cl, [emim]OAc and [amim]Cl, and 

fractions are precipitated with antisolvents. Sun et al. (2009) dissolved red oak 

(Quercus) and Southern yellow pine (Pinus) in [emim]OAc. A cellulose-rich 

fraction (P1) was precipitated first using acetone-water and separated by filtra-

tion. Then, the acetone was evaporated from the liquid filtrate, which led to 

the precipitation of a small lignin fraction (P2). Finally, the ionic liquid is con-

verted by metathesis into [emim]HSO4, causing the precipitation of more lig-

nin (residual solution fraction, RS) (Sun et al., 2009). In other studies, Fort et 

al. (2007), Lee et al. (2008) and Li et al. (2011) recover P1 but not P2 for pine 

(Pinus), poplar (Populus), eucalyptus (Eucalyptus), maple (Acer) and sugar-

cane bagasse (Saccharum). Acetone-water appears to be the best antisolvent, 

and water alone does not cause fractionation. While it improves the result, 

adding NaOH  to water adds new electrolytes, complicating IL recovery. At low 

treatment temperature (80–130 °C), P1 yield is high (40–83%), but delignifi-

cation is modest (11–38%) with a residual lignin content of 8.8–23.5%. Sub-

stantial delignification (60–81%) is only achieved with a long reaction time (70 

h) or high temperature (>175 °C) (Table 6). Leskinen et al. found that by ball 

milling, a fraction with only 6% lignin is recovered at 33% yield by first precip-

itating much of the lignin with MeCN (Leskinen et al., 2011, Leskinen et al., 

2013). However, ball milling is too energy-intensive for scale-up. 
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Table 6. Examples of homogeneous ionic liquid fractionation methods for biomass. 

IL / antisol-
vent 

Conditions Species Solu-
ble % 

P1 % 
yield1 

P1 % 
lignin2 

P2 % 
yield1 

Delig-
nifica-
tion %6 

Comment Reference 

[bmim]Cl 
acetone-
water, 
DCM or 
ACN 

5%, 15% 
DMSO, 100 
°C, 24 h, chips 

Pine 
(Pinus) 

68 47 

low 
(NMR) 

21 
n.i.3 

n.d.4 

 

(Fort et al., 
2007) 

Poplar 
(Populus) 

69 50 19 
n.i.3 

 

Eucalyp-
tus 

65 42 24 
n.i.3 

 

Oak 
(Quercus) 

58 40 18 
n.i.3 

 

[emim]OAc 
NaOH 

5%, 90 °C, 1.5 
h 

Maple 
(Acer) 

n.d.4 83 15 8.8 
n.i.3  

11  

(Lee et al., 
2008) 

130 °C, 1.5 h n.d.4 73 8.8 n.d.4 38  

90°C, 70 h n.d.4 74 3.2 n.d.4 81  

[amim]Cl 
NaOH 5%, 80 °C, 

24h 

n.d.4 >603 n.d. 10 
n.i.3  

n.d.4 

solubility 
test only [Bzmim]Cl 

NaOH 
n.d.4 >203 n.d. 3.8 

n.i.3 
n.d.4 

[emim]OAc 
acetone-
water 

5%, 110 °C, 
16 h 

Southern 
yellow 
pine 
(Pinus) 

98.5 52 23.5 10 26 36% loss 

(Sun et al., 
2009) 

8%, 110 °C, 
16 h 

46.3 n.d.4 9.3 n.d.4 71 diluted to  
3.7% 

5%, 110 °C, 
16 h 

Red oak 
(Quercus) 

98.5 n.d.4 15.5 n.d.4 35  

[emim]OAc 
acetone-
water 

5%, DMSO to 
filter, 175 °C, 
½ h 

Southern 
yellow 
pine 
(Pinus) 

92 42 16.1 n.d.4 49 higher 
temp. 
worse 

(Li et al., 
2011) 

110 °C, 16 h 

Sugar-
cane 
bagasse 
(Sac-
charum)  

~100 61 20.0 n.d.4 12  

165 °C, 10 min 97 69 14.9 n.d.4 34  

175 °C, 10 min ~100 63 9.0 n.d.4 60  

185 °C, 10 min ~100 55 6.0 n.d.4 74  

185 °C, 15 min ~100 49 4.7 n.d.4 79  

NaOH pre-
treatment, 185 
°C, 10 min 

~100 66 4.8 n.d.4 79 15% 
NaOH, 60 
°C, 4 h 

[amim]Cl 
MeCN, 
H2O 

ball-milled; 
4%, 110 °C, 
120 h 

Spruce 
(Picea 
abies) 

ca. 
100% 

537 45 33 777 P2 con-
tains 6% 
lignin 

(Leskinen 
et al., 2011, 
Leskinen et 
al., 2013) 

1) yield per original dry wood; 2) composition percent; 3) not isolated, estimated from solution; 4) not de-

termined; 6) the degree of delignification defined as XL = 100% – wP1/w0, where  wP1 and w0 are the lignin 

contents in P1 and the original biomass; 7) lignin-rich precipitated as P1 by MeCN, so XL defined based 

on P2 
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2. Aims of the thesis 

Dissolution of biomass into an ionic liquid-aided could be potentially utilized 

for converting wood into textile fibers, by ionic liquid-aided fractionation 

(ILAF) to give cellulose, which is dissolved, the solution extruded and drawn, 

the cellulose coagulated into a firm gel and dried into textile fibers. However, 

ILAF has not been evaluated in the context of producing dissolving pulp. The 

process of coagulation has been scarcely studied, and the influence of the IL on 

spinning stability and fiber properties remains an unsolved question. Thus, 

this thesis aims to answer the following research questions: 

 

 Does wood fractionate by dissolution-precipitation in an ionic liquid, 

and if so, can the fractionation be improved by pretreatment? 

 

 How are the solvent properties of cellulose-dissolving ionic liquids af-

fected by the addition of water? 

 

 What happens when the ionic liquid-mixed polymer solution or fiber is 

coagulated with an antisolvent? 

 

 Can we produce textile fibers by dry-jet wet spinning cellulose-ionic 

liquid solutions? If so, which failure modes delimit the spinning enve-

lope? 
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3. Materials and methods 

3.1 Preparation of solutions 

The ionic liquids employed are shown in Figure 12. [Emim]OAc (98%) was 

purchased from IoLiTec and used as is. [TMGH]OAc and [DBNH]OAc were 

prepared by protonation of the bases (TMG and DBN, 99%) with acetic acid 

(99.8%) (King et al., 2011). NMMO·H2O was prepared by hydration of NMMO 

and recrystallization from wet acetone (VanRheenen et al., 1978). 6% 

LiCl/DMAc was prepared by dissolution of anhydrous LiCl to dimethylacet-

amide at 90 °C. 

 

 

Figure 12. The ionic liquids and cellulose solvents employed in this study. 

Ionic liquid solutions of pulp (dopes) were prepared from oven-dry Eucalyptus 

urograndis pulp (prehydrolysis-kraft, 93% cellulose I, Mw 269 kg mol–1, poly-

dispersity 3.4, Bahia Speciality Cellulose, Brazil). 1% solutions were prepared 

by magnetic stirring. 500 g batches of 5–20% solutions were prepared with a 

vertical kneader (b+b Gerätetechnik, Germany) with an anchor blade (Figure 

13), although smaller quantities (250 g) of IL dopes were prepared with a IKA 

HKD-T 06 kneader with interlocking double blades. Vacuum (50 mbar) was 

applied to remove entrained air bubbles. The viscosity increased when dissolu-

tion proceeded, and the end of dissolution was observed by viscosity remain-

ing constant. For [DBNH]OAc, [TMGH]OAc and 1% solutions in LiCl/DMAc 

and [emim]OAc, direct mixing by slowly (1 h) adding the pulp was sufficient. 

For concentrated [emim]OAc solutions, solvent exchange with acetone fol-

lowed by evaporation of the acetone under vacuum was employed, because on 
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direct mixing, [emim]OAc and pulp tended to form clumps with an undis-

solved center. NMMO solutions were prepared by evaporation of water from a 

mixture of pulp and 50% NMMO water solution, to give a solution with 1.1 

equivalents of water per NMMO (verified by Karl Fischer titration with a Met-

tler-Toledo volumetric KF titrator). Spinning dopes were filtered through a 5 

µm filter (Ymax2, GKD, Germany) at 80 °C with 2 MPa pressure (Figure 13). 

The dopes were stored protected from moisture. 

 

 
 

Figure 13. Vertical kneader with an anchor blade (opened) and the small high-pressure filtration 

system with filter mesh, support mesh, teflon piston, cylinder and end plate visible. 

Rheological characterization of the dopes was done with a frequency sweep 

(0.1–1000 s–1) with 1% strain at 60–130 °C as applicable with an Anton Paar 

Physica MCR 300 rheometer. In a frequency sweep, the plate is in sinusoidal 

rotational oscillation with constant maximum strain, which allows the dynam-

ic moduli and complex viscosity to be measured at different frequencies. Zero-

shear viscosities were determined with the Cross model (Cross, 1965). The 

Cross model describes shear-thinning fluids whose viscosity tends towards a 

constant (η0) at low shear rates, according to equation 7 (page 20). 

[TMGH]OAc dopes were gelatinous and the Ostwald-de Waele power law 

model (equation 6, page 19) was used. Master curves were constructed by 

time-temperature superposition (Sammons et al., 2008). Time-temperature 

superposition allows to extend the angular frequency range towards lower fre-

quencies at a chosen standard temperature (e.g. 70 °C), by shifting the curves 

collected at high temperatures (e.g. 120 °C) to the standard temperature. 

3.2 Solvent parameters 

Kamlet-Taft solvent parameters of the ionic liquids were measured as a func-

tion of temperature (20–100 °C in steps of 5 °C) and water content (0–40%). 

The IL-water mixtures were prepared gravimetrically with a precision of ±0.2 

percentage units. The parameters were determined with Reichardt's dye, N-

diethyl-4-nitroaniline and 4-nitroaniline (Figure 5) in concentrations of 1.1, 

0.24 and 0.27 mmol g–1, respectively (Doherty et al., 2010, Kamlet et al., 
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1983). The UV-vis absorbance spectra were obtained with a Varian UV-vis 

spectrometer with a wavelength resolution of 1 nm. However, the peak wave-

length λmax could be located more accurately by fitting a Gaussian function 10–

30 nm around the peak (Figure 14). The peak maxima were linear functions of 

temperature, with a precision of 0.05–0.09 nm for the fit of λmax(T). The pa-

rameters were calculated with Equations 1–4, resulting in the uncertainties of 

±0.008, ±0.001, ±0.001 and ±0.003 for ET(30), π*, α and β, respectively. Pro-

tonation of RD and loss of the characteristic absorption peak was observed 

only for 40% water in [TMGH]OAc. 

