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1. Introduction

Cellulose-based fibres, including natural fibres (e.g. cotton) and man-made cel-
lulosic fibres (MMCFs), are characterised by some unique features such as su-
perior moisture absorption, breathability, and excellent mechanical properties. 
Because of these unique features, cellulose-based fibres cannot be replaced en-
tirely by oil-based synthetic fibres. The anticipated increasing market demand, 
however, will not be satisfied by cotton production only; there is an anticipated 
need of about twenty million additional tons of cellulosic fibre by 2030. There-
fore, MMCFs will play an essential role in the near future to fill this so-called 
cellulose gap (Hämmerle 2011). Currently, MMCFs represent only a small share 
(6.6% of the total consumption, or 99 million tons, in 2016) of the entire textile 
market (Lenzing AG 2017). However, this fibre segment is expected to increase 
significantly over the next few decades. This prediction is based on current 
global mega-trends (population growth, urbanisation, and the rising purchasing 
power of the emerging economies) which will promote an increasing consump-
tion of textiles. The world population is estimated to grow by about twelve 
percent until 2030. Concomitantly, an anticipated rise in the purchasing power 
in emerging economies will raise the standard of living. As a result, the supply 
of consumer goods, including food and textile fibre, has to be increased to satisfy 
the growing demand (Hämmerle 2011; Eichinger 2012).

In this scenario, the cultivation of natural fibres such as cotton (accounting for 
24.3% of the total fibre consumption in 2016) competes for arable land with the 
production of crops (Lenzing AG 2017). Currently, 10.6% of the total earth area 
(149 million km2) is used as arable land for annual crops such as grains, sugars, 
and cotton. However, this figure is currently declining by 1% of the total arable 
land per year. As a result, the cotton production will very likely continue to stag-
nate (Hämmerle 2011).

Being an established part of the cellulosic fibre market, MMCFs are more sus-
tainable than cotton. The cultivation of cotton demands a vast amount of fresh 
water  (15 to 35 times more water needed than the production of MMCFs from 
wood pulp) as well as considerable amounts of fertiliser and pesticides to en-
hance the production (Hämmerle 2011; Eichinger 2012). 
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Numerous cellulose-based fibre production technologies have been developed 
since 1855. One example of these technologies is cellulose fibre, which is regen-
erated from cellulose nitrate (Hearle and Woodings 2001). However, currently, 
there are only three commercially relevant MMCFs technologies: the cupro pro-
cess, the viscose process, and the lyocell process. The cupro process was in-
vented in the 1890s and involved cuprammonium hydroxide (cuoxam) acting as 
cellulose solvent. The non-derivatised wet spun fibres are often referred to as 
silk substitutes. However, the production of cupro fibre is limited at the moment 
due to its high cost and environmental concerns. Currently, the only cupro man-
ufacturer is Asahi Kasei Fibre Corporation (Liebert 2010; Vehvilainen 2015; 
Wang et al. 2016). The viscose process was first developed by Beadly et al. in 
England in 1891. After several decades of development, the production of vis-
cose fibre increased rapidly due to the expiration of the patents as well as the 
increasing demand for the viscose fibres. The output expanded in the following 
years due to a continuous technology development and reached its first peak of 
3.856 million tons in 1973. However, due to the emergence of the oil-based syn-
thetic fibres in 1941, the demand and production of viscose fibres declined, 
mostly due to their higher price than the synthetic fibres (Hearle and Woodings 
2001). The situation changed in 2000, when the cotton production started to 
stagnate while the increasing demand for textiles also required more cellulose-
based fibre due to their unique fibre properties (Hämmerle 2011).  Nowadays, 
the viscose is still by far the dominating MMCFs process. The global viscose fi-
bre output was over 5.3 million tons in 2016 and is still expected to grow in the 
coming future (Lenzing AG 2017).

The major drawback that prevents viscose technology from further expansion 
is its considerable environmental impact. In the viscose process, which utilises 
commercial dissolving grade wood pulp as a cellulose resource, carbon bisul-
phite (CS2) is utilised for the derivatisation of cellulose. This process generates 
highly toxic side products when cellulose xanthate is dissolved in caustic soda 
and regenerated in a coagulation bath containing sulphuric acid (Hermanutz et 
al. 2008; Bywater 2011).

Currently, the only alternative MMCF process of global relevance is the lyocell 
process, which represents only about four percent of the viscose production. 
Nevertheless, the lyocell process, which utilises N-methylmorpholin N-oxide 
monohydrate (NMMO) as a direct solvent for cellulose, bears great potential as 
a more eco-friendly technology for the production of MMCFs. The discovery of 
NMMO monohydrate as a powerful cellulose solvent in 1939 by Graenacher 
(Graenacher and Sallmann 1937) and in 1969 by Johnson (Dee 1966) led to the 
development of the lyocell process. Lyocell was accepted by the Bureau Interna-
tional pour la Standardisation des Fibres Artificielles (BISFA) as a generic name 
of man-made cellulose fibres spun from a cellulose solution prepared by a direct 
solvent, with first commercial installations by Courtaulds (Mobile, USA and 
Grimsby, UK) and by Lenzing (Heiligenkreuz in 1997, Lenzing in 2014). The 
name lyocell, given in 1989, owes its genesis to the Greek word lyein (meaning 
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dissolve), from which lyo derives and to cellulose, from which cell derives 
(BISFA 2009). The dissolution mechanism is related to the formation of hydro-
gen bond complexes between the oxygen of the strong N–O dipoles in NMMO 
and the hydroxyl groups of the water and cellulose. The dissolution protocol 
commences with the suspension of cellulose in NMMO with a large excess of 
water in order to achieve efficient mixing and swelling. The dissolution occurs 
when the surplus of water is evaporated using a high vacuum at elevated tem-
perature and the NMMO-monohydrate is reached (Fink et al. 2001). In this pro-
cess, fewer chemicals are involved, and NMMO and water can be recovered ef-
ficiently (99%) (Eichinger and Eibl 1995; Rosenau et al. 2001; Schuster et al. 
2004). Moreover, NMMO is almost non-toxic and biodegradable which makes 
the process much more sustainable than the viscose process (Meister and 
Wechsler 1998). However, the lyocell process suffers from a potential strong ex-
othermic reaction at high temperature during the dissolution and processing. 
Thus, the process requires the addition of stabilisers to avoid the runaway reac-
tion and extensive cellulose degradation (Rosenau et al. 2001; Fink et al. 2001).

Both of the existing MMCFs processes require highly purified dissolving or pa-
per grade pulp to guarantee the necessary spinning stability. In the viscose pro-
cess, the presence of non-cellulosic contents will deteriorate the xanthation of 
the pulp and the process filterability, which leads to poor spinnability (Gübitz et 
al. 1998; Fink et al. 2004). The presence of non-cellulosic impurities, especially 
lignin, in NMMO may lead to unexpected difficulties during dissolution, thus 
affecting the dope quality and the stability of the subsequent spinning.

The drawbacks and limitations mentioned above can be bypassed with a newly 
invented spinning technology, namely Ioncell. Ioncell is a fibre spinning tech-
nology which utilises a protic acidic ionic liquid (IL) of which the cation is de-
rived from an organic superbase, such as 1,5-diazabicyclo [4.3.0]non-5-enium 
acetate ([DBNH]OAc) as a direct cellulosic material solvent (Michud et al. 2014; 
Hummel et al. 2015). The Ioncell process belongs to the lyocell-type spinning 
technology. Fibre spinning in the Ioncell process has demonstrated more poten-
tial in the production of MMCFs than the NMMO-based lyocell process, owing
to the high performance of the spun fibres. It operates at moderate conditions 
(80 °C) and without using additional chemicals. The Ioncell process indicated 
excellent spinnability, yielding filaments with excellent mechanical properties. 
Ionic liquids are also known as a powerful solvent for lignocellulosic substrates 
containing a significant amount of lignin and hemicelluloses (Sun et al. 2009; 
Hauru et al. 2013). Thus, utilising lignocellulose like low refined pulps and mu-
nicipal waste cellulosic sources like cotton, paper, and boards as the feedstock 
for Ioncell technology could render the process more flexible towards the use of 
raw material. Utilising lignocellulose would also be more environmentally 
friendly, provided that feedstock pre-treatments and solvent purification proce-
dures can be designed to be environmentally friendly and economically viable.
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During the production of dissolving pulp, hemicellulose is usually removed 
through pre-hydrolysis with hot water, steam explosion, or pre-treatment with 
diluted acid. Pre-hydrolysis is an efficient way to extract hemicellulose from lig-
nocellulose (Kumar et al. 2009). However, it also requires additional energy. 
Thus, avoiding hemicellulose removal would reduce the environmental impact 
and lower the cost of the raw material. Furthermore, without significant reduc-
tion of the fibre strength, hemicellulose-rich fibre may provide better fibre prop-
erties with regard to water absorption (Sundberg et al. 2015). This effect is at-
tributed to the amorphous morphology of the hemicelluloses.

Lignin is one of the main components of lignocellulose. The lignin production 
from the refining process used to make pulp and paper is estimated to be 70 
million tons annually. However, lignin currently mainly exists as low-value by-
products of pulping processes, which are typically burnt in the form of black 
liquor to serve as an energy source. Only 1.3 out of 70 million tons of lignin are 
isolated, mainly lignosulfonate (Bajpai 2017). The extracted lignin from the 
common pulping process (e.g. lignosulfonate from the sulphite process) has a 
relatively low value (approximately fifty cents per kilogram) and a narrow ap-
plication portfolio (Boeriu et al. 2004). In the Ioncell process, lignin can be pre-
sent or even added to the cellulosic solute in the form of unbleached pulp or 
lignin and cellulose blends. Similarly to hemicellulose, utilising unbleached 
pulp may also relieve environmental pressure by avoiding the consumption of 
polluting and costly chemicals such as chloride dioxide and ozone during 
bleaching.

Retaining lignin in the pulp can tune the colour of the spun fibre, meaning that 
lignin can be used as a natural dye. Also, lignin can be used to tune the hydro-
phobicity of the fibres (Ahn et al. 2014; Bajpai 2017). This offers the fibres that 
contain lignin an opportunity to be utilised as a technical fibre for water 
repellence. Ultimately, lignin-containing fibres have huge potential to be used 
as precursors for the production of carbon fibres (CFs), owing to the high carbon 
yield of lignin during the carbonisation (Compere et al.). Currently, the carbon 
fibre industry sector is looking for renewable and low-cost polymers to replace 
expensive Polyacrylonitrile (PAN)
Windle 2012). The production of CFs from lignin has been investigated in recent 
years (Kadla et al. 2002; Gellerstedt et al. 2010). However, the production of 
CFs from pure lignin is difficult, in particular, because long stabilisation times 
are needed before the actual carbonisation. Thus, a secondary polymer is 
needed as a supporting and strong mediator. Cellulose in combination with lig-
nin offers the possibility to produce precursor fibres based entirely on renewa-
ble raw materials. 

In addition to the substrates derived from the pulping process, municipal ligno-
cellulosic waste materials are also good sources for the production of MMFCs. 
Waste papers and cardboards represent a significant share of municipal solid 
wastes (Gavrilescu 2014). The recycling of these materials for the production of 
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MMFCs could be an attractive option to other established processes, as these 
materials are primarily reused as recycled fibre (RCF) for manufacturing card-
boards and newsprints. The fibre recycling for newsprint can reduce the green-
house emissions of paper mills. However, RCF may be recycled for a limited 
number of cycles due to macroscopic changes of the fibre structure and, even-
tually, can only be applied as fillers or disposed as landfill (Miranda et al. 2013; 
Negaresh et al. 2013). Furthermore, the value of the renewed newsprint is much 
lower. Conversion into man-made cellulose fibres would result in an almost 
thirtyfold increase of the raw material value (100 € to 3000 €/t). Therefore, 
reasonable recycling or upcycling of the waste paper and boards may increase 
the economic benefit and reduce the environmental pressure. Upgrading of 
these cellulosic wastes for MMFCs requires pre-treatment to increase the acces-
sibility of the raw material to allow for dissolution. In particular, newsprint, 
which is mainly made from thermomechanical pulp, represents a feedstock with 
reduced solubility and spinnability. However, novel pre-treatment procedures 
can reduce the costs and the extensive use of chemicals to render the entire re-
cycling chain attractive from an economic and environmental point of view.         

The main objective of this work is to investigate the feasibility of using low re-
fined pulps, recycled waste paper, and cardboards as substrates for MMCF spin-
ning. Moreover, the effect of the lignin content in the substrate on the fibre spin-
nability has to be revealed. Following the defined research goals, this study has 
been divided into four parts (scientific articles) as illustrated in Figure 1. 

Paper 1 investigates the effect of lignin in blends of pure cellulose with extracted 
lignin from two different sources on the dope properties, spinnability, and the 
fibre properties. The substrates were varied systematically in terms of lignin 
content in order to evaluate the limits for dissolution and spinnability. The fi-
bres were characterised in terms of tensile properties, total and surface chemical 
composition, vapour sorption and carbonization yield. The potential applica-
tions of the lignin-containing fibres were also discussed. 

Paper 2 presents the use of recycled fine paper and cardboard as the feedstock 
for the Ioncell process. The raw materials were refined gradually with increasing 
intensity to prepare substrates of varying chemical compositions. This paper in-
vestigated the impact of the composition of the pre-treated paper and cardboard 
wastes on the visco-elastic properties of the spinning dope, the stretchability of 
the filaments (draw ratio), and the resulting fibre properties. Furthermore, the 
production of yarns and knitted fabrics from the fibres produced from the pre-
treated paper and cardboard wastes (Paper 1) and from the cellulose and lignin 
blends (Paper 2) were explored. 

In contrast to Paper 1, Paper 3 reports on the influence of residual lignin in un-
bleached kraft pulps and the minimum refining intensity needed to obtain pulp, 
which can be dissolved and present a spin solution of good spinnability. This 
paper establishes a systematic kraft cooking of birch wood. Two degree of 
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polymerisation (DP) adjustments were compared: acid-catalysed hydrolysis 
and electron beam (E-beam) treatment. Electron beam irradiation is an efficient 
method for DP adjustment without involving wet chemistry during the treat-
ment. Furthermore, no side products and emissions are generated during the E-
beam treatment. In this study, no limitation regarding the residual lignin con-
tent was found. Fibres could be spun after mild pre-treatment and at high lignin 
content, and still demonstrated good mechanical properties.     

The scope of Paper 4 is similar to Paper 2, except it focuses on the utilisation of 
local waste newsprint as raw material. Newsprint consists of thermo-mechani-
cal pulp and represents a recalcitrant material, necessitating different pre-treat-
ments in order to activate the waste newsprint as well as the adjustment of the 
DP. An alkaline based organosolv process is a more benign alternative to kraft 
cooking and was found to be an efficient pre-treatment for newsprint, which 
leads to excellent spinnability of the resulting pulp. The paper covers the whole 
value chain and includes the conversion of newsprint-derived fibres into yarn, 
knitted fabrics, and a final product. 
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Figure 1.1.  Schematic process and summaries of the thesis.



8 
 

2. Research questions 

This research work is built on the previous dissertations published by Anne 
Michud (Michud 2016) and Lauri K.J. Hauru (Hauru 2017). These dissertations 
developed the fundamentals of the production of man-made cellulosic fibres us-
ing an ionic liquid and cellulose solution, and the dissolution of lignocellulose 
in the ionic liquid respectively. In Michud’s thesis, the principles of the Ioncell 
process were developed using commercial dissolving pulp. Guidelines on the 
molar mass distribution (MMD) of the pulp and spinning parameters were pro-
posed. Hauru studied the key fundamentals of the dry-jet wet spinning process, 
including the dissolution power of ionic liquid towards the cellulose and ligno-
cellulose substrates. Moreover, his work included findings concerning the re-
quirements for a suitable spinning solvent with respect to the rheological be-
haviour of the dope, the IL diffusion in water upon regeneration of the filament, 
and the gel strength of the filament in the course of coagulation.

This work focuses on the use of recycled lignocellulosic substrates and the influ-
ence of the substrate’s chemical composition on the spinnability in the Ioncell 
process. Following the scope of this work, the research aspects of this thesis have 
been outlined as follows: 

What is the effect of lignin in blends with cellulose as 
a raw material for Ioncell 
i. In the form of residual lignin in native form present in un-

bleached pulps or 
ii. Isolated, pure lignin in blend with cellulose?
What is the effect of hemicellulose as a residue in the 
cell wall of lignocellulosic substrates either from 

iii. Unbleached kraft pulp?
iv. Waste paper or cardboard?
How is the spinnability influenced by the pulping pro-
cesses? 
v. Chemical pulping (Kraft, Organosolv)

vi. Mechanical pulping (TMP, Newsprint)
What is the influence of DP adjustment methods? 

vii. Acid-catalysed hydrolysis 
viii. Electron beam irradiation
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3. Background 

3.1 Wood as the source of the lignocellulose 

Wood is the primary source of lignocellulose materials and can be utilised as 
raw material for the production of pulp, paper, board, fuel, chemicals, and 
MMCFs. Wood itself is an organic polymer composite with a three-dimensional 
structure (Rowell et al. 2005). Cellulose, hemicellulose, and lignin are the pri-
mary substances that constitute the wood structure (Sjöström 1993; Sixta 
2006a). However, the distribution of these polymers varies in the different 
wood parts, and the compositions of the polymers differ between the major 
wood species, softwood and hardwood (Stenius 2000). In general, the cellulose 
content is approximately equal in all types of wood and accounts for ca. 40%. 
The hemicellulose content in hardwood ranges from 25% to 35% and 25% to 
29% in softwood. The lignin content is, however, slightly smaller in hardwood 
(16% - 24%) than in softwood (25% - 31%) respectively. In addition to the main 
constituent polymers, there are other components presents in the wood that 
comprises less than 5%, such as extractives, inorganics, and ash (Sjöström 
1993). 

Cellulose 

Cellulose is the most abundant and inexhaustible biopolymer on earth. It is 
mainly biosynthesised from tree, plants, and algae and exists primarily in the 
secondary cell w -D-glucopyranose 

-D-Glcp) moieties bridged together through (1-4)-glycosidic bonds. Each 
anhydroglucopyranose (namely glucan) adopts a chair conformation with the 
substituents (secondary hydroxyl groups at the C3 and C4, primary hydroxyl 
groups at the C6, and ether groups at the C1 and C4 position) distributed equa-
torially along the polymer chain (Stenius 2000; Foress and Fremer 2003). 

The degree of polymerisation of cellulose, which reflects the number of the (an-
hydro-) glucose units in the cellulose chain, varies among different substrates 
and can range from 7,000 to 15,000 for native cellulose (O’Sullivan 1997). Cel-
lulose has reducing properties at one end of the polymer chain and a C4-OH 
unit at the other end that presents as an alcoholic hydroxyl which is non-reduc-
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ing. Cellulose is relatively stable in an alkaline environment, but a ‘peeling reac-
tion’ can be initiated from the reducing end of the cellulose chains under alka-
line conditions (Sjöström 1993).
When cellulose is biosynthesised in its native form, namely cellulose I, intra-
and interchain hydrogen bonds are extensively formed due to the presence of 
the hydroxyl groups.  Intrachain hydrogen bonds, O6H-O2, O2H-O6, and O3H-
O5 are formed in a single chain to achieve the rigidity of the chain. Interchain 
hydrogen bonds are responsible for the formation of cellulose sheets (O’Sullivan 
1997; Nishiyama et al. 2002; Foress and Fremer 2003; Yoshiharu Nishiyama et 
al. 2003). Figure 3.1 illustrates the intermolecular and intramolecular hydrogen 
bonds in cellulose I. The cellulose sheets stack together by hydrophobic interac-
tions and weak C-H…O hydrogen bonds to form cellulose crystallites.

The cellulose crystallites form a thin long fibrillar shape, known as microfibrils. 
Living organisms produce different microfibrils which differ in shape and size. 
The microfibrils consist of the highly ordered crystalline region and the less or-
dered amorphous region. The microfibrils may lay in several crystalline regions 
and further aggregate to other microfibrils to create high crystallinity (Stenius 
2000). Due to the high number of intermolecular and intramolecular hydrogen 
bonds and the stable highly crystalline structure, cellulose is insoluble in water 
and many organic solvents. Furthermore, hydrophobic interactions between the 
cellulose sheets in the crystallite contribute to the recalcitrance of the cellulose 
towards dissolution (Gross and Chu 2010).

Figure 3.1. Intra- and intermolecular hydrogen bonds in cellulose I. Redrawn from (Yuan and Cheng 
2015).

Cellulose, as a polymorph, can appear as several crystalline modifications which 
are cellulose I (I and I ), II, III, and IV (O’Sullivan 1997; Brown and Saxena
2007). Cellulose I exists in native cellulose with all chains oriented parallel to 
each other in the same direction (Gross and Chu 2010). Cellulose I has been 
characterised by several techniques as two distinct crystal forms: cellulose I
and I (Sugiyama et al. 1991). Bacterial cellulose and algae cellulose are rich in 
cellulose I whereas major parts of higher plants are comprised of cellulose I .
The crystal structure of I has a triclinic unit cell containing one chain. Cellulose 
I features a monoclinic unit cell containing two chains. These two crystal struc-
tures are similar regarding the conformations of cellulose molecules, but differ 
in a stagger between two neighbouring cellulose sheets. The hydrogen bonds in 
cellulose I exist within the chains and sheet. Only C-H…O weak hydrogen bonds 
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and hydrophobic interactions exist in between the sheets (Nishiyama et al. 
2002; Maurer et al. 2013). 

Cellulose II can be prepared from cellulose I by dissolution and regeneration in 
solvents or by mercerisation through alkaline treatment. Most commercially re-
generated cellulose fibres adopt cellulose II structure. The crystal structure of 
cellulose II has a monoclinic unit cell containing two chains as cellulose I , but 
with the reversed orientation of the two cellulose (P. Langan et al. 1999; Paul 
Langan et al. 2001). This structure features cellulose II with more hydrogen 
bonds compared to cellulose I (including bonds between molecular sheets). 
Moreover, cellulose II is found to be more thermodynamically stable than cellu-
lose I , as the distance of the hydrogen bond is shorter in cellulose II which 
makes the hydrogen bonds in the molecules stronger (Zugenmaier 2008; 
Maurer et al. 2013). 

Cellulose can also exist in the form of cellulose IIII , IIIII, IVI, and IVII, of which 
the former two are obtained by treating cellulose I and II with liquid ammonia 
and the latter two by heating of the cellulose III (Wada et al. 2004). However, 
cellulose IVI was also reported as the disordered form of cellulose I beta (Wada 
et al. 2004).

Hemicelluloses 

Hemicelluloses are amorphous heteropolysaccharides with low DP (low crystal-
linity) and linked with cellulose by hydrogen bonds. Due to these properties, 
hemicelluloses are generally more soluble in alkali. Unlike cellulose, hemicellu-
loses consist of different building blocks, such as hexoses, pentoses, deoxyhex-
oses, as well as small amounts of uronic acids. The most identical hemicelluloses 
in the plants are xylans and glucomannans. Glucomannans are mostly incorpo-
rated within and are orientated parallel to the cellulose microfibre aggregations. 
Xylan is, however, more associated with lignin (Salmén 2015).  However, they 
are present in different formations in softwood and hardwood. Galactogluco-
mannans (15% - 20%) and arabinoglucuronoxylan (5% - 10%) exist in softwood 
species. In hardwood, the predominant hemicelluloses are glucomannans (5%) 
and glucuronoxylan (20% to 30%). The backbone of the softwood and hardwood 

-1,4 glycosidic bonds. However, 
softwood glactoglucomannans contain acetyl groups and galactose substituents. 
Hardwood (glucurono -1,4 glyco-

-1,2 linked 
glucuronoacid. The degree of acetylation of the hardwood xylan is 55%. On the 
other hand, acetyl groups are absent in softwood xylan which is associated with 

-1,3 arabinofuranose (Stenius 2000; Foress and Fremer 2003; Sixta 2006b).

Lignin and lignin-carbohydrate complex  

Lignin is another main constituent of the lignocellulosic biomass and is located 
mainly in the middle lamella between the cell walls (Foress and Fremer 2003). 
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Lignin is primarily isolated as a by-product of the chemical pulping process for 
high-quality pulp and paper. At present, lignin is mostly burnt in the form of 
black liquor as a source of energy. Other commercial applications, such as dis-
persants and binding agents count only for 2% (Boeriu et al. 2004). In recent 
years, more technical applications of lignin have been proposed, including bio-
energy, platform chemicals, and especially as carbon fibre precursor. The ad-
vantages of utilising lignin for the production of carbon fibre precursor are its 
low price, renewability, and high carbon content (Kadla et al. 2002; Gellerstedt 
et al. 2010). 

