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1. Introduction 

The world population has been expanding by 1% annually on average over the 
last fifteen years to reach 7.2 billion today. This increase has had a direct impact 
on food and textile demands, which have been constantly rising also over recent 
years. Growing population prosperity has also become a key factor in driving 
the consumption of goods such as textiles and clothing. The consumption of fi-
bers has strongly been driven by the advanced economies (Japan, Western Eu-
rope and North America), which currently have an annual textile consumption 
of around 25 kg per capita. However, the contribution to the textile consump-
tion of emerging countries such as India, Indonesia, Pakistan, Bangladesh and 
Nigeria (currently 6.5 kg per capita) is expected to strengthen, attaining the level 
of the advanced economies by 2020 due to population prosperity growth (The 
Fiber Year 2015, Haemmerle 2011). Hence, larger fiber production will be 
needed in the coming years. 

 
World fiber consumption attained 93.7 million tons in 2014, corresponding to 
an average textile consumption of 13.1 kg per capita. The 4.1% gain over the 
2013/14 season in the world fiber market reflects the strong growth of man-
made fibers (+4.9% over the 2013/14 season), which amounted to 63.2 million 
tons in 2014. Man-made fibers are represented by synthetic and cellulosic fibers 
that correspond to a share of 90.3% and 9.7%, respectively. Natural fiber con-
sumption (such as cotton, bast and wool) also experienced an increase of 2.5% 
to 30.5 million tons in 2014. However, the natural fiber market, dominated by 
cotton accounting for 80%, has declined by 1.7% since 2010 (The Fiber Year 
2015).  

 
Cotton production is expected to stagnate or even shrink in the coming years, 
due to limited water availability in cotton-growing countries and the reduction 
of arable land in favor of food crops. Moreover, cotton production requires using 
fertilizers and pesticides to increase yield, which weaken the sustainability of 
cotton fibers (Haemmerle 2011, Eichinger 2011). In 2014, cotton production to-
taled 26.4 million tons but is predicted to slightly decline to 26 million tons by 
2030 according to Haemmerle (2011). The same study envisions an annual fiber 
production of 133.5 million tons in 2030, with an estimated demand for cellu-
losic fibers of 44-49 million tons, of which only 26 million tons could be covered 
by cotton (Haemmerle 2011). This future so called cellulose gap cannot be cur-
rently filled with synthetic fibers, as their physiological performance does not 
match the performance of cellulosic fibers.  
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Man-made cellulosic fibers (MMCFs) are the best option to supplement cotton 
and fill the cellulose gap, as they offer similar properties of moisture manage-
ment, providing absorbency and breathability to the body (Haemmerle 2011, 
Eichinger 2011). MMCFs also offer more sustainability than cotton, as the re-
newable resource wood does not compete with the cultivation of food crops and 
does not require any additional fresh water, fertilizer or pesticides (The Fiber 
Year 2015, Haemmerle 2011). In recent years, environmental awareness and so-
cietal considerations have risen, promoting MMCFs over synthetic fibers. 

 
Man-made cellulosic fibers are presently produced mainly by the viscose pro-
cess developed in the late 19th century and the Lyocell process, which emerged 
in the early 1990s as a more environmentally-friendly technology. Viscose fibers 
are the largest commercial type of MMCFs with a global production in 2014 of 
4.8 million tons, accounting for 78% of the total MMCFs production (The Fiber 
Year 2015). Tencel®, which is the trade name of the Lyocell fiber produced by 
the Lenzing Group, amounts to about 220 000 tons per year.  

 
Viscose and Tencel® fibers constitute the best substitute for cotton fibers, as 
they exhibit superior properties of moisture management and softness. They 
support a wide range of end-uses, from traditional apparel to technical textiles 
and non-woven materials (Eichinger, Eibl 1995, The Fiber Year 2015). The pro-
duction of viscose fibers, which has undergone a decline since the emergence of 
synthetic fibers, showed a significant growth at the beginning of the 21st century 
due to increased demand from the developing industry in Asia. Nevertheless, 
the utilization of carbon disulfide as a cellulose derivatizing agent and the for-
mation of highly toxic chemicals and gases in this process (which are harmful to 
labor forces and the environment) have reduced its attractiveness to covering 
the future need of MMCFs (North 2013, Bywater 2011). The Lyocell process, 
employing the direct cellulose solvent N-methylmorpholine N-oxide monohy-
drate (NMMO), is currently the only commercialized alternative to the viscose 
route. The NMMO-Lyocell process represents a more sustainable technology for 
the production of MMCFs, as the nearly-full recovery of the solvent permits a 
closed-loop production process (Harms 2013, Eichinger, Eibl 1995, Coulsey, 
Smith 1995).  

 
Due to several side reactions and by-products formed by the cellulose-NMMO-
water system, the NMMO-Lyocell process requires a stabilizer at a relatively 
high processing temperature to reduce the chance of dangerous runaway reac-
tions. However, this does not guarantee a risk-free process (Rosenau, Potthast 
et al. 2001). Thus, there remains a need for a more cost-effective and eco-effi-
cient production method of MMCFs. 
 
The present study focuses on producting a new type of MMCFs from an ionic 
liquid (IL) solution, the so called Ioncell-F(iber). This study explores the differ-
ent steps in the entire production chain, from the dissolution of cellulose in ionic 
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liquid to the production of apparel exhibited in Figure 1.1. but does not include 
the IL-recovery step.  

 

 

Figure 1.1. Process scheme. 

 
A major part of this work was conducted with the non-commercialized ionic liq-
uid 1,5-diazabicyclo[4.3.0]non-5-enium acetate ([DBNH]OAc) developed at the 
University of Helsinki. This thesis work began with utilization of the imidazole-
based IL, 1-ethyl-3-methylimidazolium acetate ([EMIM]OAc]), which was 
heavily promoted due to its low viscosity, low melting point and ease to dissolve 
cellulose. Despite its excellent ability to dissolve cellulose, however, 
[EMIM]OAc showed very poor spinnability. The study therefore continued by 
using the promising [DBNH]OAc.   
 
The main aspects investigated in this study were summarized in four papers as 
reported in Figure 1.2. Paper I evaluates the thermal behavior of cellulose in 
the ionic liquid [EMIM]OAc by monitoring the depolymerization of cellulose 
through the determination of the shear and elongational viscosity of cellu-
lose/[EMIM]OAc solutions stored at different temperatures and times. Papers 
III and IV look into the processability of [DBNH]OAc solutions and the direct 
impact of solution composition and spinning parameters on the properties of 
the resulting fibers. The influence of the molar mass distribution (MMD) of cel-
lulose on the rheological behavior of the polymer solution, stretching ability of 
the extruded filament, and the properties of the resulting fibers were explored 
in Paper III. Paper IV examines the effect of the principal process parameters 
on the structural and mechanical properties of fibers produced from 
[DBNH]OAc solutions. In Paper II, the suitability of Ioncell-fibers for textile 
applications was investigated through the production of knitted and woven gar-
ments. In this paper, the manufacture of these apparels, from the production of 
the Ioncell staple fibers to the knitting or weaving step is explored. This paper 
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also compares Ioncell-fiber performance as a potential alternative to the current 
viscose and Tencel® fibers.  
 

 

 

Figure 1.2. Visualized summary of the thesis. 
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2. Research questions 

This work started in 2011 based on literature that claim the possibility to spin 
cellulose filament from ionic liquid solution. However, none of the existing pub-
lications was reporting experimentations using appropriate spinning equip-
ment. This work was dedicated to the evaluation of the true potential of ionic 
liquid spinning for the production of man-made cellulosic fibers on an indus-
trial scale. Within this scope, fundamental process aspects have been investi-
gated: 
 

- Development of an efficient method for cellulose dissolution and evalu-
ation of its thermal stability in ionic liquid 

 
- Suitability for fiber spinning of ionic liquids previously described in lit-

erature  
 

- Development of a spinning window to achieve continuous spinning of 
cellulose filament using [DBNH]OAc as solvent 

 
- Assessment of the extensional viscosity of cellulose/IL solution 

 
- Establisment of a relationship between the spinnability of a cellulose/IL 

solution, its viscoelastic properties and the molar mass distribution of 
the dissolved cellulose 

 
- Production of competitive textile fibers for the manufacture of garments 
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3. Background 

3.1 The complexity of cellulose structure 

Cellulose, being the major component of plants and algae, constitutes the most 
abundant natural polymer present on earth. Wood, cotton fiber and cotton lint-
ers constitute the principal sources of cellulose employed industrially. The lin-
ear structure of cellulose consists of D-glucopyranose repeating units linked by 
β-1,4-glycosidic bonds, where each anhydroglucose unit is rotated 180° with re-
spect to its neighbor. The degree of polymerization (DP) of cellulose, which is 
the number of repeating units of glucose, depends on its source. In wood, the 
DP is approximately 10 000 glucopyranose units while an amount of 15 000 is 
estimated in native cotton (O'Sullivan 1997). Each monomer involves three hy-
droxyl groups, secondary on C2, C3 and primary on C6, which, due to their 
equatorial orientation, contribute to the formation of intra and intermolecular 
hydrogen bonds along and between the cellulose chains, respectively. Intramo-
lecular bonds give the stiff nature of the cellulose chains and the intermolecular 
bonds are responsible for the arrangement of the polymer chains in sheet struc-
ture. These sheets are stacked on top of each other due to CH – O interactions 
between the axial CH groups in sugar rings and the oxygen atoms in ether bonds 
and hydroxyl groups of two different sheets. Van der Waals (vdW) interactions 
between cellulose sheets also contribute to the formation of a strong network. 
The intersheet bonding, which appears to be the most stable interaction among 
these three, lead to the formation of a robust three-dimensional crystal struc-
ture (Gross, Chu 2010, Cho, Gross et al. 2011). 
 
Four major polymorphs of cellulose (I, II, III and IV) have been distinguished 
by x-ray diffraction, wide-angle x-ray scattering and 13C-NMR examination, 
with cellulose I and II being the most investigated forms (Kadla, Gilbert 2000, 
O'Sullivan 1997). Cellulose I corresponds to the native cellulose found in most 
plants and is a composite of two distinct forms Iα and Iβ. The latter corresponds 
to the predominant form in wood and accounts for approximately 60 to 70% of 
the cellulose I crystal structure (Atalla, Vanderhart 1984). Cellulose Iα has a tri-
clinic unit cell containing one chain whereas cellulose Iβ has a monoclinic unit 
cell containing two parallel chains. In the monoclinic unit cell, the origin chain 
is located at the corner of the unit parallel to the c axis direction and the center 
chain is positioned at the center of the a/b plane and is translated in the c axes 
direction by about c/4 with respect to the origin chain (Nishiyama, Langan et 
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al. 2002, O'Sullivan 1997). Cellulose II is obtained from cellulose I by dissolu-
tion/regeneration or mercerization processes. Cellulose I exhibits a parallel 
chain orientation while cellulose II shows an anti-parallel orientation, which re-
sults in differences in the hydrogen bond patterns. The pattern of the hydrogen 
bond network has been actively investigated but described differently by several 
authors (Gardner, Blackwell 1974, Kadla, Gilbert 2000, O'Sullivan 1997, 
Nishiyama, Langan et al. 2002, Langan, Nishiyama et al. 1999). The hydrogen 
bond patterns of cellulose I and II suggested by Nishiyama, Langan and Chanzy 
from neutron fiber diffraction analysis are depicted in Figures 3.1 and 3.2, re-
spectively. The conformation of the C6 hydroxymethyl group throughout the 
cellulose chain plays a major role in the hydrogen bond pattern of cellulose I 
and II. There are three possible orientations of the hydroxyl constituent to the 
pyranose ring: trans-gauche (tg), gauche-trans (gt) and gauche-gauche (gg). The 
closeness of the oxygen and carbone substituents explains the differences in en-
ergy and stability between these conformations (O'Sullivan 1997). The widely 
described tg conformation of cellulose Iβ favors a hydrogen bond pattern (Figure 
3.1) consisting of the intramolecular bonds O5-OH3 in center and origin chains, 
OH2-O6 in center chains and OH2-O6 involving O1 as acceptor in origin chains. 
The intermolecular hydrogen bond network consists of OH6-O3 in sheets con-
taining origin chains and OH6-O3 involving O2 as acceptor in sheets containing 
center chains (Nishiyama, Langan et al. 2002). Neutron diffraction study of cel-
lulose II demonstrated that origin and center chains have different confor-
mations but a common gt conformation of the hydroxymethyl groups which fa-
vors the intermolecular hydrogen bond between O6 atoms (Figure 3.2). An in-
tramolecular hydrogen bond OH3-O5 involving O6 as acceptor is observed in 
both chains. Intermolecular hydrogen bonds OH2-O6 in sheets containing only 
origin molecules and OH6-O2 in sheets containing only center molecules are 
distinguished. In sheets containing both origin and center chains, intermolecu-
lar hydrogen bonds OH2-O2 and OH6-O6 involving O5 and O3 as acceptors are 
observed (Langan, Nishiyama et al. 1999).  

 

  

Figure 3.1. Hydrogen bond pattern of cellulose I. Left: origin chains, right: center chains 
(Nishiyama, Langan et al. 2002). 
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Figure 3.2. Hydrogen bond pattern of cellulose II (Langan, Nishiyama et al. 1999). 

Cellulose is known to be insoluble in water and in conventional organic solvents. 
The few solvents that show the capability of dissolving cellulose do not present 
clear common properties. The complex network of intra- and intermolecular hy-
drogen bonds between cellulose molecules is frequently referred as the principal 
factor for cellulose insolubility. Following this statement, a solvent is suitable 
for cellulose dissolution if it is capable of disrupting the extensive hydrogen 
bond structure by interacting itself with cellulose (Olsson, Westman 2013a, 
Lindman, Karlström et al. 2010, Zhang, Ruan et al. 2002). However, several 
studies disagree and point out the important role of the amphiphilic nature of 
cellulose and of the stability of the intersheet interactions in cellulose network 
to explain its recalcitrance toward dissolution.  
 