 

 

Figure 14. UV-vis spectra of Reichardt's dye in dry [TMGH]OAc and Gaussian fits to maxima. 

3.3 Regeneration of dilute cellulose solutions 

For nephelometry, partially regenerated mixtures were prepared by hydration 

of an anhydrous cellulose-IL solution with water at room temperature. The 

mixtures were homogenized with an Ultra-Turrax high-shear mixer rotating at 

10,000 rpm, air bubbles were removed by centrifugation with 10,000g for 10 

min and the mixtures were re-mixed manually if phase separation had oc-

curred. Turbidity was measured with a backscatter nephelometer (Analite 

Model 156, McVan Instruments) with a black polyethylene cuvette instead of 

the standard light shield. Rheological measurements were done with an Anton 

Paar Physica MCR 300 rheometer with plate-on-plate geometry (25 mm flat 

plates). A dynamic frequency sweep from 0.1 to 1000 s–1 at 1% strain and 25 °C 

was conducted for each sample. Additionally, the sol-gel transition point was 

determined for [TMGH]OAc-water mixtures with a temperature sweep from 

20 to 100 °C in 2 °C intervals with an angular frequency of 0.428 s–1 and 1% 

strain. 
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3.4 Gel rheology of partially hydrated dopes 

Discs of dope (diameter 10 mm, 2 mm thickness) were cast and hydrated 

overnight with a measured amount of water (0.5–5 molar equivalents). The 

discs were trimmed to remove any bulges that had formed, and pressed be-

tween the serrated plates (Anton Paar PP 25/P2, 0.5 mm serrations) of the 

rheometer. The samples were left to relax until the normal force stabilized to 

20–25 N. The rheological moduli-strain curves were obtained with amplitude 

sweeps from 0.1 to 1000% strain at 1 Hz and 15 °C. An amplitude sweep 

measures the strength of a gel: the plate is set to oscillate with an increasing 

amplitude, and once the amplitude exceeds the elastic limit, the gel begins to 

deform plastically and eventually fractures (Yang et al., 1986, Sammons et al., 

2008, Castro et al., 2010, Walls et al., 2003). There are multiple possible defi-

nitions for "gel strength", such as the crossover point or end of linear viscoe-

lastic range (Walls et al., 2003). However, in this study, the yield point σy,s, 

was chosen as the "gel strength". The elastic stress is defined as σs = G'γ, and 

the yield point σy,s is defined as the first local maximum of G'γ, where G' is the 

storage modulus and γ is the strain (Yang et al., 1986). Resilience is the elastic 

energy density below the yield point, and it is calculated as the integral of the 

stress-strain curve from 0 to the yield point. However, the experiment was 

conducted in shear, therefore the yield point (shear strength) σy,s and shear 

resilience Us were converted to ultimate tensile strength σt and tensile resili-

ence Ut with the von Mises relation: σt = σy,s√3 and Ut = Us√3 (Castro et al., 

2010). 

3.5 Diffusion of water and IL in dope 

For determination of the diffusion constant of water (Dw) hydrating the dope, a 

micrographic method was used (Biganska and Navard, 2005). A drop of dope 

was pressed between microscope slides, then water was injected into the re-

maining space surrounding the dope. The progress of the hydration front was 

monitored by digital microphotography with a Leica CTR MIC microscope at 

5x magnification. The resolution was 1.1025 µm px–1 as calibrated against a 1 

mm graticule. 10 minutes of data was used. Equation 10 was used to calculate 

Dw from the distance-time curve d(t): 

 

  
(10)

 
 

For determination of the diffusion constant of IL (DIL) diffusing in the hydrat-

ed dope, a stirred-bath method was employed (Gavillon and Budtova, 2007). 

Molar conductivities were determined with Kohlrausch's law. A disc of the 

dope (2 mm by 20 mm) was immersed in a magnetically stirred water bath 

inside a protective metal cage. The conductivity of the bath was monitored 

with an Orion Model 150 conductometer until diffusion was complete (3–6 h). 

The Dw and DIL experiments were repeated also for NMMO for confirmation 

and comparison.  

d(t) = 4
√
π

√
Dwt
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A flat disc is assumed to exhibit effectively one-dimensional diffusion, be-

cause the lateral concentration gradients can be ignored and there is no gradi-

ent over the center plane. DIL is a function of the solvent-phase water content 

excluding solid, Xw. The problem of calculating this function DIL(Xw) from the 

proportion of IL exuded (XIL,e(t)) is an ill-posed problem and does not have a 

well-defined analytic solution. However, it can be solved by assuming a func-

tion DIL(Xw). First, using the Dw value, the water content map Xw(x, t) is calcu-

lated as a function of distance within the disc x and time t. The general one-

dimensional diffusion equation is: 

 

  (11) 

 

Equation 11 is discretized and solved numerically with the ode23tb solver in 

MatLab with 100 elements. The one-dimensional linear differential for an in-

terval Δx is (equation 12): 

 

  (12) 

 

where Di-½ and Di+½ is are diffusion constants halfway between discrete points 

i–1 and i, or i and i+½ and Xi–1, Xi and Xi+1 are concentrations at points before, 

at and after the current point, and Δx is the distance step. The Xw(x, t) map is 

converted into a DIL(x, t) map using the assumed function DIL(Xw). Then, the 

diffusion equation system is solved in the same way for the IL as for water 

(equation 12) to give the map XIL(x, t). Integration of XIL(x, t) over x gives the 

amount of IL remaining in the disc as a function of time t, and its complement 

is the amount exuded into the bath XIL,e(t). The parameters for DIL(Xw) are 

solved by least-squared fitting. 

The same procedure can be used to simulate diffusion in a filament. Howev-

er, because the diffusion is two-dimensional, this requires a radial differential 

(equation 13) instead of a linear differential (equation 12): 

 

  (13) 

3.6 Fractionation of wood by selective precipitation 

Birchwood (Betula pendula) was milled to <125 µm using a Wiley mill and 

Soxhlet extracted with acetone, optionally autohydrolyzed, dissolved in [em-

im]OAc, and the solution fractionated by precipitation with acetone-water. 

Materials remaining in the filter and in the solution after precipitation were 

also captured and analyzed. Commercial sawdust with an average particle size 

of 1.63 mm was used for comparison. 
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3.6.1 Autohydrolysis 

Birch meal was autohydrolyzed with P-factors (isothermal reaction times in 

hours at 100 °C) of 500 and 1500 with a liquid-wood mass ratio of 4:1. The 

temperature of 170 °C was reached over 70 minutes, then autohydrolysis was 

continued until the target P-factor was reached (Lin, 1979, Sixta et al., 2006). 

3.6.2 Solvent fractionation 

Oven-dried native or autohydrolyzed wood meals (25 g) were mixed with 

[emim]OAc (475 g) in a vertical kneader (60 rpm, 100 °C, b+b Gerätetechnik) 

to give a 5% mixture. Undissolved material was separated with a high-pressure 

filter (8.7 MPa, 100 °C, a stack of a nominal 1 µm and a Ymax2 filter, GKD, 

Germany) to give a wood solution and a cake of IL-wet undissolved material. 

The solution was fractionated with a method (Figure 15) adapted from Sun 

(Sun et al., 2009). In each precipitation step, homogenization with an Ultra-

Turrax high-shear mixer (12000 rpm) was followed by centrifugation (3000g, 

10 min) and decantation to separate the solids. A cellulose-rich raw precipitate 

1 (P1) was precipitated with three parts acetone-water (1:1 v/v) to one part 

wood solution and washed with the same volume of acetone-water. Raw P1 

was washed six times with water and the washwaters collected and concentrat-

ed. A lignin-rich precipitate 2 (P2) was obtained from the IL-acetone-water 

solution by evaporation of the acetone and washing the precipitate twice with 

water. 

 

Figure 15. The ionic liquid-aided fractionation process and the fractions collected (gray text: 

fraction not considered in this study). 
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Finally, the ionic liquid was removed from the undissolved wet cake (UD), IL 

residual solution (RS) and washwater concentrate (WW) by titration with 

HNTf2. HNTf2 causes a three-phase separation into a solid precipitate, an ace-

tic acid-water phase and a hydrophobic [emim]NTf2 phase, which can be pi-

petted off: 

 

[emim]OAc(aq) + HNTf2(aq) → [emim]NTf2(l) + HOAc(aq) (14) 

 

Therefore, UD, RS and WW fractions all result in one aqueous and one solid 

fraction for each (UD-AQ and UD-S, etc.) The solid fractions were freeze-dried 

for analysis. 

3.6.3 Analysis of fractions 

Lignin content was determined with Klason hydrolysis and quantitation of 

acid-soluble lignin (ASL) by its UV-vis absorbance at 280 nm. First, the 

ground sample was hydrolyzed for 1 hour in 72% sulfuric acid at 30 °C, then 

the acid was diluted to 4% and the sample hydrolyzed for 1 hour at 125 °C 

(Sluiter et al., 2008). For liquid samples (UD-AQ, RS-AQ and WW-AQ), only 

the second hydrolysis step was conducted. Cellulose and hemicellulose con-

tents were calculated according to Janson's formulae from sugar contents ob-

tained by HPAEC-PAD analysis of the Klason liquors (Janson, 1970). Acetate, 

furfural and hydroxymethylfurfural contents were determined by HPLC. Ace-

tyl content may be determined from the acetate content only for P1 and P2, 

whereas UD, RS and WW fractions contain acetic acid originating from the 

ionic liquid (equation 14). 