Lignin is a complex, amorphous polymer with a distinct chemical structure, 
composed of numerical phenylpropane units linked irregularly with ether (C-O-
C) and carbon-carbon (C-C) linkages. These phenylpropane units derive from 
three precursors: p-coumaryl alcohol (4-hydroxy cinnamyl), coniferyl alcohol 
(3-methoxy-4-hydroxy-cinnamyl), and sinapyl alcohol (3,5-dimethoxy-4-hy-
droxy-cinnamyl). During the biosynthesis process, phenoxy radicals, which gen-
erated from these units, are coupled by an oxidative reaction resulting in the 
randomly cross-linked macromolecule. The structure of lignin and the propor-
tion of the precursors varies among different wood species. Guaiacyl (G) lignin, 
which is derived from coniferyl alcohol, appears in softwood with a share of 
more than 90%. Hardwood lignin is mainly guaiacyl (G) – syringyl (S) lignin 
that comprises ceniferyl and syringyl alcohols. A minor amount of p-hydroxy-
phenyl units (H, derived from coumaryl alcohol) can be traced in both softwood 
and hardwood lignin (Stenius 2000; Heitner et al. 2010).

Figure 3.2. Lignin precursor and naming system. Redrawn from Heitner et al. (2010). 

Figure 3.2 illustrates the structure of lignin precursors, the common enumera-
tion of the phenol carbons, and the side chains. The aliphatic side chain is 
mainly linked to the C1 position in the aryl ring. At C4, a hydroxyl group is at-
tached to form a phenol structure. Methoxyl groups are always presented in the 
C3 or C5 position; it is C3 if only one methoxyl group is attached. Carbons in the 

As mentioned previously, the dominating linkages that couple the phenylpro-
pane units and the side chains are ether (C-O-C) and carbon-carbon (C-C) link-

-O-4 (prominent type, 40- -O- -O-
4, 5-O- -O- -carbon bonds consist of 5- - - -

-4. In addition, ester bonds can also be found in lignin. Among these 
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structures, 5- - - -1, and 5-O-4 are more stable against depolymerisa-
tion, particularly the 5-5 linkage between the aromatic rings, which is responsi-
ble for the difficulty of delignification of lignin during the fractionation and dis-
solution of the lignocellulose (Karhunen et al. 1995; Ralph et al. 2004). This C-
C formation is also referred to as lignin condensation. Figure 3.3 presents the 
main bond types found in native lignin (Shimada et al. 1997).  

Figure 3.3 -
guaiacyl syringyl units) and B: three typical lignin-carbohydrate com-

plexes (LCCs). Redrawn from A) Ralph et al. (2004) and B) Lawoko (2005). 

Besides the inter-lignin linkages, there are also covalent linkages between lignin 
and carbohydrates. These linkages connect the carbohydrates and lignin tightly 
(Iiyama et al. 1994). Usually, lignin isolated from milled wood lignin (MWL) by 
solvent extraction contains a small fraction of carbohydrates, which are difficult 
to separate. Thus, Björkman analysed these fractions and confirmed the pres-
ence of the lignin-carbohydrate complexes (LCCs) (Björkman 1954). Lignin is 
mainly chemically bonded to the hemicelluloses, but evidence of lignin-cellulose 
bonds has also been put forward. However, the nature of the LCCs is quite com-
plex and needs to be further investigated, especially in their native form. The 
isolation of LCCs in its original form is complicated and the linkages may al-
ready be damaged or altered during respective manipulation procedures (e.g. 
ball milling) (Heitner et al. 2010).  The stability of the bonds depends on the 
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structure of the lignin (origin of the biomass), the saccharide units, and the type 
of linkages between them (Stenius 2000). 

To obtain evidence for LCCs, several analytical methods have been utilised: GC,
GC-MS, solid-state NMR, and IR (Capanema et al. 2004; Balakshin et al. 2007, 
2011). Solution-state NMR (13C NMR and 2D HSQC) has been reported to be 
suitable for the quantification of LCCs (Yuan et al. 2011). The most common 
linkages between the lignin and hemicelluloses are benzyl ether, benzyl ester, 
and phenyl glycoside linkages. These linkages are believed to be formed during 
the biosynthesis due to the oxidation of the p-hydroxycinnamyl alcohols where 
the nucleophiles are added to the quinone methides in order to form intermedi-
ates. Typically, the lignin is bonded to hemicellulose side units L-arabinose, D-
galactose, and 4-O-methyl-D-glucuronic acid, and to the end groups of xylan 

phenyl propane unit side chain is the 
main connection point of lignin to hemicelluloses. The ester linkage from C-
the glucuronic acid unit of xylan can be efficiently cleaved by alkali. This bond 
is referred to as alkali-labile and exists mainly in hardwood. However, there are 
more c
of the L-arabinose and D-galactose units. The acid liable linkages can be formed 
by the reaction between the reducing end group of the hemicelluloses and the 
phenolic hydroxyl groups (Heitner et al. 2010).   

3.2 Pre-treatments of lignocellulosic substrates 

Removal of non-cellulosic impurities to improve the accessibility of 
biomass in IL

Raw or mechanically treated lignocellulosic substrates are highly recalcitrant 
towards processing due to an extremely compacted structure, high crystallinity, 
and strong lignin-carbohydrate bonds. These combined factors result in ineffi-
cient processability of the biomass for the production of bioproducts (Kumar et 
al. 2009; Francesco 2010). Pre-treatment is a very important step to process 
lignocellulosic substrates for the purposes of biorefining, especially in the area 
of dissolution and MMFCs spinning. It has been shown that untreated birch 
wood cannot be fully dissolved in IL unless under harsh dissolution conditions 
and at low concentration. Pre-treatment is required in order to break down the 
lignocellulose structure or remove the non-cellulosic components, thus increas-
ing the accessibility of the lignocellulose to the solvent (Hauru et al. 2013). Un-
like the production of bioalcohols in which mild pre-treatments (autohydrolysis, 
steam explosion, dilute acid, and ammonia treatment) can usually be applied, 
the substrate for the MMFCs’ purpose requires relatively high cellulose or 
holocellulose content to facilitate the dissolution and enhance the tensile 
strength of the spun fibres, for example in the viscose, lyocell and Ioncell pro-
cesses (Fink et al. 2004).  

The most common method to remove lignin is conventional kraft pulping, which 
is the dominant process in the production of paper and dissolving grade pulp.  



Background

15

Kraft pulping utilises sodium hydroxide and sodium sulphide as active chemi-
cals to depolymerise the carbohydrate and remove lignin at a temperature range 
from 140 to 175 °C. The degradation of hemicellulose in the initial phase is fol-
lowed by the bulk phase in which 70% of the lignin is removed, mainly due to 

-O-4-ether bonds. During kraft pulp-
ing, degradation of cellulose is observed as a result of the peeling reaction from 
the reducing end of the cellulose chain and random alkaline hydrolysis. Further 
delignification can be achieved by oxygen delignification and bleaching pro-
cesses. To obtain a dissolving grade pulp (pulp with < 5% hemicellulose and vir-
tually complete removal of lignin), an autohydrolysis step can be performed 
prior to the kraft cooking. During autohydrolysis, in which wood is heated to 
160 to 180 °C in water, significant amounts of hemicellulose can be removed. 
The degradation of hemicellulose releases acetyl groups, forming acetic acid 
that lowers the pH of the liquor to 3-4. Under these acidic conditions, lignin is 
also partially degraded. The prehydrolysis also enhances the delignification and 
hemicellulose removal during the kraft cooking (Sixta 2006b).

Besides the conventional sulphite and kraft pulping, organosolv fractionations 
have also been considered to be effective methods for lignin and hemicellulose 
removal. In organosolv fractionation, organic solvents with organic or inorganic 
and acidic or alkaline catalysts were utilised for the delignification of lignin and 
degradation of carbohydrates (Kumar et al. 2009). Sulphur dioxide-ethanol-wa-
ter (SEW) fractionation has been reported to be efficient for producing dissolv-
ing grade pulp using both woody and non-woody raw material. In the SEW pro-
cess, SO2 is employed for the lignin sulfonation and depolymerisation, which is 
subsequently dissolved in ethanol. Sulphur dioxide solvates are also responsible 
for the acidic condition that leads to the hydrolysis of cellulose and hemicellu-
lose. (You et al. 2016). 

Polyhydric alcohol pulping is another class of organosolv fractionation for high-
quality pulps. Yasumitsu et al. have demonstrated successful production of 
high-quality cellulose pulps (suitable for paper or dissolving purposes) using 
propylene glycol with sulphuric acid as a catalyst (Uraki and Sano 1999). Glyc-
erol, a polyol, and possibly a polyhydric alcohol precursor can also be applied as 
a solvent for organosolv fractionation. Glycerol is a cheap waste by-product dur-
ing the fermentation of hemicellulose for biofuels.

In acid catalysed organosolv pulping, to obtain pulp with deserved lignin con-
tent, the resulting pulp may experience low yield or DP due to the extensive hy-
drolysis of carbohydrates. This severe degradation can be observed at high acid 
concentration or low water content in the solvent system (Nitsos et al. 2017).
However, an alkaline organosolv process may overcome this side effect. The se-
vere DP reduction is only observed at a high [OH]- concentration combined with 
high temperature. Therefore, in alkaline organosolv process, the DP of the cel-
lulose may be preserved as the alkaline hydrolysis is retarded in the presence of 
an alcohol due to a decreased hydroxyl ion activity. 
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An alkaline polyol pulping (AlkaPolP) has been invented by Hundt et al., in 
which potassium hydroxide (KOH) was used as a catalyst. This process offers 
almost complete delignification without severe degradation of cellulose. Alka-
line polyol pulping is suitable for both woody and non-woody biomass. The dis-
solved lignin can be recovered easily by reducing the pH. This high-quality and 
sulphur-free lignin can be applied as high-value raw material for several pro-
cesses (Engel et al. 2016; Hundt et al. 2016).

Adjustment of the DP

The DP adjustment of cellulose is essential for the chemical processing of pulp 
via dissolution and regeneration and coagulation. The degradation of cellulose 
can be categorised as chemical (mostly in aqueous systems; acid or base cata-
lysed), mechanical (ball milling), or thermal and radiation treatment (E-beam, 
plasma, or microwave). 

3.2.2.1 Acid catalysed hydrolysis

Acid catalysed hydrolysis is a commonly used method to degrade cellulose and 
hemicellulose, usually in an aqueous solution. The acid-catalysed hydrolysis of 
cellulose involves the cleavage of the glycosidic bonds by the protonation of the 

-1,4-glycosidic bond. Furthermore, the opening of the glucopyra-
nose ring can be induced by the protonation of the oxygen in the O5 position. 
Cellulose cannot be fully dissolved in dilute acid, thus, the hydrolysis is consid-
ered to be a heterogeneous reaction (Sixta 2006c). The degree of hydrolysis is 
governed by the acid concentration, treatment severity (time and temperature), 
and the properties of the material (chemical composition and crystallinity). 
There are several acids commonly chosen for the hydrolysis with H2SO4 being 
most widely used. However, hydrochloric acid, phosphoric acid, oxalic acid, and 
formic acid can also be utilised (Kumar et al. 2009).

3.2.2.2 Other wet-chemistry methods 

Besides acid-catalysed hydrolysis, alkaline and oxygen-based treatments in 
aqueous conditions have also been considered for DP adjustment for the pro-
duction of dissolving grade pulps. Degradation of wood pulps in NaOH is a com-
mon treatment for adjusting the purity and DP of the pulp (Sixta 2006b; Ar-
noul-Jarriault et al. 2015). The cold caustic extraction has been extensively used 
in converting paper pulp to dissolving-grade pulp by removing hemicellulose. 
At relatively low temperatures (20 to 50 oC ) and low NaOH concentrations (2 
to 4M), hemicelluloses are extracted from the original pulp due to the intercrys-
talline and intracrystalline swelling, which disrupts the interaction between cel-
lulose and hemicellulose. Upon increase of the NaOH concentration or treat-
ment temperature (e.g., > 7 % and > 80 °C), degradation of cellulose takes place 
as a result of alkaline peeling reactions and random hydrolysis (Bali et al. 2015; 
Arnoul-Jarriault et al. 2015). The intrinsic viscosity of the pulp can also be re-
duced by the addition of H2O2 in a NaOH solution (Luo 2001, 2006; Fox et al. 
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2003). This alkaline peroxide treatment is more efficient than using only NaOH. 
The strong radicals formed during the alkaline peroxide treatment accelerate 
the depolymerisation of the carbohydrates (Wang et al. 2014a). 

The degradation of cellulose can also be performed under alkaline conditions 
with the aid of oxygen. The addition of oxygen rapidly de-polymerises the alka-
line cellulose in the production of viscose fibres. An oxygen stage at the begin-
ning of the bleaching sequence has also been demonstrated as a reinforcement 
for the reduction of DP (Luo and Parthasarathy 2015).   

3.2.2.3 Enzymatic treatment 

Enzymes are a group of proteins consisting of linear heteropolymers with dif-
ferent amino acids. Enzymes have been used in industry for a long time with a 
wide range of applications. Since the 1980s, utilisation of enzymes in biomass 
pre-treatment and the pulp and paper industry was encouraged (Pérez et al. 
2002; Kaur et al. 2016; Vilajuana 2016). Enzymes have been used to enhance 
the reactivity of lignocellulose and adjust the DP of the dissolving pulp (Rosen-
berg et al. 2010; Kolari 2013). Compared to classical chemical treatment, en-
zyme treatment possesses several advantages: high performance, high raw ma-
terial selectivity, and reduced toxicity (Li et al. 2012). The cellulases and hemi-
cellulases are often utilised to degrade carbohydrates in lignocelluloses (Köpcke 
2010; Wang et al. 2014a). The most common cellulases are endoglucanases, cel-
lobiohydrolases, exoglucanases, and glucosidases (Vilajuana 2016). Endoglu-
canases, being the most effective cellulases, trigger the random hydrolysis of the 
glucosidic bonds in cellulose chains located in the amorphous regions. The re-
action between cellulose and exoglucanases takes place at the reducing group, 
thus causing a peeling reaction. Glucosidase can be used mainly for the hydrol-
ysis of cellubiose.  The degradation of hemicelluloses require a combination of 
different enzyme to work synergistically. For instance, xylanases are typically 
used to degrade xylans (Pérez et al. 2002; Li et al. 2012; Vilajuana 2016). Cellu-
lases and hemicellulases can be used (together with alkaline treatment) for con-
verting paper grade pulp into dissolving pulps and to increase the reactivity of 
the pulps (Li et al. 2012; Wang et al. 2014a). Furthermore, these enzymes are 
also utilised in the bleaching stages during pulping processing to improve the 
bleaching efficiency and control the DP of the pulp (Kolari 2013). 

3.2.2.4 Electron beam irradiation

In many cases, LCCs can hamper industrial processes from turning lignocellu-
lose into products for various applications. For instance, delignification and fer-
mentation of native lignocellulose for the production of pulp and bioalcohol re-
quire the efficient breakdown of LCCs’ superstructure (Kim et al. 2003; Lawoko 
et al. 2005; Du et al. 2012; Monot et al. 2016; Silva et al. 2017). Respective pre-
treatment techniques include autohydrolysis, steam explosions, ammonia fibre 
explosion, organosolv, and ionic liquid pre-treatments (Liu et al. 2017). Besides 
these traditional pre-treatments in liquid media, the LCC structure can also be 
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disintegrated through electron beam (E-beam) irradiation. Electron beam irra-
diation has certain environmentally friendly aspects such as reducing the need 
for water or any other solvent, chemicals use, and total energy consumption by 
avoiding heating and drying stages. The irradiation can efficiently break chem-
ical bonds in carbohydrates and lignin in a purely random manner. This process 
reduces the molecular weight and the crystallinity of the lignocellulosic sub-
strate and enhances the substrate’s solubility while not altering the chemical 
composition significantly, especially at low E-beam dosage (Imamura et al. 
1972; Khan et al. 1986; Bak 2014; Kristiani et al. 2016). The electron beam was 
first discovered in the 1860s by Hittorf and Crookes for metal melting (Ruska 
1987; Hamm 2008). The development of the E-beam technology led to the ex-
pansion of its application, such as in oscillographs, electron microscopes, imag-
ing in medical therapy, metal drillings, and material depolymerisation.

Currently, the commercial application of the electron beam can be achieved by 
using an accelerator. So far, one of the most successful industrial accelerators is 
rhodotrons. ‘Rhodotrons are electron accelerators based on the principle of “re-
circulating” a beam through successive diameters of a single coaxial cavity res-
onating in metric waves’ (Jongen et al.) In this accelerator, the electron is gen-
erated and is injected from an electron gun into the cavities. The cavities of the 
rhodotrons are designed as coaxial lines. The electron beam passes the cavity in 
the median plane and by using external window-frame magnets, the electrons 
emerging from the cavity can be bent back and redirected toward the cavity cen-
tre. The radio frequency system in rhodotrons generates an electron field by 
which the energy of the electron beam can be enhanced per each cavity crossing. 
Such design makes it possible to achieve continuous-wave acceleration of elec-
tron beams to high energies (Jongen et al.) When treating cellulose with E-beam 
irradiation, the high energy E-beam is absorbed by the cellulose resulting in the 
breakage of chemical bonds in cellulose, which leads to the chain scissions and 
swelling of the cellulosic materials (Henniges et al. 2013). The extent of chain 
scissions depends on the energy of the E-beam. However, crosslinking reactions 
were also observed when cellulosic substrates were treated at low E-beam dos-
age (< 10 kGy) (Kubaszova 1977). When E-beam irradiation is carried out in the 
presence of oxygen, carbonyl groups can be formed. Carboxyl groups can also 
be generated during extensive E-beam irradiation of the cellulosic substrates.
However, only hemicellulose-free samples were found to be able to form car-
boxyl groups (e.g. cotton) (Kubaszova 1977; Henniges et al. 2013). Electron 
beam irradiation has been investigated to increase the cellulose reactivity to-
wards various chemical treatments (dissolution, derivatisation, or hydrolysis by 
reducing the DP and crystallinity). However, in the case of the viscose process it 
was found that the improvement of viscose quality was only minor due to only 
slightly increased filterability and a certain darkening of the dissolving pulp due 
to the substantial formation of alkaline labile carbonyl groups (Kraft and Sche-
losky 2000).      
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3.3 Dissolution of lignocellulose in Ionic liquid 

ILs and their applications 

Ionic liquids (ILs) are molten salts composed solely of ions. Nowadays, ILs refer 
to liquid salts with a melting temperature lower than 100 °C. The subcategory 
of room-temperature ILs (RTILs) crystallises at temperatures lower than 25 °C. 
Due to bulky and unsymmetrical cations with delocalised charges, the Coulomb 
interaction with the mostly inorganic anion is largely reduced, resulting in the 
typical low melting temperature. Evidently, ILs consist of an equal number of 
organic cations and organic or inorganic anion so that the overall structure is 
electrically neutral. The combination possibilities of different cations and ani-
ons is practically uncountable (Berthod 2002; Laus et al. 2005; Pinkert et al. 
2009; Taddesse and Luque 2011). 

The first IL family, alkylpicolinium halides, was discovered in 1899. The mem-
bers of this family are currently classified among RTILs due to their low melting 
point. In 1914, alkylammonium nitrites were found with a melting point of 13 °C 
(Singh and Kumar 2008; Pinkert et al. 2009). A few decades later from 1951 to 
1970, ILs based on organic chloroaluminates were developed as potential bat-
tery electrolytes. However, these ILs, which were identified as first generation 
ILs, suffered from the major drawback of high moisture sensitivity. This pre-
vented their further development. The second generation ILs were air and water
stable, in which the anion was replaced by, for example, [BF4]- (Taddesse and 
Luque 2011).

Ionic liquids possess several advantages over conventional solvents, such as 
lower volatility, high thermal stability, and low flammability (Laus et al. 2005; 
Zhu et al. 2006; da Costa Lopes et al. 2013). However, the toxicity of the ILs has 
not been fully revealed. Some studies suggested that ILs can be toxic to the or-
ganism (Singh and Kumar 2008). The physicochemical properties of the ILs are 
mainly influenced by the structure and composition of ions. The melting point 
of the ILs can be tailored by selecting different cations and anions. In general, a 
higher symmetry in the cations and ions result in higher melting points. The 
thermal stability of the IL can be affected by the nature of the anion and the side 
chains of the IL, where the ILs containing saturated side chains are thermally 
more stable than those with unsaturated chains. Moreover, with comparable 
ILs, the cation with less bulky substituents leads to ILs with higher density (Min 
et al. 2006; Singh and Kumar 2008). The variety of the physicochemical prop-
erties and combination possibilities of cation and anion make the IL suitable for 
a broad range of applications, including organic synthesis, catalysis, electro-
chemistry, separations and biomass fractionation, dissolution and shaping 
(Rogers 2003; Sun et al. 2011a; Taddesse and Luque 2011; Wang et al. 2012). 
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Ionic liquid as lignocellulose solvent

The dissolution of cellulose in ILs was first discovered by Graenacher in 1934,
when a cellulose solution was successfully prepared in N-benzylpyridinium
chloride or N-ethylpyridinium chloride dissolved in nitrogen-containing bases 
(e.g. pyridine).  However, this research outcome did not draw much attention 
until Rogers’ group proposed the dissolution of cellulose in imidazolium-based 
IL as a new medium for lignocellulose processing (Swatloski et al. 2002). Since 
then, a significant number of researchers have reported on the progress of dis-
solution of (ligno)cellulosics in ILs under varying conditions. 

Ionic liquids dissolve cellulose by disruption of their interhydrogen and 
intrahydrogen bond network (Pinkert et al. 2009; Sun et al. 2011b; Wang et al. 
2012). Swatloski et al. have proposed the interaction of the anion (Cl-) with the 
hydroxyl protons of the cellulose (Swatloski et al. 2002). This phenomenon has 
been confirmed by using 13C and 35/37Cl NMR measurements, suggesting that the 
dissolution involved the interaction between the anion and the cellulose hy-
droxyl groups with a 1:1 stoichiometry to form an electron donor-electron ac-
ceptor complex (Remsing et al. 2006). Consequently, the hydrogen bonds in 
cellulose break, which leads to the opened molecular structure and finally to the 
dissolution. Further studies with a similar NMR-based approach using ILs with 
different anions (OAc- and Cl-) suggested that interaction between the anion of 
IL and the cellulose was responsible for the dissolution, and that the solvation 
mechanism was not altered by the structure of the anion (Remsing et al. 2008). 
Apart from the NMR experiments, molecular dynamic simulations were estab-
lished by Liu et al. to better understand the interaction of the IL’s anion with 
cellulose (Liu et al. 2010). This study confirmed the formation of hydrogen 
bonds between the IL’s anion and the hydroxyl group protons of the glucose, 
with the bonding being three times higher than that of water and ethanol. 

It has been agreed widely in these studies that anions play a vital role in the 
dissolution of cellulose in ILs. The ILs, containing, for example, OAc-, HCOO-

and Cl-, were doubtlessly efficient for cellulose dissolution owing to the strong 
hydrogen bonding basicity of the anion. In contrast, ILs with low hydrogen 
bonding basicity did not dissolve cellulose efficiently. Thus, the higher hydrogen 
bond basicity improves the hydrogen bond acceptability of the IL anion, which 
leads to better dissolution (Brandt et al. 2013; Isik et al. 2014; Gupta and Jiang 
2015). The hydrogen bond basicity can often be described by empirical Kamlet-
Taft parameters. The Kamlet-Taft parameters can be applied to determine the 
relationship between
vent dipolarity
nocellulose (Aerov et al. 2006; Fukaya et al. 2008; Doherty et al. 2010; Olsson 
and Westman 2013). It has been proposed by Hauru et al. that the dissolution 

-

picts the ILs that are capable of dissolving cellulose and their Kamlet-Taft pa-
rameters. 
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Table 3.4. Ionic liquids that have identified as cellulose solvent and their melting temperature and Kamlet-
Taft parameters. 