As previously mentioned, the complex structure of cellulose I is built via a net-
work of hydrogen bonding and vdW interactions. The intrachains, O5-OH3 and 
OH2-O6, the interchains O6-O3 within cellulose layers, and the CH-O and vdW 
interactions between the cellulose sheets exhibit different strength and stability. 
The interaction O5-OH3 occupies a well-defined location which makes the sur-
face of O3 unreactive and enhance the stability of the hydrogen bond. The inter-
action between OH6 and O3 of two chains plays a significant role in maintaining 
the structural integrity of cellulose. However, the rotational ability of C6 favors 
the reactivity of the OH6 group which can undergo the disruption of the crystal-
linity and thus facilitate cellulose dissolution (Nishiyama, Langan et al. 2002, 
Gross, Chu 2010). Gross et al. report the important role of intersheet interac-
tions in the recalcitrance of cellulose toward dissolution. They describe the CH-
O bonds between cellulose sheets, besides being the most abundant interactions 
within the network, as stronger, more robust and less flexible. The superior sta-
bility of these interactions originates from the geometry in the crystal structure 
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of cellulose: a close-to-linear angle and a short H-O distance. CH-O interactions 
are not dependent on solvent exposure while intra- and intermolecular chains 
are sensitive to it due to the lack of molecular packing and competition with the 
solvent to form hydrogen bonds. However, CH-O intersheet interactions involv-
ing C6 exhibit a more pronounced diminution in strength due to higher flexibil-
ity compared to the CH-O bonds which do not involve C6. The latter participate 
to the high integrity and low flexibility of the network and affect significantly 
the cellulose dissolution. Furthermore, a decrease in interaction strength is ob-
served at the outmost chains wing to the solvent exposure while the interactions 
located inward are not noticeably affected (Gross, Chu 2010). Another study 
from Lindman et al. highlights the amphiphilic nature of cellulose and the pres-
ence of hydrophobic interactions within the cellulose network. According to this 
study, the cellulose sheets demonstrate different polarity due to the hydrophilic 
and hydrophobic parts which undergo conformation adjustment to reduce the 
contact between water and the hydrophobic regions. He concluded that an am-
phiphilic solvent would promote cellulose solubility (Lindman, Karlström et al. 
2010, Medronho, Romano et al. 2012). Burchard, in response to the Lindman 
hypothesis, asserts the role of primary (C6) and secondary (C2 and C3) OH- 
groups in the hydrophobicity of the cellulose network, the less hydrophilic pri-
mary group being the origin of the hydrophobic behavior. In the same discus-
sion, Blackwall emphasizes the importance of hydrophobic stacking forces be-
tween the CH-O groups of cellulose sheets in cellulose recalcitrance. They point 
out that a solvent needs to break both types of bonds to successfully dissolve the 
complex cellulose network (Glasser, Atalla et al. 2012). 

3.2 Cellulose solvents 

Despite the cellulose recalcitrance toward dissolution in water and many other 
media, several systems show the ability to dissolve cellulose. These solvents can 
be classified into different categories, namely indirect or derivatizing solvents, 
complexing solvents and direct or non-derivatizing solvents. 
 
Indirect solvents require the formation of a cellulose derivative, which is then 
dissolved. The dissolution of cellulose via the derivatization of cellulose with 
carbon disulfite (CS2) belongs to this group. This procedure is called the viscose 
process and constitutes the most successful cellulose dissolution route that has 
been industrially developed so far for the production of man-made cellulosic 
fibers. In this process, the dissolution of cellulose is achieved by the formation 
of a derivative, which implies the requirement of several steps prior to the actual 
dissolution and regeneration of cellulose into filaments. The xanthation of cel-
lulose is executed by the reaction of CS2 with the C2, C3 and C6 hydroxyl sub-
stituents. The derivatization on C2 and C3 is kinetically favored over the C6 sub-
stitution. The following dissolution of the cellulose xanthate is conducted in di-
lute sodium hydroxide solution at low temperatures. The resulting viscose solu-
tion is aged to promote an even distribution of CS2 on cellulose chains, filtered 
and deaerated before being spun in sulfuric acid to filaments (Woodings 2001). 
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Complexing agents, containing a transition metal and an amine or ammonium 
component, form a second group of cellulose solvents. The most common ones 
are cuen ([Cu(H2N(CH2)2NH2](OH)2), nitren (Ni[NH2CH2CH2)N](OH)2) or 
cuoxam ([CuNH3)4](OH)2). This class of solvent dissolves cellulose by deproto-
nation at C2 and C3 positions of the anydroglucose units and coordinatively 
binding to the hydroxyl groups. Several complex agents, such as cuen, can also 
interact with cellulose through Coloumb interactions. The cuproammonium 
process, employing cuoxam as dissolving agent, is the second process that has 
been developed for the regeneration of cellulose but plays presently a minor role 
in the industry due to environmental concerns and the presence of the already 
well-established viscose process on the market (Olsson, Westman 2013a, 
Liebert 2010). 

 
The third route that has been industrially developed and is presently in use for 
the production of man-made cellulosic fibers consists of the direct dissolution 
of cellulose in N-methylmorpholine N-oxide (NMMO), depicted in Figure 3.3. 
 

 

Figure 3.3. Structure of N-methylmorpholine N-oxide. 

 
By using direct solvents, cellulose does not need to be chemically modified prior 
to dissolution. NMMO-monohydrate (13 – 15% water) has proven to be an effi-
cient cellulose solvent without the requirement of prior derivatization or activa-
tion. The dissolution mechanism is still not fully understood but the formation 
of hydrogen bond complexes between the oxygen of the strong N – O dipoles in 
NMMO and the compounds containing hydroxyl groups, such as water and cel-
lulose, is expected to occur. The dissolution procedure, first, consists of mixing 
cellulose in NMMO with a large excess of water to favor efficient mixing and 
swelling. The dissolution starts when the surplus of water is removed via the use 
of high vacuum and elevated temperature and the NMMO-monohydrate is 
reached. The regeneration of cellulose into filaments is performed after filtra-
tion and deaeration of the NMMO solution which is spun by dry-jet wet spinning 
into a water bath. However, the success of NMMO is tarnished by the thermal 
instability of the amine oxide which implies the use of stabilizer to prevent the 
radical degradation of NMMO (Woodings 2001, Liebert 2010, Olsson, Westman 
2013a, Fink, Weigel et al. 2001, Rosenau, Potthast et al. 2001).  
Another category of attractive direct cellulose solvents are ionic liquids, which 
have been thoroughly examined since 2002.  
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3.3 Ionic liquid as cellulose solvent 

Ionic liquids (ILs) are a group of salts which are liquid at temperatures below 
100 °C due to the presence of bulky and unsymmetrical ions with a delocalized 
charge. They comprise an organic cation and an organic or inorganic anion. 
Room temperature ionic liquids (RTILs) are ILs that have a melting point below 
25 °C (Pinkert, Marsh et al. 2009, Cao, Wu et al. 2009, Rogers, Seddon 2003). 
Figure 3.4 depicts the principal cations and anions employed for the synthesis 
of cellulose-dissolving ILs. 

 

 

 

Figure 3.4. Most common cations and anions found in cellulose-dissolving ILs. 

The first successful attempt to dissolve cellulose in ILs was achieved by Grae-
nacher in 1934 who discovered that molten N-ethylpyridinium chloride, in the 
presence of nitrogen containing bases could dissolve cellulose (Graenacher 
1934). The past few years have witnessed a large interest toward the applicabil-
ity of ILs as new media for lignocellulosic processing since Swatloski et al. re-
ported in 2002 the dissolution of cellulose in some alkyl substituted imidazo-
lium RTILs (Swatloski, Spear et al. 2002). The attractive properties of ILs such 
as low vapor pressure, enhanced chemical and thermal stability and non-flam-
mable properties, explain the recent surge in research seeking for substituting 
the traditional volatile organic industrial solvents (Rogers, Seddon 2003, El 
Seoud, Koschella et al. 2007). The large panel of anions and cations offers a va-
riety of physical properties that make them suitable for a large field of applica-
tions. In addition to the ability of ILs to dissolve cellulose for subsequent fila-
ment shaping, they feature good properties as reaction media for cellulose mod-
ification (Pinkert, Marsh et al. 2009, Zhu, Wu et al. 2006, Feng, Chen 2008, 
Heinze, Dorn et al. 2008, El Seoud, Koschella et al. 2007). 
 
According to Pinkert et al., ILs possess strong capacity of dissolving cellulose 
due to their high polarity and hydrogen bond basicity (Pinkert, Marsh et al. 
2009). The capability of ILs to dissolve cellulose can be estimated by evaluating 
the hydrogen bonding and polarizability properties of the solvent. The empirical 
Kamlet-Taft model has been frequently employed to predict the solubility of cel-
lulose in ILs. The Kamlet-Taft parameters β, α and π* describe the hydrogen 
bond basicity, the hydrogen bond acidity, and the solvent interactions through 
dipolarity and polarizability, respectively. These parameters are determined by 
assessing the UV-Vis spectra of dyes when dissolved in the tested solvent (Ols-
son, Westman 2013a, Brandt, Gräsvik et al. 2013, Hauru, Hummel et al. 2012, 



12 
 

Doherty, Mora-Pale et al. 2010). Crowhurst et al. reported that π* varies with 
both anion and cation, α depends mainly on the cation and β mainly on the an-
ion. They concluded that ILs are polar solvents that can act both as hydrogen 
bond donors and hydrogen bond acceptors (Crowhurst, Mawdsley et al. 2003). 
Hauru et al. introduced the net basicity (β-α) as a more accurate parameter to 
describe the dissolution ability of ILs. They demonstrated that ILs having pa-
rameters in the regions of 0.35 < β-α < 0.9 and 0.80 < β < 1.20 favored the 
dissolution of cellulose (Hauru, Hummel et al. 2012). 
 
The dissolution mechanism of cellulose in ILs is not fully understood yet. Some 
studies report the dissolution to involve the breaking of the hydrogen bond com-
plexes of the cellulose network through the formation of electron donor-electron 
acceptor complexes between the IL entities and the oxygen and hydrogen atoms 
of the cellulose hydrogen bonds (Feng, Chen 2008, Cao, Wu et al. 2009). The 
interactions between the hydrogen of the hydroxyl groups of cellulose and the 
anion, and between the oxygen atom of the hydroxyl groups and the cation were 
observed by nuclear magnetic resonance (NMR) studies by Singh et al (Singh, 
Simmons 2013). The capability of anions to disrupt hydrogen bonding and dis-
solve cellulose is related to their basicity and dipolarity. Higher basicity and di-
polarity enhance the hydrogen bond accepting ability of the anions (Swatloski, 
Rogers et al. 2003, Wang, Gurau et al. 2012, Brandt, Gräsvik et al. 2013, Sun, 
Rahman et al. 2009). However, the role of the cation in the dissolution of cellu-
lose is still subject of debate. Several studies suggest that the cation does not 
directly interact with the hydroxyl group of cellulose but rather contributes in-
directly to the dissolution process depending on its chain length, size, polariza-
bility and functional groups. Long chains on the cation reduce cellulose solubil-
ity. Large aromatic cations show the ability to shield the formed anion-cellulose 
complexes. The high polarizability of the cation ring favors the formation of hy-
drogen bonds between the anions and cellulose. The presence of functional 
group on the cation, such as hydroxyl group, can affect the dissolution process 
by competing with cellulose for hydrogen bond donation to the anion (Brandt, 
Gräsvik et al. 2013, Wang, Gurau et al. 2012, Mäki-Arvela, Anugwom et al. 
2010). 

 
The purity of ILs is of great importance for the efficiency of cellulose dissolution 
or derivatization. The presence of IL-derived by-products, resulting from IL 
thermal degradation, synthesis or recovery cycle can strongly affect the perfor-
mance of the processes. Rosenau et al. demonstrated that the system cellu-
lose/1-alkyl-3-methyl-imidazolium ionic liquid is not inert. 1-alkyl-3-methyl-
imidazolium cations react at its C-2 position with the reducing end of cellulose 
forming a carbon-carbon bond. This reaction is catalyzed by basic compounds, 
mainly imidazole, formed by thermal degradation (Schrems, Ebner et al. 2010).  
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3.4 Rheological characterization of cellulose/ionic liquid solution 
for process purpose 

The rheological behavior of polymer solutions plays a significant role in many 
industrial operations where a rapid change of flow is involved. In dry-jet wet 
fiber spinning, the solution is first extruded through a spinneret, the resulting 
fluid filaments are then stretched in an air gap, regenerated in a coagulation 
bath and finally collected. The polymer solution is subjected to shear stress 
when passing through the spinneret nozzles and extensional stress when 
stretched in the air gap. The assessment of the shear and extensional behavior 
of ionic liquid solutions is therefore fundamental to predict their behavior under 
the different flow conditions and successfully process them by dry-jet wet spin-
ning (Plog 2005). 

 Behavior of ionic liquid solution under shear stress 

The establishment of a stable extrusion of an ionic liquid solution through a 
spinneret relies on the viscoelastic properties of the extruded polymer solution. 
The dissolved cellulose chains form an interlooped and entangled network with 
temporary knots, which responds differently when subjected to increasing 
shearing stress. At low shear rate, the molecule network conserves its minimum 
energy-state, the polymer molecules have time to avoid the imposed defor-
mation. Under these conditions, the entanglement points slowly move and relax 
by sliding along each other. The polymer solution exhibits a viscous flow behav-
ior. On the contrary, when applying high shear rate, the chain ties behave like 
fixed network joints, the molecule chains are elastically stretched and orient in 
the direction of the shearing force. The deformation energy that is absorbed and 
stored by the elastic deformation is then partly recovered during the relaxation 
phase when the polymer chains retract to their relaxed state (Gebhard 2004, 
Chen, Zhang et al. 2009). The viscoelastic properties of a polymer solution can 
be evaluated via dynamic measurements by applying a small amplitude oscilla-
tory shear. In this technique, the small amplitude deformation applied to the 
tested solution prevents the destruction or the fracture of the chain network at 
high shear rate. According to the empirical Cox-Merz rule, the resulting complex 
viscosity can be used to predict the steady shear viscosity, which is difficult to 
measure at high shear rate due to the sample fracture. The Cox-Merz rule states 
that the complex viscosity is the same as the steady shear viscosity at equal val-
ues of frequency and shear rate for polymeric systems (Gebhard 2004). Cellu-
lose/IL solutions of medium concentration (10-15 wt-%) appear to obey to the 
Cox-Merz rule (Haward, Sharma et al. 2012, Rudaz, Budtova 2013).  
 
The shear viscosity of polymer melts depends on the applied deformation rate 
and shows a shear thinning behavior at increasing shear rate. At low shear rate, 
the entanglement points between cellulose chains have time to slip past each 
other, the shear viscosity thus does not vary and a plateau is observed. The zero-
shear viscosity, corresponding to the shear viscosity at infinitesimal small 
strain, can be extracted from this steady state domain. Dynamic measurements 
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also provide the evolution of the viscous and elastic components of the polymer 
solution as a function of frequency. The storage modulus, G’, corresponds to the 
part of the energy that is stored elastically whereas the loss modulus, G’’, refers 
to the part of the energy that is dissipated through viscous flow (Plog 2005). At 
low frequency, the loss modulus shows higher values than the storage modulus. 
The polymer solution behaves thus like a viscous solution as the inserted energy 
is dissipated. At a certain frequency, the storage modulus exceeds the loss mod-
ulus which implies a change in the solution structure toward elastic behavior. 
This reverse in properties is observed via a cross-over point (COP) between the 
loss and storage moduli curves.  