Wide-angle X-ray scattering (WAXS) was done in perpendicular transmis-

sion geometry. The scattering of Cu Kα radiation from a Seifert ID 3003 X-ray 

generator with a Montel multilayer monochromator was recorded with a 

MAR345 image plate detector (Penttilä et al., 2010). The holocellulose in P1 

was isolated by delignification with the acid chlorite method (Wise et al., 

1946). The birch holocellulose was additionally treated with ethylenediamine 

to ensure decrystallization (Yamamoto et al., 2011). The samples were dis-

solved in LiCl/DMAc and the molar mass distribution was determined with gel 

permeation chromatography (GPC) with a Dionex Ultimate 3000 system with 

PLgel MIXED-A columns and a refractive index detector. 
13C CP/MAS NMR spectrometry was conducted in wet samples with a Bruker 

Avance DPX300 spectrometer (13C 75.45 MHz) with a spinning rate of 4 kHz. 

For solution-state NMR, P2 was acetylated with acetic anhydride/pyridine (1/1 

ml to 100 mg, (Lin and Dence, 1992)) and quantitative 13C NMR spectra were 

recorded with a Varian Unity Inova 600 spectrometer (13C 150 MHz). Reso-

nances were assigned according to Lin and Dence and Capanema et al. (Lin 

and Dence, 1992, Capanema et al., 2005). However, the lignin was still insolu-

ble in THF, and was further acetylated with acetyl chloride in 6% LiCl/DMAc. 

The acetylated sample was dissolved in THF, and GPC (with THF as the elu-

ent) was done with Agilent Styragel HR-5E and HR-1 columns connected in 
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series, in an Agilent system with refractive index (RI) and UV-vis diode array 

detectors (DAD). 

3.7 Fiber spinning 

Filament spinning of the dopes (13% or 15% for [emim]OAc) was done using a 

Fourné Polymertechnik piston-powered extrusion and spinning system (Fig-

ure 16) with a Enka Tecnica monofilament spinnerets (100 µm, capillary as-

pect ratio 0.2 or 2). Extrusion was at a flow rate of Ve = 0.017–0.075 ml min–1 

(velocity ve = 2.12–9.55 m min–1) at 70 °C for [DBNH]OAc and [emim]OAc 

dopes and at 90 °C for [TMGH]OAc dope. NMMO dopes for comparison were 

spun at 95 °C. The air gap was 1 cm and regeneration was in a 15 °C bath. A 

guide at 15 cm depth led the filament through another guide out of the bath 

and onto a godet couple that rotated at v1 = 5–38 m min–1, corresponding to 

draw ratios (DR) 0.6–7.5. (NB! Due to a bug found after publication in the 

spinning machine software, the extrusion velocities and draw ratios in the 

original prints of the articles are incorrect. The correct value for Ve is 1.67 

times, for DR 0.6 times, the published value.) The filaments were removed 

from the godet, washed in cold (5 °C) and hot (50 °C) water and air-dried in 

50% relative humidity at 23 °C. Attempts to spin [emim]OAc dopes with the 

100 µm spinneret and a 15 mm cylinder were not successful. Spinning for [em-

im]OAc was done with a 250 µm spinneret and a larger cylinder (42 mm) over 

a 3 cm air gap into a bath at 45 °C with Ve = 0.5 ml min–1 (ve = 10.2 m min–1) at 

DR 1.05–2.98 (v1 11–30 m min–1). 

 

 

Figure 16. Extrusion of a single filament into a water bath over an air gap. 

Determination of titer (T, linear density) and the measurement of the stress-

strain curves (σ(ε)) was done according to BISFA methods (BISFA, 2004). A 

Lenzing Vibroskop–Vibrodyn system with a 20 mm measurement length was 
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used at 50% relative humidity and 23 °C. 10 samples were measured, such that 

curves for incidental or jaw breaks with <5% elongation (<10% for wet tests) 

were discarded. The stress-strain curves (σ(ε)) had well-defined elastic and 

plastic regions in dry tests and a single region in wet tests. The proportional 

limit (εp) and elastic modulus (E) were calculated with an automated MatLab 

script written by the author with reference to the ASTM standard 

D2256/D2256M (ASTM International, 2010). The resilience (U) was calculat-

ed with equation 15: 

 

  (15) 

 

Birefringence was measured with the Berek compensator method. Titers (T) 

were measured for three samples with the vibroscope and the diameter (ds) 

calculated assuming a density of 1.5 g ml–1. For each, the retardation (Γ) was 

measured in triplicate from a selected spot with a Leica B 5λ tilting compensa-

tor,  and the birefringence Δn calculated with equation 16: 

 

 (16) 

 

The reference point for 100% orientation was Δn = 0.062 (Lenz et al., 1994). 

 

U =
1
2

Eε2
p

∆n =
Γ

ds
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4. Results and discussion 

4.1 Kamlet-Taft solvent parameters 

In Publication I, the Kamlet-Taft parameters of [emim]OAc, [TMGH]OAc, 

[TMGH]EtCOO and NMMO are measured as a function of water/IL stoichio-

metric ratio ξ (Figure 17) and temperature (20–100 °C). The dipolari-

ty/polarizability ratio π* increases with addition of water at a similar rate for 

all solvents. The ET(30) polarity and hydrogen-bonding acidity α go through a 

maximum and reach an approximate plateau. The hydrogen-bonding basicity 

β decreases approximately linearly with water content. The effect of tempera-

ture is minor: only RD is significantly thermochromic, with a temperature co-

efficient of +(0.2–0.3) nm/K . For DENA and NA, the coefficients are only 

–(0.02–0.07) nm/K . Consequently, KT parameters change little: across 20–

100 °C, ET(30) is decreased by 1.2–2.7 kcal mol–1, π* by 0.15 and α by 0.05 

units, and β is increased by 0.02 units. 

 

 

Figure 17. Kamlet-Taft parameters as a function of water stoichiometry ξ at 80 °C (Publication 

I); (lit.) from Doherty (2010). © American Chemical Society 2012 
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In Publication I, the concept of "net basicity" is introduced. For ionic liquids, β 

and α are mainly although not exclusively affected by the contributions of the 

anion and the cation, respectively. The difference β–α is an estimate of the 

"residual" basicity once acidity has been accounted for. β–α and β are roughly 

correlated but not fully dependent, as for example hydroxylated ILs exhibit a 

lower β–α than their β would suggest (Figure 18). For prediction of dissolution 

of cellulose in an ionic liquid, a limit of Kamlet-Taft basicity β > 0.80 appears 

to be sufficient, based on our own observations described in Publication I and 

literature data (Doherty et al., 2010, Fukaya et al., 2008, Brandt et al., 2010, 

Zhang et al., 2010a, Ohno, 2010, Fukaya et al., 2010, Ohno and Fukaya, 2009, 

Swiderski et al., 2004, Chiappe et al., 2006, Hayashi et al., 2007). The ILs 

[emim]OAc, [TMGH]OAc, [TMGH]EtCOO and NMMO∙H2O are cellulose sol-

vents, while NMMO∙2H2O is not. [DMAPH]EtCOO (4-dimethylaminopyridi-

nium propanate) is the most basic nonsolvent with β = 0.79 (as measured by 

the author).  A solvent window is identified at β > 0.80 and β–α > 0.35 (Figure 

18). This is physically reasonable because of the mechanism of dissolution: the 

solvent must form strong hydrogen bonds to the cellulose hydroxyls, and the 

solvation must not be disrupted by hydrogen bonding acidity of the solvent. 

While ILs in general fulfill both the β > 0.80 and β–α > 0.35 criteria, there are 

many molecular solvents that have β > 0.80 but β–α < 0.35. Of these, 2-

methyl-2-butanol (π* = 0.40, α = 0.28, β = 0.93) and pyrrolidine (π* = 0.39, α 

= 0.16, β = 0.70) are in the solvent window, but their polarity (π*) is too low 

(Stenutz, 2011). The same limit was also obtained from its computational gas-

phase basicity: [DMAPH]EtCOO and [TMGH]OAc are the most basic nonsol-

vent and the least basic solvent, respectively (Parviainen et al., 2013). This is 

further supported by the observation (further in this thesis) that [TMGH]OAc 

is a poor solvent with a gelatinous solution state for cellulose. 

 

Figure 18. Net basicity β–α vs. β for different ionic liquids (Publication I). © American Chemical 

Society 2012 

In spinning, regeneration occurs by desolvation, which is not symmetrical with 

dissolution. There are IL-water mixtures that cannot dissolve cellulose, but if 

the same amount of water is introduced to a solution, the mixture remains 

visibly clear. This is particularly apparent for [TMGH]OAc and 

[TMGH]EtCOO. The physical basis can be found from the different mecha-

nisms. Dissolution is caused by the formation of anion-cellulose hydroxyl hy-

drogen bonds, disintegration of cellulose I crystals and dispersion of the solv-
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ated cellulose. Acidic antisolvents such as water disturb this process. First, 

they form hydrogen bonds with the anion, effectively diluting the IL with a 

nonsolvent, the IL hydrate. Second, the highly polar environment in the IL 

increases the acidity of water, which interferes with dissolution. Change of 

acidity with solvent is a common phenomenon; e.g. hydrogen fluoride is a 

weak acid in water but a strong acid in glacial acetic acid (Clayden et al., 2001). 

In desolvation, the existing cellulose-solvent hydrogen bonds must be broken. 

As the cellulose is already in solution, small increases in water content only 

reduce the solution quality, causing aggregation of the polymer chains, but not 

full desolvation. Full desolvation requires a molar excess to fully hydrate the IL 

and the cellulose, and consequently, the threshold for visible regeneration is 

higher than the threshold for being a nonsolvent in dissolution. 

In terms of Kamlet-Taft parameters, the initial increase in acidity with water 

content is seen as an initial spike in KT α below ξ = 0.5, followed by a gentler 

change at higher water contents (Figure 17c). This is found for all ILs, although 

it is very weak for [emim]OAc. The change occurs at ξ < 1, showing that the 

rule of ideal mixtures is violated. The apparent hydrogen bonding acidity of 

water is modified by the IL. The same effect has been observed for molecular 

solvent-water mixtures (Tada et al., 2000, Silva et al., 2007) and ionic liquids 

(Khupse and Kumar, 2011) and is attributed to microheterogeneity, preferen-

tial solvation of the dye by the IL-water complex, specific solute-solvent inter-

actions and synergism between the IL and the molecular solvent (Khupse and 

Kumar, 2011, Sato et al., 2010). Even if the effect is taken as evidence of the 

preferential solvation of the dye by the IL-water complex, the phenomenon 

may still be considered relevant for cellulose dissolution because if such pref-

erential solvation also occurs between the cellulose I surface in native cellulose 

and the IL hydrate, it may hinder dissolution with substoichiometric amounts 

of water. 