Abbreviations Name Melting
point 
(C°)

- Refer-
ences 

[Amim]Cl 1-allyl-3-methylimidazolium 
chloride

55 1.17 0.46 0.83 0.37 (Hauru et 
al. 2012; 
Zhang et 
al. 2016)

[Bmim]Cl 1-butyl-3-methylimidazolium 
chloride

65 1.03 0.49 0.83 0.34

[Bmim]OAc 1-butyl-3-methylimidazolium 
acetate

-65 0.971 0.47 1.201 0.731

[Emim]OAc 1-ethyl-3-methylimidazolium 
acetate

-45 1.008 0.493 1.094 0.48

[Pmim]OAc 1-propyl-3-methylimidazolium
acetate

-57 (Zhang et 
al. 2016)

[Amim]OAc 1-allyl-3-methylimidazolium 
acetate

-50

[Hmim]OAc 1-hexyl-3-methylimidazolium 
acetate

-69

[Edmim]OAc 1-ethyl-2,3-dimethylimidazo-
lium 
acetate

27

[TMGH]EtCO2 N,N,N,N-tetramethylguan-
idium 
propionate

62 0.99 0.704 1.164 0.46 (Hauru et 
al. 2012)

[TMGH]OAc N,N,N,N-tetramethylguan-
idium 
acetate

95 1.041 0.53 1.095 0.565 (Kuzmina 
et al. 2017)

[Emim](MeO)
MePO2

1-ethyl-3-methylimidazolium 
methyl methylphosphonate

1.06 0.5 1.07 0.57 (Fukaya et 
al. 2008)

[Emim](MeO)2

PO2

1-ethyl-3-methylimidazolium 
dimethylphosphate

21 1.00 0.51 1.00 0.49

[Bmim](MeO)
MePO2

1-butyl-3-methylimidazolium 
methylphosphonate

0.97 0.452 1.118 0.666

[Bmim]HCO2 1-Butyl-3-methylimidazolium 
formate

1.03 0.56 1.01 0.45 (Ohno and 
Fukaya 
2009)[Bmim]EtCO2 1-Butyl-3-methylimidazolium 

propionate
0.96 0.57 1.10 0.53

[Bmim]PrCO2 1-Butyl-3-methylimidazolium 
butyrate

0.94 0.56 1.10 0.54

[Emim](MeO)HPO2 1-ethyl-3-methylimidazolium 
methyl phosphonate

1.06 0.52 1.00 0.48 (Fukaya et 
al. 2010)

[Mmim](MeO)HPO2 1,3 dimethylimidazolium 
phosphonate

38 1.08 0.53 0.99 0.46

[Pmim](MeO)HPO2 1-propyl-3-methylimidazolium 
methylphosphonate

1.02 0.54 1.00 0.46

[Bmim](MeO)HPO2 1-butyl-3-methylimidazolium 
methylphosphonate

1.01 0.52 1.02 0.5

[Amim](MeO)HPO2 1-allyl-3-methylimidazolium 
methylphosphonate

1.06 0.51 0.99 0.48

[MeOC2mim]
(MeO)HPO2

Methyl 1-ethyl-3-methylimida-
zolium methyl phosphonate

1.07 0.51 0.98 0.47

[C1(OC2)2C2im]
MeCO2

1-(2-(2-Methoxy-eth-
oxy)ethyl)-3-
ethylimidazolium acetate

(Zhao et al. 
2008)

[C1(OC2)4C2im]
MeCO2

1-(3,6,9,12-Tetraoxatridec-1-
yl)-3-
ethylimidazolium acetate

[(C1(OC2)2)-
C2C2C2N]
MeCO2

1-(2-(2-Methoxy-eth-
oxy)ethyl)-triethylammonium 
acetate

[DBUEt]Dep 1-ethyl-1,8- diazabicyclo[5.4.0]
undec-7-enium dieth-
ylphosphate

1.91 0.54 1.17 0.64 (Kuzmina 
et al. 2017)

[DBUH]OAc 1,8-diazabicyclo[5.4.0]
undec-7-enium acetate

56 1.77 0.56 1.05 0.48

[DBNH]OAc 1,5-diazabicyclo[4.3.0]
non-5-enium acetate

61 1.01 0.62 1.17 0.55

[DBNEt]Dep 1-ethyl-1,5-diazabicyclo[4.3.0]
non-5-enium diethylphsophate

1.85 0.65 1.11 0.45

[ADmim]Br 1-allyl-2,3-dimethylimidazo-
lium
bromide

(Barthel 
and Heinze 
2006)
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[Amim]HCO2 1-allyl-3-methylimidazolium
formate

52 (Yukinobu 
Fukaya et 
al. 2006)

[Bmim]HSCH2CO2 1-butyl-3-methylimidazolium
thioglycollate

1.032 (Xu et al. 
2010)

[Bmim](C6H5)CO2 1-butyl-3-methylimidazolium 
benzoate

0.987

[Bmim]HOCH2COO 1-butyl-3-methylimidazolium
glycollate

0.967

[Bmim]CH3CHOH-
CO2

1-butyl-3- methylimidazolium 
lactate

0.964

[Bmim]H2NCH2CO2 1-butyl-3-methylimidazolium 
aminoethanoate

1.096

[Emim]DEP 1-ethyl-3-methylimidazolium
diethylphosphate

1.09 0.47 1.07 0.6 (Minnick 
et al. 2016)

[MNBuPy]Cl 3-methyl-N-butylpyridinium 
chloride

95 (Heinze et 
al. 2005)

[AMMorp]Ac 4-allyl-4 methylmor-
pholinium 
acetate

-56 (Raut et al. 
2015)

[Amim]dmpt 1-allyl-3-methylimidazo-
lium 
O,S-dime-
thylphosphorothioate

(Hummel 
et al. 2011)

[Bmim]dmpt 1-Butyl-3-methylimidazo-
lium 
O,S-dimethylphosphoro-
thiate

[MPim]dmpt 1-Methyl-3-propylimidaz-
olium 
O,S-dimethylphosphoro-
thiate

[Bnmim]dmpt 1-Benzyl-3-methylimidaz-
olium 
O,S-dimethylphosphoro-
thiate

[BMPy]dmpt 1-Butyl-3-methylpyri-
dinium 
O,S-dimethylphosphoro-
thiate

[(HOEt)mim]dmpt 1-(2-Hydroxyethyl)-3-me-
thylimidazolium O,S-di-
methylphos-phorothioate

In addition to IL anions, cations also play essential roles during the dissolution 
of cellulose. However, early studies have doubted the interaction between the 
cation and cellulose or claimed that there are only indirect contributions to the 
dissolution. Moyna et al. (2005) did not find any specific interaction between 
cellulose and the IL cation in their NMR studies. Novoselov et al. confirmed this 
hypothesis when simulating the dissolution of cellulose in ILs (Novoselov et al. 
2007). However, Zhang et al. (2014) proposed that the cation of the ionic liquid 
interacts with the oxygen atom in the hydroxyl group of the cellulose. Further 
study on the interaction with molecular dynamics by Liu et al. (2010) suggested 
that the cellulose and cation are closely linked to each other by hydrophobic in-
teractions. A different bonding between IL and cellulose was found by Heinze et 
al. (Heinze et al. 2005). In this model study, he discovered the presence of a 
covalent bond between the C-2 carbon of the imidazolium core and the reducing 
end of the cellulose. Based on this study, Ebner confirmed the covalent bonds 
between the C-2 of the imidazolium ring and the cellulose reducing group by 
employing 13C-isotopic labelling and fluorescence labelling (Ebner et al. 2008). 
Besides the direct interaction, the cations also affected the solvation by their 
structures, polarizability, alkyl chain length, size, and functional groups. For in-
stance, the aromatic ring structure of the imidazolium cation was able to shield 
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the dissolved cellulose-anion complex, and their polarisability favours the bond-
ing between the cellulose and IL anions. The long alkyl chain in the cation, 
which reduced the effective concentration of the anion, may weaken the solva-
tion power of IL. The ring structure of the cation was more polarisable and fa-
vours the hydrophobic interaction between the cellulose via van der Waals and 
CH- ; Wang et al. 2012). Figure 3.5 illustrates the 
proposed dissolution mechanism of cellulose in IL [Emim] OAc.

Figure 3.5. Dissolution mechanism of cellulose in IL. Redrawn from Yao (2015).

Hemicellulose, which possesses similar structure but with lower DP than cellu-
lose, is evidently also soluble in ILs that can dissolve cellulose with the similar 
mechanism. Moreover, due to its low molar mass and amorphous structure, 
hemicelluloses can be extracted from the biomass without dissolving cellulose 
in ILs in the presence of water up to 40% (Froschauer et al. 2013; Roselli et al. 
2016; Stepan et al. 2016). However, the dissolution mechanism of lignin in ILs 
is not well known. Some researchers suggested that it involves the cleavage of 

-O-4) by the anions (Brandt et al. 2013; Wen et al. 2014). 
However, the hydrogen bond basicity of ILs does not have to be as high as the 
ones required for cellulose dissolution (Brandt et al. 2013). In addition, the im-

interactions. Unsaturated carbon C=C moieties in the allyl group of the cation 
may also improve the dissolution of the lignin (Kilpeläinen et al. 2007; Zavrel et 
al. 2009; Mäki-Arvela et al. 2010; Zhang 2013). 

Solution-state of (ligno)cellulose in ILs

To better understand the dissolution of (ligno)cellulose in ILs and the quality of 
the resulting solution, the solution state needs to be assessed. Therefore, this 
section will be divided into three parts in which three physicochemical behav-
iours of the solution (swelling and dissolution, phase transitions and rheological 
properties) will be discussed. 
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3.3.3.1 Swelling and dissolution of cellulose in ILs

Swelling and dissolution are critical processes when cellulose comes into con-
tact with the IL. According to Cuissinat et al., the behaviour of cellulose in the 
cellulose solvents (e.g. NMMO-water or NaOH-water) can be specified in five 
modes: Mode 1. Fast dissolution by disintegration into fragments. Mode 2.
Large swelling by ballooning followed by dissolution. Mode 3. Large swelling 
by ballooning without dissolution. Mode 4. Homogeneous swelling without 
dissolution. Mode 5. No swelling and no dissolution. These modes indicate the 
quality of the solvent from good, moderate, bad, and non-solvent (Cuissinat and 
Navard 2006; Cuissinat et al. 2008). 

Based on the above-mentioned swelling and dissolution behaviours, Cuissinat
et al. studied ILs for cellulose (both cotton and chemical pulp) ‘dissolution’ at 
100 °C (Cuissinat et al. 2008). It was demonstrated that [Bmim]Cl is a strong 
solvent for both substrates and that the mechanism was perfectly in line with 
Mode 1. According to Gasemi et al., [Bmim]Cl has a keen ability to de-crystalise 
the cellulose which leads to the fast dissolution of cellulose (Ghasemi et al. 
2017). When DMSO was combined with [Bmim]Cl for cellulose treatment, the 
cellulose samples began to swell first by ballooning followed by dissolution 
(Mode 2). This effect is mainly associated with the swelling ability of DMSO due 
to its low efficiency on the decrystallisation and disentanglement of the cellulose 
(Ghasemi et al. 2017). Interestingly, native cellulose fibre (e.g. cotton) formed 
balloons due to the swelling in isolated positions along the fibre. The ballooning 
phenomena are typical for other aqueous solvents. The ILs tended to first pen-
etrate the primary cell wall and dissolved the cellulose in the secondary cell wall. 
Since the cellulose chains are still trapped inside the fibre and as the solvent 
penetration continues due to the increased osmotic pressure, the increasing sol-
vent volume causes the expansion of the primary cell wall (ballooning). When 
the balloon extends to a certain level, the balloon breaks, allowing the cellulose 
solution to diffuse into the bulk solution. Subsequently, the dissolution of the 
unswollen part and the broken primary cell wall will take place (Cuissinat et al. 
2008; Medronho and Lindman 2014; Budtova and Navard 2016; Peng et al. 
2017). Figure 3.6 demonstrates the ballooning of native fibre in the cellulose 
solvent. However, when using the pre-activated cellulose (e.g. enzymatic treat-
ment and pre-hydrolysis) in the same solvent environment, the fibres swell ho-
mogeneously and then dissolve in the solvent due to the removal of the primary 
cell wall (Röder and Morgenstern 1999; Cuissinat et al. 2008; Budtova et al. 
2010). Nevertheless, there are several parameters that govern the swelling dis-
solution such as temperature changes or external forces (e.g. shear force). For 
instance, Wang et al. found that cellulose swelling could be observed when 
emerging into pure [Bmim]Cl without stirring at 50 °C (Wang et al. 2014b). Fur-
thermore, several studies reported the swelling of native cellulose or wood in IL 
at mild treatment conditions (Mou et al. 2013; Zhang et al. 2014). Zhang et al. 
proposed that at mild conditions, cellulose crystals could be only swollen par-
tially due to the lignin network and fortified structure of biomass. Upon an in-
crease of temperature, swelling of the cellulose can be observed along with the 
loss of crystalline structure, eventually leading to dissolution (Zhang et al. 
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2014). Finally, imidazolinium-based ILs with a bromide anion behave like swell 
agents without dissolving the cellulose (Mode 4) (Cuissinat et al. 2008; Wang 
et al. 2014b).   

Figure 3.6. a) Swolling of native fibre under optical microscopy. A = non-swollen fibre; B = balloon; C = 
non swollen section; D = membrane. b) Illustration of cellulose swelling. A= non-swollen section; B = bal-
loon; C = membrane (mainly primary cell wall). Adopted from Cuissinat et al. (2006). 

The dissolution of cellulosic substrate in direct solvents (NMMO·monowater 
and IL) was also examined by using static and dynamic light scattering (Röder 
and Morgenstern 1999; Kuzmina et al. 2010). It has been demonstrated that 
cellulose molecule aggregates, which consist of 135-165 individual cellulose 
chains, exist in the solution at even relatively low solution concentrations 
(Röder and Morgenstern 1999). This demonstrates that a technical solution 
does not represent a molecularly dispersed solution, but contains notable mol-
ecule aggregations that are interpenetrated by the solvent molecules. The size of 
the aggregation is largely dependent on the pre-activation of the substrate and 
the solvent concentration. The pre-activation enhances the swelling of the cel-
lulose fibre in NMMO monohydrates that leads to aggregates of less molecules. 
However, the size and shape of these aggregates do not vary significantly (Röder 
and Morgenstern 1999). Kuzmina found an increasing trend in the size of the 
aggregates when the water concentration in the IL-cellulose solvent system in-
creased (Kuzmina et al. 2010). Different from the NMMO monohydrates, the 
water in the IL/cellulose system acts as a non-solvent.

Rheological properties of cellulose/IL solutions

The rheological properties play an important role in understanding the struc-
ture and formation of polymer solutions. These properties can be detrimental 
to the fibre spinning process. The most popular way to determine the visco-
elasticity of the solutions is via oscillatory shear measurements. Cellulose and 
IL solutions, like other polymer solutions, exhibit shear thinning properties un-
der a high shear rate (Gericke et al. 2009; Budtova et al. 2010). This effect is 
mainly due to the disentanglement and orientation of the polymer chains caused 
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by the shear force, which leads to the reduction of the solution viscosity (Yuan 
and Cheng 2015). In several studies, shear thinning behaviour was observed at 
an elevated cellulose concentration in a flow curve (Newtonian plateau at a low 
shear rate and the shear thinning region at the high shear rate) (Gericke et al. 
2009; Song et al. 2010; Sescousse et al. 2010). The empirical Cox-Merz rule 
claims that the complex viscosity for the linear viscoelastic material is the same 
as the steady shear viscosity at equal values of frequency and shear rate (Chen 
et al. 2009; Lu et al. 2015). However, an inconsistency was observed in that the 
Cox-Merz rules applied only to the Newtonian region of the cellulose and IL so-
lution, while the complex viscosity (measured by frequency sweep) was usually 
lower than the steady shear viscosity (measured by steady shear) in the shear 
thinning region (Kuang et al. 2008). 

Oscillatory shear frequency sweep measurements provide the storage modulus 
(G’) and loss modulus (G’’). The storage modulus and G’’ relate to the energy 
stored elastically and dissipated through viscous flow, respectively (Song et al. 
2010, 2011; Haward et al. 2012). Usually, at relatively low solution concentra-
tions, a crossover point (COP) can be observed in the accessible frequency range 
with a liquid-like behaviour (isotropic solution) if G’’ is higher than G’. With 
increasing cellulose concentration, the crossovers are shifted from a higher fre-
quency to lower frequency. At high concentrations, the crossover point may 
even be shifted outside the measured range and G’ becomes higher than G’’ over 
the entire measurement range, indicating a strong gel character of the solution 
(Song et al. 2011). Furthermore, the viscosity and the magnitude of moduli of 
the solution are also affected by the temperature (opposite effect to the concen-
tration), DP, and molar mass distribution (Kosan et al. 2008, 2010; Lu et al. 
2015). Michud et al. claimed that the best spinning performance using a dissolv-
ing grade pulp can be achieved when the zero shear viscosity is between 27,000 
to 40,000 Pa.s, the COP of G’ and G’’ is located between 0.8 to 1.5 S-1, and the 
dynamic moduli at COP is between 3,000 to 6,000 Pa (Michud et al. 2015). The
effect of the lignocellulose’s chemical composition on the rheological properties 
of the IL solution has been reported by Ahn et al. (2014) In this work, they dis-
cussed how the lignin content both in native form (in hemp fibres) and in the 
form of cellulose and lignin blends influenced the rheological behaviour of the 
solution in IL. It has been noticed that the addition of lignin to the cellulose 
decreased the complex viscosity of the solution due to its lower molecular weight 
and reduced chain entanglement. In contrast, lignin in native form resulted in 
an increasing of the complex viscosity. Since lignin in native form is chemically 
bonded to the cellulose, it limits the mobility of the cellulose chain and increases 
the molecular weight of the supermolecular structure. 
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3.4 Fibre spinning from lignocellulosic/IL solution 

The ability to dissolve cellulosic material in ILs offers the possibility to shape 
cellulose into value-added products. Fibre spinning is one of the most promi-
nent shaping technologies. However, not all the cellulose-dissolving ILs are ca-
pable of processing the solution into regenerated fibres. Only a small set of ILs 
proved suitable for dry-jet wet spinning (lyocell-type process) to provide spun 
fibres with excellent mechanical performance, low energy consumption, and 
less environmental impact. 

Regeneration of cellulose from IL solution 

Lignocellulosic components dissolved in IL, including cellulose, hemicellulose, 
and lignin, can be precipitated through the addition of an anti-solvent, such as 
water, methanol, ethanol, or acetone. The anti-solvent competes with the solute 
for hydrogen-bonds with the IL-solvent. The solvent is extracted from the so-
lute, leading to phase separation and the formation of solid lignocellulose. A 
small part of the low molar mass lignin and hemicellulose from a lignocellulose 
and IL solution may remain dissolved in the IL-anti-solvent mixture. Regener-
ated cellulose, which was entirely dissolved in IL, is in the form of cellulose II. 
The DP and crystallinity of the regenerated cellulose are usually lower than in 
the original substrate and depend on treatment temperature and time (Pinkert 
et al. 2009; Vo et al. 2011; Zhang et al. 2014; Gupta and Jiang 2015).

The influence of the anti-solvent on the cellulose regeneration can be demon-
strated by the Kamlet-Taft parameters. In principle, the anti-solvent exhibits 

IL (Gericke et al. 2011). Protic solvents are often useful anti-solvents for ligno-
cellulose dissolved in IL, efficiently disturbing the interaction between cellulose 
and IL via the formation of hydrogen bonds between the IL and themselves. As 
a result, the reformation of intermolecular and intramolecular bonds of cellu-
lose occurs, leading to the precipitation of the solute (Liu et al. 2011).  

Dry-jet wet spinning 

There are several spinning technologies available for shaping of polymers, such 
as dry spinning, melt spinning, wet spinning, and dry-jet wet spinning (air gap 
spinning). The most prominent technique in producing cellulose-based regen-
eration fibres is currently wet spinning, that is applied in the viscose process 
and the cupro process, followed by dry-jet wet spinning, which is utilised in the 
lyocell process. In wet spinning, the polymer solution is extruded directly into 
the spin bath through a spinneret. The filaments are immediately coagulated 
and regenerated and guided through the coagulation bath by the godets. The
filaments are then led to the stretching zone and washing baths (Fischer et al. 
1988). By contrast, in dry-jet wet spinning, the spinneret is outside the spin bath 
and the filaments are extruded into the coagulation bath via an air gap. The fil-
aments are then coagulated in the spin bath and further driven by godets. Figure 
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3.7A illustrates a simplified dry-jet wet spinning system. The spontaneous ori-
entation, coagulation, and the crystallisation of the filaments are the essential 
factors controlling the structure formation of the fibre (Fink et al. 2001). 

During the air gap spinning, the polymers in the spinning dope are in an iso-
tropic, non-oriented solution state. However, during the extrusion, the cellulose 
chains may become pre-orientated due to the shear deformation in the spin ca-
pillaries (Coulsey and Smith 1996). Once the filaments exit the spinneret into 
the air gap, the cellulose molecules undergo immediate relaxation due to the 
sudden cessation of any shear force, which reduces the orientation. This effect 
leads to a swelling of the filament directly at the exit of the capillary, called die 
swell (as shown in Figure 3.7B). In the air gap, the solution state can change 
rapidly, as instant cooling of the filaments can cause a shift from fluid-like to
gel-like behaviour. However, unlike in wet spinning where the polymer fila-
ments are solidified immediately after exiting the spinneret, the visco-elastic fil-
aments can be drawn to a higher extent than that from wet spinning.  The draw 
in the air gap is represented as external take-up force Fext in Figure 3.7B. 

Besides the take-up force, filaments are affected by a combination of different 
forces which balance each other. The gravity force acts in the same direction as 
the draw. The counteracting retarding force is a sum of the inertia force (re-
sulted from the inertia of the solution), the friction (between the filaments and 
the surrounding spinning medium), the rheological force (in particular strain 
hardening), and a force generated by the surface tension (Fourne 1998). How-
ever, once a certain draw is exerted, the extensional force and counteracting 
rheological force will dominate and the other forces can be mostly be neglected 
in the force balance. The draw of the filaments is induced by the take-up force 
created by the godets, guiding the filaments through the coagulation. The dif-
ference between the take-up velocity and extrusion velocity Vta/Ve is defined as 
the draw ratio and affects the mechanical properties to a significant extent. The 
extensional forces created by draw cause the cellulose polymers in solutions to 
orientate along the fibre axis, thus substantially increasing the total orientation 
(Figure 3.7C). Once the filament enters the spin bath, it is cooled down rapidly 
and coagulation occurs instantly. Thus, little to no draw of the filament is ex-
pected inside the spin bath (Fink et al. 2001). Furthermore, due to the strain 
hardening, the stress is distributed evenly in the filament which avoids local 
necking and rupture of the filament (Mortimer and Peguy 1996). In the coagu-
lation bath, rapid solvent exchange triggers the precipitation of the lignocellu-
losic solute. The orientated cellulose chains start to interact with each other and 
crystallise during the regeneration (Mortimer and Peguy 1996; Mortimer et al. 
1996). Further crystallisation occurs during drying at which permanent strength 
is gained. Utilising dry-jet wet spinning is considered to be more economical 
than wet spinning because of the higher dope concentration. Moreover, the 
highly orientated cellulose chains provide the spun fibre with excellent strength 
(Hearle and Woodings 2001). 
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Figure 3.7. A) simplified dry-jet wet spinning unit; B) forces applied during the extrusion and draw of the 
filament; C) molecule orientation under drawing.

Properties of fibres spun from IL-lignocellulosic solutions

3.4.3.1 Effect of ILs

To date, there have been numerous attempts to spin lignocellulose and IL solu-
tions. The most utilised ILs in these trials are [Bmim]Cl, [Amim]Cl, 
[Emim]OAc, [Bmim]OAc, [Emim]Dep, and [DBNH]OAc. In 2005, Laus et al. 
first demonstrated fibres spun from [Amim]Cl and [Bmim]Cl with commercial 
dissolving pulps (Laus et al. 2005). The spinning process was similar to the 
NMMO-based lyocell process. However, severe cellulose degradation was ob-
served during the dissolution, and thus stabilisers were required. In general, the 
cellulose and IL solutions prepared in the work were spinnable, but the tensile 
properties were lower than that of NMMO-based lyocell fibres. Bentivoglio et al. 
extended the work by investigating the effect of the stabiliser and solution con-
centration (Bentivoglio et al. 2006). Propyl gallate, a conventional stabiliser 
used in the NMMO-based Lyocell process, produced no effect on the cellulose 
degradation during the dissolution in [Bmim]Cl and [Amim]Cl. Further exami-
nation revealed that propyl gallate in combination with NaOH produced a sta-
bilisation effect, and spinning could be carried out at a relatively high concen-
tration (11 wt%). Dope based on [Amim]Cl could be prepared at a lower temper-
ature to avoid extensive cellulose degradation and the dope was spinnable at the 
same concentration. The tensile strength of the spun fibres was slightly higher 
than that of commercial lyocell fibre. In the same year, Jiang et al. also success-
fully spun a regenerated fibre from a cellulose/[Amim]Cl solution using a simi-
lar spinning set-up as Laus et al. Fibres spun by Jiang et al. also exhibited excel-
lent tenacity (45 cN/tex). However, the solution concentration was far lower (5 
wt%) (Zhang et al. 2017a). In general, the dopes prepared from halides-based 
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imidazolium ILs (known as the first generation of cellulose-dissolving ILs) pos-
sess high viscosity, thus high process temperatures are needed. As a conse-
quence, the high temperature leads to pronounced cellulose degradation in the 
presence of impurities such as water or residual bases. Furthermore, the halides 
in the ILs promote the corrosion of metals in the processing equipment (Sixta 
et al. 2015). The imidazolium cations were also found to react with the cellulose, 
which means that respective ILs are not inert to cellulose (Ebner et al. 2008; 
Clough et al. 2015).   

Based on the results obtained with chloride-based ILs, Kosan and co-workers 
compared the spinning performances of chloride-based and acetate-based ILs 
(Kosan et al. 2008). Strong fibres could be obtained from all tested ILs. Clear 
differences between the Cl-based ([Bmim]Cl and [Emim]Cl) and OAc-based ILs 
([Bmim]OAc, [Bmim]OAc and [Emim]OAc) were noticed. At the same cellulose 
and IL solution concentration, fibres produced from Cl-based ILs demonstrated 
stronger tenacity and lower elongation than that from OAc-based ILs. However, 
OAc-based ILs could tolerate more cellulose than Cl-containing ILs, which 
would be economically more efficient for the spinning process. In the same 
work, the spinnability of the solution was first correlated with the rheological 
properties of the solution. The rheological properties were also studied by Cai et 
al. by using a cellulose solution of 8 wt% in [Bmim]Cl and the strength and crys-
tallinity of the spun fibre were comparable to the lyocell fibres (Cai et al. 2010). 
Comparison of Emim cation-based ILs ([Emim]OAc, [Emim]DEP) on the spin-
ning was presented by Ingildev et al. Although no significant differences in the 
spinning performance were observed (strength of the fibre was low), fibres pro-
duced from [Emim]DEP were claimed to exhibit a reduced tendency to fibril-
late, which is a typical problem for NMMO based Lyocell fibres, than that from 
[Emim]OAc (Ingildeev et al. 2013).    