 
The shear behavior of cellulose/IL solutions is strongly influenced by the tem-
perature of the solution and the DP, the molecular mass distribution (MMD) 
and the concentration of the dissolved cellulose. An increase in cellulose con-
centration or DP results in a denser cellulose network with more entanglement 
points. The polymer chains exhibit a restriction in motion, the fluidity of the 
solution is reduced and behaves more like an elastic solid. The COP between the 
loss and the storage moduli is shifted to lower frequencies, the elastic domain is 
widened and the viscous domain is narrowed. The shear thinning phenomenon 
observed in the shear viscosity is also more pronounced. On the contrary, a rise 
in temperature favors the molecule chains to move more freely, the rigidity of 
the solution decreases which results in an increase of the flow-ability. The vis-
cous properties predominate at higher temperatures and the COP is shifted to 
higher frequencies (Sammons, Collier et al. 2008b, Collier, Watson et al. 2009, 
Chen, Zhang et al. 2009, Lu, Cheng et al. 2012, Golzar 2004).  

 Behavior of ionic liquid solution under extensional stress 

Even though shear characterization is the most established rheological method, 
the assessment of the extensional or elongational behavior of a polymer solution 
is essential to investigate when stretching operations are involved in their pro-
cessing. Polymer solutions exhibiting similar shear properties do not necessarily 
demonstrate comparable elongational properties (Collier, Romanoschi et al. 
1998, Baird 1999). In a shear-free elongational flow, the polymer chains of a 
viscoelastic solution are stretched without being rotated or sheared. The for-
mation of stable filaments in the air gap strongly depends on the response of the 
fluid elements to the rate and extent of the extensional deformation. 

 
Capillary break-up extensional rheology (CaBER) is one method to assess the 
extensional rheological properties of fluids such as polymer solutions. This tech-
nique mimics the deformation experienced by the thread in the air gap by ap-
plying an axial step-strain to a small amount of solutions. The observation of 
the thinning and eventual break-up of the fluid filament in a shear-free uniaxial 
extensional flow under the combined action of viscous, elastic and capillary 
forces permits the extraction of the fluid relaxation time and apparent elonga-
tional viscosity (Rodd, Scott et al. 2005, McKinley, Tripathi 2000, Haward, 
Sharma et al. 2012). The filament self-thinning can be divided into four regimes 
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due to the set of forces which balance each other. In the first regime (I), the fluid 
cylinder is exposed to gravitational forces which are superimposing the capillary 
forces and distort the assumed axial symmetry around the mid-plane of the fil-
ament thread. In the second regime (II), the polymer solution exhibits Newto-
nian-like behavior, the filament diameter decreases slowly and linearly with 
time. The capillary forces γ/R (surface tension γ and filament radius R) that 
drive the filament thinning are balanced by the material’s viscous tensile 
stresses  (apparent extensional viscosity  and extension rate ), that pre-
dominate the elastic tensile stresses. The filament diameter is still large, the ex-
tension rate  is low and the cellulose chains are not stretched yet. In the third 
regime (III), the filament thinning is controlled by a visco-capillary balance of 
the capillary pressure and the viscous stresses present in the filament. However, 
the polymer solution shows an extensional thinning due to the higher surface 
pressure and thus extension rate. An increase in the disentanglement and ori-
entation of the polymer chains is noticed in this regime. The onset of the elasto-
capillary balance is observed in the fourth regime (IV) with the elastic stresses 
prevailing the viscous stresses within the filament and balancing the action of 
the capillary pressure. The diameter decay at this stage is described by an expo-
nential function. This regime occurs at very small diameters close to breakup 
(Anna, McKinley 2001, Clasen 2010, Stelter, Brenn et al. 2002). The elasto-ca-
pillary thinning regime enables the determination of the relaxation time and the 
final extensional viscosity of the fluid. A Hencky strain hardening is observed at 
high strain, which corresponds to the increase of the elongational viscosity of 
the polymer solution due to the orientation of the polymer chains at high defor-
mation during regime III (Haward, Sharma et al. 2012, Clasen 2010, Anna, 
McKinley 2001). 

 
However, CaBER measurements show limitations in the assessment of the ex-
tensional behavior of highly viscous 13 wt-% cellulose/ionic liquid solutions at 
temperature of 70-80°C. The very long fluid thread decay after the axial step-
strain do not allow an accurate determination of the elongational viscosity. A 
method to determine the elongational viscosity of a fluid during spinning has 
been developed by Boerstoel for cellulose solutions in super-phosphoric acid 
(Boerstoel 1998). The extensional viscosity is calculated via the online measure-
ment of the tension force acting on the filament tow exiting the coagulation bath 
as a function of the air gap length. (Boerstoel, Maatman et al. 2001, Boerstoel 
1998). The tension force is derived from the measurement of the radial forces 
acting on a strain gauge based force sensor placed at the exit of the coagulation 
bath. In this method, Boerstoel makes the following simplifications on the fluid 
behavior in the air gap: 

- The velocity at the bath surface v1 equals the take-up velocity vtu. 
- The flat velocity profile settles immediately after the fluid leaves the ca-

pillary. 
- The occurrence of a die swell is ignored. 

 



16
 

In the force balance, reported in Equation (1), Boerstoel assumes the gravita-
tional (Fgrav), friction (Ffric), surfacial (Fsurf) and inertial (Finer) forces to be small 
for high viscous materials compared to the external (Fext) and rheology (Frheo) 
forces. In that case, the external force balances the rheological force, as seen in 
Equation (2) (Boerstoel 1998). 
 

 (1) 
 

 (2) 
  
The extensional properties of ionic liquid solutions are strongly influenced by 
the concentration, DP and MMD of cellulose and temperature at which the de-
formation is performed. An augmentation in cellulose concentration or DP fa-
vors the formation of an entanglement network which causes the increase of the 
elongational viscosity. Higher concentration also affects the relaxation time of 
the polymer chains and strengthens the elastic properties of the solution, which 
are of great importance for the formation of stable filaments in the air gap 
(Clasen, Verani et al. 2004, Clasen, Petri 2005). On the contrary, the elonga-
tional viscosity decreases with the increase in the process temperature and the 
strain rate thinning is more pronounced (Haward, Sharma et al. 2012, Sam-
mons, Collier et al. 2008a, Petrovan, Collier et al. 2001). 

3.5 Regeneration of cellulose into filaments 

The name Lyocell is a generic name for cellulose fiber obtained by an organic 
solvent spinning process. The term “organic solvent” means here essentially a 
mixture of organic chemicals and water, and “solvent spinning”, the dissolution 
and spinning without the formation of a derivative (BISFA 2009). The pro-
cessing of ionic liquid solutions by dry-jet wet spinning for the production of 
MMCFs is a recent field of research which shows potential as industrial appli-
cation (Swatloski, Rogers et al. 2003, Hermanutz, Gähr et al. 2008, Kosan, Mi-
chels et al. 2008). The Ioncell fibers belong to the category of Lyocell fibers, 
provided that they are produced commercially. 

 Dry-jet wet spinning of ionic liquid solution 

The formation of ionic liquid-based fibers by dry-jet wet spinning consists of the 
extrusion of a cellulosic polymer solution at mild temperature through a spin-
neret into an aqueous coagulation bath via an air gap. The solidified filaments 
are subsequently washed in water, dried and collected as endless filaments. Fig-
ure 3.5 illustrates the extrusion, stretching, coagulation and collection steps. 
Along the spinning line, the forming fibers are subjected to continuous struc-
tural changes, cooling, relaxation, coagulation, crystallization and drying.  
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Figure 3.5. Simplified dry-jet wet spinning unit. Ve: extrusion velocity and Vtu: take-up velocity. 

  
The shaping of the viscoelastic dope starts in the spinneret when the solution 
travels through the capillaries. The cellulose chains are subjected to shear de-
formation, which pre-orient them. However, when the fluid filament exits the 
capillary, abrupt changes occur in the boundary conditions as the fluid enters a 
shear-free zone. An immediate relaxation of the cellulose chains occurs which 
attenuates the orientation created by the spinneret flow. This can lead to an in-
crease of the fluid diameter called die swell (Fink, Weigel et al. 2001, Ziabicki 
1976). This phenomenon is over-compensated by the stretching of the viscous 
filaments in the air gap when pulled down through the coagulation bath by 
means of a godet couple. Figure 3.6 illustrates the formation of the die swell and 
the subsequent drawing of the fluid filament in the air gap when exiting the 
spinneret capillary. The cellulose chain orientation develops in the air gap due 
to the extensional flow created when drawing the filament. The elongation of 
the steady-state viscoelastic thread is not a purely extensional flow. The fluid 
filament is subjected to several forces which balance each other, also depicted 
in Figure 3.6. The gravimetric and the external take-up forces, which are con-
stant along the thread path, are defined as deformation forces. The inertia force 
due to the acceleration of the fluid from the extrusion velocity, the friction force 
between the filament surface and the surrounding spinning medium, the rheo-
logical force associated to the viscoelastic behavior of the fluid and the surfacial 
force constitute the retarding forces (Fourné 1999, Ziabicki 1976). Figure 3.7 
represents the orientation mechanism of the polymer chains in the drawing 
zone. The relaxed, non-oriented and randomly arranged cellulose chains are ori-
ented under extensional tension (Fourné 1999). The extent of the alignment of 
the polymer chains along the longitudinal axis of the fiber is controlled by the 
amount of stretching applied to the filaments. The latter is defined by the draw 
ratio, corresponding to the ratio of the velocity of the take-up godet to the ex-
trusion velocity (vtu/vex). Due to the take-up force, the diameter of the fluid 
thread decreases along the air gap leading to an increase in stress within the 
filament and a development of the chain orientation, promoting the formation 
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of a closely packed cellulose network in the coagulation bath (Gordon Cook 
1984, Ziabicki 1976, Woodings 2001). Mortimer et al. demonstrated that the fil-
ament diameter levels off after a certain distance, also called draw length, after 
which the fluid is too cold and viscous to undergo further orientation. The in-
crease in stress within the elongated fluid also leads to a diminution of the po-
tential relaxation of the cellulose chains, which is a phenomenon competing 
with the orientation process (Mortimer, Peguy 1994, Mortimer, Peguy 1996a). 
The same study reported the evolution of the fiber orientation through the 
whole spinning process and demonstrated that the chain orientation takes place 
mainly in the air gap and during the solidification of the filament in the coagu-
lation bath. Only slight increase in orientation occurs during drying, due to the 
shrinkage of the structure and further crystallization (Mortimer, Peguy 1996a).  
 

Figure 3.6. Orientation mechanism of polymer chains in the drawing zone. 

 

 

Figure 3.7. Orientation of polymer chains under drawing (Fourné 1999). 

 
After passing through the air gap, the fluid filaments enter the aqueous bath 
where the coagulation of cellulose takes place. The solidification of the thread is 
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a crucial step in the fiber formation as it involves irreversible structural crystal-
lization in the material which directly affect the mechanical properties of the 
spun fibers. The precipitation of dissolved cellulose in IL solutions follows the 
principles of phase separation in polymer solutions. Water, being a polar liquid 
and miscible with ILs initiates the removal of the solvent from the filaments via 
an exchange process of solvent against non-solvent (Fink, Weigel et al. 2001). 
The mechanism of coagulation of cellulose dissolved in IL has not been thor-
oughly investigated yet but is believed to follow the same solidification process 
as the NMMO-Lyocell method since the same type of non-derivatizing solvent 
is employed (Hauru, Hummel et al. 2015). When the fluid filament enters the 
aqueous coagulation bath, the desolvation of the cellulose molecules and the re-
formation of the cellulose network takes place, resulting in the formation of a 
fribrillar cellulose II crystal structure (Fink, Weigel et al. 2001, Gavillon, 
Budtova 2007, Biganska, Navard 2005). This phase separation process is re-
ported to occur very fast, about 1 – 2 s for a complete coagulation of a 50 μm 
fiber, preventing the relaxation in chain orientation (Mortimer, Peguy 1996a). 
The phase separation step, which seems to follow spinodal decomposition, leads 
to the formation of a rigid layer at the surface of the filament surrounding the 
fluid core (Biganska, Navard 2005, Eckelt, Eich et al. 2009). The solid-liquid 
phase boundary moves inwards as the filament travels within the aqueous bath, 
causing a continuous decrease of the fluid core diameter. Cellulose is fully so-
lidified in the bath and solid filaments are collected at the exit of the bath (Zia-
bicki 1976, Paul 1968).  

 Spinning instabilities 

The spinnability of a viscoelastic fluid, or its ability to receive irreversible defor-
mation when subjected to uniaxial stress, is an essential aspect to investigate to 
achieve stable fiber spinning. According to Ziabicki, “a fluid is spinnable under 
given deformation condition if steady-state, continuous elongation of the fluid 
jet proceeds without a break of any kind”. The hydrodynamic instability of the 
extruded jet in the air gap results in low stability of the process (Ziabicki 1976). 
Four different instabilities or breaches of fluid threads during filament spinning 
have been described in the literature.   
 

3.5.2.1 Cohesive fracture 
Cohesive fracture highly depends on the deformation conditions and the visco-
elastic properties of the material. It is observed when the tensile stress in the 
viscoelastic fluid thread exceeds a critical tensile strength p*, which is propor-
tional to the square-root of the product of the Young’s modulus E and the critical 
elastic energy per unit volume or resilience K, as reported in Equation 3.  

 
 (3) 
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The decrease of the filament diameter leads to an increase of the tensile stress, 
which may induce the failure of the filament. The maximum fiber length, Lmax, 
can be determined from Equation 4. 
 

  (4) 

 
where η is the dynamic viscosity, V0 the extrusion velocity and ξ the elongation 
of the fiber, which is described in Equation 5.  
 

 (5) 

 
where F is the force applied to the fibers and R0 the original fiber radius. 
 
To avoid cohesive breaches, the product V0η should be reduced or the godet 
should not work on a constant speed but on a constant force.  
 

3.5.2.2 Melt fracture 
Melt fracture, also named elastic turbulence is characterized by an irregular out-
flow associated with the viscoelastic flow of the material through the spinneret 
capillary. A smooth and continuous fluid thread is formed at lower shear rate 
but becomes rough and irregular when increasing the shear rate, resulting in 
the failure of the filament once the critical shear rate is surpassed. A similar 
phenomenon is observed at constant shear rate when reducing the extrusion 
temperature. The viscoelastic properties of the material and its deformation his-
tory, spinning temperature and, the length of the spinneret capillary or transit 
time (average time of residence of the fluid within the channel) and the shape 
of its inlet strongly influence the extent of this instability (Ziabicki 1976).  
 

3.5.2.3 Capillary fracture 
Capillary waves are described by the spontaneous formation of asymmetrical 
distortions of the fluid surface, associated with surface tension. The thread 
breaks into drops when the amplitude of the capillary waves reaches the radius 
of the undistorted fluid. This break is typical for dry-spinning. The maximum 
possible fiber length, Lmax, can be determined from Equation 6. 