In contrast, the decrease of β is monotonic. The anion is the species that has 

the strongest bond to water, and the linear drop of β vs ξ reflects the dilution of 

the IL with the less basic IL hydrate. In order to account for the additional 

acidity not seen in β alone, the difference β–α is introduced. In Figure 19, β–α 

is plotted against β for water-IL mixtures. Coagulation, as observed by turbidi-

ty, occurs at β ≤ 0.80. In contrast, ability to dissolve cellulose is already hin-

dered earlier, which is correlated with β–α < 0.35. [TMGH]EtCOO and 

[TMGH]OAc become nonsolvents because their net basicity is decreased by 

water already at low water contents. The net basicity of [emim]OAc, which can 

tolerate ξ = 1 water, is retained even between ξ = 1 and 2. In terms of turbidity, 

TMGH+ IL-cellulose solutions remain clear until the mixture is well outside 

the solvent window. For [TMGH]OAc and [TMGH]EtCOO, the basicities at the 

appearance of turbidity are still rather high, β = 0.70 and β = 0.87, respective-

ly, while their β–α = 0.04 and β–α = 0.20, respectively, are well outside the β–

α solvent window. Therefore, for a solvent, the water content threshold for 

dissolution can be substantially lower than the threshold for regeneration: the 

low net basicity β–α of a hydrated IL prevents decrystallization of cellulose I, 

whereas for coagulation, a low β is required to desolvate cellulose, which is 
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thermodynamically equivalent to an inability to dissolve amorphous cellulose. 

For this, the solvent must be diluted by the hydrate to the degree that there are 

no unoccupied solvent molecules left. 

 

Figure 19. Effect of the increase of water content on the β–α of IL-water mixtures; drop lines are 

thresholds of regeneration from nephelometry (Publication I). © American Chemical Society 
2012 

4.2 Coagulation of cellulose from solution 

Coagulation of cellulose from water can be considered in different stages de-

pending on the added water/IL stoichiometry ξ. In the first stage, water is hy-

drogen bonded by the IL. The free anions are first saturated by hydration and 

then water starts to form water aggregates solvated in the mixture (Liu et al., 

2011). On the surface of the cellulose molecule, water dislodges the anions 

from the surface and hydrates the hydroxyl groups of cellulose. This disrupts 

the cellulose solvate making it stiffer, allows chain-chain bonds to form and 

causes the formation of cellulose aggregates (Kuzmina et al., 2010). This phe-

nomenon can be observed rheometrically with the damping factor (tan δ). For 

[emim]OAc (Publication I) and [DBNH]OAc (Sixta et al., 2015), the damping 

factor increases to a maximum at ξ = 0.5, then falls rapidly until ξ = 1.3–1.5 

(Figure 20). 

 

 

Figure 20. Damping factors (—–) and turbidities (- - -) of 1% IL solutions of cellulose as a func-

tion of water content at 80 °C (Publication I, (Sixta et al., 2015). 
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The storage modulus G', which is related to the stiffness and hydrogen-bond 

crosslinking of cellulose solvate, increases. The loss modulus G", which is af-

fected by the dilution of the free IL with water into a lower-viscosity solvent, 

decreases. Together, the effect is a tan δ peak followed by a rapid drop in tan δ 

at  ξ > 1. 

 

Figure 21. Gel resilience as a function of water stoichiometry ξ  in 13% dopes at 15 °C (Publica-

tion IV). © Royal Society of Chemistry 2015 

The formation of aggregates at ξ = 0.5 can be seen in elastic resiliences of all 

ILs studied with amplitude sweeps in Publication IV, [DBNH]OAc, [emim]OAc 

and [TMGH]OAc (Figure 21). They go through a minimum, caused by a rapid 

drop in yield strain from 200–400% to 100% with only moderately increasing 

strength. In this "valley", the translational symmetry of the solution is broken 

by the formation of cellulose aggregates. The material now yields at the inter-

faces of aggregates, which makes it stiffer and more brittle. In the remaining 

liquid, the IL is diluted by the IL hydrate, which lowers the viscosity. The effect 

is the strongest for [emim]OAc, which loses much of its resilience at ξ = 0.5. 

This "valley" effect does not occur for NMMO, which gains resilience immedi-

ately and linearly, suggesting it is unique to ILs. 

 

Figure 22. Gelatinization of 1% cellulose in [emim]OAc between ξ = 1.301 and 1.689 (indicated 

by arrow) observed with dynamic viscosity in steady shear at 25 °C (Publication I). 
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In the next stage, after the drop in tan δ, a continuous cellulose network forms 

and a solidification occurs. The loss modulus G" falls rapidly and the storage 

modulus G' rises to a peak at ξ = 1.6–3.0 depending on the IL. The transition 

from a liquid into a gel obeying a power-law viscosity function can be observed 

in a steady shear experiment (Figure 22). 

The gel gains its maximum strength at this stage at a ξ = 1.0–2.5 (Figure 23). 

The behavior of the different dopes is highly idiosyncratic. NMMO∙H2O dope 

gains most of its strength already below ξ = 0.5, while [TMGH]OAc first gains 

little strength below ξ = 0.5, then strengthens rapidly to ξ = 1.0. [DBNH]OAc 

and [emim]OAc require as much as ξ = 2.0 to gain their strength and then 

weaken. The likely explanation is the relative acidity of water in each solvent. 

An increase in the hydrogen bonding acidity of the solvent mixture is required 

to dislodge IL molecules from the cellulose, which is mildly acidic while the ILs 

are mildly basic. Supporting this, the KT α of [emim]OAc is lowest and in-

creases the least with addition of water (Figure 17). Visual turbidity, as meas-

ured with a nephelometer, appears after ξ = 2.2–3.1 and does not seem to be 

correlated with rheological response or spinnability (Figure 20, Publication I). 

Turbidity is caused by aggregates reaching a size sufficient for diffuse scatter-

ing of visible light (Kuzmina et al., 2010). 

 

  

Figure 23. Gel strengths of 13% dopes as a function of water stoichiometry ξ (Publication IV). © 

Royal Society of Chemistry 2015 

Once solidification is complete, the remaining stage is the leaching of the IL 

out from the gel. This does not appear to change the strength significantly 

(Figure 23), because most of the strength is due to the formed polymer net-

work. At the final stage, the washed incipient filament is dried, wherein the 

still-hydrated structure collapses forming a solid that becomes the fiber. The 

mechanical properties of this solid depend on the solution state, and thus on 

the choice of ionic liquid (Publication IV; Table 7). 
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4.3 Fiber spinning from different solvents 

The question of spinnability obviously requires fiber spinning experiments. In 

Publication IV, demonstrative spinning was conducted for 13% solutions at 

spinning temperatures where the viscosity at the cross-over point is roughly 

similar (Table 7). Spinnability was good for [DBNH]OAc (DR 4.5), but poor for 

[TMGH]OAc (DR 1.2). [TMGH]OAc fibers could be taken up and fibers collect-

ed, but there would be a break within seconds. Spinning of 15% [emim]OAc 

dope was not achievable with a 100 µm spinneret, but it could be spun up to 

DR = 2.9 with a 250 µm spinneret. With a 100 µm spinneret, [emim]OAc incip-

ient filament underwent an obvious skin rupture in the bath, causing a necking 

deformation several centimeters long, which would extend and break. Addi-

tion of ξ = 0.5 or ξ = 1.0 water to bypass the region of low resilience of [em-

im]OAc dope at ξ = 0–1 did not help: a simple break occurred. Insight into 

these results is obtained by measurements on diffusion and rheology in the 

sections below. 

Table 7. Highest draw ratios obtained in spinning experiments with different solvents (Publica-
tion IV). 

Spinning 
solvent 

d0 
[µm] 

Textr 
[°C] 

Tbath 
[°C] 

DRmax 
 

Titer 
[dtex] 

Tenacity 
[cN tex–1 ] 

Strength 
[MPa] 

Modulus 
[GPa] 

[DBNH]OAc 100 70 15 4.5 3.0 ± 0.9 38.5 ± 8.4 578 ± 126 21.7 ± 1.6 

NMMO∙H2O(1 100 95 15 6.2 3.7 ± 0.7 31.2 ± 6.6 468 ± 99 20.5 ± 3.4 

[TMGH]OAc 100 80 15 1.2 15.5 ± 0.9 10.9 ± 1.1 164 ± 17 6.9 ± 1.5 

[emim]OAc 250 90 45 2.9 44.4 ± 1.7 13.9 ± 1.6 209 ± 24 4.9 ± 0.8 

1) spun in multifilament mode 

4.3.1 Diffusion profiles 

In order to find if diffusion explains the spinnability differences, the solvents 

were compared with respect to the speed of diffusion of water into the dope 

and diffusion of IL out from the dope. Diffusion of water into the dope follows 

an equation with constant diffusivity (Equation 10, Figure 24) (Crank, 1975, 

Gavillon and Budtova, 2007). This is because the hydration of the solid dope–a 

heterogeneous process–is the rate-limiting step, and determines the speed of 

the observed diffusion front. Even so, the diffusion of water is still significantly 

faster (1–7 times faster in terms of apparent diffusion constants) than the dif-

fusion of IL. 

 

Figure 24. Diffusion of water into the dopes (Publication IV). © Royal Society of Chemistry 2015 
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Table 8. True diffusion constants (in 10–11 m2 s–1) and fitted dimensionless parameters for equa-
tion 17 (Publication IV). 