Even though the cellulose solution from Cl-based IL possessed excellent spin-
nability and the spun fibre had higher strength than that from OAc-based IL, 
aforementioned drawbacks make them little attractive for large-scale fibre spin-
ning. Acetate-based ILs seems to be a good alternative for halide based ILs In 
particular [Emim]OAc has attracted a lot of interest because of its high solubility 
of cellulose. Spinning dopes produced from [Emim]OAc at the same concentra-
tion as NMMO based lyocell solution have a significantly lower viscosity. An in-
crease in concentration may compensate this low viscosity, but usually, the spin-
nability of the [Emim]OAc solutions are poor. So far, the most successful IL for 
the production of MMFCs is [DBNH]OAc used as a solvent in the Ioncell pro-
cess. A series of studies have demonstrated the production of regenerated cellu-
lose fibres using [DBNH]OAc from varying cellulose sources. The tenacity of 
48.3 cN/tex was recorded for the Ioncell fibres (1.7 dtex) using a commercial 
dissolving pulp with a concentration of 13 wt%. The rheological properties of the 
dope at this concentration are comparable to NMMO dope but at a lower tem-
perature. The high stability of the spinning enabled the bulk production of fi-
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bres, of which yarns and garments for demonstration purposes could be fabri-
cated (Hummel et al. 2015; Michud et al. 2016b). Table 3.8 presents a compre-
hensive overview of all reported IL-based fibre spinning. 

Table 3.8. Overview of all IL-based dry-jet wet fibre spinning.  
ILs Substrates/DP DR Titer

(dtex)
Tenacity
(cN/tex)

Elong.
(%)

references Comments

[Amim]Cl Beech acid sul-
phite/1180

10.5 1.3 32.2 8.4 (Laus et al. 
2005)

Effect of IL cations, 
substrates, sub-
strates’ DP were
studied.

Eucalyptus prehydro-
lysed kraft/815

8.6 1.6 26.8 10.8

Eucalyptus prehydro-
lysed kraft/920

10.5 1.3 36.8 11.2

[Bmim]Cl Eucalyptus prehydro-
lysed kraft/920

10.5 1.3 33.1 11.5

Eucalyptus prehydro-
lysed kraft/580

13.7 1.0 37.9 11.3

[Bmim]Cl Eucalyptus 
prehydrolysed
kraft/920

15.2 0.9 51.2 8.5 (Bentivoglio et 
al. 2006)

Author investigated
the effect of IL and 
additives on the 
spinnability.[Amim]Cl Eucalyptus prehydro-

lysed kraft/790
6.2 2.2 41.6 12.2

[Bmim]Cl Eucalyptus 
prehydrolysed kraft

10.9 1.6 44.7 12 (Michels and 
Kosan 2006)

Effect of spinneret 
diameter on spinna-
bility were studies.
Larger capillary led 
to higher DR. 

[Bmim]Cl Eucalyptus acid sul-
phite/514

10.6 1.5 53.4 13.1 (Kosan et al. 
2008)

[Emim] cation and 
Acetate anion were 
introduced. Effect of 
the dope rheology on 
the fibre properties 
were studied. 

[Emim]Cl Eucalyptus acid sul-
phite/493

7.9 1.8 53.1 12.9

[Bmim]OAc Eucalyptus acid sul-
phite/486

7.3 1.7 44.1 15.5

[Bmim]OAc Eucalyptus acid sul-
phite/479

10.7 1.6 48.6 12.6

[Emim]OAc Eucalyptus acid sul-
phite/515

10.3 1.8 45.6 11.2

[Bmim]Cl Cotton 20.7 6.8 (Cai et al. 2012) Use cotton as alter-
native cellulose 
source.

[Bmim]Cl Wood pulp/722 2.4 26.4 8 (Cai et al. 2010) Dyeability of the re-
generated fibre were
studied.

[Bmim]Cl Wood pulp/722 3.5 29.3 7

[Emim]OAc Bamboo 3.5 32 7.8 (Cai et al. 2013) Use bamboo as alter-
native cellulose 
source.

[Emim]OAc Eucalyptus acid sul-
phite

2.3 4.1 24.6 3.8 (Ingildeev et al. 
2013)

Effect of anions OAc 
and Dep were com-
pared. Fibre proper-
ties from air gap and 
wet spinning were 
investigate.

[Emim]Dep Eucalyptus acid sul-
phite

1.9 4.9 26.4 6

[Bmim]Cl Cotton 5 2.2 35.1 6.6 (Jiang et al. 
2012)

This paper revealed 
the effect of extru-
sion and take up 
speed on the tensile 
properties of spun fi-
bres. Higher speed 
resulted in stronger 
fibres. 

[Bmim]Cl Cotton 5 2.2 38.8 6.5
[Bmim]Cl Cotton 5 2.2 42.1 6.2

[DBNH]OAc Eucalyptus 
prehydrolysed
kraft/1026

10.6 1.9 46.3 9.4 (Michud et al. 
2016b)

Introduction of new
class of super base-
based IL. Demon-
stration product was 
crafted using the 
spun fibres.

[DBNH]OAc Birch prehydrolysed 
kraft/1113

12.4 1.7 48.3 8.8

[DBNH]OAc Eucalyptus 
prehydrolysed
kraft/1026

17.7 1.4 57.6 9.5 (Sixta et al. 
2015)

Effect of dope con-
centration on the 
spinnability and fibre 
properties were re-
vealed. 15 wt% sub-
strated loading 
showed best result.

[DBNH]OAc Cotton/524 + spruce 
sulphite/192

15.0 50.0 8.0 (Michud et al. 
2015)

The influences of the 
substrate MMD and 
rheological proper-
ties on spinnability 
were investigated. 
High molecule chain 
(DP > 2000) higher 
than 20%, low share 
of short chain mole-
cule (DP < 100) and 
PDI ~ 3. Zero shear 
viscosity at ~30000 
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pa.s and COP of stor-
age and loss modulus 
~1 S-1.

[DBNH]OAc Birch prehydrolysed 
kraft/1113

26.0 1.0 50.0 (Michud et al. 
2016a)

The influence of 
spinning process pa-
rameters were deter-
mined:  nozzle diam-
eter (100 μm), extru-
sion velocity 
(higher), and coagu-
lation bath tempera-
ture (15 °C). 

[DBNH]OAc Recycled cotton/858 14.4 1.4 58.4 7.9 (Asaadi et al. 
2016)

Using recycled waste 
cotton as raw mate-
rial. The requirement 
of the DP, MMD of 
the substrate and 
dope rheology were 
discussed. 

[Emim]OAc bagasse 8.3 8.0 (Sun et al. 
2011a)

Effect of pre-treat-
ment of Lignocellu-
lose on fibre pro-
cessing.

[Emim]OAc pine 3.3 2.0
[Emim]OAc NaOH treated pine 22.4 14.0

[Bmim]Cl Pretreated bagasse 22.7 3.87 (Jiang et al. 
2011)

Use bagasse as alter-
native cellulose 
source. 

[Amim]Cl Cellulose/2730 13.8 1.50 (Kim and Jang 
2013)

Effect of DP on the 
fibre strength. 

[Bmim] 
cyclohexylcarbox
ylat

wheat straw 36.0 (Lehmann et al. 
2013)

Lignocellulose as raw 
material for fibre 
processing. 

[Bmim] 
cyclohexylcarbox
ylat

Hamp straw 22.0 4.3

[Bmim]Cl 67% cellulose + 33% 
lignin 

25.0 7.6 (Ebeling et al. 
2012)

Effect of addition of 
lignin in cellulose on 
the fibre properties. [Emim]OAc 60% cellulose + 40% 

lignin
28.0 9.6

[DBNH]OAc Birch kraft pulp 12.5 1.7 33.6 7.4 (Stepan et al. 
2016)

Influence of hemicel-
lulose on the spinna-
bility and fibre prop-
erties. Higher hemi-
cellulose content re-
duced the spinnabil-
ity and fibre tensile 
properties.

[DBNH]OAc Ioncell-P Birch kraft 
pulp

17.7 1.2 49.7 8.4

[Bmim]Cl Dissolving pulp/1180 66.6 6.7 (Zhang et al. 
2017)

High strength spun 
with air gap condi-
tion (cold and low 
humidity). Fibre 
washed and dried on 
the bobbin. 

[Emim]OAc Cellulose/263 16.7 (Kuzmina et al. 
2017)

Spinnability of new 
super base-based IL 
was investigated.

[Emim]Dep Cellulose/263 18.8
[DBNEt]Dep Cellulose/263 6.5
[DBUEt]Dep Cellulose/263 5.4
[DBNH]OAc Cellulose/263 5.3
[DBNH]OAcHex Cellulose/263 14.0
[Emim]OAcHex Cellulose/263 5.3

3.4.3.2 Effect of properties of the (ligno)cellulose

The molar mass distribution of the holocellulose has a significant influence on 
the spinnability. In the Ioncell process, it was found that pulp samples with a 
high molecular weight fraction (DP>2,000) and a low ratio of short cellulose 
chains (DP<100) yield a spin dope with suitable visco-elastic properties to be 
spun into high-quality fibres (Michud et al. 2015). Evidently, the average DP 
also plays an important role during fibre spinning. A raw material with higher 
DP results in higher mechanical performances (Kim and Jang 2013). However, 
an excessively high molecular weight substantially increases the viscosity of the 
resulting solution and thus deteriorates the spinning performance. Spin dope 
with a high polymer concentration can yield fibre with higher strengths due to 
the improved pre-orientation of cellulose. Increasing the polymer concentration 
causes a crowed polymer network in the solution, which leads to molecular en-
tanglement and a more pronounced interaction between the polymer chains. As 
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a result, the shear stress and the elongational viscosity in the spinneret and air 
gap are increased (Sixta et al. 2015). Consequently, the polymer chain orienta-
tion development is enhanced, leading to a fibre with higher strength.   

Another influencing property of the lignocellulosic raw material is their chemi-
cal compositions. Currently, MMFCs spun via the NMMO-based lyocell process 
are mostly based on dissolving-grade pulp (with low hemicellulose content and 
negligible amount of lignin). The use of unbleached pulp has so far only been 
reported only for scientific studies (Fink et al. 2004). However, the lignin pre-
sent in the pulp may react with NMMO via an unexpected degradation reaction, 
and dissolution of such raw material could be difficult and affect the dope qual-
ity (Fink et al. 2004). Lê et al. have demonstrated the production of regenerated 
cellulosic fibre from unbleached pulps using the Ioncell process (Lê et al. 2016). 
The spinnability of the resulting dope and the strength of the resulting fibres 
was comparable to that from fully bleached pulps. Only a slight reduction in 
strength was observed due to the minor decrease in the cellulose content. The 
effect of hemicellulose on the Ioncell fibres was investigated by Stepan et al. 
(Stepan et al. 2016). As the hemicellulose content rose from 4-25% in the sub-
strate, the maximum draw ratio was reduced by 5 and the tenacity of the spun 
fibres was lowered by about thirty percent. Sun et al. performed fibre spinning 
using pine and bagasse with high lignin and hemicellulose content. The dopes 
prepared in [Emim]OAc were spinnable but the resulting fibre indicated low 
mechanical performance. Furthermore, dissolution of this biomass needed 
harsh conditions, either high temperatures or a long treatment duration, to 
achieve complete dissolution (Sun et al. 2011a). A patent application related to 
the dissolution and spinning of lignocellulose (hemp and wheat straw) was filed 
by Lehmann et al. The invention claimed the possibility of production of 
MMFCs from lignocellulose using [Bmim]cyclohexylcarboxylate, whereas spin-
ning with [Emim]OAc was not possible. Fibre spun from wheat straw in 
[Bmim]cyclohexylcarboxylat had a tenacity of up to 36 cN/tex. Nevertheless, 
the processes also required relatively high temperatures and extended treat-
ment periods for dissolution, which may not be feasible for industry application 
(Lehmann et al. 2013).  In addition to substrates containing lignin in their native 
form, blending extracted lignin with cellulose as a raw material for spinning in 
IL has been investigated (Ebeling et al. 2012; Olsson et al. 2017). Upon the ad-
dition of lignin, the strength of the resulting cellulose and lignin fibres was sig-
nificantly reduced. However, the aim of these studies was the production of car-
bon fibre precursors in which lignin could increase the carbonisation yield of 
these precursor fibres.   

3.4.3.3 Effect of process parameters 

Besides the nature of the ILs and the raw materials, the spinnability of the lig-
nocellulose and IL solution is also influenced by certain processing parameters 
during the spinning, such as air gap conditions, extrusion speed, size of the spin-
neret and the conditions of the coagulation bath. Amongst other parameters, 
the air gap distance and conditioning also play decisive roles as the primary ori-
entation of the polymer chain occurs in the air gap.  A certain air gap distance is 



34 
 

needed for the linear velocity and stress profile to develop. When reducing the 
air gap distance, the orientation development might be incomplete as the stress 
on the filaments cannot be diverted equally. A cold and dry air gap climate, 
which leads to higher viscosity and stress resistance of the filaments, favours the 
production of higher strength fibres. Thus, the air gap can be shortened under 
cool and dry conditions (Zhang et al. 2017b). Moreover, die swelling is reduced 
under the same conditions.   

In addition to air gap conditioning, higher extrusion velocity without changing 
the draw ratio leads to a slight enhancement of the fibre strength, which is re-
lated to the increase of the shear stress in the spin capillaries (Jiang et al. 2012; 
Michud et al. 2016a). An increase in the stress of the extruded spin dope can 
also be achieved by narrowing the spinneret capillary diameter. This was be-
lieved to improve the tenacity of the fibres (Hauru et al. 2014; Michud et al. 
2016a). Higher spinnability and strong fibres could also be obtained with a cold 
coagulation bath of about fifteen degrees Celsius. Warming the bath to 30 °C 
and 45 °C impeded the formation of highly orientated cellulose chains (Hauru 
et al. 2014; Michud et al. 2016a).
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4. Experimental methods

4.1 Overview 

The experiments in this thesis are divided into three parts. The first part is the 
pre-treatment of the lignocellulose substrates. The selection of the raw materi-
als focused on materials that were low-refined, low-value, and high recalcitrant. 
Chemical treatments with varying solvents and treatment intensity were 
adapted. In some of the cases, a DP adjustment step was applied for reducing 
the molecular mass to a satisfied level. The second part is the dissolution and 
spinning of the resulting dope. In general, the same experimental procedures 
and equipment were carried out in this part. Figure 4.1 displays the kneader for 
the dissolution, the filtration unit for the filtering of dope, and the spinning line 
in Aalto University. The third part deals with the analytical methods of raw ma-
terial and resulting fibres. 

Figure 4.1. A: kneader; B: filtration system; C: Medium spinning units; D: Large spinning units;
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4.2 Ionic liquids 

1,5-Diazabicyclo[4.3.0]non-5-ene acetate [DBNH]OAc was synthesised at Aalto 
University and used in all the spinning trials. [DBNH]OAc was prepared by the 
slow addition of acidic acid (glacial, 100%, from Merck, Germany) to 1,5-Di-
azabicyclo[4.3.0]non-5-ene (DBN, 99%, Fluorochem, UK) with an equimolar of 
glacial acetic acid in a reactor with gentle stirring. The temperature was carefully 
controlled at the beginning by cooling to avoid the overheating by the exother-
mal reaction. The temperature was allowed to increase to 70 °C at the end to 
avoid solidification of the IL, as the melting point of [DBNH]OAc is about sixty 
five degrees Celsius. Figure 4.2 depicts the [DBNH]OAc at room temperature. 

Figure 4.2. [DBNH]OAc at room temperature and its chemical structure. 

4.3 Pre-treatment of the raw materials

Preparation of Cellulose and lignin blends (Paper I)

Eucalyptus urograndis prehydrolysed kraft pulp was acquired from Bahia Spe-
ciality Cellulose, Brazil. Softwood kraft lignin was prepared according to the 
protocol proposed by Alekhina et al. (2015). Beechwood organosolv lignin was 
kindly provided by the Fraunhofer Institute, Germany. The Bahia pulp and lig-
nin were blended with a systematic lignin portion of 10, 15, 20, 30, and 50 wt%.   

Purification of fine paper and cardboard (Paper II)

Paper sheets in the A4 copy grade with a grammage of 80 g/m2 were used as 
recycled fine paper. The fine paper consisted of 73% of bleached chemical pulp 
and 23% of ash content (equivalent to inorganic materials). Recycled cardboard 
sources were obtained from cutting residuals from a Finnish fluting board mill. 
The cardboard was blended with mechanical pulp, semi-chemical pulp, and 
chemical pulp. The ash content is ~5 %. 

The purification of the fine paper and the cardboard was achieved with different 
pre-treatment combinations. Figure 4.3 illustrated the purification steps. The 
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samples were taken at each refining and subjected to the dissolution. The re-
moval of fines and inorganic materials was carried out using super DDJ (Dy-
namic Drainage Jar) equipment, which is composed of a tank with a 200-mesh 

a mixer. Treatment was carried out at ca. 1% consistency. This 
yielded the first fine paper sample P1 and B1. P2 was prepared by hemicellulose
extraction of P1 with cold caustic (CCE) under the following conditions: NaOH 
concentration 70 g/l, 60 minute retention time at room temperature, and 10% 
consistency. Recycled board fibres (B1) were subjected to a conventional kraft 
cooking using an electrically heated 15 litres rotating digester after the super 
DDJ in order to decrease the lignin content. The e ective alkali charge in the 
cooking step was 5 mol/kg at a sulphidity of 35% (6:1 liquor to wood ratio, 160 
°C, 190 min). Subsequently, the pulp was washed and homogenised. The kraft 
cardboard pulp (B2) was then treated with two routines: cold caustic extraction 
(B3) followed by ECF bleaching (B4); and directly ECF bleaching after kraft 
cooking. Hemicelluloses were removed via cold caustic extraction under the 
same conditions as P2. The cardboard pulps were bleached using the ECF se-
quence DEpDP in a respective bleaching reactor (reaction conditions are de-
picted in Appendix 1.) After each bleaching stage, the pulp was washed and ho-
mogenised. Prior to dissolution in [DBNH]OAc and spinning, each pulp sample 
was treated enzymatically to adjust the pulp’s intrinsic viscosity and acid 
washed to remove residual metals. Enzyme treatment with commercial en-
doglucanase was carried out at 50 °C for 120 min (0.02–0.1 mg per g of pulp). 
The initial pH was adjusted to 5. For the acid washing stage, the pulp was sus-
pended in sulphuric acid at pH 2.5 and 25 °C for 15 minutes. Subsequently, the 
pulp samples were washed and homogenised. After each pre-treatment stage, 
the intrinsic viscosity and chemical composition of the yielded material were 
determined.

 

Figure 4.3. Purification step of recycled fine paper and cardboard. 

Preparation of kraft birch pulps with varying lignin content (Paper 
III)

Birchwood (betula pendula) chips were provided by Metla in Finland. The 
birchwood chips were screened according to standard SCAN-N 2:88 before kraft 
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cooking. The cooking was executed in 2-litre autoclaves attached in a rotary air 
bath digester. Pulp samples were taken at H-factor 25, 50, 200, 500, 800, 1000, 
and 1200 (Sixta 2006b). These samples will be referred to as H25, H50, and so 
on. Detailed cooking conditions are listed in Appendix 2. After kraft cooking, 
pulps were washed and homogenised. The kraft pulps H1200, H1000, H800, 
and H500 were subjected to screening with a Mänttä flat screen using a screen 
plate with a slot width of 0.35 mm. Due to the low degree of refining, the pulps 
H200, H50, and H25 could not be defibrated manually. Thus, a disc refiner was 
utilised for pulp defibration. These samples were not screened due to a large 
number of oversized fibres. 

The DP of the refined material was adjusted using two methods: acid-catalysed 
hydrolysis and E-beam irradiation treatment. The acid-catalysed hydrolysis was 
done in the same autoclaves as were used for the kraft cooking. 5 samples, de-
rived from H1200, H1000, H800, H500 and H200, were selected for the acid-
catalysed hydrolysis. The hydrolysis was performed for 2 hours at 130 ºC with 
an acid solution (sulphuric acid) of 6 g/l. The samples were then washed and 
air-dried for further use. 

Birch prehydrolysed kraft pulp (from Stora Enso), birch H50, and birch H25 
pulps were irradiated by E-beam at LEONI Studer AG, Switzerland, with a 10 
MeV Rhodotron TT300 accelerator built by IBA for DP adjustment. Prior to E-
beam treatment, pulp sheets (thickness is 0.15 mm for each sheet) were pre-
pared using a laboratory sheet former. For establishing a dosage-DP relation-
ship, the E-beam dosages were varied from 5 to 30 kGy for the different pulps. 
The large batch treatment for H25 and H50 pulps was performed at an E-beam 
dosage of 20 kGy.   

Preparation of newsprint pulps (Paper IV)

Kraft cooking of deinked newsprint (DNP) was performed in the same reactor 
as birch chips. Samples of different pulping intensity characterised by H-factors 
25, 50, 500, 1000 and 1500 were taken. These samples will be referred to as 
H25, H50, and so on. Detailed cooking conditions are listed in Appendix 3. After 
kraft cooking, the black liquor was removed, and the pulps were washed and air-
dried at room temperature. Kraft DNPs were then irradiated with E-beam for 
DP adjustment (same E-beam procedure as mentioned in 2.3.3). For establish-
ing a dosage-DP relationship, the E-beam dosages were varied from 10 to 20 
kGy for the different pulps.

The DNP pulp was also subjected to an alkaline polyol pulping (AlkaPolP) in oil 
bath reactors. Prior to cooking, glycerol and KOH were blended at 90 °C at a 
ratio of 10:1.25 to prepare the cooking liquor. This cooking liquor was added to 
the deinked newsprint in autoclaves. Cookings were performed at 170 °C and 
180 °C in an oil bath reactor. For each temperature, three treatment durations 
were selected: 1, 2, and 3 hours. After the treatment, the cooking liquor was re-
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moved, and pulps were washed and air-dried at room temperature. The viscos-
ity of the pulps was measured as described for the kraft pulps, albeit without 
delignification. Furthermore, the other two organosolv pulp, propylene glycol 
(PG) pulping and SO2-ethanol-water (SEW) pulping, were established for DNP. 
The detailed treatment conditions are listed in Appendix 4. 

4.4 Dissolution and spinning 

All the pulps mentioned above were subjected to the dissolution with 
[DBNH]OAc. [DBNH]OAc was first melted at 70 °C, then blended with the air-
dried pulps (ground with a Willey mill with 1 mm mesh sieves) and stirred for 
1.5 hours at 80 °C with 10 rpm at reduced pressure (10–200 mbar) by means of 
a vertical kneader system. The polymer concentration of the dope was adjusted 
between 11-15 wt% according to the intrinsic viscosity of the pulps. The solutions 
were filtered through a hydraulic press filter device (metal filter mesh with 5 μm 
absolute fineness, from Gebr. Kufferath AG, Germany) at 2 MPa and 80 °C to 
remove undissolved substrate which would otherwise lead to unstable spinning. 
The prepared dope was finally shaped into the dimensions of the spinning cyl-
inder and solidified upon cooling to ensure filling without the inclusion of air 
bubbles.

Multi-filaments were spun with a customised laboratory piston spinning system 
(from Fourné Polymertechnik in Germany). The solidified spinning dope was 
heated in the spinning cylinder to form a highly viscous, air-bubble-free spin-
ning dope. The spinning temperature depends on the rheological properties of 
the dopes. The molten solution was then extruded through a spinneret with a 

neret with 18 holes was used for Paper I and II. Spinnerets with 36 and 200 
holes were applied in Paper III and paper IV respectively. After the fluid fila-
ments had passed an air gap of 10 mm, they were coagulated in a water bath 
(10-15 °C) in which they were guided by Teflon rollers to the godet couple. The 
extrusion velocity (Ve) was set according to each spinning, while the take-up 
velocity (Vt) of the godet was varied until the maximum draw ratio (DR =  Vt/Ve)
was reached. The fibres were then washed off-line in hot water (60 °C) and air-
dried. 

4.5 Analytical methods of raw materials, dopes and fibres

Rheological measurement of spinning dopes

The rheological properties of the spinning dopes under shear stress were meas-
ured by using an Anton Paar MCR 300 rheometer with a plate and plate geom-
etry (25 mm plate diameter, 1 mm measuring gap). The viscoelastic domain was 
determined by performing a dynamic strain sweep test, and a strain of 0.5%, 
which fell well within the linear viscoelastic regime, was chosen for the fre-
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quency sweep measurements.  The complex viscosity and dynamic moduli (stor-
age modulus G’ and loss modulus G’’) were determined by performing a dy-
namic frequency sweep from 50-90 °C over an angular frequency of 0.1–100 s-

1. The Rheoplus software was used to calculate the crossover point of G’ and G’’ 
at different temperatures and the zero shear viscosity by fitting a Cross model 
and assuming that the Cox-Merz rule was valid.