 
 (6) 

 
where σs is the surface tension and δ0 the initial amplitude disturbance defined 
by the equipment and spinning parameters. 
 
Lmax is favoured by a reduction of the relative strength σs/3η of the fluid or by 
modifying the spinning parameters such as spinneret diameter or extrusion ve-
locity (Wirth 2011). 
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3.5.2.4 Telescopic fracture 
The last type of fracture, mainly observed in wet spinning, is called telescopic 
breach. This phenomenon occurs at the beginning of the coagulation bath and 
shortly after the spinneret due to the liquid core-coagulated skin structure of the 
filament. The coagulated material absorbs traction forces by elastic tension until 
it exceeds the failure stress. The coagulated skin breaks, and a telescope-like 
displacement of the solid fiber skin and the liquid fiber core is generated (Zia-
bicki 1976, Paul 1968). 

 Structural and mechanical properties of spun fibers  

The characterization of the produced fibers is an essential part of the production 
process from a quality control aspect as well as for the optimization of the pro-
cess. The physical and mechanical properties of spun fibers are tightly con-
nected to the process parameters and tension applied along the line. Normed 
test methods with specified conditions and evaluation procedures are necessary 
to obtain comparable and reproducible results. Different organizations provid-
ing international norms and rules are established. International Standardisa-
tion Organisation (ISO), Commission Européenne de Normalisation (CEN) and 
Bureau International pour Standardisation des Fibres Artificielles (BISFA) are 
three of them (Fourné 1999, BISFA 2004). 

 

3.5.3.1 Orientation of cellulose chain 
The orientation of the cellulose chains occurring during the different steps of 
the spinning process is a fundamental characteristic to investigate as it strongly 
affects the mechanical properties of the spun fibers. It can be assessed through 
the determination of the birefringence (Δn) of the resulting fibers. A molecularly 
ordered material demonstrates birefringent characteristic when the refraction 
of light is dependent of the intrinsic orientation of the material. The birefrin-
gence can be defined as the difference between the index of parallel refraction 
and perpendicular refraction to the fiber axis. The total orientation factor (ft) is 
determined by dividing the birefringence by the maximum birefringence of cel-
lulose 0.062, which was calculated through extrapolation when plotting the bi-
refringence vs. the fiber compliance (Adusumalli, Keckes et al. 2009, Sixta, 
Michud et al. 2015). A factor of 1 means that all of cellulose molecules are 
aligned parallel to the fiber axis, ft = 0 corresponds to random dispersion and    
ft = -1 to transverse orientation (Golzar 2004, Röder, Moosbauer et al. 2009). 

 

3.5.3.2 Fiber fineness 
The fiber fineness is defined by the linear density or titer. For textile application, 
the Tex system is employed. Tex is defined as the mass in grams per 1 000 me-
ters of fiber. The titer of a fiber can be determined using the vibration method. 
Single fibers are set in vibration at their natural frequency. The linear density is 
then obtained from the resonance frequency, the length of the vibrating section 
of the fiber and the tensioning weigth placed at the edge of the fiber (Fourné 
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1999, BISFA 2004). A higher stretching of the fluid filament in the air gap re-
sults in thinner fibers. Standard man-made cellulosic textile staple fibers have 
a titer of 1.2 – 1.7 dtex. 

 

3.5.3.3 Mechanical properties 
The tenacity, elongation at break and the elastic modulus of fibers are assessed 
by tensile tests. These mechanical properties give important information on the 
strength, extension ability and stiffness of a fiber. The tenacity-elongation curve 
exhibits the deformation behavior of a fiber under a certain stress load. Two 
regions are distinguished: the first linear part corresponds to the elastic region 
and the second one to the plastic region in which the chains start to be stretched 
and get permanently deformed until the network breaks. Greater degree of 
alignment results in higher tenacity and lower elongation, due to the tight cel-
lulose network which prevents the cellulose molecules to slide over one another. 
Larger elastic modulus, which is calculated from the slope of the elastic region, 
is correlated to a higher resistance of the fiber against deformation (Fourné 
1999, Gordon Cook 1984). 

 Process parameters  

The variation of the spinning process parameters enables the optimization and 
development of a stable spinning which is required to identify the so called spin-
ning window. The mechanical properties of the produced fibers are closely re-
lated to the process conditions. The process parameters such as draw ratio, ex-
trusion velocity, spinneret geometry, air gap and coagulation bath conditions all 
affect significantly the formation of the molecular structure of the fibers by mod-
ifying the flows and stresses present in the different shaping zones.  

 

3.5.4.1 Draw ratio 
The molecular orientation of the cellulose chains is the key structural character-
istic affecting the mechanical properties of the resulting fibers. The birefrin-
gence of the dried fibers is strongly connected to the draw ratio applied to the 
fluid filament in the air gap. Mortimer reported that a small draw was sufficient 
to highly orient the semi-crystalline structure of NMMO-Lyocell fibers. Accord-
ing to this study, the birefringence is developed rapidly at low draws and stabi-
lizes at a draw of about 5. At this relatively low draw, the cellulose chain might 
have already reached their full extension and, hence, their maximum achievable 
orientation. Furthermore, the reduction of the die swell at the exit of the spin-
neret was also reported at higher draws due to the higher take-up force. A gain 
in birefringence results in greater Young’s modulus and tenacity, and a diminu-
tion in the elongation at break (Mortimer, Peguy et al. 1996, Mortimer, Peguy 
1996a). Cai et al. also reported a similar increase in mechanical properties for 
IL-based fibers with an increase of the draw ratio (Cai, Zhang et al. 2010). 
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3.5.4.2 Spinneret nozzle diameter 
At constant extrusion velocity, the spinneret geometry has an impact on the mo-
lecular orientation of the polymer chains in the air gap. Evidently, the spinneret 
diameter plays a significant role in the thickness of the fluid filament which is 
larger with the use of bigger nozzle spinneret. Thicker filaments undergo slower 
cooling due to the reduction of the surface area to volume ratio. This slower 
cooling decelerates the increase in viscosity and causes a diminution in stress 
within the filament, affecting the extension of the chains in the air gap. Longer 
draw lengths are thus required with larger nozzle diameters to attain an orien-
tation level equivalent to the one reached with lower throughput. Mortimer also 
observed greater die swell with larger filaments (Mortimer, Peguy et al. 1996, 
Mortimer, Peguy 1996a, Mortimer, Peguy 1996b).  

 

3.5.4.3 Extrusion velocity 
At constant spinneret diameter, the augmentation of the extrusion velocity cor-
responds to an increase of the throughput. As explained previously, a longer 
draw length is consequently required to obtain an equivalent molecular orien-
tation due to the slower cooling of the filament. Jiang et al. reported superior 
mechanical properties of IL-based fibers with the increase of the extrusion ve-
locity due to the augmentation in stress in the spun filament whereas Mortimer 
et al. detected no significant effect of the speed line on the orientation and me-
chanical properties of Lyocell fibers (Jiang, Yuan et al. 2012, Mortimer, Peguy 
et al. 1996).  

 

3.5.4.4 Air gap  
The air gap length and conditioning have a significant influence on the physical 
properties of the spun fibers as most of the chain orientation occurs between the 
spinneret exit and the entrance of the coagulation bath. Long air gaps permit 
the velocity of the material and the related stress within the filament to reach 
their final level, leading to equivalent birefringence independently from the 
spinneret size. However, with larger spinneret, the reduction of the air gap re-
sults in lower orientation at the entrance of the bath as the filament has less time 
to cool down and the stress has shorter time to increase. Cold and dry air gaps 
favor the cooling of the filament, which results in higher viscosity and stress 
within the filament. Shorter draw length are hence sufficient with cooled and 
dried air to reach the targeted birefringence. Mortimer also observed the reduc-
tion of the die swell with short air gap due to the forced acceleration of the ma-
terial to the coagulation bath. The use of cold and dry air gap resulted in the 
decrease of the die swell as well. The properties of the final fibers are closely 
related to the chain orientation developed in the air gap and thus follow the 
same trend as the birefringence.(Mortimer, Peguy 1996b). 

 

3.5.4.5 Coagulation bath 
The temperature and solvent content of the coagulation bath affect the solidifi-
cation of the thread due to their influence on the diffusion rate of the solvent 
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from the filament to the bath. Song et al. demonstrated that the diffusion rate 
of [AMIM]Cl increases with the rise of the precipitation bath temperature due 
to the accelerated movements of the molecules and the formation of pores at the 
skin surface. An increase of the concentration of IL in the bath reduces the so-
lidification rate of the filament as the coefficient of diffusion is diminished. A 
maximum diffusion rate was achieved at a concentration of 5% of [AMIM]Cl in 
the bath (Song, Cheng et al. 2011).    

 

3.5.4.6 Solute characteristics 
The intrinsic characteristics and the concentration of the dissolved cellulose in-
fluence significantly the final properties of the fibers. Higher DP or concentra-
tion of cellulose favor the formation of a more cohesive network which results 
in greater mechanical properties (Olsson, Westman 2013b, Hong, Ku et al. 2013, 
Kim, Pak et al. 2005, Mülleder, Schrempf et al. 1998). On the other hand, higher 
concentration leads to slower precipitation of cellulose as the diffusion rate of 
the solvent into the bath is reduced. The lower solvent content in the filament 
diminishes the solvent concentration gradient between the material and the 
bath, leading to a decrease in the diffusion coefficient (Song, Cheng et al. 2011). 
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4. Experimental 

4.1 Materials 

 Raw materials 

Eucalyptus (Eucalyptus urugrandis) prehydrolysis kraft pulp (E-PHK) from 
Bahia Speciality Copener with intrinsic viscosities, η, of 424 ml/g was employed 
for the experiments in Papers I, II and III. Birch (Betula pendula) prehydrolysis 
kraft pulp (B-PHK) supplied by Stora Enso Enocell pulp mill with an intrinsic 
viscosity of 476 ml/g was used for the experimental part in Papers II and IV. 
Cotton linters from Milouban M.C.P Ltd and spruce sulfite pulp supplied by 
Borregaard with intrinsic viscosities of 729 (cotton linters CL1) and 524 (cotton 
linters CL2), 577 (spruce S1-S) and 1521 (spruce S2-S) ml/g were utilized for the 
experiments in Paper III. In this paper, the preparation of blends of similar in-
trinsic viscosity but various MMD required the degradation of CL1 and S1-S in 
sodium hydroxide. The degraded pulps are denoted CL1-420, CL1-415, CL1-318, 
S1-S218, S1-S192, S1-S174, the value corresponding to the resulting intrinsic vis-
cosity. Table 4.1 summarizes the characteristics of the original and degraded 
pulps used in the different studies. The original pulps were delivered in sheet 
form and ground by means of a Wiley mill with a mesh size of 0.5 mm.  

 

Table 4.1. Intrinsic characteristics of original and degraded pulps.  
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 Mn Mw PDI DP<100 DP>2000 

 ml/g kDa kDa - % % 

E-PHK 424 94.6 5.3 79.8 268.7 3.4 3.0 27.1 

B-PHK 476 95.8 2.6 65.9 269.3 4.1 4.6 25.5 

CL1 729 95.7 - 159.3 350.4 2.2 0.3 37.5 

CL2 524 95.0 - 130.3 259.6 2.0 0.3 25.7 

S1-S 577 96.9 2.2 54.7 321.4 5.9 5.7 28.2 

S2-S 1521 92.9 3.6 109.4 948.5 8.7 3.5 64.4 

CL1-318 318 - - 70.8 157.7 2.2 2.6 9.6 

CL1-415 415 - - 101.0 204.0 2.0 1.0 17.0 
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CL1-420 420 - - 104.6 209.9 2.0 0.8 17.9 

S1-S174 174 - - 37.7 100.1 2.7 8.3 3.4 

S1-S192 192 - - 33.8 80.7 2.4 10.1 1.4 

S1-S218 218 - - 32.3 75.3 2.3 11.3 1.1 

 Ionic liquids 

1-Ethyl-3-methyl imidazolium acetate with a purity superior to 95% was pur-
chased from BASF (Germany) and employed without any further purification 
for the experiments in paper I. A water content of 0.13% was determined via 
Karl-Fisher titration. [EMIM]OAc is a RTIL, as shown in Figure 4.1.  

 
1,5-Diazabicyclo[4.3.0]non-5-enium acetate was prepared at the University of 
Helsinki in Paper II and in our laboratory in papers III and IV by neutralization 
of 1,5-diazabicyclo[4.3.0]non-5-ene, DBN, (99%, Fluorochem, UK ) with acetic 
acid (glacial, 100%, Merck, Germany). Both components were utilized as re-
ceived, acetic acid was gradually added under external cooling due to the exo-
thermic nature of the reaction until reaching an equimolar ratio. The solution 
was stirred for 1 h at 80 ºC after complete addition of the required amount of 
acetic acid. [DBNH]OAc, depicted in Figure 4.1, solidifies at room temperature 
and shows a melting temperature of 60 ºC.  

 

 

Figure 4.1. [EMIM]OAc (left) and [DBNH]OAc (right) at room temperature. 

Purity and thermal stability of [EMIM]OAc and [DBNH]OAc have been investi-
gated via nuclear magnetique resonance (NMR) in DMSO-d6 and, thermograv-
imetric analysis (TGA) and differential scanning calorimetry (DSC), respec-
tively. Figures 4.2 and 4.3 exhibit the 1H and 13C NMR spectra of [EMIM]OAc 
and [DBNH]OAc, which were collected using Varian 300 MHz Unity spectrom-
eter and processed with MestreLab Research, MestReC 23 software. The purity 
of the ILs were assessed by affiliating each peak of the spectra to the correspond-
ing proton or carbon in the chemical structure. The spectra show clear peaks 
and no extra peak from degradation products were observed (Parviainen, Wahl-
ström et al. 2015). 
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Figure 4.2. 1H (left) and 13C (right) NMR spectra of [EMIM]OAc. 

 
 

Figure 4.3. 1H (left) and 13C (right) NMR spectra of [DBNH]OAc. 

Figure 4.4 depicts the [EMIM]OAc and [DBNH]OAc TGA thermal curves, which 
indicate the weight loss (%) as a function of temperature (°C). We can notice 
that the onset temperature, which denotes the temperature at which the weight 
loss begins, of [DBNH]OAc is lower than the onset temperature of [EMIM]OAc. 
This earlier weight loss might be explained by the distillable characteristic of 
[DBNH]OAc, particularly the potential evaporation of the DBN component, and 
does not necessarly correspond to the degradation of the IL. 
 
Figure 4.5 shows the [EMIM]OAc and [DBNH]OAc DSC curves, which display 
the heat flow (mW) as a function of temperature (°C). The onset of melting of 
[DBNH]OAc and the endothermic peak, corresponding to complete melting, are 
observed.  
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Figure 4.4. TGA curves of [DBNH]OAc 
and [EMIM]OAc showing the weight loss 
(%) as a function of temperature (°C). 