IL Dwater DIL,i DIL,f a b DIL,apparent 

[DBNH]OAc 15.5±0.13 91.1 5.50 22.99 1.37 2.25 

[emim]OAc 5.61±0.05 44.1 19.9 301.7 1.30 5.68 

[TMGH]OAc 13.64±0.06 18.9 20.2 0.0100 20.6 4.66 

NMMO∙H2O 27.10±0.26 70.9 16.1 65.63 1.99 5.38 

 

The diffusion constant of ionic liquid (DIL) in the hydrated dope is a function of 

the water content. Constant-DIL functions do not fit the data, which has been 

obtained at a higher precision with the conductometric method than earlier 

data in the literature (Biganska and Navard, 2005, Liu and Hu, 2006, Gavillon 

and Budtova, 2007). Furthermore, earlier authors have only calculated the 

apparent diffusion constant, instead modeling the system with true diffusion 

constants. While finding the function DIL(Xw) for the true diffusion constant as 

a function water content is an ill-posed problem, solutions can be generated by 

assuming an empirical function and fitting its constants to the data (Equation 

17): 

 

  (17) 

 

where H(X) is the Heaviside step function, DIL,i and DIL,f are the ionic liquid 

diffusion constants at Xw = 0 and Xw = 1, respectively, and a and b are positive 

dimensionless constants found by least-squares fitting, and the 0.001 term is 

for numerical stability. Empirically, unless DIL is constant, b ≠ 0. The functions 

for different ILs obtained by least-squared fitting are shown in Figure 25 and 

the constants for Equation 17 in Table 8. 

  

 

Figure 25. Ionic liquid diffusion constants as a function of water content (Publication IV). © 

Royal Society of Chemistry 2015 

The diffusion constants computed from the DIL(Xw) functions are compared to 

the data from the "diffusion from disk" experiments in Figure 26. For NMMO, 

Liu and Hu (2006) measured the "initial" (DNMMO,i = 7 × 10–10 m2 s–1) and "ap-

parent" diffusion constants (DNMMO = 4–8 × 10–11 m2 s–1) with a spinning appa-

ratus, and our result for NMMO is in good agreement with theirs (DNMMO,i = 7.1 

× 10–10 m2 s–1 and DNMMO = 5.38 × 10–11 m2 s–1). However, the true final diffu-

sion constant is DNMMO,f = 1.61 × 10–10 m2 s–1, which significantly higher than 

DIL(Xw) = H(Xw − 0.001)
(
(DIL,i − DIL, f )

e−aXb
w − e−a

1 − e−a + DIL, f

)
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the apparent diffusion constant. The waiting time for the diffusion of water 

into the dope, which activates the diffusion of the IL, accounts for the low val-

ue of the apparent diffusion constant DNMMO measured by previous authors. 

Considering how the waiting time appears on the curve XIL(t) compared to the 

model with constant DIL, the degree of diffusion is smaller in the initial stage, 

which is seen in the data but which the constant-DIL model cannot reproduce. 

 

 

Figure 26. Progress of the diffusion of the ILs from dopes into a bath (Publication IV). © Royal 

Society of Chemistry 2015 

Diffusion constants depend on the microviscosity of the medium, and thus 

serve as indicators of structure, which does change with water content and the 

identity of the dope. The gelatinous polymer network that forms during regen-

eration comprises most of the resistance to diffusion. The IL molecules are of 

roughly similar size according to their molecular geometry, thus the differ-

ences come from the structure of cellulose itself. For the good spinning sol-

vents [DBNH]OAc and NMMO (see section 4.3 "Fiber spinning from different 

solvents", page 57), the fully hydrated gel has a substantially higher resistance 

than the initial state (Figure 25). This implies the formation of a dense, col-

lapsed polymer structure from a loose, well-solvated solution, implying they 

are "good solvents". Whereas, for the bad spinning solvent [TMGH]OAc, DIL 

does not change, which implies that the polymer network is already in place 

and the dope is gelatinous both in the initial state and throughout the regener-

ation. Indeed, [TMGH]OAc dope is found to be gelatinous by rheometry, and 

is a "bad solvent", i.e. with a poor, unstable molecular dispersion. The time-

scale of the failure, in seconds, suggests that the breach is due to a draw reso-

nance, because gelatinous dopes are susceptible to draw resonance (Fisher and 

Denn, 1976, Serkov and Skorobogatykh, 1995). The [emim]OAc dope, which 

has poor spinnability, does have a small initial drop in DIL, but then DIL is 

again constant, similarly to [TMGH]OAc dope. The lack of spinnability even 

with ξ = 0–1 water suggests that [emim]OAc/water dope is practically gelati-

nous and has the same problem as [TMGH]OAc: it cannot be stretched be-

cause of a potential draw resonance (Fisher and Denn, 1976). However, it re-

mains to be explained why ξ = 0 [emim]OAc dope is difficult to spin, which is 

addressed by analysis of the radial resilience distribution (below). 
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4.3.2 Simulation of the strengthening of filaments 

In spinning, stability is maintained preferably by elastic deformation following 

perturbations, rather than plastic deformation, which tends to amplify insta-

bilities by e.g. draw resonance or necking followed by cohesive fracture. Elastic 

deformation of a partially solidified dope is quantified by the gel resilience, i.e. 

the elastic energy density of the gel. The gel resilience data from offline meas-

urements (Figure 21) combined with the water diffusion constants (Table 8) 

enables the simulation of the radial and axial resilience distribution in the in-

cipient filament. The incipient filament is modeled as a cylinder immersed in 

water, and the water content distribution is converted into a resilience distri-

bution with data from Figure 21. The time is readily converted into the equiva-

lent depth in the bath on the spinline given the takeup velocity. The resilience 

distribution for [emim]OAc incipient filament is shown in Figure 27. 

 

 

Figure 27. Simulated gel resilience distribution in regeneration of [emim]OAc incipient filament 

(Publication IV). © Royal Society of Chemistry 2015 

Radial integration of the resilience distributions for each time point gives the 

simulated fiber resilience as a function of time and equivalently immersion 

depth (Figure 28). The strengths of the filaments increase monotonically, 

which alone would imply stable spinning.  

 

 

Figure 28. Simulated incipient filament strengths (thin lines) and resiliences (thick lines) for 

different dopes (Publication IV). © Royal Society of Chemistry 2015 
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The poor spinnability of [emim]OAc dope is explained by the radial distribu-

tion of the resilience. Breaks of a cylinder are initiated at the center (Chen et 

al., 2010). When the incipient filament enters the bath, the weak region where 

ξ = 0.5 and resilience is at minimum moves inwards behind the hydration 

front, until the core is reached (Figure 27). At this point, the core fails and be-

gins to deform, which initiates a telescope-type breach. This is what is ob-

served in practice for [emim]OAc in spinning experiments. Compared to other 

solvents, [emim]OAc dope is much more susceptible to this instability because 

of its extreme drop in resilience at ξ = 0.5 (Figure 21). 

 

 

Figure 29. Birefringence of fibers spun from different solvents (Publication IV). © Royal Society 

of Chemistry 2015 

The simulation (Figure 28) is done without assuming orientation and assum-

ing the Cox-Merz rule is valid. Neither assumption is strictly true. The Cox-

Merz rule is likely to hold for relatively small rates of deformation, which occur 

in the initial step of a disturbance in the spinline, although it will not hold for 

high rates of deformation wherein relaxational effects become important. Ori-

entation in the jet is known to increase spinning stability, because at interme-

diate rates of deformation, orientation increases the Trouton ratio in the event 

of a small disturbance, which provides damping action (Stibal et al., 2001). 

Also, while the rheology of the dope has been studied using oscillatory sweeps 

at low deformation, extensional rheometry at high rates of deformation would 

be necessary to simulate the jet. Therefore, measurements of the actual orien-

tation of the jet would be ideal. While the measurement of orientation in the 

jet would require special equipment (Mortimer and Péguy, 1994), the birefrin-

gence of the final dry fibers is easily accessible (Figure 29). The differences 

between solvents are apparent. The rate of orientation increase is the same, 

but fibers from good solvents ([DBNH]OAc and NMMO) have a high orienta-

tion already at DR 1. Fibers spun from 15% cellulose solutions in [emim]OAc 

have a uniform structure, but their intrinsic initial orientation is low. Even 

though the drawing action does increase the orientation, it does not and will 

never reach the levels seen in good solvents. [TMGH]OAc fibers have a non-

uniform structure with no preferred direction for reaction to polarized light, 

thus Δn = 0, showing that [TMGH]OAc dope is a gelatinous poor solution as it 

is not oriented mechanically in spinning. Thus, although for [TMGH]OAc the 

simulation suggests sufficient strength for spinnability, its high-shear rheology 
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is unfavorable for spinning. Its maximum DR = 1.2 shows that as a gel it can 

tolerate only a small deformation before rupture. 

The dry-wet modulus ratio (DWMR), first suggested by Coulsey and Smith 

(1996) as a measure of orientation, correlates with the orientation of amor-

phous domains. The amorphous regions are swelled by water, which decreases 

their modulus, while the crystalline regions do not swell and their modulus 

does not change. If the amorphous regions are unoriented, many of them are 

on the load path and the modulus is changed a lot with wetting. If the amor-

phous regions are oriented with the crystallites, a greater proportion of the 

load path consists of crystallites, and the modulus is changed less with wetting. 

DWMR of the fibers is presented in Figure 30. The same pattern emerges as in 

birefringence: [emim]OAc and [TMGH]OAc are very different from 

[DBNH]OAc and NMMO. Therefore, consideration of  the orientation reveals a 

new failure mode that the simulation does not yet suggest. The result confirms 

that bad solvent gives fibers with a poor orientation, which negatively affects 

both spinning stability and fiber properties. 

 

 

Figure 30. Dry-wet modulus ratios of fibers spun from different solvents (Publication IV). © 

Royal Society of Chemistry 2015 

4.4 Fiber spinning envelope for [DBNH]OAc 

Given that spinnability of [DBNH]OAc dope is established, it is necessary to 

conduct a process stability study (Publication III). The benchmark, the 

NMMO-based Lyocell process has been extensively characterized in the litera-

ture (Mortimer and Péguy, 1996a, Mortimer and Péguy, 1996b, Mortimer et 

al., 1996, Fink et al., 2001). In Publication III, [DBNH]OAc was spun with a 

100 µm spinneret with extrusion temperature Textr = 70 °C and extrusion ve-

locity ve, draw ratio DR, bath temperature Tbath and guide rotation were varied. 

4.4.1 Spinning envelope 

For [DBNH]OAc, a spinning envelope (Figure 31) was constructed from differ-

ent extrusion velocities (ve) and draw ratios (DR). With the experimental mon-

ofilament setup employed, 1–2 min of spinning was required for the collection 

of a sufficient quantity of fiber sample. Wherein this was not possible, the (DR, 

ve) point was defined as unstable for the purposes of this study. The envelope 

is limited by the godet speed on the left, by cylinder pressure at the top (ve < 
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0.075 ml min–1) and by actual spinning stability to the right. The minimum 

godet velocity of the machine is v1 ≥ 5.0 m min–1, thus jets extruded at low ex-

trusion velocities cannot be drawn at speeds corresponding to low draw ratios 

(white region marked <5.0 m min–1 in Figure 31). At 0.017 ml min–1, takeup 

was difficult and the fiber broke in the bath. Cohesive filament breaks between 

the second guide and the godet limited the envelope at 0.033–0.067 ml min–1, 

although the shape of the envelope suggests a contribution from capillary 

waves (Ziabicki, 1976, Gries et al., 2011). 