Analytical methods for raw materials and fibres

Raw materials Fibres

Chemical compositions

Carbohydrate analysis with high-performance anion exchange chromatography with 
pulse amperometric detection (HPAEC-PAD). (Paper I, II, III and IV)

Klason lignin. (Paper I, II, III and IV)

Acid soluble lignin (ASL) detect at 205 nm by UV. (Paper I, II, III and IV)

The analysis of carbohydrate and lignin are done according to NREL/TP-510-42618. The cel-
lulose and hemicellulose content and ratio were calculated according to the amount of mono-

saccharides following the Janson formula (Janson 1970).

N/A Surface lignin content based on X-ray pho-
toelectron spectroscopy (XPS). (Paper I) (Jo-

hansson et al. 1999)

Molar mass and distributions

Molar mass distribution by GPC (coupled with RI detector) in LiCl/DMAc. (Paper I, II, 
III, IV). 

Intrinsic viscosity in CED according to 
SCAN-CM 15:99 (Paper I, II, III and IV)

N/A

Structure and morphology

Crystallinity and crystal width deter-
mined by X-ray diffraction (XRD).  (Paper I, 

II, III and IV) (Ahvenainen et al. 2016)

Crystallinity and crystal width deter-
mined by XRD. (Paper I, II, III and IV) 

(Ahvenainen et al. 2016)

Scanning electron microscopy (SEM) 
images. (Paper I, II, III and IV)

Dynamic vapour sorption (DVS). (Paper 
I, II, III and IV) (Rautkari 2012)

Tensile properties

N/A Tensile strength and elongation meas-
ured by vibroskop 400 and vibrodyn 400. 

(Paper I, II, III and IV) (Hauru et al. 2014)

Total orientation by means of birefrin-
gence measure using polarised microscopy.

(Paper I, II, III and IV) (Hauru et al. 2014)
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Yarn production (Paper I, II, IV)

Textile yarns and fabrics manufactured from composite fibres (Paper I), lignin-
free fibres, and cardboard fibres (Paper II) were achieved. The two-ply yarns 
were produced at the Swedish School of Textiles at the University of Borås in 
Borås, Sweden. The fabrics were designed and knitted at the Department of 
Design of the School of Arts, Design, and Architecture at Aalto University. The 
yarn and knitting process was performed similarly according to Michud
(2016b).  

The yarn formation of the AlkaPolP newsprint fibres (Paper IV) consists of card-
ing, drawing, roving, and ring spinning. This formation was performed at the 
Tampere University of Technology in Finland. The AlkaPoIP DNP fibres were 
carded using laboratory carding machine Mesdan 337A in 25 g batches twice. 
The carded webs were pleated into slivers. A blend sliver was formed by pleating 
different fibre type webs together. The sliver was then drafted, and two drafted 
slivers were combined to form a roving (with Stiro-roving lab Mesdan 3371).
Subsequently, the roving was ring spun by Mesdan ring lab 3108A. The spinning 
was performed by blending AlkaPolP DNP fibres and commercial viscose fibres 
(from Kelheim Fibres GmbH, carded and roved in the same procedure as Alka-
PolP DNP fibres) in an equal amount. The entire draft in ring spinning was 22. 
The yarn had 700 twists/metre. The tensile properties of the blended AlkaPolP 
DNP viscose yarns, the commercial viscose, and Tencel yarns were determined 
in the Tampere University of Technology according to standard SFS-EN ISO 
2062. 

The demonstration of the product from the AlkaPolP newsprint yarns was per-
formed at the department of design of the School of Arts, Design, and Architec-
ture, at Aalto University. The greige and burgundy parts of the product were 
made from yarn which was made from recycled newsprint fibres. To suit flatbed 
knitting, single strands of yarn were plied together with an Agteks DirectTwist 
machine to form yarn without twist-liveliness. Two strands of newsprint yarn 
(originally 100 tex and 700 t/m, Z-twist) were plied together with S-twist of 320 
t/m. Part of the yarn was dyed, and part of the yarn in its original colour was 
used. The dyeing was performed as a batch dyeing process in a kettle. Remazol 
red-green-blue (RGB) reactive dyes were used in the process. The product was 
knitted with a Dubied hand knitting machine.
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5. Results and discussions

5.1 Pre-treatments of the raw materials for the production of 
spinnable substrates (Paper I. II. III and IV)

Pre-treatment is a very important step for the raw material in order to increase 
their solubility in the IL. Except for cellulose and lignin blends (Paper I), all 
other raw material, including fine paper or cardboard (Paper II), birch chips
(Paper III), and newsprint (Paper IV) underwent various pre-treatments. Thus, 
it is necessary to start with the discussion about the pre-treatments of the raw 
materials. This discussion is mainly focused on the characterisation of the 
chemical compositions, molar mass distributions (MMD), and especially the 
DP, which is presented by the intrinsic viscosity of the raw materials. According 
to the previous study on the Ioncell process, the intrinsic viscosity of the pulp 
should be around 450 ml/g in order to achieve stable spinning at a commercially 
reasonable polymer concentration of 13 wt% (Hummel et al. 2015). Further-
more, with regard to MMD, a large share (> 20%) of long chains (DP > 2,000), 
low short chain fractions, and a medium polydispersity index (PDI of around 
three) would favour the spinnability. The higher ratio of short cellulose chain 
also leads to fibres with weaker strength (Michud et al. 2015). 

Purification of fine paper and cardboard

In order to determine the influence of the chemical compositions on the disso-
lution and spinning, two pre-treatment paths to alter the raw material proper-
ties were chosen for fine paper and cardboard. Figure 4.3 illustrated the treat-
ment procedure of the two raw materials. Both fine paper and the cardboard 
contained a substantial amount of inorganics. Thus, they were treated with su-
per DDJ to produce P1 and B1 with less ash and fines. The fine paper consisted 
mainly of paper-grade chemical pulp (large hemicellulose content). Further cold 
caustic extraction would result in P2 with reduced hemicellulose content.  On 
the other hand, cardboard is a mixture of low refined mechanical and semi-
chemical pulps. The high lignin content in cardboard contributes to its high 
macromolecule integrity, which makes it recalcitrant for dissolution. The lignin 
in the cardboard was removed by conventional kraft cooking (B2). Subse-
quently, the preparation of further refined pulps continues in two routes: one 
route by means of cold caustic extraction (B3) and bleaching (B4); the second 
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route with solely bleaching (B5). The intrinsic viscosity of all the pulps was ad-
justed by enzymatic treatment to a range of 400 – 500 ml/g. A final acid wash 
step was introduced to the pulps before dissolution in order to avoid the side 
reactions and degradation caused by the presence of the metal ions. The chem-
ical compositions of both pulps and spun fibres and the pulp intrinsic viscosity 
are listed in Table 5.1. 

Table 5.1. The composition of the native and refined paper and cardboard samples as well as their spun 
fibres.

Pulp Fibre
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[ml/g] % % % % % %
fine paper 76.6 20.8 2.4

P1 11.5% 470 75.5 24.1 0.4 75.9 23.2 1.0

P2 13% 428 88.1 11.3 0.6 87.8 11.1 1.1

cardboard 57.6 20.8 16.6

B1 13% 447 63.8 20.9 15.3 67.4 16.5 16.1

B2 11.5% 500 80.2 16.6 2.9 80.8 16.4 1.1

B3 13% 470 88.3 9.8 1.9 88.8 9.7 1.4

B4 13% 460 89.1 10.0 0.9 89.3 9.9 0.8

B5 13% 436 82.4 16.7 0.9 82.4 16.4 1.2

The MMD of the paper and cardboard raw materials and fibres are demon-
strated in Figure 5.1. Paper sample P1 revealed typical bimodal MMD, indicating 
the presence of both low molar mass hemicellulose and long-chain cellulose. A 
CCE step notably reduced the hemicellulose content, leading to a decrease of the 
short chain hemicellulose peak. The cardboard samples also exhibited bimodal 
MMD except B4 and 5, which had undergone CCE for hemicellulose extraction. 
The B1 sample showed a lower molecular weight compared to other board sam-
ples. The B1 sample was an untreated sample that needed special delignification 
and solvent exchange to render it soluble in LiCl/DMAc. The carbohydrates 
were thereby degraded. Eventually, the MMD of spun fibres was analysed. No 
evident carbohydrate degradation was observed in the fibres. 
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Figure 5.1. MMD of recycled paper and boards and their corresponding fibres. 

Blending of cellulose and lignin 

The Bahia pulp was blended with kraft and organosolv lignins in varying ratios. 
The chemical compositions of the cellulose and lignin blends at different pro-
portions are compared in Table 5.2. It was observed that organosolv lignin con-
tains a larger amount of hemicellulose (9.6%) and relatively lower amounts of 
lignin (90.2%) than that of kraft lignin (3.3% and 96.6% respectively). Conse-
quently, similar differences were observed in the blends with the equal lignin 
share. The MMD of the Bahia pulp and the cellulose fraction of the fibre was 
also analysed in Figure 5.2. A slight degradation of the cellulose can be moni-
tored after the dissolution and spinning. 

Table 5.2. Chemical compositions of the cellulose and lignin blends. 

Samples
Cellulose 

share
%

Lignin 
share

%

Cellulose

%

Hemicellulose

%

Lignin

%
Bahia pulp 100 0 95.8 2.6 1.6
Kraft lignin 0 100 0.1 3.3 96.6

Organosolv lignin 0 100 0.2 9.6 90.2
A 10 wt% Kraft 90 10 86.7 2.7 10.6

15 wt% Kraft 85 15 81.5 2.7 15.8
20 wt% Kraft 80 20 76.1 2.7 21.2

10 wt% OS 90 10 86.6 3.3 10.1
15 wt% OS 85 15 81.3 3.7 15.0
20 wt% OS 80 20 75.9 4.0 20.1
30 wt% OS 70 30 65.2 4.9 29.9
50 wt% OS 50 50 46.9 5.0 48.1
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Figure 5.2. MMD of bahia pulp and the lignin/cellulose fibres (delignified). 

Kraft cooking of birch chips 

A systematic conventional kraft cooking with birch chips was conducted in order 
to obtain pulps with varying lignin contents. Seven samples were prepared with 
different treatment intensities (from H-factor 1200 to H25). Despite the reduc-
tion of the lignin content of the pulp samples, the viscosities were maintained at 
the same level targeting 400-450 mL/g. However, a somewhat low intrinsic vis-
cosity was observed. This finding reflects the artefact that results from the low 
refining, which leads to the inefficient dissolution of high molar mass fractions 
in the cupriethylendiamine (CED). The pulps were subjected to DP adjustment 
due to the high intrinsic viscosity. The DP of pulps from H1200 to H200 were 
reduced by acid-catalysed hydrolysis while H25 and H50 were treated using E-
beam irradiation to lower the DP. Table 5.3 presents the chemical compositions 
and the intrinsic viscosity of the kraft pulp, pulps after DP adjustment, and the 
spun fibres. 

Table 5.3. Intrinsic viscosity and chemical compositions of the original and DP adjusted kraft pulps and 
their spun fibres.  

Original kraft pulp DP adjusted pulps
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% % % ml/g % % % ml/g

Birch 47.9 28.0 24.1 - - - - -
H25 53.7 22.4 23.9 927 - - - 363
H50 56.4 21.8 21.8 1446 - - - 373

H200 63.6 21.9 14.5 1795 75.1 9.8 15.1 361

H500 68.9 22.5 8.6 1591 83.6 7.9 8.5 390

H800 71.2 23.0 5.8 1626 84.6 10.4 5.0 367

H1000 72.0 22.6 5.4 1656 85.0 10.2 4.8 403

H1200 72.7 22.2 5.1 1599 85.9 9.8 4.3 351
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The intrinsic viscosity of the samples was sufficiently lowered by the respective 
DP adjustment methods, albeit to a slightly lower level than optimal. In the case 
of H1200 to H200, which were treated with acid-catalysed hydrolysis, some ex-
tent of the hemicellulose which was relatively lower in molar mass was removed 
from the pulps along with a minor lignin content reduction. The reduction of 
the hemicelluloses was confirmed by the MMD (Figure 5.3), in which the low 
molar mass peak disappeared after acid hydrolysis. As a result, the cellulose 
content in the substrates increased, which facilitated the spinnability of the 
dope. The E-beam treatment proved to be a promising method to adjust the DP 
as the treatment can reduce the molecular weight of the biomass by breaking 
the chemical bonds in cellulose, hemicellulose, and lignin without the use of 
chemicals and water (Imamura et al. 1972; Khan et al. 1986; Kristiani et al. 
2016). 

Figure 5.3.MMD of kraft birchwood pulps, acid treated pulps, and the resulting fibres. 
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Prior to the primary E-beam irradiation, various (5-30 kGy) E-beam dosages 
had been screened in order to find the optimal dosages for the DP adjustment. 
Figure 5.4 depicts the intrinsic viscosity of the original and the E-beam treated 
kraft pulp as a function of radiation dosage (birch prehydrolysed kraft (PHK)
and pine kraft paper pulp were selected as model pulps). A notable decrease in 
the intrinsic viscosity was already observed at 5 to 10 kGy. The viscosity tended 
to level off upon the progression of the irradiation intensity. Furthermore, the 
E-beam treatment at such low-intensity dosages was not expected to alter the 
chemical composition of the raw materials (Imamura et al. 1972). According to 
the E-beam trials, 20 kGy were selected for the production of the pulps for dis-
solution. 

Figure 5.4. The intrinsic viscosity of E-beam treated H25 and H50 samples and a reference birch PHK 
pulp and a pine kraft paper pulp. 

The effects of the E-beam irradiation on the wood components were also as-
sessed by means of GPC (Figure 5.5). The molecular weight distribution of the 
E-beam treated pulps (H25 and H50) was determined. In contrast to acid hy-
drolysed pulps, the E-beam treated pulps maintained a bimodal molecular 
weight distribution, which indicated that the low molecular weight hemicellu-
loses were not removed during the E-beam treatment. However, the original 
pulps did not dissolve completely in LiCl/DMAc. Presumably, especially the
high DP fraction was not fully dissolved which implies that the lower molar mass 
fractions are overrepresented. Thus, this test may not reflect the real molecular 
weight distribution. As the E-beam dosage increased, the high molecular weight 
domain shifted to a lower molecular weight, while the molecular weight of the 
short chain polymers remained unchanged. The GPC results from E-beam treat-
ment were in agreement with the intrinsic viscosity measurement. Unlike other 
fibres, there was a large degradation of DP of the fibres from pulps that were 
treated by E-beam during the dissolution and spinning. High molecular weight 
cellulose peaks were shifted to lower molecular weight. This phenomenon can 
also be reflected by the low fibre tensile strength of the fibres. The extensive 
degradation of the cellulose during the dissolution and spinning might be at-
tributed to the carbonyl groups generated from cleavage of the cellulose chain 
after E-beam treatment, which lead to a peeling reaction in an alkaline environ-
ment such as the ionic liquid with residual moisture from the pulp.
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Figure 5.5. MMD of e-beam treated H25 and 50 kraft pulps and the fibres derived from E-beam 20 kGy 
pulps.  

Comparison of kraft and organosolv cookings on DNP

Similar to the cardboard samples, the newsprint contained mainly virgin or low 
refined wood fibres or recycled wood fibres. These fibres prevented full solubili-
sation because of the strong lignin-carbohydrate interactions. Therefore, a suit-
able pre-treatment was desired to process the newsprint. The deinked news-
print (DNP) was first subjected to conventional kraft cooking with a series of 
intensities (H-factors 25 to 1500) to determine the limitation by the lignin at 
which a spinnable dope could be produced. The lignin content in the pulp sam-
ples was readily decreased upon increasing treatment intensity. A more pro-
nounced delignification was observed at H500 and higher. The intrinsic viscos-
ity of the kraft DNPs was lower than that of the birch chips. Similar to the find-
ings from the kraft cooking of birch chips, the viscosity measurement was not 
possible for the low refined kraft DNPs (H25 and H50). The obtained values 
therefore did not reflect the real DP. 

Electron beam treatment was further utilised to reduce the viscosity to an ap-
propriate level. The H25 and 50 DNPs and the DNPs from H500 to H1500 were 
irradiated with E-beams at 20 and 10 kGy respectively. Appropriate intrinsic 
viscosity was achieved for the DNPs from H500 to H1500. The intrinsic viscos-
ity of the E-beam treated H25 and H50 was slightly lower than the optimal val-
ues. The E-beam treated H25 and 50 DNPs were successfully dissolved in CED 
for intrinsic viscosity measurements. This indicated the efficient cleavage of the 
LCC by the E-beam treatment without altering the chemical composition. Table 
5.4 depicts the chemical composition and the viscosity of the kraft DNPs before 
and after E-beam treatment. The MMD of the DNPs were narrowed and shifted
to low molecular weight levels during the kraft cooking and the E-beam irradi-
ation.
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Table 5.4. Substrate characterisation of untreated NP, DNP, and kraft DNP before and after electron 
beam treatment.

Chemical compositions
Ash 

%

[ 0] before
E-beam 

ml/g

[ 0] after 
E-beam

ml/g

Cellulose
%

Hemicellulose
%

Lignin
%

NP 42.8 26.2 31.0 9.4 - -
DNP 45.0 27.0 28.0 5.0 - -
H25 54.7 17.0 28.3 3.0 691 322
H50 55.6 17.0 27.4 2.5 828 308

H500 66.3 16.5 17.2 3.7 858 457
H1000 68.7 16.5 14.8 3.7 754 444
H1500 71.5 16.7 11.8 3.8 727 404

Organosolv pulping has been recognised as a more efficient and greener pulping 
or fractionation process than kraft pulping. Therefore, this study attempted 
three organosolv cooking processes for the pre-treatment of the DNP and TMP 
(as a model for DNP). These processes were previously proved to be successful 
for fractioning biomass. The first tests were carried out with two acid-catalysed 
organosolv processes, propylene glycol, and SEW. However, both processes re-
sulted in severe depolymerisation of the cellulose, which resulted in an ex-
tremely low intrinsic viscosity and molar mass. Thus, the pulps were not suita-
ble for spinning. This phenomenon may have been contributed to by the slightly 
refined and disintegrated structures of the biomass integrity, which facilitated
the acid hydrolysis of the cellulose. Figure 5.6 illustrates the relationship be-
tween lignin content and hemicellulose content and between lignin content and 
the intrinsic viscosity of the DNP and TMP pulps after PG and SEW pulping. 

Figure 5.6. The relationship between lignin content and hemicellulose content and the intrinsic viscosity 
of the DNP and TMP pulps after PG and SEW pulping.

To avoid the severe degradation of cellulose caused by the acid conditions, or-
ganosolv process based on alkaline could be implemented. Hundt et al. pro-
posed a water-free organosolv process by using dry glycerol and KOH for the 
fractionation of biomass, namely the AlkaPolP process (Hundt et al. 2013, 2014, 
2016; Engel et al. 2016). The delignification of pine via the AlkaPolP process was 
promising and did not cause intensive degradation of cellulose as the presence 
of the alcohol retarded the alkaline hydrolysis due to the decreased hydroxyl 
ions activity. Therefore, AlkaPolP of DNP was attempted. A preliminary assess-
ment was carried out at 1, 2, and 3 hours at 170 °C and 180 °C, respectively. The 
initial tests showed that AlkaPolP is promising in terms of delignification and 
DP adjustment. At 170 °C, the optimal viscosity could be reached after 3 hours 
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of treatment, and the lignin was reduced to 4.3%. When raising the temperature 
to 180 °C, 1 hour of treatment was sufficient to optimise the pulp properties. In 
both cases, only minor alteration of hemicellulose content was observed. Table 
5.5 lists the intrinsic viscosity and chemical compositions of the AlkaPolP DNPs.

Table 5.5. Intrinsic viscosity and chemical compositions of the AlkaPolP DNPs.
Temp.

°C
Time

h
0]

ml/g
Cellulose

%
Hemicellulose

%
Lignin

%
Ash

%
DNP - - 42.6 27.0 30.4 5.0
170 1 562 68.4 18.4 13.2 0.5
170 2 549 73.7 20.3 6.0 0.5
170 3 469 75.6 20.1 4.3 0.7
180 1 487 73.8 20.0 6.2 1.5
180 2 310 76.7 18.6 4.6 1.6
180 3 259 77.8 19.1 3.0 0.8

The MMD of the AlkaPolP DNPs and the corresponding fibres are presented in 
Figure 5.7. The AlkaPolP process effectively preserved the carbohydrate from 
severe degradation. With increasing treatment intensity, the bimodal MMD 
from the untreated DNP gradually decreased, but a relatively broad molecular 
weight distribution could be observed. Deinked newsprint treated at 180 °C had 
narrower distribution than the DNP treated at 170 °C. Upon dissolution and 
spinning, an apparent removal of the low molar mass hemicellulose peak could 
be confirmed. High DP cellulose was mostly preserved (Figure 5.7).

Figure 5.7. MMD of AlkaPolP pulps and fibres derived from pulps treated at 170 °C 180 min and 180 °C 
60 min.

5.2 Dissolution and rheological properties of the dopes 

Regardless of their chemical compositions and DP, all the pre-treated pulps and 
cellulose and lignin blends were dissolved readily in IL [DBNH]OAc after 1.5 h 
at 80 °C, except cardboard B1 and kraft DNPs H25 and H50. These three pulps 
were only partially dissolved in [DBNH]OAc, and the resulting dopes were not 
filterable and thus not suitable for the subsequent spinning. The dissolution of 
cellulose and lignin blends was relatively easy as the complete dissolution could 
be observed within 1 h. Due to the low molar mass, lignin could be dissolved 
even faster than cellulose and other lignocellulose. When the lignin was added 
to IL, it also tanned the IL mixture. As a result, the colour of the resulting dopes 
was darkened. Figure 5.8 demonstrates the solidified dope from cellulose and 
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lignin blends. Besides the cellulose and lignin blends, the native lignin in the 
other pre-treated pulps also embrowned their resulting dopes. 

Figure 5.8. Solidified dope from cellulose and lignin blends (left) and Filament extrusion of cellulose/
lignin dope (right).

The rheological properties of the dopes were essential for their performance 
during spinning. The visco-elastic properties of the dopes were assessed with 
oscillatory shear measurements. The complex viscosity and the dynamic moduli 
of the dopes were recorded by means of frequency sweep at rising temperatures. 
Figure 5.9. presents the master curves of the complex viscosity and the dynamic 
moduli of all the dopes at 70 °C. The zero shear viscosity and the crossover point 
of the storage and loss modulus were determined by assuming the validity of the 
Cox-Merz rule.  

As depicted in Figure 5.9, the rheological behaviour of each dope was different, 
as was the effect of the temperature on the rheological properties. In the case of 
the cellulose and lignin blends (paper II), the complex viscosity decreased with 
increasing lignin proportion at the same overall consistency. This similarity was 
attributed to the low molecule weight of lignin. The dynamic moduli exposed 
the same trend while lowering the lignin content. 

Meanwhile, the crossover point of the storage and loss modulus shifted to a 
higher angular frequency because the relaxation time of the polymer network 
was shortened. No significant differences between kraft and organosolv lignin 
were observed. However, by increasing the dope consistency to 20 wt% and the 
lignin share by 50%, the Newtonian plateau disappeared from the complex vis-
cosity curve in the entire angular frequency, and no crossover point was ob-
served. The strong polymer network restricted the motion of the dope under 
shear stress and thus led to the strong gel character. By contrast, the behaviour 
of native lignin in the polymer matrix was different from the extracted lignin 
(paper I). The increasing in lignin in the kraft pulps (H200, H500, and H800) 
led to more viscous dopes while the overall concentration remained unchanged. 
At the low H-factor of H200, strong gel behaviour was observed at 13 wt% con-
centration. This effect can be explained by the high native lignin content which 
bonds to the hemicellulose and cellulose in the form of LCC and acts as a cross-
linker between the polymer chains. As a result, aggregates formed in the solu-
tion and limited the mobility of the dope. Interestingly, the H25 and H50 dopes 
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indicated low viscosity regardless of their high lignin content. This effect proves 
the efficient chain scission and bond cleavage by the E-beam treatment, which 
was used to cleave the carbohydrate and lignin into fragments. Finally, the 
visco-elastic behaviour of other dopes was mainly governed by their DP and the 
dope concentrations.  

Figure 5.9. Rheological properties of spinning dope at 70 °C. Cycle: complex viscosity; triangle: storage 
modulus; reversed triangle: loss modulus. 

5.3 Spinnability of the dopes 

The spinnability of a spinning dope depends on several factors such as source 
and chemical compositions of raw biomass, ILs, and most importantly, the rhe-
ological properties of the dope. The dope has to possess a certain fluidity in or-
der to be extruded through the spinneret and to be drawn into the air gap. In 
the previous studies, the optimal parameter range of the rheological properties 
that leads to stable spinning has been identified: zero shear viscosity 25,000 –
50,000 Pa.s, dynamic moduli 3,000 – 5,000 Pa, and COP of moduli 0.5 – 2 s-1

(Sixta et al. 2015; Asaadi et al. 2016; Michud et al. 2016c).  However, these stud-
ies were based on the utilisation of dissolving-grade pulp or pure cellulose 
sources (cotton). Therefore, the effect of impurities on the spinnability has to be 
studied. Table 5.6 presents the spinnability of dopes and the zero shear viscosity 
and crossover points at the spinning temperature. 
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Table 5.6. Spinnability and rheological properties of the dope at the spinning temperature.
Draw 
ratio

Titer at 
max. DR

dtex

Spinning 
temp. 