Figure 4.5. DSC curves of [DBNH]OAc 
and [EMIM]OAc denoting the heat flow 
(mW) as a function of temperature (°C). 

 
NMR analysis showed that heating [DBNH]OAc with water undergoes the for-
mation of (aminopropyl)-2-pyrrolidonium acetate ([APPH]OAc) as described in 
Figure 4.6 (Parviainen, Wahlström et al. 2015). 
 

 

Figure 4.6. Hydrolysis of [DBNH]OAc to [APPH]OAc (Parviainen, Wahlström et al. 2015). 

 
The shear viscosity of [EMIM]OAc and [DBNH]OAc is represented as a function 
of temperature in Figure 4.7. They show comparable viscosity behavior from a 
temperature of 60 °C, which corresponds to the melting point of [DBNH]OAc. 
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Figure 4.7. Shear viscosity (Pa.s) of [DBNH]OAc and [EMIM]OAc as a function of temperature 
(°C). 

4.2 Equipment 

 Preparation of cellulose/ionic liquid solution 

The pulps were dissolved in IL by means of a vertical kneader, shown in Figure 
4.8. The temperature, pressure and rotation per minute of the system were set 
at 95 ºC, 55 mbar and 48 rpm for the experiments described in paper I and 80 
ºC, 100 mbar and 10 rpm in papers II, III and IV. A dissolution time of 60 min 
was sufficient for the complete dissolution of the cellulose pulps listed in para-
graph 4.1.1. The state of the dissolution was confirmed by means of an optical 
microscope after 60 min of stirring. In papers II, III and IV, the resulting poly-
mer solutions were filtered via a hydraulic pressure filtration unit (1 – 2 MPa, 
metal filter fleece, 5 – 6 μm absolute fineness, Gebr. Kufferath AG, Germany), 
depicted in Figure 4.9, to remove any impurities or undissolved particles, and 
assure constant solution quality during spinning. The loading of the solution 
into the spinning cylinder was facilitated by shaping the solutions according to 
the dimension of the cylinder and letting them solidify for 1 – 2 days after prep-
aration. A 10 weight-% cellulose/[EMIM]OAc solution was prepared in paper I 
and 13 wt-% cellulose/[DBNH]OAc solutions were prepared in papers II, III and 
IV. 
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Figure 4.8. Vertical kneader for cellulose dissolution. Figure 4.9. Hydraulic pressure fil-
tration unit. 

 Rheological characterization of cellulose/ionic liquid solution 

4.2.2.1 Oscillatory shear rheology 
The viscoelastic properties of the polymer solutions were evaluated via oscilla-
tory shear rheology by means of an Anton Paar MCR 300 with a plate and plate 
geometry (25 mm diameter, 1 mm gap size), as shown in Figure 4.10. First, dy-
namic strain sweep tests were conducted to define the linear viscoelastic domain 
and select an adequate strain for the subsequent frequency sweep tests. Strains 
of 1% for [EMIM]OAc solutions and 0.5% for [DBNH]OAc solutions were cho-
sen. An angular frequency range of 0.01 – 100 s-1 at temperatures from 70 to 90 
ºC was applied during frequency sweep. Complex viscosity, η*, as well as the 
dynamic moduli, G’ and G’’, were recorded. As suggested by Sammons et al., 
complex viscosity data were fitted to the three-parameter Cross viscosity model 
(Equation 7) to determine the zero-shear viscosity, η0 (Sammons, Collier et al. 
2008b). The Cox-Merz rule is here assumed to be valid (Lu, Cheng et al. 2012). 

 
 (7) 

where λ is a time constant and n the power-law exponent. 
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Figure 4.10. Anton Paar MCR 300 with plate-
plate geometry. Above: sample loaded be-
tween the two plates. 

 

4.2.2.2 Capillary break-up extensional rheology 
The extensional rheological analyses carried out in paper I were performed with 
a Thermo Fisher capillary break-up extensional rheometer (CaBER) depicted in 
Figure 4.11. Plates of 6 mm were employed and the step-stretch was defined by 
an initial and final aspect ratio of 0.66 and 3.00, corresponding to an initial and 
final separation of the plates of 2 and 9 mm, respectively. An equilibration time 
of 2 min was set between the loading of the sample and the start of the meas-
urement in order to delete the effects deriving from shear during loading. Po-
tential moisture take-up was prevented during the tests by purging a dry-air 
flow of 1.5 ml/min through the measurement cell.  

 

 

Figure 4.11. Capillary break-up extensional rheometer (CaBER). 
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4.2.2.3 Elongation viscosity via radial force measurement 
The determination of the elongational viscosity in Paper IV was conducted via 
the measurement of the total force acting on the bundle of filaments at the exit 
of the coagulation bath as a function of the reciprocal air gap length. The total 
force (Ftot) after the bath is considered to be composed of the hydrodynamical 
(Fhydr) and rheological forces (Frheo) given by Equation 8 (Boerstoel 1998).  

 
 (8) 

The filament velocity is defined by an exponential profile (Equation 9) when 
only the external and rheological forces are considered in the force balance act-
ing on the fluid filament in the air gap (Boerstoel 1998). 

 

 (9) 

where Q is the throughput outflow,  the elongational viscosity,  the extru-
sion velocity and  the take-up velocity equal to the velocity of the filament at 
the surface of the bath. 
 
By combining Equations 8 and 9, the elongational viscosity is extracted from 
the slope of the plot representing the total force versus the reciprocal air gap 
length, l, as shown in Equation 10. 

 

 (10) 

Ftot is measured by means of a strain gauge-based force sensor placed at the exit 
of the coagulation bath, as illustrated in Figure 4.12. The measuring principle is 
based on the evaluation of the forces acting radially into the sensor, as described 
in Figure 4.13. The load transmission is effected through the pulley which is 
mounted onto the sensor’s bearing journal.  
 

 

 

Figure 4.12. Radial force sensor at the exit of the coagulation bath. 
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Figure 4.13. Forces acting on the sensor's bearing axis. 

where  
α is the wrap angle at reversing angle 

 is the tension force 

is the effective measurement force applied to the sensor 

 is the force resulting from tension force and wrap angle 

is the weight of the reversing roller due to the force of gravity 

The resulting force FR is calculated by subtracting the weight FG of the reversing 
roller to the effective measurement force FEM according to Equation 11. 

 
  (11) 

The tension force Ftot is calculated on the basis of the resulting force FR and the 
wrap angle α, according to Equations 12 and 13. 

 (12) 

 (13) 

 Spinning of cellulose/ionic liquid solution 

Cellulosic multi-filaments were spun with a customized laboratory dry-jet wet 
spinning unit supplied by Fourné Polymertechnik, Germany, depicted in Figure 
4.14. 

 



34
 

 

Figure 4.14. Dry-jet wet spinning unit at Aalto University. 

It consists of a piston/extrusion unit, coagulation bath, washing bath, drying 
channel, 4 godet couples and a winder, as represented in Figure 4.15. For prac-
tical issues, fibers were collected at the first godet, the washing and the drying 
steps were conducted offline. Fibers were washed in water at 70 ºC for 1h and 
dried at room temperature tension free. The characteristics of the spinning unit 
are listed below. 

 
 

Filing capacity 500 ml 

Extrusion velocity range 0.4 – 5 ml/min 

Godet velocity range 5 – 100 m/min 

Winder velocity range 5 – 70 m/min 

 

 

 

 

 
Spinnerets with different diameters were employed during the experiments. 
They are summarized in Table 4.2. 

 

Piston system 

winder 

Godets 3 and 4 

Coagulation bath Drying channel Washing bath 

Godet 1 Godet 2 

Figure 4.15. Schematic representation of the dry-jet wet spinning line. 
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Table 4.2. List of the spinnerets employed in the different studies. 

Spinneret Publication 

36 x 100 μm, L/D* 0.2 II, III, IV 

36 x 150 μm, L/D 0.2 IV 

36 x 200 μm, L/D 0.2 IV 
*length/diameter ratio of the spin capillary 

 Characterization of ionic liquid-based fibers 

4.2.4.1 Tensile measurement 
The linear density, tenacity and elongation at break of the resulting fibers were 
assessed by two Lenzing Instrument devices, vibroskop and vibrodyn 400 (Fig-
ure 4.16), at 23 °C and 50% humidity. The fibers were conditioned for 24h prior 
to the tests. The tensile measurements comprise a gauge length of 20 mm, a 
pretension of 5.9 ± 1.2 mN/tex, and a speed of 20 mm/min according to DIN 
53816. The elastic modulus or Young’s modulus of the spun fibers was calcu-
lated using a matlab program determining the slope of the entire elastic region 
of the stress-strain curves obtained from the tensile tests according to ASTM 
Standard D2256/D2256.  

 

  

Figure 4.16. Lenzing instrument vibroskop (left) and vibrodyn (right). 

 

4.2.4.2 Fiber diameter 
The diameter of the fibers was calculated from the titer using the cellulose den-
sity value of 1.5 g/cm3 according to equation 14. 
 

 (14) 

 
where  
d is the diameter in μm 
 
t is the titer in dtex  
 
ρ is the linear density in g/cm3 
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4.2.4.3 Birefringence measurement 
A Zeiss Axio Scope polarized microscope, equipped with a 5λ Berek compensa-
tor, was adopted to evaluate the birefringence and total orientation of the fibers 
(Figure 4.17). Light when entering a birefringent material is refracted into two 
linear polarized lights: ordinary rays, following the law of refraction, and ex-
traordinary rays, as shown in Figure 4.18. The optical axis and the direction of 
the incident light determine the vibration direction of the two rays in an opti-
cally uniaxial material. The section containing both rays is named the principal 
section. The ordinary rays ocsillate vertically through the principal section while 
the extraordinary ones oscillate within the principal section. They travel the an-
isotropic material at different velocities and have different refractive indices. 
The birefringence, Δn, of the fibers was obtained by dividing the retardation of 
the polarized light, Γλ, by the thickness of the fiber, d. The retardation was as-
sessed from the tilting angles obtained by tilting the compensator plate until the 
phase difference in the material was completely compensated. The calculation 
of the birefringence and light retardation are described by equations 15 and 16. 
The total orientation was determined by dividing Δn by the maximum birefrin-
gence of cellulose 0.062 (Adusumalli, Keckes et al. 2009, Gindl, Reifferscheid 
et al. 2008).  

 
 

Figure 4.17. Zeiss Axio Scope polarized 
microscope equipped with a 5λ Berek com-
pensator. 

Figure 4.18. Vibration direction of ordinary and 
extraordinary rays of an optically uniaxial mate-
rial. 

 
 (15) 

 
where  
Γλ is the retardation of the polarized light in nm = 10-6 at wavelength λ  
 
d is the thickness of the fiber in nm  
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 (16) 

 
where  
dc is the thickness of the compensator plate (1.52 nm) 
 
n0 is the refractive index of the ordinary wave of the compensator plate 
(1.37859)  
 
ne is the refractive index of the extraordinary wave of the compensator plate 
(1.39043) 
 
i is the angle of the tilt of the plane of the plate against the zero position = posi-
tion vertical to the propagation of the light 
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5. Results and discussion 

5.1 Solubility and thermal stability of cellulose in ionic liquid 

 Solubility of cellulose in ionic liquid 

B-PHK and E-PHK pulps, shredded to fine particles, showed very good solubil-
ity in both [EMIM]OAc and [DBNH]OAc ILs without any additional pre-treat-
ments. The target intrinsic viscosity of the dissolved cellulose was 450 ml/g cor-
responding to a DP 1047, which is in accordance with the DP of NMMO-based 
Lyocell pulps. The vertical kneader system allowed for fast dissolution under 
constant shearing and high vacuum at mild temperature. Based on the target 
DP, a dissolution time between 45 and 75 min (depending on the cellulose con-
centration and amount to dissolve), a dissolution temperature of 80 ºC, a shear-
ing rate of 10 rpm and a vacuum of 100 mbar were set as optimum conditions 
for cellulose dissolution. The equilibrium pulp moisture was the only water pre-
sent in solution during dissolution. Solutions with a concentration up to 17 wt-
% of cellulose could be prepared. However, concentrations exceeding 14 wt-% 
imply higher solution viscosity and thus more difficulties for handling and pro-
cessing.  
 
The water content in the starting cellulose/IL suspension appeared to be of great 
importance for the successful dissolution of cellulose. The influence of water in 
[DBNH]OAc on the dissolution of B-PHK air-dried pulp was investigated and 
resulted in the identification of a water content limit of 5.5 wt-% in solution, 
including the equilibrium pulp moisture content (unpublished data). Figure 5.1 
shows the optical microscope images of the dissolution state of 13 wt-% B-PHK 
solutions containing 5.5, 8.4 and 10.5 wt-% of water after 60 min of kneading.  

 

   

Figure 5.1. Optical microscope images of 13 wt-% B-PHK/[DBNH]OAc solution containing a) 5.5 
wt-%, b) 8.4 wt-%, c) 10.5 wt-% of water, including the equilibrium pulp moisture content of typi-
cally 6 wt-% on pulp. 



39
 

 Thermal stability of cellulose in ionic liquid 

Cellulose demonstrated thermal instability when processed at a temperature 
higher than 85 °C in [EMIM]OAc. A significant reduction in cellulose DP of 
25.2% was observed at a dissolution temperature of 95 °C with [EMIM]OAc for 
1h. A decrease of 10 °C of the dissolution temperature reduced the extent of deg-
radation to about 10% (Paper I). The cellulose degradation occurring in 
[EMIM]OAc is depicted in Figure 5.2, which exhibits the average number of 
chain scission per chain unit and the cellulose DP before and after dissolution 
at 95 °C and as a function of the storage time at 60, 90 and 110 °C. The severe 
degradation occurring during the dissolution step at 95 °C is represented by the 
grey area. The effect of the stabilizer propyl gallate is observed through the sub-
stantial reduction of the number of chain scission at 0h. 

 

 

Figure 5.2. Scission per cellulose chain and DP of cellulose dissolved in [EMIM]OAc at 95 °C 
and degraded at 60, 90 and 110 °C upon storage time. The grey area represents the chain 
scission occurring during the dissolution step (Paper I). 

 
The selected dissolution conditions of cellulose in [DBNH]OAc (80 °C, 75 min, 
10 rpm) prevented serious degradation of cellulose and led to a decrease of the 
DP of about 6%. Figure 5.3 depicts the molar mass distribution of E-PHK and 
B-PHK pulps before dissolution and of the precipitated cellulose after dissolu-
tion. A small diminution of the share of the long cellulose chains is noticeable, 
increasing hence the fraction of medium length cellulose chains in the regener-
ated cellulose (unpublished data).  
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Figure 5.3. Molar mass distribution of E-PHK and B-PHK pulps before and after dissolution in 
[DBNH]OAc for 75 min at 10 rpm and 80 °C. 