 

 

Figure 31. Spinning envelope for [DBNH]OAc: circles are sampled points, white dashed lines 

indicate takeup velocities (Publication III). © Springer Verlag 2014 

Although longer times than 1–2 minutes would be required to establish spin-

ning stability, a realistic process stability study requires a multifilament setup. 

Also, the intrinsic stability of a multifilament setup is higher than that of the 

monofilament setup employed here. However, this consumes significantly 

larger quantities of the expensive IL, whereas the goal of this study was to 

quickly screen a variety of different spinning conditions with minimal con-

sumption of the IL. 

 

 

Figure 32. Titer vs. draw ratio and extrusion velocity in [DBNH]OAc spinning (Publication III). © 

Springer Verlag 2014 
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Titer (Figure 32) is a reciprocal function of DR (Equation 18) and is not de-

pendent on ve or other factors, consistent with Equation 9: 

 

   (18) 

 

The exponent is –1.00 ± 0.02 if permitted to vary. This is equivalent to an ex-

ponent of –0.50 in terms of fiber diameter, as reported by Kong and Eichhorn 

(2005). This is because T ∝ ds
2 where ds is the fiber diameter; substituting and 

taking the square root yields ds ∝ DR
–0.5. Calculated from the result, the cor-

rection factor for contraction in Equation 9 is s = 1.236 ± 0.013. The result 

holds also for different aspect ratios (L/D = 2.0 and 0.2). This implies the de-

formation is essentially ideal, with the main force from viscous deformation 

rather than skin drag or inertia (Jiang et al., 2012b). Cooling in the air gap 

does not significantly solidify the filament before the thermal quench in the 

bath, as the effect of cooling would be observed as a nonideal thickening of 

filaments (Mortimer et al., 1996, Kong and Eichhorn, 2005). In scanning elec-

tron micrographs, the produced fibers have a circular cross-section as in 

Lyocell fibers, but different from the lobate cross-section of viscose fibers 

(Fink et al., 2001). 

Tenacity increases with draw ratio as expected, reaching 36.8 ± 2.2 cN tex–1 

(552 ± 34 MPa), and does not depend significantly on extrusion velocity (Fig-

ure 33), obeying the relation (Equation 19): 

 

  (19) 

 

where σmax = 39.66 ± 0.84 cN tex–1 (595 ± 13 MPa) and a = 0.31 ± 0.02. Un-

drawn, the tenacity is similar to viscose and when drawn, similar to Lyocell.  

 

 

Figure 33. Tensile strength vs. draw ratio and extrusion velocity in [DBNH]OAc spinning; NB! 

vertical scale flipped for clarity, the wavy surface for illustrative purposes (Publication III). © 
Springer Verlag 2014 

T = (13.88 ± 0.14 dtex)DR
−1

σ = σmax
(
1 − a

DR

)
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Elongation at break is reduced from 14.6 ± 1.7% at DR 1 to 8.2 ± 1.8% at DR ≥ 5, 

which is comparable to Lyocell (Adusumali et al., 2006, Kosan et al., 2008). 

The elastic modulus was similar to Lyocell, up to 23.2 ± 3.1 GPa (1540 ± 200 

cN tex–1). It increased from DR 0.6 to 3.0 but then decreased (Figure 34), 

which suggests that the filament is damaged at high draw ratios, as lateral 

cracks decrease the modulus. This problem may be mitigated by further pro-

cess optimization. The proportional limit was 1.05 ± 0.09% and did not de-

pend on DR and ve, and the resilience was largely constant at 1.10 ± 0.32 MJ 

m–3, also similar to Lyocell (0.8–1.6 MJ m–3) (Gindl et al., 2008a). 

 

Figure 34. Elastic modulus vs. draw ratio and extrusion velocity in [DBNH]OAc spinning (Publi-

cation III). © Springer Verlag 2014 

The total orientation starts high (58 ± 3%), reaches its final value (69 ± 5%) 

immediately and does not depend on ve (Figure 35). The trend is the same, but 

the initial orientation is higher than for NMMO (37%) according to literature 

(Mortimer et al., 1996). Also, beyond DR 0.6, the wet/dry tenacity ratio (76 ± 

28%) and wet/dry elongation ratio (143 ± 49%) do not depend on DR or ve.  

 

 

Figure 35. Orientation of fibers vs. draw ratio and extrusion velocity in [DBNH]OAc spinning 

(Publication III). © Springer Verlag 2014 
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DWMR decreases from 9.2 ± 0.5 to 4.2 ± 0.6 from DR 0.6 to 6.0 (Figure 36), 

which is similar to results in the literature (Coulsey and Smith, 1996). DWMR 

and birefringence data demonstrate that orientation follows the Kratky I limit-

ing case, where solid crystallites embedded in an amorphous matrix (the 

amorphous regions) are oriented by the viscous deformation of the matrix 

(Ziabicki, 1976). 

 

 

Figure 36. Dry-wet modulus ratio of fibers vs. draw ratio and extrusion velocity in [DBNH]OAc 

spinning (Publication III). © Springer Verlag 2014 

4.4.2 Aspect ratio, guide rotation and bath temperature 

Spinning with ve = 0.067 ml min–1 at the spinneret aspect ratio L/D = 0.2 as 

opposed to L/D = 2.0 above is stable only up to DR = 3.0 instead of 4.5. The 

titer, modulus and tenacity are the same for both cases at DR = 3.0, within sta-

tistical significance (Figure 37). A longer spinneret at a given DR does increase 

the orientation from 65 ± 11% at L/D = 0.2 to 72 ± 11% at L/D = 2.0, although 

the difference is not statistically signicant. 

 

 

Figure 37. Tensile strength and modulus vs. draw ratio with spinneret aspect ratio and guide 

rotation varied in [DBNH]OAc spinning (Publication III). © Springer Verlag 2014 
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Because the breaks occur around the second guide, equalizing its linear speed 

by a direct mechanical connection to the godet was tested ("driven guide"), but 

the stability limit did not change: the point of failure simply shifted to the 

bath. 

Increased bath temperature could either accelerate the diffusion or promote 

the relaxation of polymer chains, which have opposite effects on stability and 

fiber strength. Thus, fiber spinning was done at the spinbath temperatures of 

15, 30 and 45 °C (Table 9). The increased temperature interfered with solidifi-

cation and allowed for undesirable polymer relaxation: the DR limit was de-

creased, the tenacities and orientations were lower, and the elongations were 

higher, consistent with a more amorphous, less oriented structure. 

Table 9.  Effect of bath temperature on filament properties (Publication III). 

DR 
 

bath 
[ºC] 

titer 
[dtex] 

tenacity 
[cN tex–1] 

strength 
[MPa] 

elonga-
tion [%] 

modulus 
[GPa] 

resilience 
[MJ m–3] 

orienta-
tion [%] 

0.6 15 24.0±3.0 18.9±2.0 284±30 16.3±2.8 10.4±1.5 0.9±0.3 58±2 

 30 22.8±3.5 16.4±2.3 246±35 28.3±8.5 8.6±1.7 0.7±0.3 42±3 

 45 24.9±3.6 14.0±1.8 210±27 29.0±5.4 7.1±0.9 0.7±0.2 42±3 

1.8 15 7.9±1.2 35.1±4.4 527±66 9.7±1.2 19.7±2.6 1.0±0.2 69±3 

 30 7.6±0.5 24.1±1.7 362±26 12.6±1.4 15.2±2.0 0.9±0.2 60±3 

4.5 15 3.0±0.9 38.5±8.4 578±126 7.9±1.7 21.8±1.5 1.2±0.2 68±3 

4.5 Fractionation by selective precipitation 

The use of ionic liquids for spinning is demonstrated above. However, the pos-

sibility of utilizing the dissolution of cellulose for fractionation of cellulose di-

rectly from wood has been suggested in the literature (Tables 5–6). While their 

results are intriguing, particularly from Sun et al. (2009), unfortunately, the 

balances are not closed: in Sun et al. (2009), 38% of the wood is unaccounted 

for. Washing is offered as an explanation but stands unmotivated because the 

material in the washwater was not recovered. Delignification is also not con-

clusively proven, as there is no Klason analysis of lignin. In Publication II, the 

quantities and identities of the material remaining in solution after acetone 

evaporation, as well as washwaters and filter cake are captured with compre-

hensive Klason and HPAEC analyses. The hypothesis is that the efficiency of 

the fractionation is limited by the difference between the molar masses of cel-

lulose and lignin and possibly the presence of lignin-carbohydrate complexes 

(LCCs). Lignin can be selectively depolymerized with autohydrolysis, thus an 

autohydrolysis pretreatment is done before the ionic liquid-aided fractionation 

(ILAF). 

4.5.1 Fractionation of native birchwood 

Balances of the fractionation process without a pretreatment are shown in Ta-

ble 10 (Publication II). After 30 h of kneading at 100 °C, the dissolution pro-

cess reached a steady state, and all cellulose had been converted to cellulose II, 

as observed by CP/MAS 13C NMR (Isogai et al., 1989, Lennholm and Iversen, 

1995). However, the mixture remained grainy. Filtration proceeded linearly at 

a rate of 0.135 g h–1 cm–2 and resulted in a wet cake that contained 15.3% in-
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solubles per original oven-dry (o.d.) wood. The compositions of the dry matter 

in the filtrate and retentate were not significantly different. Chemical fraction-

ation in the acetone-water precipitation was small: 73.1% of the wood was re-

covered as precipitate 1 (P1), which had a composition of 55.9% cellulose, 

22.7% hemicellulose and 21.0% lignin. All soluble cellulose was found in P1. 