°C

Zero shear 
viscosity 

Pa s

Dynamic 
moduli 
at COP 

Pa

Angular 
frequency 

at COP 
s-1

P1 11.5% 14.1 1.3 73 16478 1897 0.8

P2 13% 16.8 1.6 79 21402 3319 2.8

B1 13% 3.5 5.8 75 305980 - -

B2 11.5% 15.9 1.3 76 21076 2574 0.8

B3 13% 17.8 1.5 77 61663 3136 0.4

B4 13% 15.9 1.4 75 33094 4072 0.7

B5 13% 19.8 1.7 70 34489 3164 0.6

0 wt% lignin 17.7 1.2 78 25148 4127 1.0

10 wt% Kraft 15.0 1.2 73 23315 3092 0.8

15 wt% Kraft 12.4 1.7 72 22008 2691 0.9

20 wt% Kraft 9.7 2.1 73 23802 2612 0.8

10 wt% OS 15.0 1.3 69 21546 3267 1.0

15 wt% OS 14.1 1.5 69 14951 3038 1.3

20 wt% OS 10.6 2.0 74 13367 2724 1.3

30 wt% OS 12.4 1.6 59 15579 1585 0.8

50 wt% OS 14.1 2.1 83 186850 - -

H25 9.7 2.0 58 22809 2247 0.8

H50 9.7 2.1 59 13256 2708 1.5

H200 15.9 1.7 82 111500 - -

H500 12.4 1.8 66 26600 2023 0.6

H800 17.7 1.4 75 18100 2208 0.9

H1000 15.9 1.6 74 288700 - -

H1200 8.8 2.7 85 114900 - -

H25 DNP - - - - - -

H50 DNP - - - - - -

H500 DNP - - - 79464 2213 0.2

H1000 DNP 5.3 3.8 77 40329 2871 0.5

H1500 DNP 10.6 2.3 70 26899 3246 0.8

AlkaPolP DNP 
170 °C

18 0.9 77 25363 3044 0.8

AlkaPolP DNP 
180 °C

18 0.8 74 36361 2275 0.4
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The spinnability of a dope has been defined in terms of acceptable draw ratio: 
DR < 2 non-spinnable, DR 2–8 poor spinnability, DR 8–14 good spinnability, 
and DR > 14 excellent spinnability (Asaadi et al. 2016). According to table 5.6, 
most of the dopes exhibited good to excellent spinnability during the spinning 
trials. Only the untreated cardboard B1 and dopes from kraft DNP demon-
strated non-spinnability or low spinnability. The results suggest that the recal-
citrant structure of the untreated or low refined material strictly restricts the 
performance during the dissolution and spinning. In the case of spinning from 
DNP, kraft pulping may not be a suitable pre-treatment even though the 
rheology is in the optimal window because the delignification rate of the news-
print is rather low (Table 5.4). In general, the IL could tolerate high amounts of 
hemicellulose and lignin without deteriorating the spinnability. However, this 
study did not produce conclusive results on the influence of the rheological be-
haviour on the spinnability. The spinning could still be performed smoothly de-
spite the dope rheology being outside the optimal window at the spinning tem-
perature. Dopes with gel behaviour (50 wt% OS, H1000, and H1200) or low vis-
cosity (P1, 15 and 20 wt% OS, H50 and H800) were still spinnable to some ex-
tent with stable extrusions. Figure 5.10 illustrates the influence of the rheologi-
cal properties on the spinnability of the dope. The results demonstrate that more 
insight studies are needed to better understand rheological requirements for 
stable spinning. 

Figure 5.10. Filament extrusion of cellulose/lignin dope.

5.4 Characterisations of the spun fibre 

Chemical compositions and MMD (Paper I, II, III, IV)

The chemical composition of the fibres is an essential factor that determines the 
tensile and physical properties of the spun fibres. In addition to the chemical 
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composition analysis of the raw materials, the chemical content of the fibres was 
also monitored. The comprehensive chemical composition of the spun fibres is 
presented in Table 5.7. The composition of the fibres was slightly altered com-
pared to the raw material before the dissolution. A small lignin loss was obvious 
for the cellulose and lignin blends fibres. A lignin reduction of up to 4.5% was 
noticed, together with a minor decrease of the hemicellulose. The fractionated 
lignin and hemicellulose with low molecular weight were not coagulated in the 
spin bath, but remain dissolved in the water bath or removed in the washing 
step.  

Table 5.7. Chemical compositions of the spun fibres.
Cellulose

%
Hemicellulose

%
Lignin

%
P1 11.5% 75.9 23.1 1.0

P2 13% 87.8 11.1 1.1

B1 13% 67.4 16.5 16.1

B2 11.5% 83.0 14.2 2.8

B3 13% 88.8 9.7 1.4

B4 13% 89.3 9.9 0.8

B5 13% 82.4 16.4 1.2

10 wt% Kraft 91.1 2.2 6.7

15 wt% Kraft 84.0 2.4 13.6

20 wt% Kraft 78.7 2.5 18.8

10 wt% OS 89.1 2.4 8.5

15 wt% OS 85.4 2.3 12.3

20 wt% OS 82.2 2.0 15.8

30 wt% OS 72.3 2.3 25.4

50 wt% OS 51.9 1.9 46.2

H25 55.8 20.2 24.0

H50 57.9 21.7 20.4

H200 75.2 6.1 18.7

H500 85.9 5.2 8.9

H800 88.5 6.9 4.6

H1000 88.1 8.0 3.9

H1200 87.8 7.2 5.0

H1000 DNP 67.9 14.6 17.5

H1500 DNP 70.5 14.9 14.6

AlkaPolP DNP 
170 °C

77.2 19.9 2.9
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AlkaPolP DNP 
180 °C

73.6 21.5 4.7

However, the chemical compositions of the spun fibres from the native lignocel-
lulose was different from the cellulose and lignin blends. An explicit removal of 
hemicellulose content was observed in the fibres spun from the kraft birch 
pulps. The lignin content was somewhat the same as their raw materials. This 
was attributed to the strong chemical bonds between the lignin and the carbo-
hydrate, which cannot be efficiently cleaved by IL under the modest conditions. 
On the other hand, the lignin in cellulose and lignin blends was not firmly 
bonded to cellulose. Thus, the lignin can be relatively easily dissolved and dis-
persed with IL in the coagulation bath.  For spun fibres from recycled materials, 
the chemical compositions were more or less at the same level as the dissolved 
substrates. The exterior of the spun fibres highly depended on the chemical 
composition, especially the lignin content. Figure 5.11 demonstrates the fibres 
from cellulose and lignin blends and kraft birch pulps with varying lignin con-
tent. Increasing the lignin content caused the shades of the fibre to change from 
yellowish to dark brown.   

Figure 5.11. The visual appearance of the fibres produced from dopes containing lignin. Upper: cellu-
lose/lignin blends; Lower: kraft birch pulps. 

The MMD of the spun fibres were also studied in order to monitor the carbohy-
drate degradation during the dissolution and spinning. Clear degradation of the 
long chain cellulose was noticed in most of the cases. The high molecular weight 
peak tended to migrate to the lower molecular region. In accordance with the 
chemical composition of the substrates and fibres, the removal of hemicellulose 
during the dissolution and spinning resulted in the subsiding of the low molec-
ular hemicellulose peaks. 

5.4.1.1 Determination of surface lignin by XPS (Paper II)

The lignin content on the fibre surfaces was investigated using X-ray photoelec-
tron spectroscopy (XPS) albeit with a slightly modified approach derived from 
Dorris and Gray (1978) for lignocellulose pulp sheets. In the XPS method, cel-
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lulose and lignin could be determined by means of the wither O/C ratio (cellu-
lose) or the non-cellulosic carbon components. The O/C ratios were measured 
by the XPS survey spectra, whereas different carbon contents (presented as C-C
or carbon atom without oxygen neighbours) were derived from the high-resolu-
tion C 1s regions. The correlation between the O/C ratio and the C-C carbon 
were plotted for the fibres and the referenced lignin and cellulose samples (Fig-
ure 5.12).

Figure 5.12. The surface lignin content of the composite fibres determined by XPS. A: organosolv lignin; 
B: kraft lignin. 

The pure reference cellulose sample (Whatman filter paper) demonstrated only 
a slight non-cellulosic C-C component. This was attributed to the sample’s thin 
surface passivation layer, which is typical for a solid surface exposed to the 
normal atmosphere. In fibre samples with lignin involved, the non-cellulosic 
component increased while the O/C ratio decreased, suggesting an increase in 
surface lignin content. In the case of fibres containing OS lignin, the surface lig-
nin demonstrated a clear correlation with the total lignin content of the fibre. 
The rise in the lignin fraction in the fibre led to an increase in surface lignin and 
to the reduction of surface cellulose content. This is in agreement with the pre-
vious study based on the cellulose and lignin films (Hoeger et al. 2012). How-
ever, the kraft lignin fibres had no distinct effect. The reason for the incon-
sistency of surface lignin might be attributed to the unevenness of the lignin on 
the fibre surface from the particular specimen. As the fibre spinning advanced, 
the coagulation bath became enriched with lignin as indicated by a visible dark-
ening of the spin bath. The dispersed lignin in the water tended to precipitate 
on the fibre forming depositions on the fibre’s surface. Consequently, the fibre 
that was spun at an early stage may have carried less lignin than the fibre from 
the end of the spinning.  As a result, the surface lignin concentration varied from 
each other. The referenced lignin samples were also assessed by XPS. Organo-
solv lignin exhibited less C-C components compared to kraft lignin. This can be 
explained by the purity of lignin samples. Kraft lignin was purer (96.6%) and 
contained less hemicellulose compared to organosolv lignin (90.2%). Another 
interesting point that can be observed from Figure 5.12b is that 50% organosolv 
lignin fibre possessed higher surface lignin concentration than the organosolv 
lignin. Due to the extraction of the hemicellulose and impurities during the dis-
solution and spinning, the lignin on the 50% lignin fibre surface may become 
purer than organosolv lignin. Thus, the O/C ratio was further reduced and C-C
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components in 50 wt% lignin fibre were more pronounced than that of OS lig-
nin.   

Degree of orientation 

The high orientation is one of the distinct characteristics of the fibres spun by 
dry-jet wet spinning. The total orientation, measured by the birefringence of the 
fibres, is directly affected by the drawing of the filaments during the spinning. 
The extensional stress applied on the filaments in the air gap aligns the polymer 
chains, thus making the polymer chains more oriented along the fibre axis. 

In Figure 5.13, the degree of orientation of the fibres is plotted against the DR. 
As demonstrated in the previous study, the total orientation of the fibre in-
creased when the draw ratio rose. The current study proves this phenomenon. 
However, the total orientation tended to level off after draw ratio 5 and minor 
variations were expected at a higher draw ratio (Kong et al. 2007). Furthermore, 
the lignin content in the fibre disturbed the alignment of the polymer chain. As 
a result, the degree of orientation decreased as lignin content increased (Paper 
I and II). In addition to lignin, hemicelluloses also had an adverse effect on the 
fibre orientation. The reduction of the orientation upon an increase in hemicel-
luloses can be noticed for the fibres from the fine paper and cardboard.   

Figure 5.13. The degree of orientation of spun fibres as a function of draw ratio. 

The degree of orientation of the spun fibres was also reflected by the morphol-
ogy of the fibres. In the previous study, the effect of the degree of total orienta-
tion (by means of draw ratios) of the Ioncell fibre was assessed by scanning elec-
tron microscopy (SEM) (Hummel et al. 2015). A rounded cross-section with 
clear fibril structure was obtained from Ioncell-F fibres. As the DR increased, 
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the fibril structure of the cross-section became more pronounced due to the en-
hancement of the orientation. 

This study assessed the effect of the chemical compositions on the orientation 
under the SEM. Figure 5.14 presents the SEM images of the cross-sections and 
the surfaces of fibres from the cellulose and lignin blends and the kraft birch 
pulps (Paper II and III). In the case of composite fibres from cellulose and lignin 
blends (left column of Figure 5.14), fibres with 0 wt%, 10 wt%, and 30 wt% lignin 
were compared to the same DR 10.6. The fibre without lignin demonstrated a 
typical fibrillary structure, while the addition of the lignin substantially deteri-
orates the fibril structure. Both the surface and cross-section of the kraft birch 
fibres were imaged to investigate the influence of lignin and hemicellulose on 
the fibre structure (right column of Figure 5.14). The structural modification 
was reflected by the treatment intensity (varying chemical compositions). The 
high lignin and hemicellulose contents (H25 and H200) led to the less ordered 
fibril structures, and voids were visible in the SEM of the fibre cross-section. 
Consequently, the fibres turned to more ductile and loose structures. In the fi-
bres with high cellulose content (H800 and H1200), the fibrils were more ori-
ented, and the fibre surfaces became smooth. 

Figure 5.14. SEM images of the cross-sections and surfaces of the fibres from cellulose and lignin blends 
(left column) and kraft birch pulps (right column). 
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Tensile properties of the spun fibres (Paper I, II, III and IV)

The degree of orientation and the composition of the fibres had a two-way effect 
on the mechanical properties of the spun fibres. As discussed in the above sec-
tion, the orientation of the fibres was suppressed by the increasing amount of 
lignin and hemicelluloses in the fibres. In general, the degree of orientation was
governed by the cellulose chains which were significantly higher than lignin and 
hemicelluloses. Thus, the presence of a large share of hemicellulose and lignin 
significantly impaired the degree of orientation and weakened the mechanical 
strength of the fibres. Furthermore, the non-cellulosic contents in the biomass 
affected the visco-elastic properties of the spinning dope. As a result, dope with 
rheology outside the optimal window may have been restricted to achieve a 
higher draw ratio, leading to fibre with low orientation (B1, NH1000). The me-
chanical properties of the spun fibres and the relationship between tenacity, 
draw ratio, and the cellulose content of the substrate are depicted in Figure 5.15 
and Figure 5.16, respectively. 

Figure 5.15. Mechanical properties of the spun fibres as a function of draw ratio. 
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Figure 5.16. The relationship between the tenacity, draw ratio and the cellulose content of the substrate. 

According to Figure 5.16, the mechanical strength of the fibres follows the de-
velopment of the degree of orientation and the chemical compositions. In most 
of the cases, the tenacity of the spun fibres was higher than commercial viscose 
fibres at approximately 28 cN/tex. When the cellulose content in the fibre was 
above 90%, the fibre usually demonstrated a strength equal to or higher than 
that of Lyocell fibres at approximately 40 cN/tex. The high purity fine paper and 
boards, in particular, possessed a mechanical strength that was outstanding 
among other spun fibres and commercial fibres. The thickness of fibres heavily 
depended on the draw ratio of the filaments (Table 5.6). At the same dope con-
centration, a higher draw ratio would lead to thinner fibre. However, an increase 
of the lignocellulose concentration in the dope would substantially thicken the 
fibre (50 wt% OS). 
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Figure 5.17. Young’s modulus of the reference and spun fibres.

To aid in further visualisation, the strength properties of Young's modulus and 
the fibres are plotted in Figure 5.17. The fibres with a low draw or high non-
cellulosic components displayed relatively low Young's modulus. The elastic 
modulus was enhanced steadily by purifying the cellulose samples. Figure 5.18 
illustrates the elongation of the fibres before the breakage by the stress. The 
elongation was affected by orientation in opposite comparison to tenacity. Re-
ducing the degree of orientation led to higher elongation. The low orientation 
enabled the further stretching of fibre before the polymer chains were perfectly 
aligned. Among all the tested samples, 50 wt% OS fibre produced the highest 
draw ratio. However, exceptions were observed for fibres from H25, H50, NH 
1000, and NH 1500. These exceptions may explain how the large share of native 
hemicellulose and lignin in the fibre were tightly bonded to cellulose, which re-
stricted the alignment of the cellulose chains under stress. 
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Figure 5.18. Elongation of fibres as a function of draw ratio. 

Crystallinity and crystal width (Paper II, III and IV)

The crystallinity and the crystallite size of the fibres were determined by the 
XRD. The crystallinity of fibres was closely linked with the total orientation of 
the fibres. A highly orientated fibre contained higher crystalline region. Table 
5.8 lists the crystallinity and the crystallite dimension at different crystal direc-
tions of the fibres from the cellulose and lignin blends (Paper II) and the kraft 
birch pulps (III) in relation to the total samples. Since lignin is an amorphous 
compound, the addition of lignin in the cellulose fibres reduced the crystallinity 
of the spun fibres (Chakar and Ragauskas 2004). A linear decrease of the crys-
tallinity was observed when the lignin content increased in the cellulose and lig-
nin blended fibres at the same draw ratio. The fibre produced from Bahia pulp 
had a crystallinity of 52.6%. However, by replacing 50 wt% of cellulose to lignin, 
the crystallinity of the fibre was halved. The presence of lignin and hemicellulose 
in the fibres from kraft birch pulps also negatively affected the crystallinity. The 
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decrease of cellulose content in the fibre that was decreasing in treatment inten-
sities led to a significant lowering of the crystallinity of the fibres from 50% 
(H1200) and 40% (H25). 

Table 5.8. The crystallinity and the crystallite dimension at different crystal directions of the fibres from 
cellulose and lignin blends (Paper II) and the kraft birch pulps (III).

Crystallite width (nm)
Samples Draw ratio Crystallinity index

%
110 110 020

Ioncell bahia 10.6 53 - - -
10 wt% OS 10.6 49 - - -
15 wt% OS 10.6 47 - - -
20 wt% OS 10.6 40 - - -
30 wt% OS 10.6 33 - - -
50 wt% OS 10.6 27 - - -

H25 9.7 40 2.6 3.2 5.7
H50 9.7 40 2.9 3.2 6.0

H200 15.9 43 3.4 2.9 5.6
H800 17.7 48 3.8 2.9 5.8
H1200 8.8 50 3.8 3.1 5.5

Despite the effect of chemical compositions, the crystallinity and the crystallite 
size of the fibre were also assessed by means of the effect of the draw ratio using 
recycled newsprint fibres. Table 5.9 lists the crystallinity and crystallite size of 
the DNP and the spun fibres. The crystallinity of the DP (41 %) was increased 
when subject to the AlkaPolP cooking and the IL treatment. The crystallinity 
upon the DR changes was not pronounced. Raising DR from 1 to 18 resulted in 
only minor enhancement of the crystallinity. The crystallite width of the fibres 
and pulp was determined from the direction of 110, 1-10, and 020/200 by using 
Scherrer equations (Leppänen et al. 2011). In principle, the crystallite dimen-
sion reflected by 020/200 was more accurate than that from 110 and 1-10 due 
to the high intensity in the XRD signals that had a sharp peak from 22° to 25°. 
The crystallite sizes in AlkaPolP 170 °C fibres exhibited a higher crystallite size 
than that of 180 °C. No significant difference in the crystallite size could be no-
ticed compared to fibres from kraft birch pulps. The crystallinity and the crys-
tallite size at 020 positions of the AlkaPolP fibres were clearly higher than had 
been reported previously for the Ioncell fibres (Hummel et al. 2015).  A possible 
reason for this variation was the change in the amorphous component, which is 
modelled by the scattering from sulphate lignin, as well as the method used to 
process the data. 
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Table 5.9 Crystallinity and crystallite size of TMP and DNP derived pulps and fibres

Crystallinity
index (%)

Crystallite size (Å)
Samples Treatment

conditions
1-10 110 200 020

DNP 41 - - 45 -

AlkaPolP DNP pulp 170 °C 1 h 50 45

AlkaPolP DNP fibre 170 °C 1 h DR 1 50 37 31 - 69

AlkaPolP DNP fibre 170 °C 2 h DR 10 49 38 30 - -

AlkaPolP DNP fibre 170 °C 3 h DR 18 52 37 30 - 72

AlkaPolP DNP fibre 180 °C 1 h DR 1 50 36 41 - 57

AlkaPolP DNP fibre 180 °C 2 h DR 10 52 38 39 - -

AlkaPolP DNP fibre 180 °C 3 h DR 18 51 38 40 - 53

Dynamic vapour sorption (Paper II, III and IV)

The wetting properties were the most critical parameter to determine the quality 
of the textile related products. The water sorption of the cellulosic fibres de-
pended on several factors such as morphology, the degree of orientation, and 
the chemical composition of the fibre (Bingham 1964; Okubayashi et al. 2004). 
Thus, dynamic vapour sorption studies were implemented using fibres from cel-
lulose and lignin blends, kraft birch pulps, and AlkaPolP DNP fibres to investi-
gate the effect of chemical compositions and the degree of orientation. Figure 
5.19 depicts the equilibrium moisture isotherms and the hysteresis of the sorp-
tion and desorption from the spun fibres. It has been reported that the moisture 
sorption behaviour of cotton, viscose, and lyocell fibres are entirely different. 
Cotton that contains mainly native celluloses with high crystallinity absorbs less 
moisture compared to viscose and lyocell fibres. Lyocell fibres are less hydro-
philic compared to viscose fibres owing to their high degree of orientation and 
more compact structures (Kreze et al. 2001; Stana-Kleinschek et al. 2003; Oku-
bayashi et al. 2005b, a; Siroka et al. 2008). 
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Figure 5.19. Equilibrium moisture sorption and desorption (left) and their hysteresis (right) of the fibres 
from cellulose and lignin blends (top), kraft birch pulps (middle), and AlkaPolP DNP pulps (bottom). 

Ioncell-F fibres, as a lyocell-type fibre, have similar sorption and desorption be-
haviours compared to NMMO-based lyocell fibres. When adding lignin to dis-
solving pulp, the resulting fibres tended to repel moisture (Paper II). This con-
firms the hydrophobicity of the lignin due to the lack of surface OH groups, even 
though the effect seemed to be moderate. Surprisingly, the lignin in the native 
form did not act the same to extracted lignin (Paper III). The rise of the lignin 
content in fibres from kraft birch pulps resulted in increasing moisture sorption. 
Together with hemicellulose, the lignin likely contributed to the loss of the fibre 
orientation and ordered structures. The counterplots of the effect of the native 
lignin and hemicellulose on the moisture sorption and desorption are illustrated 
in Figure 5.20. Moreover, the effect of orientation was also reflected by the 
change of the DR on the AlkaPolP DNP fibres (Paper IV). It was demonstrated 
that the fibres at DR 1 absorbed higher moisture than those with a higher draw 
ratio. This confirms the influence of fibre orientation on the wetting behaviours 
of the fibres. Upon modifying the chemical compositions and the morphology 



Results and discussions

67

of the spun fibre, notable hysteresis differences were observed between each 
sample, which suggested that there were substantial structural changes under 
the moisture conditions. Further investigation on the role of the cellulose crys-
tallite size on the monolayer (ML) hydration and dehydration has also been con-
ducted based on the theory proposed by Driemeier (Driemeier and Bragatto 
2013) and using the Hailwood-Horrobin model (Hailwood and Horrobin 1946; 
Skaar 1988) (Paper III and IV). However, no obvious relationship was identified 
between the monolayer’s water sorption and the crystallite size, suggesting that 
the chemical composition and orientation are dominant factors (details present 
in Appendix 5). 

Figure 5.20. The influence of the native lignin and hemicellulose on the moisture sorption and desorption 
of the spun fibres. MLs and MLd represent the monolayer water sorption and monolayer desorption, re-
spectively.  

Thermal stability (Paper II)

The thermal stability is of utmost importance if fibres are aiming for carbon fi-
bre production. Therefore, the behaviour of the composite fibres with thermal 
impact was analysed by using thermal gravity analysis (TGA) to trace the yield 
loss of the fibre with heat treatment. Figure 5.21 demonstrates the TGA curves 
of the composite fibres from cellulose and lignin blends. The thermal behaviour 
of the fibre from dissolving pulp is in agreement with the behaviour of the lyocell 
fibre that had been reported previously (Peng et al. 2003; Gellerstedt et al. 
2010). The decomposition of the lignin-free fibre occurred between about three 
hundred to four hundred degrees Celsius. Lignin, which is structurally different 
from the cellulose, displayed distinct thermal stability over the cellulose. The 
pure kraft and OS lignin started to degrade at lower temperatures and exhibited 
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a gradual decomposition over a broader range of temperatures. As a result, the 
addition of lignin to the cellulose fibre led to the reduction of thermal stability 
and the onset temperature of the degradation. Due to lignin’s different compo-
sition and origin, its thermal behaviour was different (Mousavioun and Doherty 
2010; Li et al. 2013). 

The carbonisation yield of the fibre was also assessed by TGA. Since TGA exper-
iments were not optimised, the carbon yield does not represent the maximum 
carbon yield. The yield of the fibre residues was compared at 600 °C, at which 
the yields were stabilised. As demonstrated in Figure 5.21, the carbon yield was 
enhanced by the addition of lignin. However, exceptions were expected for lig-
nin-free fibres and 10 wt% lignin fibres. The weight loss of the 10 wt% fibre (both 
kraft and OS) was higher than that of lignin-free fibres. This might be attributed 
to the crystallinity or total orientation of the fibres. The highly crystallised fibres 
reduced the weight loss under thermal conditions. In the 10 wt% lignin fibre, 
the weight loss caused by the reduced crystallinity could not be compensated by 
the small amount of lignin (Goldhalm 2012). Further increasing the lignin con-
tent overcame the yield loss by the subsidy of the crystallinity, leading to a 
higher carbon yield.   