5.2 Rheological properties of cellulose/ionic liquid solution 

 Oscillatory shear rheology 

5.2.1.1 Influence of cellulose concentration 
The concentration of cellulose has a strong effect on the shear rheological prop-
erties of ionic liquid solution. Figure 5.4 depicts the complex viscosity and the 
storage and loss moduli of 13 and 15 wt-% E-PHK in [DBNH]OAc (unpublished 
data). The formation of a more entangled and denser cellulose network with 
higher concentration was observed through the increase of the complex viscos-
ity and the shift of the COP between the loss and storage moduli to lower angular 
frequency. The COP defines the shear rate at which the elastic behavior of the 
solution exceeds the viscous behavior. At higher cellulose concentration, the 
elastic properties predominate due to the more entangled intrinsic structure, 
the elastic region thus widens and the viscous one narrows. A shear thinning 
behavior for the complex viscosity was observed with increasing frequencies due 
to a reduction of the number of entanglements between cellulose chains as they 
tend to orient. Sammons et al. and Chen et al. reported similar shear behavior 
with solutions of cellulose dissolved in 1-butyl-3-methylimidazolium chloride 
([BMIM]Cl) (Sammons, Collier et al. 2008b, Chen, Zhang et al. 2009).  
 

  

Figure 5.4. Complex viscosity (left) and loss and storage moduli (right) of 13 (blue) and 15 
(orange) wt-% E-PHK in [DBNH]OAc at 75 °C. 
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5.2.1.2 Influence of temperature 
The shear properties of the 13 wt-% E-PHK/[DBNH]OAc solution were signifi-
cantly influenced by the testing temperature. Figure 5.5 illustrates the effect of 
increasing temperature on the complex viscosity and dynamic moduli of a 13 
wt-% solution (unpublished data). At higher temperatures, the interactions be-
tween the molecule chains become weaker, the chains get more freedom to move 
and flowability is improved which results in lower viscosity. For similar reasons, 
the viscous properties predominate over a larger frequency range, the COP is 
shifted to a higher angular frequency. However, the modulus value of the COP 
is not modified as the number of entanglement points does not change. Compa-
rable trends were presented by Sammons et al. and Chen et al. with cellu-
lose/[BMIM]Cl solutions (Chen, Zhang et al. 2009, Sammons, Collier et al. 
2008b). 

  

Figure 5.5 Influence of temperature on complex viscosity and dynamic moduli of 13 wt-% E-
PHK/[DBNH]OAc solutions. 

 

5.2.1.3 Influence of cellulose molar mass distribution 
The MMD of cellulose demonstrated a significant influence on the shear rheol-
ogy and spinnability of cellulose/[DBNH]OAc solution. Figure 5.6 exhibits the 
MMD of 6 cellulose blends and E-PHK pulp of comparable intrinsic viscosities 
(420 ml/g). Table 5.1 lists the blend composition.  

 

Table 5.1. Blend composition. 

Blend Pulp A Pulp B 

1 S2-S, 21.7% S1-S218, 78.3% 

2 S1-S, 75.2% S1-S174, 24.8% 

3 CL1, 2% CL1-415, 98% 

4 CL1-420, 100% - 

5 S2-S, 9.5% S1-S192, 90.5% 

6 CL2, 68.7% S1-S192, 31.3% 

 

0.01 0.1 1 10 100
1E+02

1E+03

1E+04

1E+05

C
om

pl
ex

 v
is

co
si

ty
, P

a.
s

Angular frequency, s-1

 70 ºC
 75 ºC
 80 ºC
 85 ºC
 90 ºC

0.01 0.1 1 10 100

1E+01

1E+02

1E+03

1E+04

1E+05

D
yn

am
ic

 m
od

ul
i, 

P
a

Angular frequency, s-1

 /  70 ºC   /  90 ºC



42 
 

Despite similar intrinsic viscosities, the respective blend-pulp/[DBNH]OAc so-
lutions showed very different viscoelastic properties. Figure 5.7 A) depicts the 
zero-shear viscosity calculated from the Cross model  (Equation 7) as a function 
of the angular frequency of the COP. As previously mentioned, the increase of 
the temperature or decrease of the concentration results in lower viscosities and 
a shift of the COP to higher angular frequency. At comparable temperature, IL 
solutions with larger share of long cellulose chains show a lower angular fre-
quency of COP and higher zero-shear viscosity due to a strengthened network. 
The differences in viscoelastic properties are more evident in Figure 5.7 B), 
demonstrating the dynamic modulus of the COP as a function of the angular 
frequency of COP. It appears that the presence of longer cellulose chains shifts 
the COP to higher modulus (paper III). 
 
Shear rheology appears hence to be a suitable method to monitor the MMD of 
cellulose in solution as the viscoelastic properties is mainly affected by the share 
of very long molecules, DP>2000. The degradation of cellulose in IL can hence 
be followed not only by DP and MMD characterization of the precipitated cellu-
lose but also by directly measuring the viscoelastic properties of the IL solution 
via oscillatory shear measurements. The reduction in the DP of cellulose dis-
solved in [EMIM]OAc was monitored over time at 60, 90 and 110 °C via shear 
rheology in Paper I. While no differences in viscoelastic properties were ob-
served at 60 °C, the complex viscosity gradually decreased and the COP was 
shifted toward higher angular frequency over time at 90 and 110 °C (Figure 5.8), 
indicating a more liquid-like behavior of the solution due to the reduction of 
cellulose DP and weaker entanglement network (Paper I). 
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Figure 5.6. Molar mass distribution of cellulose blends and E-PHK pulp (Paper III). 

 

Figure 5.7. A) Zero-shear viscosity and B) dynamic moduli of COP as a function of the angular 
frequency of COP of cellulose blends and E-PHK pulp in [DBNH]OAc (Paper III). Green dots: 
successful spinning, orange dots: intermediate spinning, red: unsuccessful spinning. 
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Figure 5.8. Dynamic moduli of 10 wt-% E-PHK/[EMIM]OAc solution stored at 110 °C (measured 
at 60 °C). The inset shows a zoom on the COP.  

 Extensional properties of ionic liquid/cellulose solution 

5.2.2.1 Capillary break-up extensional rheology (Paper I) 
Elongational rheology appeared to be also an appropriate method to examine 
the potential degradation of cellulose in ILs as the extensional behavior of vis-
coelastic solutions is related to the chain-chain interactions in solution. The 
temperature-induced decrease in DP over time of E-PHK pulp dissolved in 
[EMIM]OAc could be monitored by CaBER. The reduction in DP was observed 
over time through the faster thinning and thus shorter break-up time of the fluid 
filament. Figure 5.9 A) illustrates this trend for a solution of 10 wt-% E-PHK 
pulp dissolved in [EMIM]OAc and stored at 110 °C for 0 to 24h. Figure 5.9 B) 
exhibits the evolution of the extension rate and apparent extensional viscosity 
during a measurement of the E-PHK/[EMIM]OAc solution stored at 110 °C for 
8h. The three first regimes of the fluid filament thinning are observed. The ex-
tension rate, after a significant drop in regime I, slightly increases in regime II 
followed by a subtential increase in regime III during which the disentangle-
ment and orientation of cellulose occur. The transient extensional viscosity 
shows a plateau after a drastic increase in regime I. The ultimate elasto-capillary 
regime characterized by a rise in extensional viscosity (strain hardening) and a 
plateau of the extension rate as described by Clasen et al. is not observed (Clasen 
2010). The missing elasto-capillary regime demonstrates the insensitivity of the 
CaBER toward high cellulose concentration to detect this last regime required 
to calculate the elongational relaxation time. 
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Figure 5.9. A) Evolution of the mid-filament diameter vs. time for E-PHK/[EMIM]OAc 10 wt-% 
solutions stored at 110 °C at varying retention time. B) Extension rate and apparent extensional 
viscosity vs. time for the unstabilized E-PHK/[EMIM]OAc solution stored for 8h at 110 °C. (Paper 
I) 

5.2.2.2 Elongational viscosity via force measurement (Paper IV) 
Radial force measurement of the filament tow at the exit of the coagulation bath 
appeared to be an appropriate method for the determination of the elongational 
viscosity of cellulose/IL solution. The extensional viscosities of 13 wt-% B-
PHK/[DBNH]OAc solutions extruded at three different speeds with two differ-
ent spinneret sizes were assessed. Figure 5.10 presents the force acting on the 
bundle of the regenerated cellulose filaments exiting the coagulation bath, col-
lected at a draw ratio of 1.5, as a function of the reciprocal air gap length. The 
elongational viscosities were calculated from the slope according to Equation 10 
and are summarized in Table 5.2.  

 
 

 

Figure 5.10. Force acting on the filament tow at the exit of the coagulation bath as a function of 
the reciprocal air gap length for 13 wt-% B-PHK/[DBNH]OAc solutions extruded at a speed of 
3.5, 5.2 and 5.7 m/min with 100 and 150 μm spinneret and subjected to a draw ratio of 1.5 
(Paper IV). 
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Table 5.2. Spinning parameters, zero-shear viscosity and calculated elongational viscosity of 13 
wt-% B-PHK/[DBNH]OAc solutions. 

Spinneret Extrusion 

velocity 

m/min 

Spinning 

Temperature 

ºC 

Zero-shear 

viscosity* 

Pa.s 

Elongational 

viscosity 

Pa.s 

36 x 150 μm - L/D 0.2  5.2 76 31 955 42 000 

36 x 100 μm - L/D 0.2  3.5 76 27 100 96 000 

36 x 100 μm - L/D 0.2 5.7 75 27 868 82 000 

*calculated from oscillatory shear measurement 

 
The diameter of the spinneret capillary demonstrated a significant influence on 
the calculated elongational viscosity. An increase in diameter of 50% resulted in 
a drop of about 48.6% in the elongational viscosity. A wider spinneret capillary 
corresponds to a larger solution throughput and thus a slower cooling of the 
fluid filament, which undergoes a slower rise of the extensional viscosity along 
the air gap. The extrusion speed seems to have a lower effect on the extensional 
viscosity. A viscosity of 82 000 Pa.s was calculated with a velocity of 5.7 m/min 
while a value of 96 000 Pa.s was obtained with a speed of 3.5 m/min. At lower 
extrusion velocity, the filaments spend more time in the air gap which also im-
plies more time to cool down, resulting in an increase of the elongational viscos-
ity.  
 
The ratio of the elongational and zero-shear viscosity (Trouton ratio) shows rel-
atively low values, particularly the ratio from the experiment using the 150 μm 
spinneret. These results may come from the simplifications made by Boerstoel 
on the velocity of the fluid filament in the air gap and the assumptions in the 
resulting force balance that might not be valid (Boerstoel 1998). Boerstoel ne-
glects the gravitational, friction, surfacial and inertial forces in the force balance 
considering them to be small for high viscous materials compared to the exter-
nal and rheology forces. Other studies demonstrate the potential importance of 
these forces in the calculation of the extensional properties of a material (Szabo 
1997, Szabo, McKinley 2003). Furthermore, the low draw ratio used in these 
experiments (DR 1.5) results in relatively thick fluid threads in the air gap and 
may increase the gravitational, inertial and surfacial effects. Under these condi-
tions, the assumption of neglecting them may not be valid. 
 

5.3 Dry-jet wet spinning of cellulose/ionic liquid solution 

 Spinnability of cellulose/[EMIM]OAc solution 

Despite its efficient capability of dissolving cellulose, [EMIM]OAc showed very 
poor spinnability. A stable and clear extrusion of cellulose/[EMIM]OAc solu-
tion, varying from 8 to 15 wt-%, was impossible to achieve. Figures 5.11 (A and 
B) illustrate the phenomena observed on the surface of the spinneret and in the 
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air gap after extrusion. The first instability, exhibited in Figure 5.11 A), corre-
sponds to the merging of several filaments forming viscous drops and prevent-
ing the establishment of clear extrusions and drawing of the filaments. In this 
case, the viscous properties seemed to dominate the elastic properties. By de-
creasing the spinning temperature, single filaments were obtained. However, an 
irregular outflow due to melt fracture (Figure 5.11 B)) originating from an inap-
propriate spinneret geometry was noticed and restrained the stretching of the 
filaments. 

 

Figure 5.11. Extrusion instabilities of E-PHK/[EMIM]OAc solutions. A) Drop formation, B) irregular 
outflow due to melt fracture caused by inappropriate spinneret geometry. 

 Spinnability of cellulose/[DBNH]OAc solution 

[DBNH]OAc exhibited very good solvent properties as well as excellent spinna-
bility. Figure 5.12 depicts the extrusion appearance of a 13 wt-% B-
PHK/[DBNH]OAc solution. By varying the extrusion temperature, the opti-
mum viscoelastic properties for E-PHK and B-PHK pulps were identified and 
set to a zero-shear viscosity of about 30 000 Pa.s and a COP located at an angu-
lar frequency around 1 s-1 and a modulus between 4 000 - 5 000 Pa.  
 

A) B) 



48 
 

 

Figure 5.12. Extrusion of a 13 wt-% B-PHK/[DBNH]OAc solution. 

 

5.3.2.1 Influence of cellulose MMD on the spinnability and fiber properties 
(Paper III) 
The cellulose blend/[DBNH]OAc solutions presented in chapter 5.2.1.3 were 
spun by dry-jet wet spinning. Table 5.3 summarizes the spinning temperatures 
at which the different polymer solutions were extruded, as well as the maximum 
possible draw ratio applied to the filaments.  

 

Table 5.3. Dry-jet wet spinning conditions of cellulose blends and reference pulp E-PHK 
/[DBNH]OAc solutions extruded at 5.7 m/min (Paper III). 

 
Concentration Tspinning 

Zero-shear  

viscosity 
Maximum 

DR  

 wt-% °C Pa.s-1 - 

Blend 1 15 80 31 000 3.0 

Blend 2 15 75 35 729 15.0 

Blend 3 15 79 - 82 36 641 - 

Blend 4 
13 70 25 565 1.5 

15 80 - 85 33 830 - 26772 - 

Blend 5 15 75 28 827 3.0 

Blend 6 
13 70 28 752 15.0 

15 85 - 87 30 347 3.0 

E-PHK 
13 75 27 971 15.0 

15 85 38 034 15.0 
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Clear and stable extrusions, without the formation of filament agglomerations, 
were obtained for all [DBNH]OAc solutions. However, the spinnability, which 
is reflected by the maximum draw ratio, differed significantly from one solution 
to another. The starting spinning temperature for each blend was selected to 
reach a zero-shear viscosity similar to the one employed for the spinning of E-
PHK pulp (30 000 Pa.s). In case of unsuccessful spinning, the extrusion tem-
perature was varied to seek for more stability. Despite comparable zero-shear 
viscosity, only blends 2 and 6 demonstrated sufficient spinnability at an extru-
sion velocity of 5.7 m/min and could be stretched at high draw ratios (DR 15) 
without any filament breaks. Blends 1, 3, 4 and 5, despite stable extrusions, 
could not be drawn to a high extent: frequent filament breaks occurred at the 
entrance of the coagulation bath and were amplified by the increase of the draw 
ratio, preventing the take-up of the filaments and collection of samples. The col-
ored dots in Figures 5.7 A) and B) denote the rheological conditions at which 
the different blend solutions were spun. The green dots refer to successful spin-
ning (high draw applicable), orange dots correspond to intermediate spinning 
(low draw applicable) and red dots to unsuccessful spinning (no draw achieva-
ble). The different responses of the spun solutions under similar process condi-
tions emphasize the importance of the viscoelastic properties of cellu-
lose/[DBNH]OAc solutions and, therefore, the significance of cellulose MMD to 
achieve effective spinning. The viscoelastic properties of a solution (zero-shear 
viscosity, angular frequency and dynamic modulus of the COP) require to be 
within specific ranges to obtain successful spinning. According to this study, the 
following matrix was identified: zero-shear viscosity between 27 000 and 40 
000 Pa.s, angular frequency of COP between 0.8 and 1.5 s-1 and dynamic mod-
ulus of COP between 3 000 and 6 000 Pa. The validity of this matrix was con-
firmed with the reduction of the dynamic modulus of blends 4 and 6 via the 
decrease of the concentration from 15 wt-% to 13 wt-%, which resulted in an 
improvement of the maximum draw ratio.   