Xylan was mobilized by the IL treatment: washing of raw P1 removed 5.80% 

per o.d. wood of water-soluble material, most of which (88% by composition) 

was xylan. Only 2.28% per o.d. wood was recovered as P2, containing 7.2% of 

lignin input from wood. 8.27% per o.d. wood remained in the solution after 

precipitation of P2, containing more lignin (4.77% per o.d. wood) than P2. 

Overall, fractionation was inefficient for untreated birchwood. It appears the 

molar masses of the polymers do not differ sufficiently in order for them to 

precipitate separately, and LCCs prevent the separation of carbohydrates and 

lignin. 

Table 10. Component balances for fractionation with native untreated birchwood, expressed as 
dry yield per original dry wood (Publication II). 

  Birch Insoluble Precipitate 1 Precipitate 2 Residual Washwater Sum 

Yield 100.00 15.31 73.08 2.28 8.27 5.80 104.73 

Klason lignin 18.24 1.56 12.13 1.37 1.54 0.00 16.60 

ASL 3.09 1.98 3.21 0.18 3.23 0.33 8.93 

Lignin 21.33 3.55 15.34 1.55 4.77 0.33 25.53 

Acetyl 4.31 n.d. 0.33 0.01 n.d. n.d. 0.34 

Glucan 47.78 7.43 40.84 0.40 0.66 0.34 49.67 

Glucomannan 2.46 0.46 1.58 0.02 0.08 0.00 2.14 

Xylan 23.04 3.57 14.51 0.28 2.19 5.13 25.68 

Rhamnose 0.28 0.05 0.00 0.00 0.08 0.00 0.13 

Arabinose 0.30 0.00 0.20 0.01 0.14 0.00 0.36 

Galactose 0.49 0.26 0.27 0.01 0.35 0.01 0.90 

Hemicellulose 26.58 4.33 16.57 0.32 2.84 5.13 29.20 

4.5.2 Fractionation of autohydrolyzed birchwood 

Autohydrolysis was conducted at P-factor 500 with 75% yield, where most of 

the material lost was xylan. Lignin loss was negligible and cellulose loss mod-

erate (Table 11). Autohydrolysed (AH) wood dissolved significantly faster: the 

kneading time was reduced to 12 h. The filtration rate was quadrupled, and the 

amount of insolubles was reduced from 15.3% to only 1.75% per o.d. wood. The 

selectivity of the fractionation was significantly improved: in P1, 64% of lignin 

and 63% of xylan was removed from the original untreated wood, while cellu-

lose yield vs. AH-wood was still preserved (96%). P1 contained 13.6% lignin, 

8.3% hemicellulose and 77.6% cellulose. The yield of P2 increased from 2.3% 

to 3.9% per o.d. wood and its purity increased from 68% to 89%. However, the 

amount of material remaining in the residual solution increased from 8.27% to 

10.07% per o.d. wood, most of which (8.20% per o.d. wood) was lignin. Only 

small amounts of furans were detected. The autohydrolysis decreases the mo-

lar mass of lignin, which facilitates fractionation. Also, lignin-carbohydrate 

complexes (LCCs) survive in the solution state, and their removal by autohy-

drolysis enables better fractionation (Zoia et al., 2011, Lawoko et al., 2009). 

However, the residual lignin content is still higher than in unbleached kraft 



Results and discussion 

69 

pulp, suggesting that the rest of the lignin would need to be removed by chem-

ical depolymerization. 

Table 11. Component balances for fractionation with autohydrolyzed birchwood, expressed as 
dry yield per original dry wood (Publication II). 

  Birch AH-birch Insoluble Precipitate 1 Precipitate 2 Residual Washwater Sum 

Yield 100.00 75.02 1.75 52.78 3.87 10.07 1.96 95.41 

Klason lignin 18.24 18.30 0.32 6.37 3.31 5.35 0.36 15.64 

ASL 3.09 1.77 0.12 0.84 0.13 2.94 0.26 5.60 

Lignin 21.33 20.08 0.43 7.20 3.43 8.20 0.61 21.13 

Acetyl 4.31 0.52 n.d. 0.26 0.02 n.d. n.d. 4.07 

Glucan 47.78 42.71 1.16 40.94 0.26 0.40 0.71 48.55 

Glucomannan 2.46 1.14 0.02 0.56 0.01 0.10 0.02 2.02 

Xylan 23.04 10.38 0.14 3.81 0.15 1.35 0.62 18.72 

Rhamnose 0.28 0.00 0.00 0.00 0.00 0.00 0.00 0.28 

Arabinose 0.30 0.05 0.00 0.00 0.00 0.00 0.00 0.26 

Galactose 0.49 0.15 0.00 0.00 0.00 0.03 0.00 0.37 

Hemicellulose 26.58 11.72 0.16 4.38 0.16 1.47 0.64 21.66 

4.5.3 Chemical characterization of the precipitates 

Carbohydrate molar masses are important for mechanical properties of the 

products. The product, and for comparison, the wood and the autohydrolyzed 

wood were delignified with chlorite (Wise et al., 1946), and the molar masses 

of the obtained holocelluloses were measured by GPC (Figure 38). The peaks 

were deconvoluted and the results confirmed with chemical composition from 

HPAEC. Birch holocellulose contains 48% cellulose, present mostly at over 100 

kDa in a peak with Mw = 583 kDa with a Mw = 3180 kDa tail peak, and hemi-

cellulose of Mw = 34 kDa appears below 100 kDa. Autohydrolysis causes de-

polymerization: the cellulose peak shifts to Mw = 161 with a tail peak at 872 

kDa, and the hemicellulose peak shifts to 22 kDa, so that the peaks largely 

overlap. In P1, the central cellulose peak is retained as a single peak with Mw = 

207 kDa. Essentially all material in P1 is between 10 kDa and 1000 kDa, with 

higher and lower molar masses removed. Thus, while ILAF sharpens the dis-

tribution, selection by molar mass does not seem to explain the fractionation 

fully, and LCCs are likely to contribute. 78% of P1 is glucan according to 

HPAEC, so that the carbohydrate composition is 90% cellulose and 10% hemi-

cellulose, which compares favorably to PHK pulp with 94% cellulose. 

 

 

Figure 38. Molar mass distributions of celluloses isolated from wood, autohydrolyzed wood and 

precipitate 1, with prehydrolysis-kraft pulp for comparison (Publication II). © Royal Society of 
Chemistry 2013 
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As expected, the cellulose in P1 was of low crystallinity and the crystalline ma-

terial was in cellulose II crystal form as confirmed by XRD, while in wood and 

autohydrolyzed wood it was cellulose I (Kilpeläinen et al., 2007). 

The lignin-rich precipitate 2 (P2) was compared by GPC to dissolved wood 

lignin (DWL), which represents native lignin (Figure 39). Although MMDs of 

lignins have notoriously poor reproducibilities, relative comparisons can be 

made between samples analyzed in the same system (Baumberger et al., 

2007). Native lignin has a bimodal distribution, appearing as peaks centered at 

6.0 and 16 kDa in DWL. The low-molar mass fraction is selectively extracted as 

P2 with a peak centered at 4.9 kDa. Analogously, a similar low-molar mass 

fraction can be extracted from autohydrolyzed aspen (Populus tremuloides) 

with 90% dioxane, while condensed and high-molar mass lignin remains in-

soluble (Chua and Wayman, 1979). In NMR, P2 shows changes consistent with 

autohydrolysis (Rauhala et al., 2011, Leschinsky et al., 2008a, El Hage et al., 

2010). Depolymerization by β-O-4 bond cleavage is seen in the decreased 

amount of β-O-4 bonds (from 0.62 to 0.32 per aryl) and increased free hy-

droxyls (0.25 to 0.40 per aryl). Due to β-elimination and homolytic fragmenta-

tion, the amounts of primary and secondary alcohols on the chain are reduced 

from 0.78 to 0.52 and from 0.72 to 0.32 per aryl, respectively. The numbers of 

the stable β–β, methoxyl and phenyl ether bonds do not change. The degree of 

condensation is increased from 1.67 to 2.07, which is still comparatively low. 

Given these favorable properties, P2 would be likely suitable for chemical uses, 

especially as it is sulfur-free (Jin et al., 1990). 

 

 

Figure 39. Molar mass distributions of precipitate 2 and dissolved wood lignin (DWL) observed 

with a refractive index (RI) and a diode array detector (DAD) for nonselective and lignin detec-
tion, respectively (Publication II). © Royal Society of Chemistry 2013 

4.5.4 Effect of particle size and autohydrolysis P-factor 

The wood meal used reduces mass transfer limitations but is too fine (<125 

µm) for a practical process. Instead, commercial sawdust with an average par-

ticle size of 1.63 mm was autohydrolyzed at P-factors 500 and 1500 (Table 12). 

At P500, the larger particle size led to an increase of insolubles from 1.7% to 

4.0%, and a small increase in P1 xylan content, which shows that the larger 

particle size introduces mass transfer limitations. With P1500, this deficiency 

was compensated, with only 1.1% insolubles. Precipitate 2 yield is increased to 

6.1% per o.d. wood and P1 has slightly more ASL. Otherwise, the changes from 

the P500/<125 µm case were surprisingly small. The P-factors used are suffi-



Results and discussion 

71 

cient to break the LCCs, but autohydrolysis alone cannot depolymerize the 

high-molar lignin sufficiently to improve P1 purity. A higher P-factor causes 

only further physical disintegration of lignin. Increased condensation of lignin  

is also expected (El Hage et al., 2010). According to the compositions (Table 

13), P1 is enriched in cellulose relative to hemicellulose and lignin, but due to 

its lignin content, it still cannot directly compete with unbleached PHK pulp. 

Table 12. Fractionation of autohydrolyzed birchwood with autohydrolysis intensity and particle 
size I) P500 / <0.125 mm, II) P500 / 1.63 mm, III) P1500 / 1.63 mm (Publication II). 