Figure 5.21. TGA of the composite fibres with left: kraft lignin and right: OS lignin.

5.5 Upcycling of recycled materials (paper I, II and IV)

Textile yarns and fabrics manufactured from composite fibres (paper II), lignin-
free fibres, and cardboard fibres (Paper I) were achieved. The spun fibres were 
cut into staple fibre with a length about 4.1 cm. Depending on the lignin content 
in the fibre, the shade of the fibre varies. The yarns and fabrics were derived 
from recycled cardboard, and cellulose and lignin blends and bleached pulp are 
presented in Figure 5.22. The white yarn was converted from bleached bahia 
pulp, the beige yarn was made from unbleached recycled cardboard (B2) and 
the dark brown yarn was produced from cellulose and lignin blends (75 %:15 %). 
The lignin in the raw materials allows the production of fibres with a wide range 
of brown hues, where the lignin acts as a natural dye. 
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Figure 5.22. Yarns and fabrics manufactured from cellulose and lignin composite, recycled cardboard 
and lignin-free fibres. (photo taken by Minttu Somervuori).  

The AlkaPolP DNP fibres exhibited a greyish colour, possibly due to the residual 
ink retained in the deinked newsprint. Staple fibres spun from 170 °C 3 h Alka-
PolP DNP was converted into yarns with the aid of commercial viscose fibres. 
The blended yarn was also dyed and together with undyed blended yarn 
and commercial lyocell fibre, an iPad cover was knitted. Figure 
5.23 illustrates the newsprint, staple fibres, yarns and the iPad covers knitted 
from newsprint fibres and commercial regenerated cellulosic fibres. 

Figure 5.23. Yarns and fabric converted from 50% AlkaPolP de-inked newsprint staple fibres and 50% 
commercial viscose fibres (photo taken by Marjanna Tenttu).
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6. Conclusions

This work identified alternative feedstocks and their processability for the pro-
duction of man-made cellulosic fibres using the Ioncell process. The successfully 
spun fibres indicated equal or higher tensile strength compared to commercial 
viscose fibres. Staple fibres prepared from cardboard, cellulose and lignin 
blends, and newsprints were subsequently converted to yarns and garments. 
The study provided an in-depth assessment of the relationship between the 
chemical composition/structure of the raw materials and the viscoelastic prop-
erties of spinning dope, spinnability, fibre tensile properties and the morphol-
ogy of the spun fibres. 

The effect of lignin on dissolution and spinnability was studied with cellulose 
and lignin blends and birch kraft pulps in order to compare the differences be-
tween the effect of extracted lignin and native lignin. Dissolution and spinning 
of lignin and cellulose blends with ratios as high as 1:1 can be achieved. As a 
substance that has a low molecular weight, is structurally heterogeneous, and 
amorphous, lignin’s addition tended to lower the dope viscosity and disturb the 
alignment of cellulose (as reflected by low total orientation) during the filament 
extrusion, which led to substantially decreased fibre tensile strength values. 
Moreover, as the lignin content increased, the total degree of orientation and 
the crystallinity of the fibres decreased. Unique properties of this fibre were the 
hydrophobicity and the enhancement of the carbon yield. 

The effect of native lignin on the spinnability was investigated by using un-
bleached kraft birch pulps. Contrary to expectation, all unbleached kraft pulps 
were spinnable and demonstrated good tensile properties even at low treatment 
intensity (H-factor 25). However, a DP adjustment step is necessary for the pulp 
prior to dissolution to reduce the DP and modify the molar mass distribution of 
the pulps. These findings led to the conclusion that the spinnability of a raw 
material was primarily dominated by the macromolecular integrity of the ligno-
cellulosic polymers but not by its chemical composition. The total orientation 
and the crystallinity of both cellulose and lignin blends as well as kraft pulp fi-
bres were reduced by the hemicellulose and lignin. However, the wetting prop-
erties of the fibre with lignin in native form demonstrated behaviour opposite 
to that of cellulose-lignin blends. The native lignin significantly reduced the to-
tal orientation of the fibre, leading to more pronounced moisture sorption of the 
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fibre. The most important finding of this study was the utilisation of the E-beam 
irradiation as an environmentally friendly alternative for DP adjustment. 

Recycled lignocellulosics, including fine paper, cardboard, and newsprint were 
also examined for their spinnability via the Ioncell process in 1,5-diazabicy-
clo[4.3.0]non-5-enium acetate. These raw materials contain a substantial 
amount of ash, fines, and inks that have to be removed prior to dissolution. 
Moreover, pre-treatments for breaking down lignin-carbohydrate complexes 
and DP adjustment were prerequisites for better spinning performance. The 
dope prepared from recycled fine paper demonstrated excellent spinnability. 
Recycled cardboard underwent harsher pre-treatments by means of kraft cook-
ing and bleaching. However, simply mild refining was already sufficient to dis-
integrate lignin-carbohydrate complexes, which led to excellent spin stability 
and tensile strength properties. A further purification of fine paper and card-
board by removing hemicellulose and lignin enhanced the spinnability and the 
tensile strength of the spun fibres, which were equal to or higher than that of 
lyocell fibres. 

A similar approach for newsprint was initiated by using kraft pulping for un-
locking the lignocellulose matrix. However, conventional kraft pulping resulted 
in pulps with poor solubility and spinnability. Owing to the inefficient pre-treat-
ment and environmental impact, the kraft cooking was then replaced by acidic 
organosolv fractionations, namely PG and SEW fractionation. Unlike alkaline 
kraft pulping, the presence of the acid in organosolv fractionation led to severe 
degradation of the cellulose without efficient delignification. Therefore, acidic 
fractionations proved to be unsuitable for pre-treating newsprint for fibre spin-
ning. Alkaline organosolv fractionation, namely AlkaPolP process, successfully
prevented the severe degradation of cellulose and enhanced delignification. A 
one-step activation of the newsprint and DP adjustment could be achieved. 
Upon the successful pre-treatment, newsprint was converted to fibres through 
stable spinning from a dope with good viscoelastic properties. A high hemicel-
lulose and lignin content reduced the fibre strength, which was nonetheless still 
comparable to that of lyocell fibres.
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7. Future perspectives 

This work aimed to upcycle low-refined and recycled raw materials into com-
mercially compatible regenerated fibres. The utilisation of the recycled munici-
pal wastes will not only relieve the environmental impact but also help to pro-
duce high value-added products. However, from the technical point of view, 
there are still existing issues with using recycled cellulosic materials, as their 
chemical compositions may vary in each batch. Thus, it may be a challenge to 
continuously supplement raw material with similar chemical properties in order 
to provide products with similar quality and avoid disruption of manufacturing. 

The application of E-beam irradiation for DP adjustment is a key finding from 
this work. Electron beam irradiation has the ability to activate the lignocellulo-
sic structure even with untreated biomass (Kristiani et al. 2016) by reducing the 
crystallinity and cleaving LCCs. Therefore, further studies could be conducted 
that explore the dissolution and spinning with lignocellulosic materials that are 
E-beam aided, untreated, or milder refined.

The presence of lignin opens up a new application path for man-made cellulosic 
fibres. Lignin, currently an abundant and cheap by-product from the pulp and 
paper industry, is a renewable polymer with a high carbon content which makes 
it attractive as a substitute of expensive PAN for carbon fibre production. Pure 
lignin-based carbon fibres demonstrated relatively low strength, and a stabili-
sation step is needed prior to carbonisation due to its thermal plastic properties.
This drawback could be overcome in blends with cellulose. However, during the 
fibre spinning process a certain amount of lignin is dispersed to the coagulation 
bath. This has to be kept in mind when designing the subsequent recycling of 
the IL from the spin bath.

Thus, a stronger polymer media like cellulose is needed. In this way, both the 
glass transition of lignin and the low carbon yield of cellulose could be over-
come. Further fundamental studies of the composite fibres will help to under-
stand their structural properties and the transformation mechanism during the 
carbonisation stage.    



References

73

References

Aerov AA, Khokhlov AR, Potemkin II (2006) Why Ionic Liquids Can Possess Extra 
Solvent Power. J Phys Chem B 110:16205–16207. doi: 10.1021/jp062710i

Ahn Y, Kang Y, Park B, et al (2014) Influence of lignin on rheological behaviors and 
electrospinning of polysaccharide solution. J Appl Polym Sci 131:n/a. doi: 
10.1002/app.40031

Ahvenainen P, Kontro I, Svedström K (2016) Comparison of sample crystallinity deter-
mination methods by X-ray diffraction for challenging cellulose I materials. Cel-
lulose 23:1073–1086. doi: 10.1007/s10570-016-0881-6

Alekhina M, Ershova O, Ebert A, et al (2015) Softwood kraft lignin for value-added ap-
plications: Fractionation and structural characterization. Ind Crops Prod 
66:220–228. doi: //dx.doi.org/10.1016/j.indcrop.2014.12.021

Arnoul-Jarriault B, Lachenal D, Chirat C, Heux L (2015) Upgrading softwood bleached 
kraft pulp to dissolving pulp by cold caustic treatment and acid-hot caustic treat-
ment. Ind Crops Prod 65:565–571. doi: 10.1016/j.indcrop.2014.09.051

Asaadi S, Hummel M, Hellsten S, et al (2016) Renewable High-Performance Fibers 
from the Chemical Recycling of Cotton Waste Utilizing an Ionic Liquid. 
ChemSusChem 9:3250–3258. doi: 10.1002/cssc.201600680

Bajpai P (2017) Carbon Fibre from Lignin. Springer Briefs in Materials. Springer
Balakshin M, Capanema E, Gracz H, et al (2011) Quantification of lignin-carbohydrate 

linkages with high-resolution NMR spectroscopy. Planta 233:1097–1110. doi: 
10.1007/s00425-011-1359-2

Balakshin MY, Capanema EA, Chang HM (2007) MWL fraction with a high concentra-
tion of lignin-carbohydrate linkages: Isolation and 2D NMR spectroscopic analy-
sis. Holzforschung 61:1–7. doi: 10.1515/HF.2007.001

Bali G, Meng X, Deneff JI, et al (2015) The effect of alkaline pretreatment methods on 
cellulose structure and accessibility. ChemSusChem 8:275–279. doi: 
10.1002/cssc.201402752

Barthel S, Heinze T (2006) Acylation and carbanilation of cellulose in ionic liquids. 
Green Chem 8:301–306. doi: 10.1039/B513157J

Bentivoglio G, Röder T, Fasching M, et al (2006) Chloride-Based Ionic Liquids. Len-
zinger Ber 86:154–161

Berthod A (2002) Uses of Ionic Liquids in Analytical Chemistry. Chemical Analysis 
3:1–6.

Bingham BEM (1964) A study of the fine structure of regenerated cellulose fibers. Die 
Makromol Chemie 77:139–152. doi: 10.1002/macp.1964.020770113

BISFA (2009) Terminology of man-made fibres
Björkman A (1954) Isolation of Lignin from Finely Divided Wood with Neutral Sol-

vents. Nature 174:1057–1058. doi: 10.1038/1741057a0
Boeriu CG, Bravo D, Gosselink RJA, van Dam JEG (2004) Characterisation of struc-

ture-dependent functional properties of lignin with infrared spectroscopy. Ind 
Crop Prod 20:205–218. doi: //dx.doi.org/10.1016/j.indcrop.2004.04.022

Brandt A, Gräsvik J, Hallett JP, Welton T (2013) Deconstruction of lignocellulosic bio-
mass with ionic liquids. Green Chem 15:550-583. doi: 10.1039/c2gc36364j

Brown RMJ, Saxena IM (2007) Cellulose: Molecular and Structural Biology. Springer.
Budtova T, Egal M, Gavillon R, et al (2010) Comparison of Solution-State Properties of 



74 
 

Cellulose Dissolved in NaOH/Water and in Ionic Liquid (EMIMAc). ACS Sympo-
sium Series. 1033:179–196

Budtova T, Navard P (2016) Cellulose in NaOH–water based solvents: a review. Cellu-
lose 23:5–55. doi: 10.1007/s10570-015-0779-8

Bywater N (2011) The Global Viscose Fibre Industry in The 21st Century-The First 10 
Years. Lenzinger Ber 89:22–29

Cai T, Wang YM, Yang YR, et al (2013) Regenerated Bamboo Fiber from Green 
Solvent. Appl Mech Mater 423–426:370–372. doi: 
10.4028/www.scientific.net/AMM.423-426.370

Cai T, Yang G, Zhang H, et al (2012) A new process for dissolution of cellulose in ionic 
liquids. Polym Eng Sci 52:1708–1714. doi: 10.1002/pen.23069

Cai T, Zhang H, Guo Q, et al (2010) Structure and properties of cellulose fibers from 
ionic liquids. J Appl Polym Sci 115:1047–1053. doi: 10.1002/app.31081

Capanema EA, Balakshin MY, Kadla JF (2004) A Comprehensive Approach for Quan-
titative Lignin Characterization by NMR Spectroscopy. J Agric Food Chem 
52:1850–1860. doi: 10.1021/jf035282b

Chakar FS, Ragauskas AJ (2004) Review of current and future softwood kraft lignin 
process chemistry. Ind Crops Prod 20:131–141. doi: 
//dx.doi.org/10.1016/j.indcrop.2004.04.016

Chen X, Zhang Y, Cheng L, Wang H (2009) Rheology of Concentrated Cellulose Solu-
tions in 1-Butyl-3-methylimidazolium Chloride. J Polym Environ 17:273–279. 
doi: 10.1007/s10924-009-0149-4

Clough MT, Geyer K, Hunt PA, et al (2015) Ionic liquids: not always innocent solvents 
for cellulose. Green Chem 17:231–243. doi: 10.1039/C4GC01955E

Compere AL, Griffith WL, Leitten CF, Petrovan S (2004) Improving the fundamental 
properties of lignin-based carbon fiber for transportation applications. SAMPE 
Conference Proceedings 49:2246-2254

Coulsey HA, Smith SB (1996) The formation and structure of a new cellulosic fibre. 
Lenzinger Ber 75:51–61

Cuissinat C, Navard P (2006) Swelling and Dissolution of Cellulose Part 1: Free Float-
ing Cotton and Wood Fibres in N-Methylmorpholine-N-oxide–Water Mixtures. 
Macromol Symp 244:1–18. doi: 10.1002/masy.200651201

Cuissinat C, Navard P, Heinze T (2008) Swelling and dissolution of cellulose. Part IV: 
Free floating cotton and wood fibres in ionic liquids. Carbohydr Polym 72:590–
596. doi: 10.1016/j.carbpol.2007.09.029

da Costa Lopes AM, João KG, Morais ARC, et al (2013) Ionic liquids as a tool for ligno-
cellulosic biomass fractionation. Sustain Chem Process 1:1-31. doi: 
10.1186/2043-7129-1-3

Dee LJ (1966) Compounds dissolved in cyclic amine oxides
Doherty T V., Mora-Pale M, Foley SE, et al (2010) Ionic liquid solvent properties as 

predictors of lignocellulose pretreatment efficacy. Green Chem 12:1967-1975. doi: 
10.1039/c0gc00206b

Dorris GM, Gary DG (1978) The surface analysis of paper and wood fibres by ESCA 
(electron spectoscopy for chemical analysis). I Application to cellulose and lignin. 
Cell Chem Technol 12:9–23

Driemeier C, Bragatto J (2013) Crystallite Width Determines Monolayer Hydration 
across a Wide Spectrum of Celluloses Isolated from Plants. J Phys Chem B 
117:415–421. doi: 10.1021/jp309948h

rs: a review. J 
Mater Sci 47:4236–4250

Ebeling H, Fink HP, Lehmann A (2012) Method for the production of lignin-contain-
ing precursor fibres and also carbon fibres. WO2012156441A1

Ebner G, Schiehser S, Potthast A, Rosenau T (2008) Side reaction of cellulose with 
common 1-alkyl-3-methylimidazolium-based ionic liquids. Tetrahedron Lett 
49:7322–7324. doi: 10.1016/j.tetlet.2008.10.052

Eichinger D (2012) A vision of the world of cellulosic fibers in 2020. Lenzinger ber



References

75

90:4–10
Eichinger D, Eibl M (1995) Lenzing Lyocell-an Interesting Cellulose Fibre For the tex-

tile industry. 34th IFC, Dornbirn.
Engel N, Hundt M, Schapals T (2016) Increasing the lignin yield of the Alkaline Polyol 

Pulping process by treating black liquor with laccases of Myceliophthora 
thermophila. Bioresour Technol 203:96–102. doi: 
10.1016/j.biortech.2015.12.027

Fink HP, Weigel P, Ganster J, et al (2004) Evaluation of new organosolv dissolving 
pulps. Part II: Structure and NMMO processability of the pulps. Cellulose 11:85–
98. doi: 10.1023/B:CELL.0000014779.93590.a0

Fink HP, Weigel P, Purz HJ, Ganster J (2001) Structure formation of regenerated cel-
lulose materials from NMMO-solutions. Prog Polym Sci 26:1473–1524. doi: 
10.1016/S0079-6700(01)00025-9

Fischer K, Sendner H, Büchner R, Schlesinger A (1988) On the wet spinning process of 
viscose fibres. In: Progress and Trends in Rheology II. Steinkopff, Heidelberg, pp 
388–391

Foress KG, Fremer K-E (2003) The nature and reactions of lignin - a new paradigm. 
Oy Nord Print Ab, Helsinki, Finland

Fourne F (1998) Synthetic Fibers. Hanser/Gardner Publications, Ohio
Fox MH, Noike T, Ohki T (2003) Alkaline subcritical-water treatment and alkaline 

heat treatment for the increase in biodegradability of newsprint waste. Water Sci 
Technol 48:77–84

Francesco C (2010) The biorefinery concept: Using biomass instead of oil for produc-
ing energy and chemicals. Energy Convers Manag 51:1412–1421. doi: 
10.1016/j.enconman.2010.01.015

Froschauer C, Hummel M, Iakovlev M, et al (2013) Separation of hemicellulose and 
cellulose from wood pulp by means of ionic liquid/cosolvent systems. Biomacro-
molecules 14:1741–1750. doi: 10.1021/bm400106h

Fukaya Y, Hayashi K, Wada M, Ohno H (2008) Cellulose dissolution with polar ionic 
liquids under mild conditions: required factors for anions. Green Chem 10:44–
46. doi: 10.1039/b713289a

Fukaya Y, Hayashi K, Kim SS, Ohno H (2010) Design of Polar Ionic Liquids To 
Solubilize Cellulose without Heating. pp 55–66

Gellerstedt G, Sjöholm E, Brodin I (2010) The wood-based biorefinery: A source of 
carbon fiber? Open Agric J 4:119–124

Gericke M, Liebert T, Seoud OA El, Heinze T (2011) Tailored Media for Homogeneous 
Cellulose Chemistry: Ionic Liquid/Co-Solvent Mixtures. Macromol Mater Eng 
296:483–493. doi: 10.1002/mame.201000330

Gericke M, Schlufter K, Liebert T, et al (2009) Rheological Properties of Cellu-
lose/Ionic Liquid Solutions: From Dilute to Concentrated States. Biomacromole-
cules 10:1188–1194. doi: 10.1021/bm801430x

Ghasemi M, Alexandridis P, Tsianou M (2017) Cellulose dissolution: insights on the 
contributions of solvent-induced decrystallization and chain disentanglement. 
Cellulose 24:571–590. doi: 10.1007/s10570-016-1145-1

Goldhalm G (2012) TENCEL® Carbon Precursor - Lenzing. Lenzinger Ber 90:58–63
Graenacher C, Sallmann R (1937) Cellulose solutions and process of making same. US 

patent 2,179,181
Gross AS, Chu JW (2010) On the molecular origins of biomass recalcitrance: The in-

teraction network and solvation structures of cellulose microfibrils. J Phys Chem 
B 114:13333–13341. doi: 10.1021/jp106452m

Gübitz GM, Stebbing DW, Johansson CI, Saddler JN (1998) Lignin-hemicellulose 
complexes restrict enzymatic solubilization of mannan and xylan from dissolving 
pulp. Appl Microbiol Biotechnol 50:390–395. doi: 10.1007/s002530051310

Gupta KM, Jiang J (2015) Cellulose dissolution and regeneration in ionic liquids: A 
computational perspective. Chem Eng Sci 121:180–189. doi: 



76 
 

10.1016/j.ces.2014.07.025
Hailwood AJ, Horrobin S (1946) Absorption of water by polymers: analysis in terms of 

a simple model. Trans Faraday Soc 42:B092. doi: 10.1039/TF946420B084
Hamm RW (2008) Industrial Accelerators. Rev Accel Sci Technol 1:163–184. doi: 

10.1142/S1793626808000095
Hämmerle FM (2011) The cellulose gap (the future of cellulose fibres). Lenzinger Ber

89:12–21
Hauru LKJ (2017) Lignocellulose solutions in ionic liquid. Doctoral Dissertation. Aalto 

University, Finland
Hauru LKJ, Hummel M, King AWT, et al (2012) Role of Solvent Parameters in the Re-

generation of Cellulose from Ionic Liquid Solutions. Biomacromolecules 
13:2896–2905. doi: 10.1021/bm300912y

Hauru LKJ, Hummel M, Michud A, Sixta H (2014) Dry jet-wet spinning of strong cel-
lulose filaments from ionic liquid solution. Cellulose 21:4471–4481. doi: 
10.1007/s10570-014-0414-0

Hauru LKJ, Ma Y, Hummel M, et al (2013) Enhancement of ionic liquid-aided frac-
tionation of birchwood. Part 1: autohydrolysis pretreatment. RSC Adv 3:16365–
16373. doi: 10.1039/C3RA41529E

Haward SJ, Sharma V, Butts CP, et al (2012) Shear and extensional rheology of cellu-
lose/ionic liquid solutions. Biomacromolecules 13:1688–1699. doi: 
10.1021/bm300407q

Hearle JWS, Woodings C (2001) Regenerated Cellulose Fibres. Woodhead Publishing 
Limited

Heinze T, Schwikal K, Barthel S (2005) Ionic liquids as reaction medium in cellulose 
functionalization. Macromol Symp 5:520–525. doi: 10.1002/masy.200850202

Heitner C, Dimmel DR, Schmidt A (2010) Lignin and Lignans Advances in Chemistry. 
Taylor & Francis Group

Henniges U, Hasani M, Potthast A, et al (2013) Electron beam irradiation of cellulosic 
materials-opportunities and limitations. Materials (Basel) 6:1584–1598. doi: 
10.3390/ma6051584

Hermanutz F, Gähr F, Uerdingen E, et al (2008) New developments in dissolving and 
processing of cellulose in ionic liquids. In: Macromolecular Symposia. pp 23–27

Hoeger IC, Filpponen I, Martin-Sampedro R, et al (2012) Bicomponent Lignocellulose 
Thin Films to Study the Role of Surface Lignin in Cellulolytic Reactions. Biom-
acromolecules 13:3228–3240. doi: 10.1021/bm301001q

Hummel M, Froschauer C, Laus G, et al (2011) Dimethyl phosphorothioate and 
phosphoroselenoate ionic liquids as solvent media for cellulosic materials. Green 
Chem 13:2507. doi: 10.1039/c1gc15407a

Hummel M, Michud A, Tanttu M, et al (2015) Ionic liquids for the production of man-
made cellulosic fibers: Opportunities and challenges. Adv Polym Sci 271:133–
168. doi: 10.1007/12_2015_307

Hundt M, Engel N, Schnitzlein K, Schnitzlein MG (2016) The AlkaPolP process: Frac-
tionation of various lignocelluloses and continuous pulping within an integrated 
biorefinery concept. Chem Eng Res Des 107:13–23. doi: 
10.1016/j.cherd.2015.10.013

Hundt M, Engel N, Schnitzlein K, Schnitzlein MG (2014) Combining the effects of 
pulping severity and alkali concentration to optimize the lignocellulose-based Al-
kaPolP biorefinery concept. Bioresour Technol 166:411–419. doi: 
10.1016/j.biortech.2014.05.050

Hundt M, Schnitzlein K, Schnitzlein MG (2013) Alkaline polyol pulping and enzymatic 
hydrolysis of hardwood: Effect of pulping severity and pulp composition on cellu-
lase activity and overall sugar yield. Bioresour Technol 136:672–679. doi: 
10.1016/j.biortech.2013.02.084

Iiyama K, Lam T, Stone B (1994) Covalent Cross-Links in the Cell Wall. Plant Physiol 
104:315–320. doi: 10.1104/pp.104.2.315



References

77

Imamura R, Murakami K, Ueno T (1972) Depolymerization of cellulose by electron 
beam irradiation. Bull Inst Chem Res Kyoto Univ 50:51–63

Ingildeev D, Effenberger F, Bredereck K, Hermanutz F (2013) Comparison of direct 
solvents for regenerated cellulosic fibers via the lyocell process and by means of 
ionic liquids. J Appl Polym Sci 128:4141–4150. doi: 10.1002/app.38470