 
In terms of MMD, the spinnability of cellulose/[DBNH]OAc solutions demon-
strated a close relationship with the share of high molecular weight cellulose 
fraction and with the polydispersity index (PDI). A proportion of cellulose chain 
of DP > 2000 larger than 20 wt-% combined with a share of cellulose chains 
showing a DP < 100 between 3 and 7 wt-% resulted in excellent spinnability with 
high stretching. The presence of longer chains favor uniform and homogeneous 
interactions between polymer chains during the solution extrusion in the air gap 
and the formation of a more cohesive cellulose network during the regeneration 
process in the coagulation bath. This developed cellulose structure directly en-
hances the elongational properties of the fluid filament and reduce the occur-
rence of filament breaks.  
 
The properties of the fibers collected during the successful spinning are pre-
sented in Figures 5.13 and 5.14 as a function of the draw ratio. The total orien-
tation and the mechanical properties of the fibers spun from blends 2 (15 wt-%) 
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and 6 (13 wt-%) exhibited comparable properties with the fibers spun from the 
commercial E-PHK.  
 

Figure 5.13. Total orientation of the fibers 
spun from blends 2 and 6 and E-PHK/ 
[DBNH]OAc solutions as a function of 
draw ratio (Paper III). 

Figure 5.14. Tenacity and Young's modulus of 
the fibers spun from blends 2 and 6 and E-PHK/ 
[DBNH]OAc solutions as a function of draw ra-
tio (Paper III). 

The large share of high molecular weight cellulose present in solution allows for 
the collection of fibers at high draw ratios. The alignment of the cellulose chains 
in the air gap promotes the formation of a more cohesive fiber network and re-
sults in thinner and higher tenacity fibers. The presence of long cellulose chains 
favors the creation of a more uniform and homogeneous structure which gener-
ates stronger fibers. As a consequence, the elongation at break is reduced as the 
generation of a highly oriented cellulose structure prevents the chains to slide 
along each other. The slightly higher tenacity of blend 6 over blend 2 may be 
explained by the lower PDI of the former implying a smaller share of low DP 
(<100) cellulose chains for a similar high molecular weight cellulose fraction 
(DP>2000). The mechanical properties of the fibers produced from blend 6 and 
E-PHK show similar values whereas the fibers from blend 2 demonstrate 
slightly lower values. E-PHK and blend 6 exhibit comparable cellulose MMD 
and PDI (Figure 5.6) with a relatively pronounced high molecular weight cellu-
lose fraction (27.2 and 22.5 %) and an intermediate PDI (3.4 for both). Blend 2 
also has an important share of long chains (23.9 %) but a broader PDI (5.9) in-
dicating the presence of a higher amount of low molecular weight cellulose, DP 
< 100 (6.9 % instead of 3.5 and 3 % for E-PHK and blend 6, respectively). The 
higher proportion of short chains may result in a less uniform and oriented cel-
lulose network and thus weaker fiber. The combination of a large fraction of 
high molecular weight cellulose and an intermediate PDI appeared to favor 
spinnability and the manufacture of stronger fibers. 

 

5.3.2.2 Influence of process parameters on spinnability and fiber properties 

5.3.2.2.1 Influence of the draw ratio on the filament structure formation  

The orientation of the cellulose chains occured mainly in the air gap between 
the spinneret and the surface of the coagulation bath due to the external exten-
sional tension exerted on the filaments. The increase of the draw ratio resulted 
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in a rise of the orientation of the polymer chains within the filaments, as de-
picted in Figure 5.15. As noticed, the orientation is developed rapidly at low 
draws and reaches a plateau at draw ratio of about 6. Only a small draw was thus 
necessary to produce highly oriented fibers, spun from a 13 wt-% B-
PHK/[DBNH]OAc solution with a 100 μm spinneret. The Young’s modulus and 
tenacity of the fibers are closely related to the orientation of the cellulose chains 
and showed a similar trend, as shown in Figures 5.15 and 5.16, respectively. 
High tenacity fibers of about 50 cN/tex and Young’s modulus of about 20 GPa 
could be produced already at a draw of 6. On the contrary, the elongational 
properties of the resulted fibers decreases with an increase of the draw ratio, as 
the cellulose structure is more packed and the cellulose chains are not able to 
slide past each other anymore (Figure 5.16). The increase of the draw ratio re-
sults in the reduction of the diameter or titer of the fibers (Figure 5.17). A draw 
of 15 resulted in fibers of 11 μm diameter (1.4 dtex). Fibers of a large range of 
properties can thus be produced by varying the amount of stretching.  
 

 

Figure 5.15. Evolution of the total orientation 
and Young's modulus as a function of draw 
ratio of fibers spun from a 13 wt-% B-
PHK/[DBNH]OAc solution with a 100 μm 
spinneret. 

 

Figure 5.16. Evolution of the tenacity and 
elongation as a function of draw ratio of fibers 
spun at from a 13 wt-% B-PHK/[DBNH]OAc 
solution with a 100 μm spinneret. 
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Figure 5.17. Evolution of the titer and calculated diameter as a function of draw ratio of fibers 
spun from a 13 wt-% B-PHK/[DBNH]OAc solution with a 100 μm spinneret. 

5.3.2.2.2 Influence of air gap length (Paper IV) 
The air gap length appeared to have no significant influence on the finess and 
mechanical properties of fibers spun from a 13 wt-% B-PHK/[DBNH]OAc solu-
tion at a draw ratio of 1.5 with a 100 μm spinneret at an extrusion velocity of 3.5 
m/min. Table 5.4 summerizes the properties of the collected fibers for air gaps 
ranging from 1 to 3.5 cm. Only a minor decrease in the tenacity and conse-
quently a slight increase in the elongation is noticed even though the total ori-
entation of the chains does not show a clear decrease with the extension of the 
air gap length. 

Table 5.4. Fineness and tensile properties of fibers spun from a 13 wt-% B-PHK/[DBNH]OAc 
solution at a temperature of 76 °C with a 36 holes, 100 μm, L/D 0.2 spinneret at an extrusion of 
3.5 m/min and draw ratio of 1.5. 
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5.3.2.2.3 Influence of the temperature of extrusion on spinnability 

As explained in chapter 5.2.1.2, the viscoelastic behaviour of a cellulose/IL so-
lution changes according to its temperature. Table 5.5 shows the predominance 
of the viscous property over the elastic one upon the rise of the process temper-
ature during the spinning of a 13 wt-% B-PHK/[DBNH]OAc solution (un-
published data). The reduction in the zero-shear viscosity and the shift of the 
COP between the loss and storage moduli illustrate the drift of the solution 
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properties toward more pronounced viscous behavior. The impairment of the 
ability of the fibers to be stretched during processing originates from the more 
liquid-like behavior of the solution. The augmentation of filament breaks when 
increasing the process temperature prevented the drawing and collection of fi-
bers. A certain elasticity of the solution is thus required to achieve stable spin-
ning. 

Table 5.5. Influence of the viscoelastic properties of a 13 wt-% B-PHK-[DBNH]OAc solution at 
temperatures between 80 and 90 °C on the maximum spinning draw ratio. 

Tspin Zero-shear 
viscosity 

Angular frequency 
at COP 

Dynamic modulus 
at COP DRmax 

°C Pa.s Pa s-1  

80 32468 0.83 4656 17.7 

82 28585 0.92 4569 12.4 

83 26659 1.00 4578 7.1 

84 25540 1.10 4682 7.1 

85 20210 1.27 4554 3.6 

90 16280 1.81 4733 2.7 

 

5.3.2.2.4 Influence of the extrusion velocity (Paper IV)  

The increase of the extrusion velocity (spinning of a 13 wt-% B-
PHK/[DBNH]OAc solution, 75 °C, 100 μm spinneret) from 3.5 m/min to 5.7 
m/min did not demonstrate a significant influence on the orientation of the cel-
lulose chains and resulting mechanical properties, as observed in Figures 5.18 
and 5.19. Due to technical limitations in the take-up velocity, only a maximum 
draw of 15 could be set at an extrusion velocity of 5.7 m/min whereas a maxi-
mum draw of 25 could be reached at a speed of 3.5 m/min. Only a slight rise in 
the tenacity is noticed at a speed of 5.7 m/min which might be due to the aug-
mented shear stress in the spin capillary. These results confirm the trend found 
by Mortimer et al. on the increase of the extrusion velocity in the spinning of 
NMMO-Lyocell fibers (Mortimer, Peguy et al. 1996).   
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Figure 5.18. Titer and total orientation as 
a function of draw ratio of fibers spun at 
extrusion velocities of 3.5 and 5.7 m/min 
with a 100 μm spinneret from a 13 wt-% 
B-PHK/[DBNH]OAc solution (Paper IV). 

 

Figure 5.19. Young's modulus and tenacity as a 
function of draw ratio of fibers spun at extrusion 
velocities of 3.5 and 5.7 m/min with a 100 μm 
spinneret from a 13 wt-% B-PHK/[DBNH]OAc so-
lution (Paper IV). 

5.3.2.2.5 Influence of the spinneret capillary diameter (Paper IV) 
The diameter of the spinneret capillary demonstrated a major effect on the di-
ameter and associated titer of the spun fibers. The production of low titer fiber 
required higher draw ratios with larger spinnerets as the volumetric flow is in-
creased. A draw of 2.5 was needed with a 100 μm spinneret to obtain a titer of 
about 6 dtex while with the 150 and 200 μm spinnerets, draws of about 7 and 
12, respectively, were necessary (Figure 5.20). No significant influence of the 
spinneret nozzle diameter on the total orientation of fibers spun from a 13 wt-% 
B-PHK/[DBNH]OAc was observed, as exhibited in Figure 5.21. Nevertheless, 
slightly lower tenacities of the fibers spun with a 200 μm spinneret are noticed 
with a maximum of 46 cN/tex whereas tenacities of 50 cN/tex were achieved 
with the 100 and 150 μm spinnerets. Mortimer et al. reported larger influence 
of the spinneret diameter on the mechanical properties of NMMO-Lyocell fibers 
(Mortimer, Peguy et al. 1996).  

 

Figure 5.20. Titer as a function of draw 
ratio of filaments spun with 100, 150 and 
200 μm spinnerets from a 13 wt-% B-
PHK/[DBNH]OAc solution at an extru-
sion velocity of 5.7 m/min (Paper VI). 

 

Figure 5.21. Total orientation and tenacity as a 
function of draw ratio of filaments spun with 100, 
150 and 200 μm spinnerets from a 13 wt-% B-
PHK/[DBNH]OAc solution at an extrusion velocity 
of 5.7 m/min (Paper IV). 
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5.3.2.2.6 Influence of the coagulation bath temperature on the regenera-
tion process (Paper IV) 

The temperature of the aqueous coagulation bath demonstrated a very im-
portant influence on the regeneration of cellulose filament. The influence of the 
bath temperature was investigated by gradually increasing the temperature 
from 15 to 30 °C. Fibers could be collected only at 15, 20 and 23 °C at draws 
ranging from 1.5 to 15. A temperature higher than 25 °C prevented the stretching 
and the collection of filaments. The total orientation and the tenacity of the col-
lected fibers are depicted in Figure 5.22. The differences in fiber properties are 
solely related to the intrinsic response of the oriented cellulose network within 
the fluid filament when entering the aqueous bath, as the other process param-
eters were kept constant (13 wt-% B-PHK/[DBNH]OAc solution, 100 μm spin-
neret, extrusion velocity 5.7 m/min, air gap 1 cm). The fibers regenerated in a 
bath at 15 °C demonstrate slightly higher orientations and tenacities than the 
fibers regenerated at 20 and 23 °C. In a colder bath, the diffusion coefficient of 
the solvent, from the cellulose solution into the non-solvent, is lowered. No ef-
fect of the bath temperature is observed at a draw of 1.5. The moderate orienta-
tion of the cellulose chains at that draw might explain the small extent of chain 
relaxation in the spinning bath. The collection of fibers was impossible at tem-
perature higher than 25 °C due to the constant break of the filaments occurring 
in the bath even at low draw. These failure might result from the skin-core struc-
ture of the filament formed during regeneration which breaks if the tension gen-
erated within the filament and transmitted to the solid-liquid boundary be-
comes too prominent. Colder bath may cause the development of a stronger liq-
uid core which shows more resistance toward deformation. On the contrary, 
higher bath temperatures reduce the maximum stress tolerated by the liquid 
core structure and promote failure. 
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Figure 5.22. Total orientation and tenacity as a function of draw ratio of filaments coagulated 
in water at 15, 20 and 23 °C, spun from a 13 wt-% B-PHK/[DBNH]OAc solution extruded at a 
velocity of 5.7 m/min with a 100 μm spinneret (Paper IV). 

5.4 Production of high tenacity fibers for textile purposes 

 Ioncell-fibers as alternative to viscose and Tencel® fibers 

E-PHK and B-PHK/[DBNH]OAc solutions demonstrated excellent spinning 
processability and resulted in the production of high tenacity fibers. The me-
chanical properties of the Ioncell fibers are compared with the properties of the 
commercial viscose and Tencel® fibers in Table 5.6. The listed viscose fiber 
properties correspond to the standard viscose fibers (CV) for textile and nonwo-
ven applications. Several fiber quality are accessible via the viscose process by 
varying the process conditions (Röder, Moosbauer et al. 2013) but are not in-
cluded in the comparison. Ioncell fibers exhibit superior tenacities and thus 
lower elongations (conditioned and wet state) than the commercial fibers with 
tenacities over 45 cN/tex and elongation at break around 10%. The Ioncell-F 
process is a Lyocell-type process in which the polymer solution is spun through 
an air gap and regenerated in water. The resulting fiber properties follow hence 
the same trend as the Tencel® fibers. High tenacities are achieved and preserved 
in wet state due to the high orientation of the fibers. The elongation at break of 
the Ioncell fibers can be enlarged by applying lower draw ratios during spinning, 
which would reduce the resulting orientation of the cellulose chains and tenac-
ity. 