   Birch AH-birch Insoluble Precip. 1 Precip. 2 

Yield I 100.0 75.0 1.7 52.8 3.9 

 II  73.2 4.0 53.5 3.5 

 III  69.6 1.1 50.0 6.1 

Klason lignin I 18.2 18.3 0.3 6.4 3.3 

 II  17.3 0.9 6.7 2.1 

 III  20.2 0.4 6.6 5.1 

ASL I 3.1 1.8 0.1 0.8 0.1 

 II  1.7 0.3 1.3 0.3 

 III  1.5 0.1 1.4 0.4 

Lignin I 21.3 20.1 0.4 7.2 3.4 

 II  18.9 1.2 8.0 2.4 

 III  21.7 0.5 8.0 5.6 

Glucan I 47.8 42.7 1.2 40.9 0.3 

 II  44.2 2.0 39.3 0.8 

 III  42.8 0.4 39.0 0.2 

Glucomannan I 2.5 1.1 0.0 0.6 0.0 

 II  1.1 0.0 0.7 0.0 

 III  0.3 0.0 0.0 0.0 

Xylan I 23.0 10.4 0.1 3.8 0.1 

 II  8.9 0.7 5.5 0.2 

 III  4.8 0.1 3.0 0.3 

Hemicellulose I 26.6 11.7 0.2 4.4 0.2 

 II  10.1 0.7 6.2 0.2 

 III  5.1 0.1 3.0 0.3 

Carbohydrate I 74.4 54.2 1.3 45.3 0.4 

 II  54.2 2.8 45.5 1.0 

 III  47.9 0.6 42.0 0.5 

 

Table 13. Compositions of precipitate 1 with I) P-factor P500 / particle size <0.125 mm, II) P500 
/ 1.63 mm, III) P1500 / 1.63 mm (Publication II). 

  I II III 

Lignin 13.6 14.9 13.1 

Cellulose 77.6 73.6 78.0 

Hemicellulose 8.3 11.5 6.1 
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5. Conclusions 

Utilization of ionic liquids (ILs) for synthesis, separation processes and poly-

mer processing has been proposed (Gericke et al., 2012, Plechkova and Sed-

don, 2008, Hummel et al., 2016). Solubility in ILs is higher than in analogous 

conventional solvents (Aerov et al., 2006). Suitable ILs dissolve cellulose to 

give high-concentration (5–20%) dopes for textile fiber spinning (Laus et al., 

2005, Klemm et al., 2005, Laus et al., 2006, Michels and Kosan, 2006, 

Bentivoglio et al., 2006, Kosan et al., 2008, Röder et al., 2009, Jiang et al., 

2012a, Ingildeev et al., 2013, Li et al., 2014, Kimura et al., 2015, Spörl et al., 

2016). In this work, the IL [DBNH]OAc  (1,5-diazabicyclo[4.3.0]non-5-enium 

acetate) was found to be an excellent solvent for fiber spinning (Publications 

III and IV). Furthermore, fractionation of wood by ionic liquided-aided frac-

tionation was studied and appeared to be promising (Publication II). 

Cellulose dissolves in certain ILs because a basic IL anion forms a hydrogen 

bond with its hydroxyls, and the formed complex is dispersed into a solution 

(Anslyn, 2006, Liebert, 2009). Cellulose is regenerated by desolvation with an 

acidic antisolvent such as water. The Kamlet-Taft (KT) hydrogen bonding ba-

sicity β decreases linearly with water content. The KT hydrogen bonding acidi-

ty α has a peak at a water/IL molar ratio ξ < 1, implying a synergistic effect. 

The parameter β–α or 'net basicity' explains the solubility of cellulose in water-

IL mixtures. [TMGH]OAc and [TMGH]EtCOO (1,1,3,3-tetramethylguanidium 

acetate and propanate) become nonsolvents at low (<5%) water contents, as 

their β–α decreases fast with water content, while [emim]OAc (1-ethyl-3-

methylimidazolium acetate) tolerates 10–15% water as its β–α decreases more 

slowly (Publication I). 

In coagulation of cellulose from a spinning dope, the dilution of the IL with 

the IL hydrate causes a minimum in rheological resilience at ξ = 0.5. This is 

particularly severe for [emim]OAc dope (Publication IV). The transition to a 

gel is observed at ξ = 1.6 by rheometry as a rapid drop in the damping factor 

(Publication I). The transition is also observed in the ionic liquid diffusion 

constant (DIL, Publication IV). The IL requires hydration before its diffusion 

can begin, and its diffusion constant (DIL) depends on water content: the sim-

ple constant-DIL model presented in earlier publications is inconsistent with 

the data (Biganska and Navard, 2005, Liu and Hu, 2006, Gavillon and Budto-

va, 2007). For the good spinning solvents [DBNH]OAc and NMMO∙H2O (N-

methylmorpholine oxide monohydrate), the formation of a strong hydrogen 

bonding network is indicated by a rapid fall in DIL with water content at ξ < 2. 
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For the poorly spinnable, gelatinous [TMGH]OAc dope, DIL is constant, which 

implies that the network is already in place and does not change with regener-

ation (Publication IV). In [emim]OAc, the drop in DIL occurs rapidly at ξ < 0.5, 

implying it is a poor solvent. [Emim]OAc "solutions" are indeed microgels 

(Kuzmina et al., 2010). Spinning performance was correlated: [DBNH]OAc 

dopes with 13% cellulose were readily spinnable at 70 °C (DR ≤ 7.5) and 

[TMGH]OAc dope was poorly spinnable (DR ≤ 1.2). Gelatinous dopes are sus-

ceptible to draw resonance, which is consistent with the failure mode of 

[TMGH]OAc (Fisher and Denn, 1976, Serkov and Skorobogatykh, 1995). 15% 

[emim]OAc dope was not spinnable except with a larger spinneret (250 µm). 

Simulations suggest that the region of low gel resilience (ξ = 0.5) reaches the 

core to initiate a telescope breach, which is observed in practice. A good spin-

ning solvent must have a good solution quality. A good solvent is able to gain 

and retain orientation and produce a uniformly tangled polymer network in-

stead of weak inter-aggregate bonds (Publications III–IV), besides the im-

provement of fiber strength by better entanglements (Larson, 1999) and low 

susceptibility to draw resonance (Fisher and Denn, 1976). A low spinbath tem-

perature is necessary: a higher spinbath temperature decreases the maximum 

DR and tenacity due to increased rheological relaxation. 

The good spinning stability and excellent product properties were demon-

strated for dry-jet wet spinning of a 13% [DBNH]OAc dope. Using a small-

scale system with a 100 µm monofilament spinneret, a maximum draw ratio 

(DR,.max) of 7.5 was reached with the extrusion velocity 0.033 ml min–1. The 

asymptotic tenacity was 39.66 ± 0.87 cN tex–1 (592 ± 13 MPa) and the best 

modulus reached 23.2 ± 3.1 GPa at DR 3, which is similar to Lyocell. Higher 

extrusion velocities result in lower DR,max's, except for instability (DR ≤ 3.0) at 

low extrusion velocity (0.017 ml min–1). Orientation approaches 69 ± 5% with 

most gain at DR < 3, and follows the Kratky I case where crystallites are rotated 

in a viscous matrix (Kratky, 1933, Kratky and Platzek, 1939, Ziabicki, 1976). 

According to the fringed-micellar model, higher crystal orientation improves 

strength through better parallel mechanical coupling (Hess and Kiessig, 1944, 

Hess et al., 1957, Hearle and Schawaller, 2011, Ganster et al., 1994). However, 

the mechanical load path should contain the minimum of amorphous globules. 

The orientation of the amorphous domains, which reduces their number on 

the load path, is observed as a decrease of the dry-wet modulus ratio (DWMR) 

with draw ratio, which fell from 9.2 ± 0.5 to 4.2 ± 0.6 between DRs 0.6 and 7.5 

in [DBNH]OAc-spun fibers (Publication III). An analogous process is the 

strengthening of wrought iron by orientation of slag inclusions (Kemp, 1993).  

Birchwood meal (<125 µm) was fractionated according to Sun et al. (2009): a 

cellulose-rich fraction is precipitated from a 5% solution of wood with 1:1 v/v 

acetone-water. Only 93% of native birch dissolved and there was no delignifi-

cation. Autohydrolysis at P-factor 500 was conducted in order to remove hem-

icellulose and depolymerize the lignin. Solubility improved to 98.3%, the he-

micellulose content was reduced to 8.6% and the lignin content to 13.6% (63% 

delignification). An increase of the P-factor from 500 to 1500 allowed for an 

increase of the particle size to 1.63 mm, but delignification did not improve. 
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6. Future outlook 

Studies concerning the Kamlet-Taft parameters and regeneration would bene-

fit from a larger number of IL solvents to compare. Roselli et al. (in press) 

study the effect of water on the KT parameters of [DBNH]OAc. The general 

question of which ionic liquids form good solutions with cellulose, and how 

does the regeneration occur, would deserve further study. Liu et al. have laid 

some groundwork to answering this question by computational means (Liu et 

al., 2010, Liu et al., 2011), and Parviainen et al. (2013) have published results 

of ab initio calculations of basicities with the author, but more comprehensive 

studies including QM/MM, COSMO or related methods could be done with 

supercomputers. Also, small-angle X-ray scattering experiments with a syn-

chrotron beam could reveal more details about structure formation, e.g. con-

firming directly that spinodal decomposition occurs with ILs. For scale-up of 

the spinning process, further stability studies with a multifilament spinneret 

are necessary. The work has been already started by Sixta et al. and a summary 

is available in a D.Sc. thesis by Michud (Michud et al., 2016b, Michud et al., 

2016a, Michud, 2016). The influence of molar mass on the properties and the 

stability of cellulose in the IL has been studied by Michud et al. (Michud et al., 

2015b, Michud et al., 2015a). The question of the recyclability of the solvent is 

beyond the scope of this work. However, Parviainen et al. have simulated 

[DBNH]OAc recovery offline and found an inorganics buildup of 0.1%/cycle 

and a hydrolysis rate of 6–13 mol-% per cycle, highlighting that more research 

to improve recyclability is needed (Parviainen et al., 2015). Ostonen et al. have 

also studied the distillation of [DBNH]OAc (Ostonen, 2017). Finally, the pre-

treatments or post-treatments for the fractionations could be studied further. 

Deb et al. has done some further optimization of autohydrolysis (Deb et al., 

2016). 
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Lignocellulose solutions in ionic liquids 
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Aalto University publication series DOCTORAL DISSERTATIONS 87/2017 

Date of Errata: 9.3.2016 

Publications 3 and 4 

The extruder control software reported incorrect extrusion velocities for the 

small spinning unit (100 µm spinneret). The correct extrusion velocities are 

1/0.6 times larger and the draw ratios are 0.6 times smaller than reported in 

the published prints of Publications 3 and 4. The data displayed in the thesis 

are correct. 
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