Table 5.6. Properties of the commercial viscose and Tencel® fibers (Röder, Moosbauer et al. 
2009), and Ioncell-fibers. 

 Viscose (CV) Tencel® Ioncell-F* 

Titer, dtex 1.4 1.3 1.5 
Tenacity cond.**, 
cN/tex 

23.9 
(ca 360 MPa) 

40.2 
(ca 600 MPa) 

45.6 
(ca 684 MPa) 

Elongation cond., % 20.1 13.0 8.9 
Tenacity wet, 
cN/tex 

12.5 
(ca 187 MPa) 

37.5 
(ca 560 MPa) 

42.4 
(ca 636 MPa) 

Elongation wet, % 22.0 18.4 11.3 
*from 13 wt-% B-PHK/[DBNH]OAc solution. **conditionned: 23 °C and 50% relative humidity. 
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The cross-sectional structure of the spun Ioncell fibers has been characterized 
by scanning electron microscopy (SEM) and is illustrated in Figure 5.23. As pro-
duced via a Lyocell-type process, the observed morphology is similar to Tencel® 
fibers that is represented by a smooth fiber surface, round cross section, and 
homogeneous and dense fibrillar structure (Röder, Moosbauer et al. 2013). Fur-
thermore, it is expected that the Ioncell fibers would behave similarly toward 
mechanical abrasion as Tencel® fibers and tend to fibrillate due to the high ori-
entation of the cellulose chains (Paper II).  
 

 

Figure 5.23. SEM images of viscose (left), Tencel® (middle) and Ioncell-fiber (right). The insets 
in the left corners show a 2.8 and 2.5 times magnification of the body of the viscose and Ioncell 
fiber, respectively (Paper II). 

 Production of Ioncell-F fabrics and garments 

The suitability of the Ioncell-F process, employing [DBNH]OAc as cellulose sol-
vent, for the production of man-made cellulosic fibers for textile purposes was 
investigated via the manufacture of knitted and woven fabrics. For that purpose, 
three demonstration runs were conducted. The staple fibers and final products 
were produced at Aalto University, Finland, while the yarns were manufactured 
at the University of Borås, Sweden (Paper II).  
 

5.4.2.1 Production of staple fibers 
The Ioncell fibers produced for the three demonstration runs (DeR1, DeR2 and 
DeR3) were all spun from 13 wt-% cellulose/[DBNH]OAc solutions. E-PHK pulp 
was employed as starting materials in DeR1 whereas B-PHK pulp was used in 
DeR2 and DeR3. The properties of the spun staple fibers are summarized in Ta-
ble 5.7. The strength superiority of the Ioncell fibers over the commercial viscose 
fibers is demonstrated in Figure 5.24, representing the measured stress-strain 
curves of the Ioncell and viscose fibers. 

 
 
 
 
 
 
 
 
 

2 μm 

2 μm 2 μm 
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Table 5.7. Properties of the produced Ioncell fibers. 

  DeR1 DeR2 DeR3 

Linear density (dtex) 1.9 ± 0.3 1.7 ± 0.2 1.5 ± 0.2 

Cond.* tenacity (cN/tex) 46.3 ± 3.2 48.3 ± 4.6 45.6 ± 4.7 

Cond. elongation (%) 9.4 ± 1.1 8.8 ± 1.0 8.9 ± 1.7 

Cond. Young’s modulus 
(GPa) 23.4 ± 3.5 20.9 ± 3.1 20.6 ± 3.7 

Wet tenacity (cN/tex) 42.6 ± 3.6 44.1 ± 4.6 42.4 ± 3.6 

Wet elongation (%) 11.7 ± 1.3 11.6 ± 1.2 11.3 ± 0.7 

Total orientation 0.676 ± 0.042 0.730 ± 0.035 0.677 ± 0.078 

*Conditionned: 23 °C and 50% relative humidity. 

 

Figure 5.24. Stress-strain curves of viscose and Ioncell fibers. 

 
The bundle of filaments of 30 cm length collected from the take-up godet, were 
cut into staple fibers of 4 cm length, washed offline at 70 °C in hot water for 1h 
and air dried without tension to induce a small natural crimp to the fibers. No 
spin finish was used on the wet fibers. Preliminary test to assess the amount of 
residual IL in the produced fibers were conducted via elemental analysis. A con-
tent of less than 1% was determined. However, more representative values will 
be available once the final spinning (and after-treatment) protocol has been es-
tablished. 
 

5.4.2.2 Conversion of the Ioncell fibers into yarns 
Staple fibers were converted into doubled (two-ply) yarns by means of a lab mini 
spinning line comprising carding, drafting/roving, ring spinning and ply-
ing/winding units, as illustrated in Figure 5.25. For comparison purpose, vis-
cose two-ply yarn were also manufactured from commercial staple viscose fibers 
(CV).  
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Figure 5.25. Process steps of the manufacture of two-ply yarn: 1. laboratory carding machine, 
2./3. stiro Roving lab, 4. Ring lab Fibers, 5. AGTEKS DirectTwist 2A. 

The properties of the resulting yarn are listed in Table 5.8. The linear density of 
the two-ply yarn was doubled in DeR3 as the produced yarn was intended for 
weaving during which the tension applied to the yarn is greater. The relatively 
high coefficient of variation CV and irregularity index I are explained by the var-
iation of the fiber fineness arising from the processing fluctuation in laboratory 
scale and by the fiber length variation due to the manual cutting of the filament 
to staple fibers. The Ioncell yarns show tenacities approximately as twice higher 
as the viscose yarn and consequently elongations reduced by half.   

 

Table 5.8. Properties of viscose and Ioncell two-ply yarns. 

  Viscose DeR1 DeR2 DeR3 

Yarn count (tex) 31.5 tex × 2 27 tex × 2 25.5 tex × 2 49 tex × 2 

Tenacity (cN/tex) 17.3 ± 1.6 34.4 ± 3.8 33.2 ± 5.1 28.5 ± 2.8 

Elongation (%) 18.2 ± 1.1 7.4 ± 0.7 7.5 ± 0.7 7.9 ± 0.4 

CV (%) 9.1 13.6 15.4 9.8 

Fibre count/yarn 
cross section  418 286 299 661 

Irregularity index I 1.86 2.29 2.66 2.51 

 

5.4.2.3 Production of knitted and woven garments 
The resulting yarns were dyed with Remazol reactive dyes which are widely em-
ployed on industrial scale. Bright colors from light yellow to black could be suc-
cessfully obtained, attesting the good dyeability of the Ioncell fibers. The dyed 
yarn from DeR1 and DeR2 were knitted into a scarf and a dress, as depicted in 
Figure 5.26 a) and b) with a stoll CMS 340 TC-L multi-gauge flatbed knitting 
machine. The scarf was designed by Marjanna Tanttu from Aalto University and 
the dress by Tuula Pöyhönen from the Finnish design company Marimekko. The 
knitted garment from DeR2 (dress) demonstrated higher evenness in the struc-
ture of the fabric and softer touch due to the greater homogeneity and fineness 
of the starting staple fibers. The Ioncell yarn from DeR3 was woven into a bowtie 
and pocket handkerchief by Eveliina Netti from Aalto University (Figure 5.26 
c)). The rare breaks observed during weaving attested the strength of the pro-
duced yarn. Both the Ioncell knitted and woven fabrics showed low hairiness 
and a shiny aspect without any additional spinning finish after-treatment.  
 

Plying/winding Ring spinning Roving Drafting Carding 

1. 3. 4. 2. 5. 
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Figure 5.26. Garments manufactured during the three demonstration runs. a) DeR1: knitted scarf, 
b) DeR2: knitted dress, c) DeR3: Woven bowtie and pocket handkerchief (Paper II). 

The yarn evenness was also estimated and compared visually by knitting a sam-
ple (Figure 5.27) of undyed Ioncell (DeR1 and DeR2) and viscose two-ply yarns. 
The unevenness of a fabric can be described by the presence of horizontal stripes 
on the knitted garment. These stripes originate from the inhomogeneity of the 
spun yarn due to the uneven fineness of the staple fibers along the yarn and the 
variation of the number of fibers in the yarn cross-section. The lower linear den-
sity, higher strength and more homogeneous fiber density and length achieved 
in DeR2 resulted in the better evenness of the knitted spun yarn in comparison 
with DeR1. As observed in Figure 5.27, the appearance of the DeR2 sample is 
similar to the viscose knitted sample apart from the whiter aspect of the latter 
due to the after-treatment applied to the fibers during the production process. 
The few stripes observed on the knitted viscose and DeR2 samples suggest that 
some of the irregularities in the two-ply yarn could be a result of the yarn pro-
duction process which has not been thoroughly optimized yet.  
 

 

Figure 5.27. Knitted sample from viscose and Ioncell (DeR1 and DeR2) two-ply yarn (Paper 
II).  

 
 

a) b) c) 
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6. Concluding remarks 

A new technology for the production of man-made cellulosic fibers by dry-jet 
wet spinning, employing a novel ionic liquid as cellulose solvent, was investi-
gated in the present study. This Ioncell-F process was developed as a potential 
new alternative to fill the future cellulose gap, which is expanding due to the 
growing world population and level of prosperity.  

 
The two ionic liquids tested during this work, 1-ethyl-3-methylimidazolium ac-
etate and 1,5-diazabicyclo[4.3.0]non-5-enium acetate, demonstrated con-
trasting spinning behavior, the former showing poor spinning capability, de-
spite similar efficiency in dissolving cellulose. It was observed that mild temper-
ature, low shearing rate and low vacuum minimized the depolymerization of 
cellulose during its dissolution in both ILs. Capillary breakup extensional rhe-
ology and oscillatory shear rheology appeared to be suitable methods to monitor 
the extent of the degradation of cellulose dissolved in ILs, due to the relationship 
between the viscoelastic properties of the IL solution and the MMD of the dis-
solved cellulose. A reduction in cellulose DP enhances the viscous behavior of 
the solution, which can be followed by the breakup time of the fluid subjected 
to extensional tension, or the variation of the solution dynamic viscosity and 
moduli when subjected to shear stress. 

 
The spinnability of cellulose/[DBNH]OAc solutions displayed tight connection 
to its viscoelastic behavior. A specific matrix of viscoelastic properties to achieve 
optimal spinnability was identified. The value of the zero-shear viscosity and the 
modulus and angular frequency of the cross-over point between the loss and 
storage moduli need to be in particular ranges. The presence of a certain share 
of high molecular weight cellulose (DP>2000) and intermediate cellulose poly-
dispersity led to adequate rheological conditions for favorable processing. 
Within these conditions, the ability of the polymer solution to be stretched in 
the air gap without any kind of break was significantly improved. Long cellulose 
chains contributed to the stability of the fluid filament in the air gap, and to the 
formation of a more cohesive cellulose network that could resist the external 
elongational tension and prevent filament breaks.  
 
A novel method was presented to determine the elongational viscosity of the 
highly viscous cellulose solution via the online measurement of the force acting 
on the filament tow at the exit of the coagulation bath. The assessment of the 
elongational viscosity of a fluid is primordial in air gap spinning, as the liquid 
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thread is subjected to substantial extensional tension in the air gap. Valuable 
results were obtained, but further thorough investigation is required to establish 
an accurate relationship between the elongational viscosity of the IL solution 
and the process parameters. 

 
The spinning window required to achieve continuous spinning was established 
by investigating the influence of the main process parameters on the spinnablity 
and mechanical properties of the resulting fibers. The variation of the draw ratio 
and temperature of the coagulation bath showed a significant effect on the cre-
ation of a strong cellulose structure within the filament and hence, on the me-
chanical properties. The extrusion velocity, air gap length and nozzle diameter 
demonstrated only a minor influence on the structural and mechanical proper-
ties. Fibers exhibiting low diameter and high mechanical properties were pro-
duced via high drawing of the liquid thread in the air gap and its coagulation in 
a cold aqueous bath. Fibers having higher elongation at break could be also 
manufactured by applying lower draw ratios, which created a less-packed net-
work and permitted the cellulose chains to extend more freely.  
 
Ioncell fibers were proven to be competitive textile fibers against the viscose and 
Lyocell fibers. Ioncell two-ply yarn was successfully produced from Ioncell sta-
ple fibers, then dyed and knitted or woven to fabrics. The production of gar-
ments attests to the fitness of the Ioncell fibers for textile applications. The re-
sulting fabrics presented evenness, a shiny look and light feeling that was com-
parable to viscose or Tencel® garments. 

 
To conclude, this work presented the first steps in the development of a new 
spinning process for the production of cellulosic fibers from ionic liquid. The 
essential spinning concepts (primordial for the establishment of a new technol-
ogy) were investigated and led to the identification of the spinning window re-
quired to achieve stable spinning and produce high quality fibers for textile pur-
poses. The fundamental relationships between the intrinsic characteristics of 
the starting material, the rheological behavior of the spinning solution, spinna-
bility and properties of the resulting fibers were established (Figure 6.1). This 
work constitutes a base for the Ioncell-F process and will greatly contribute to 
its further development and up-scaling.  
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Figure 6.1. Fundamental steps of the Ioncell-F process and their interconnection. 
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7. Future work and outlook 

This work is part of a very challenging project with the goal to develop a sustain-
able bioeconomy in Finland relying on the use of renewable resources to pro-
duce food, energy, and high-value products and services. The rise in environ-
mental awareness drives the transition of the present industry towards new 
technologies, presenting a less harmful impact on the environment by employ-
ing biomass as raw materials, cleaner technologies and efficient recycling of ma-
terials.  
 
The development of the Ioncell-F process has been carried out according to the 
bioeconomy strategy. To fulfil the requirements, a detailed economic study of 
the full concept has to be conducted to determine the implementation require-
ments of the process on an industrial scale. The principal questions and chal-
lenges to fully realizing this sustainable bioeconomy strategy are: 

 
- Recovery of the ionic liquid from the coagulation bath to establish a 

closed-loop process 
- Achievement of a recovery rate of more than 99%, to make the process 

industrially viable 
- Reduction of the energy required to separate the IL from the water 
- Production of high-purity IL after the recycling steps 
- Capability of the recycled IL to dissolve cellulose after several recycling 

steps 
- Optimal spinnability of polymer solutions prepared from recycled IL 
- Production of high-quality fibers from recycled IL and recycled cellulose 

waste 
 
To respond to these open questions, the capacity of the spinning unit has been 
scaled-up and a semi-pilot scale thin film evaporator has been purchased. These 
aspects of the process are the focus of attention and under current investigation. 
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