Isik M, Sardon H, Mecerreyes D (2014) Ionic liquids and cellulose: Dissolution, chemi-
cal modification and preparation of new cellulosic materials. Int J Mol Sci 
15:11922–11940. doi: 10.3390/ijms150711922

Janson J (1970) Calculation of the polysacchride compostion of wood and pulp. Papp 
Och Trä 5:323–329

Jiang G, Yuan Y, Wang B, et al (2012) Analysis of regenerated cellulose fibers with 
ionic liquids as a solvent as spinning speed is increased. Cellulose 19:1075–1083. 
doi: 10.1007/s10570-012-9716-2

Jiang W, Sun L, Hao A, Yan Chen J (2011) Regenerated cellulose fibers from waste 
bagasse using ionic liquid. Text Res J 81:1949–1958. doi: 
10.1177/0040517511414974

Johansson L-S, Campbell JM, Koljonen K, Stenius P (1999) Evaluation of surface lig-
nin on cellulose fibers with XPS. Appl Surf Sci 144–145:92–95. doi: 
//dx.doi.org/10.1016/S0169-4332(98)00920-9

Jongen Y, Abs M, Delvigne T, et al RHODOTRON ACCELERATORS FOR INDUS-
TRIAL ELECTRON-BEAM PROCESSING : A PROGRESS REPORT

Kadla JF, Kubo S, Venditti RA, et al (2002) Lignin-based carbon fibers for composite 
fiber applications. Carbon N Y 40:2913–2920. doi: //dx.doi.org/10.1016/S0008-
6223(02)00248-8

Karhunen P, Rummakko P, Sipilä J, et al (1995) The formation of dibenzodioxocin
structures by oxidative coupling. A model reaction for lignin biosynthesis. Tetra-
hedron Lett 36:4501–4504. doi: 10.1016/0040-4039(95)00769-9

Kaur P, Bhardwaj N, Sharma J (2016) Application of Microbial Enzymes in Dissolving 
Pulp Production. In: Frontier Discoveries and Innovations in Interdisciplinary 
Microbiology. pp 133–156

Khan AW, Labrie JP, McKeown J (1986) Effect of electron-beam irradiation pretreat-
ment on the enzymatic hydrolysis of softwood. Biotechnol Bioeng 28:1449–1453. 
doi: 10.1002/bit.260280921

Kilpeläinen I, Xie H, King A, et al (2007) Dissolution of Wood in Ionic Liquids. J Agric 
Food Chem 55:9142–9148. doi: 10.1021/jf071692e

Kim S, Jang J (2013) Effect of degree of polymerization on the mechanical properties 
of regenerated cellulose fibers using synthesized 1-allyl-3-methylimidazolium 
chloride. Fibers Polym 14:909–914. doi: 10.1007/s12221-013-0909-6

Kolari P (2013) Enzymatic Treatment of. 43:631–636. doi: 10.3303/CET1543106
Kong K, Davies RJ, McDonald MA, et al (2007) Influence of Domain Orientation on 

the Mechanical Properties of Regenerated Cellulose Fibers. Biomacromolecules 
8:624–630. doi: 10.1021/bm060877b

Köpcke V (2010) Conversion of Wood and Non-wood Paper- grade Pulps to Dissolv-
ing-grade Pulps. Doctoral Thesis. Royal Institute of Technology, Sweden 

Kosan B, Michels C, Meister F (2008) Dissolution and forming of cellulose with ionic 
liquids. Cellulose 15:59–66. doi: 10.1007/s10570-007-9160-x

Kosan B, Schwikal K, Meister F (2010) Solution states of cellulose in selected direct 
dissolution agents. Cellulose 17:495–506. doi: 10.1007/s10570-010-9402-1

Kraft G, Schelosky N (2000) Irradiation of dissolving pulp by elecron beams. 
Lenzinger Ber 79:65–70

Kreze T, Stana-Kleinschek K, Ribitsch V (2001) The sorption behaviour of cellulose 
fibres. Lenzinger Ber 28–33

Kristiani A, Effendi N, Styarini D, et al (2016) The Effect of Pretreatment by using 
Electron Beam Irradiation On Oil Palm Empty Fruit Bunch. Atom Indones 42:9–
12. doi: 10.17146/aij.2016.472



78 
 

Kuang QL, Zhao JC, Niu YH, et al (2008) Celluloses in an ionic liquid: The rheological 
properties of the solutions spanning the dilute and semidilute regimes. J Phys 
Chem B 112:10234–10240. doi: 10.1021/jp804167n

Kubaszova T (1977) The effect of ionizing radiation on the function of the Golgi-com-
plex

Kumar P, Barrett DM, Delwiche MJ, Stroeve P (2009) Methods for pretreatment of 
lignocellulosic biomass for efficient hydrolysis and biofuel production. Ind Eng 
Chem Res 48:3713–3729. doi: 10.1021/ie801542g

Kuzmina O, Sashina E, Troshenkowa S, Wawro D (2010) Dissolved state of cellulose in 
ionic liquids - the impact of water. Fibres Text East Eur 80:32–37

Kuzmina O, Bhardwaj J, Vincent SR, et al (2017) Superbase ionic liquids for effective 
cellulose processing from dissolution to carbonisation. Green Chem 19:5949–
5957. doi: 10.1039/C7GC02671D

Laus G, Bnetivoglio G, Schottenberger H, et al (2005) Ionic liquids: current develop-
ment, potential and drawbacks for industrial applications. Lenzinger Ber 84:71–
85

Lawoko M (2005) Lignin Polysaccharide Networks in Softwood and Chemical Pulps: 
Characterisation, Structure and Reactivity. Structure 3–45

-valerolac-
tone/water fractionation. Green Chem 18:5466–5476. doi: 
10.1039/C6GC01692H

Lehmann A, Bohrisch J, Protz R, Fink H-P (2013) Lignocellulose spinning solution, 
lignincellulose regenerated fibre, and method for the production thereof

Lenzing AG (2017) Global fiber market in 2016. http://www.lenzing.com/en/inves-
tors/equity-story/global-fiber-market.html. Accessed 10 Jan 2018

Leppänen K, Bjurhager I, Peura M, et al (2011) X-ray scattering and microtomography 
study on the structural changes of never-dried silver birch, European aspen and 
hybrid aspen during drying. Holzforschung 65:865–873. doi: 
10.1515/HF.2011.108

Li D, Ibarra D, Köpcke V, Ek M (2012) Production of dissolving grade pulps from 
wood and non-wood paper-grade pulps by enzymatic and chemical pretreat-
ments. ACS Symp Ser 1107:167–189. doi: 10.1021/bk-2012-1107.ch009

Li Y, Cui D, Tong Y, Xu L (2013) Study on structure and thermal stability properties of 
lignin during thermostabilization and carbonization. Int J Biol Macromol 
62:663–669. doi: //dx.doi.org/10.1016/j.ijbiomac.2013.09.040

Liu H, Sale KL, Holmes BM, et al (2010) Understanding the Interactions of Cellulose 
with Ionic Liquids: A Molecular Dynamics Study. J Phys Chem B 114:4293–4301. 
doi: 10.1021/jp9117437

Liu H, Sale KL, Simmons BA, Singh S (2011) Molecular Dynamics Study of Polysaccha-
rides in Binary Solvent Mixtures of an Ionic Liquid and Water. J Phys Chem B 
115:10251–10258. doi: 10.1021/jp111738q

Lu F, Wang L, Zhang C, et al (2015) Influence of temperature on the solution rheology 
of cellulose in 1-ethyl-3-methylimidazolium chloride/dimethyl sulfoxide. Cellu-
lose 22:3077–3087. doi: 10.1007/s10570-015-0740-x

Luo M (2001) Alkaline pulp having low average degree of polymerization values and 
method of producing the same. CA2406517C

Luo M (2006) High pH treatment of pulp in a bleach sequence to produce pulp having 
low D.P. and low copper number for use in lyocell manufacture. US 
2006/0065377 A1

Luo M, Parthasarathy VR (2015) Treated kraft pulp compositions and methods of 
making the same. US 2015/0184338 A1

Mäki-Arvela P, Anugwom I, Virtanen P, et al (2010) Dissolution of lignocellulosic ma-
terials and its constituents using ionic liquids—A review. Ind Crops Prod 32:175–
201. doi: 10.1016/j.indcrop.2010.04.005

Maurer RJ, Sax AF, Ribitsch V (2013) Moleular simulation of surface reorganization 



References

79

and wetting in crystalline cellulose I and II. Cellulose 20:25–42. doi: 
10.1007/s10570-012-9835-9

Medronho B, Lindman B (2014) Competing forces during cellulose dissolution: From 
solvents to mechanisms. Curr Opin Colloid Interface Sci 19:32–40. doi: 
10.1016/j.cocis.2013.12.001

Meister G, Wechsler M (1998) Biodegradation of N-methylmorpholine-N-oxide. Bio-
degradation 9:91–102. doi: 10.1023/A:1008264908921

Michels C, Kosan B (2006) Structure of lyocell fibers, spun from aqueous amino 
oxides and/or ionic liquids. Lenzinger Ber 86:144–153

Michud A (2016) Development of a novel process for the production of man-made cel-
lulosic fibers from ionic liquid solution. Doctoral dissertation. Aalto University, 
Finland.

Michud A, Hummel M, Sixta H (2015) Influence of molar mass distribution on the fi-
nal properties of fibers regenerated from cellulose dissolved in ionic liquid by 
dry-jet wet spinning. Polymer 75:1–9. doi: //dx.doi.org/10.1016/j.poly-
mer.2015.08.017

Michud A, Hummel M, Sixta H (2016a) Influence of process parameters on the struc-
ture formation of man-made cellulosic fibers from ionic liquid solution. J Appl 
Polym Sci 133. doi: 10.1002/app.43718

Michud A, King A, Parviainen A, et al (2014) Process for the production of shaped cel-
lulose articles. WO2014162062A1

Michud A, Tanttu M, Asaadi S, et al (2016b) Ioncell-F: ionic liquid-based cellulosic 
textile fibers as an alternative to viscose and Lyocell. Text Res J 86:543–552. doi: 
10.1177/0040517515591774

Michud A, Tanttu M, Asaadi S, et al (2016c) Ioncell-F: ionic liquid-based cellulosic tex-
tile fibers as an alternative to viscose and Lyocell. Text Res J 86:543–552. doi: 
10.1177/0040517515591774

Min GH, Yim T, Hyun YL, et al (2006) Synthesis and properties of ionic liquids: Imid-
azolium tetrafluoroborates with unsaturated side chains. Bull Korean Chem Soc 
27:847–852. doi: 10.1002/chin.200648138

Minnick DL, Flores RA, Destefano MR, Scurto AM (2016) Cellulose Solubility in Ionic 
Liquid Mixtures: Temperature, Cosolvent, and Antisolvent Effects. J Phys Chem 
B 120:7906–7919. doi: 10.1021/acs.jpcb.6b04309

Mortimer S, Peguy A (1996) The formation of structure in the spinning and coagula-
tion of lyocell fibres. Cellul Chem Technol 30:117–132

Mortimer S, Peguy A, Ball R (1996) Influence of the physical process parameters on 
the structure formation of lyocell fibres. Cellul Chem Technol 30:251–266

Mou HY, Orblin E, Kruus K, Fardim P (2013) Topochemical pretreatment of wood bio-
mass to enhance enzymatic hydrolysis of polysaccharides to sugars. Bioresour 
Technol 142:540–545. doi: 10.1016/j.biortech.2013.05.046

Moulthrop JS, Swatloski RP, Moyna G, Rogers RD (2005) High-resolution 13C NMR 
studies of cellulose and cellulose oligomers in ionic liquid solutions. Chem Com-
mun 40:1557–1559. doi: 10.1039/B417745B

Mousavioun P, Doherty WOS (2010) Chemical and thermal properties of fractionated 
bagasse soda lignin. Ind Crops Prod 31:52–58. doi: 
//dx.doi.org/10.1016/j.indcrop.2009.09.001

Nishiyama Y, Langan P, Chanzy H (2002) Crystal structure and hydrogen-bonding
-ray and neutron fiber diffraction. J 

Am Chem Soc 124:9074–9082. doi: 10.1021/ja0257319
Nitsos C, Rova U, Christakopoulos P (2017) Organosolv Fractionation of Softwood 

Biomass for Biofuel and Biorefinery Applications. Energies 11:1-23. doi: 
10.3390/en11010050

Novoselov NP, Sashina ES, Petrenko VE, Zaborsky M (2007) Study of dissolution of 
cellulose in ionic liquids by computer modeling. Fibre Chem 39:153–158. doi: 
10.1007/s10692-007-0030-y

O’Sullivan AC (1997) Cellulose: the structure slowly unravels. Cellulose 4:173–207. 



80 
 

doi: Chemistry and Materials Science
Okubayashi S, Griesser UJ, Bechtold T (2005a) Water Accessibilities of Man-made 

Cellulosic Fibers – Effects of Fiber Characteristics. Cellulose 12:403–410. doi: 
10.1007/s10570-005-2179-y

Okubayashi S, Griesser UJ, Bechtold T (2004) A kinetic study of moisture sorption 
and desorption on lyocell fibers. Carbohydr Polym 58:293–299. doi: 
//dx.doi.org/10.1016/j.carbpol.2004.07.004

Okubayashi S, Griesser UJ, Bechtold T (2005b) Moisture sorption/desorption 
behavior of various manmade cellulosic fibers. J Appl Polym Sci 97:1621–1625. 
doi: 10.1002/app.21871

Olsson C, Sjöholm E, Reimann A (2017) Carbon fibres from precursors produced by 
dry-jet wet-spinning of kraft lignin blended with kraft pulps. Holzforschung 
71:275–283. doi: 10.1515/hf-2016-0189

Olsson C, Westman G (2013) Wet spinning of cellulose from ionic liquid solutions-vis-
cometry and mechanical performance. J Appl Polym Sci 127:4542–4548. doi: 
10.1002/app.38064

Ohno H, Fukaya Y (2009) Task Specific Ionic Liquids for Cellulose Technology. Chem 
Lett 38:2–7. doi: 10.1246/cl.2009.2

Langan P, Nishiyama Y, Chanzy H (1999) A Revised Structure and Hydrogen-Bonding 
System in Cellulose II from a Neutron Fiber Diffraction Analysis. Journal of the 
American Chemical Society 121: 9940-9946. doi: 10.1021/JA9916254

Langan P, Nishiyama Y, Chanzy H (2001) X-ray Structure of Mercerized Cellulose II at 
1 Å Resolution. Biomacromolecules 2:410-416. doi: 10.1021/BM005612Q

Peng H, Dai G, Wang S, Xu H (2017) The evolution behavior and dissolution mecha-
nism of cellulose in aqueous solvent. J Mol Liq 241:959–966. doi: 10.1016/j.mol-
liq.2017.06.103

Peng S, Shao H, Hu X (2003) Lyocell fibers as the precursor of carbon fibers. J Appl 
Polym Sci 90:1941–1947. doi: 10.1002/app.12879

Pérez J, Muñoz-Dorado J, De La Rubia T, Martínez J (2002) Biodegradation and bio-
logical treatments of cellulose, hemicellulose and lignin: An overview. Int. Micro-
biol. 5:53–63

Pinkert A, Marsh KN, Pang S, Staiger MP (2009) Ionic liquids and their interaction 
with cellulose. Chem Rev 109:6712–6728. doi: 10.1021/cr9001947

Ralph J, Lundquist K, Brunow G, et al (2004) Lignins: Natural polymers from oxida-
tive coupling of 4-hydroxyphenyl- propanoids. Phytochem Rev 3:29–60. doi: 
10.1023/B:PHYT.0000047809.65444.a4

Raut DG, Sundman O, Su W, et al (2015) A morpholinium ionic liquid for cellulose 
dissolution. Carbohydr Polym 130:18–25. doi: 10.1016/J.CARBPOL.2015.04.032

Rautkari L (2012) Surface Modification of Solid Wood Using Different Techniques. 
Doctoral dissertation. Aalto University, Finland

Remsing RC, Hernandez G, Swatloski RP, et al (2008) Solvation of Carbohydrates in N
, N -Dialkylimidazolium Ionic Liquids: A Multinuclear NMR Spectroscopy 
Study. J Phys Chem B 112:11071–11078. doi: 10.1021/jp8042895

Remsing RC, Swatloski RP, Rogers RD, Moyna G (2006) Mechanism of cellulose dis-
solution in the ionic liquid 1-n-butyl-3-methylimidazolium chloride: a 13C and 
35/37Cl NMR relaxation study on model systems. Chem Commun 1271–1273. 
doi: 10.1039/b600586c

Röder T, Morgenstern B (1999) The influence of activation on the solution state of cel-
lulose dissolved in N-methylmorpholine-N-oxide-monohydrate. Polymer 
40:4143–4147. doi: 10.1016/S0032-3861(98)00674-0

Rogers RD (2003) CHEMISTRY: Ionic Liquids--Solvents of the Future? Science (80- ) 
302:792–793. doi: 10.1126/science.1090313

Roselli A, Asikainen S, Stepan A, et al (2016) Comparison of pulp species in IONCELL-
P: Selective hemicellulose extraction method with ionic liquids. Holzforschung 
70:291–296. doi: 10.1515/hf-2014-0313



References

81

Rosenau T, Potthast A, Sixta H, Kosma P (2001) The chemistry of side reactions and 
byproduct formation in the system NMMO/cellulose (Lyocell process). Prog 
Polym Sci 26:1763–1837. doi: 10.1016/S0079-6700(01)00023-5

Rosenberg P, Budtova T, Rom M, Fardim P (2010) Effect of Enzymatic Treatment on 
Solubility of Cellulose in 7.6% NaOH-Water and Ionic Liquid. In: Cellulose Sol-
vents: For Analysis, Shaping and Chemical Modification. pp 213–226

Rowell RM, Pettersen R, Han JS, et al (2005) Cell Wall Chemistry. In: Rowell RM (ed) 
Handbook of wood chemistry and wood composites. Taylor & Francis Group, pp 
35–72

Ruska E (1987) The Development of the Electron Microscope and of Electron Micros-
copy(Nobel Lecture). Angew Chemie Int Ed English 26:595–605. doi: 
10.1002/anie.198705953

Salmén L (2015) Wood morphology and properties from molecular perspectives. Ann 
For Sci 72:679–684. doi: 10.1007/s13595-014-0403-3

Schuster KC, Rohrer C, Eichinger D, et al (2004) Environmentally Friendly Lyocell Fi-
bers. In: Wallenberger FT, Weston NE (eds) Natural Fibers, Plastics and Compo-
sites. Springer US, pp 123–146

-
Based Ionic Liquid Solutions. J Phys Chem B 114:7222–7228. doi: 
10.1021/jp1024203

Shimada K, Hosoya S, Ikeda T (1997) Condensation reactions of softwood and hard-
wood lignin model compounds under organic acid cooking conditions. J Wood 
Chem Technol 17:57–72. doi: 10.1080/02773819708003118

Singh G, Kumar A (2008) Ionic liquids: Physico-chemical, solvent properties and their 
applications in chemical processes. Indian J Chem 47:495–503

Siroka B, Noisternig M, Griesser UJ, Bechtold T (2008) Characterization of cellulosic 
fibers and fabrics by sorption/desorption. Carbohydr Res 343:2194–2199. doi: 
//dx.doi.org/10.1016/j.carres.2008.01.037

Sixta H (2006a) Mechanical Pulping: Sections 4.1. In: HandBook of Pulping. Wiley-
VCH Verlag GmbH, Weinheim, Germany, pp 1079–1083

Sixta H (2006b) Chemical Pulping Processe: Sections 4.2.8–4.3.6.5. In: Handbook of 
Pulp. Wiley-VCH Verlag GmbH, Weinheim, Germany, pp 366–509

Sixta H (2006c) Degradation of Dissolving Pulps. In: Handbook of Pulp. Wiley-VCH 
Verlag GmbH, Weinheim, Germany, pp 1056–1059

Sixta H, Michud A, Hauru L, et al (2015) Ioncell-F: A High-strength regenerated cellu-
lose fibre. Nord Pulp Pap Res J 30:043–057. doi: 10.3183/NPPRJ-2015-30-01-
p043-057

Sjöström E (1993) Wood chemistry, Fundamental and Applications, 2nd edn. Aca-
demic Press, New York

Skaar C (1988) Theories of Water Sorption by Wood. In: Wood-Water Relations. 
Springer Berlin Heidelberg, Berlin, pp 86–121

tions for Concentrated Microcrystalline Cellulose (MCC)/1-Ethyl-3-methylimid-
azolium Acetate (EMIMAc) Solutions. Biomacromolecules 12:1087–1096. doi: 
10.1021/bm101426p

Song H, Zhang J, Niu Y, Wang Z (2010) Phase Transition and Rheological Behaviors of 
Concentrated Cellulose/Ionic Liquid Solutions. J Phys Chem B 114:6006–6013. 
doi: 10.1021/jp1013863

Stana-Kleinschek K, Ribitsch V, Kreže T, et al (2003) Correlation of regenerated cellu-
lose fibres morphology and surface free energy components. Lenzinger Ber
82:83–95

Stenius P (2000) Forest Products Chemistry. Fapet Oy, Helsinki, Finland
Stepan AM, Michud A, Hellstén S, et al (2016) IONCELL-P&F: Pulp Fractionation and 

Fiber Spinning with Ionic Liquids. Ind Eng Chem Res 55:8225–8233. doi: 
10.1021/acs.iecr.6b00071



82 
 

Sugiyama J, Vuong R, Chanzy H (1991) Electron diffraction study on the two crystal-
line phases occurring in native cellulose from an algal cell wall. Macromolecules 
24:4168–4175. doi: 10.1021/ma00014a033

Sun N, Li W, Stoner B, et al (2011a) Composite fibers spun directly from solutions of 
raw lignocellulosic biomass dissolved in ionic liquids. Green Chem 13:1158. doi: 
10.1039/c1gc15033b

Sun N, Rahman M, Qin Y, et al (2009) Complete dissolution and partial delignification 
of wood in the ionic liquid 1-ethyl-3-methylimidazolium acetate. Green Chem 
11:646–655

Sun N, Rodríguez H, Rahman M, Rogers RD (2011b) Where are ionic liquid strategies 
most suited in the pursuit of chemicals and energy from lignocellulosic biomass? 
Chem Commun 47:1405–1421. doi: 10.1039/C0CC03990J

Sundberg J, Toriz G, Gatenholm P (2015) Effect of xylan content on mechanical prop-
erties in regenerated cellulose/xylan blend films from ionic liquid. Cellulose 
22:1943–1953. doi: 10.1007/s10570-015-0606-2

Swatloski RP, Spear SK, Holbrey JD, Rogers RD (2002a) Dissolution of Cellose with 
Ionic Liquids. J Am Chem Soc 124:4974–4975. doi: 10.1021/ja025790m

Taddesse H, Luque R (2011) Advances on biomass pretreatment using ioni liquid: An 
overview. 4:3913–3929. doi: 10.1039/c0ee00667j

Tim Liebert (2010) Cellulose Solvents: For Analysis, Shaping and Chemical Modifica-
tion. ACS Symposium Series.

Uraki Y, Sano Y (1999) Polyhydric Alcohol Pulping at Atmospheric Pressure: An Effec-
tive Method for Organosolv Pulping of Softwoods. Holzforschung 53:411–415. 
doi: 10.1515/HF.1999.068

Vehvilainen M (2015) Wet-spinning of cellulosic fibres from water-based solution pre-
pared from enzyme-treated pulp. Doctoral dissertation. Tampere University of 
Technology

Vilajuana EQ (2016) Enzymatic and chemical treatments to obtain pulps with high-
cellulose content. Universitat Politecnica De Catalunya

Vo HT, Kim CS, Ahn BS, et al (2011) Study on Dissolution and Regeneration of Poplar 
Wood in Imidazolium-Based Ionic Liquids. J Wood Chem Technol 31:89–102. 
doi: 10.1080/02773813.2010.486463

Wada M, Heux L, Sugiyama J (2004) Polymorphism of cellulose I family: Reinvestiga-
tion of cellulose IVl. Biomacromolecules 5:1385–1391. doi: 10.1021/bm0345357

Wang H, Gurau G, Rogers RD (2012) Ionic liquid processing of cellulose. Chem Soc 
Rev 41:1519. doi: 10.1039/c2cs15311d

Wang H, Pang B, Wu K, et al (2014a) Two stages of treatments for upgrading bleached 
softwood paper grade pulp to dissolving pulp for viscose production. Biochem 
Eng J 82:183–187. doi: 10.1016/j.bej.2013.11.019

Wang S, Lu A, Zhang L (2016) Recent advances in regenerated cellulose materials. 
Prog Polym Sci 53:169–206. doi: 10.1016/j.progpolymsci.2015.07.003

Wang Y, Yao S, Jia C, et al (2014b) Swelling behaviors of natural cellulose in ionic liq-
uid aqueous solutions. J Appl Polym Sci 131:1-6 . doi: 10.1002/app.40199

Wen J-L, Yuan T-Q, Sun S-L, et al (2014) Understanding the chemical transformations 
of lignin during ionic liquid pretreatment. Green Chem 16:181–190. doi: 
10.1039/C3GC41752B

Xu A, Wang J, Wang H (2010) Effects of anionic structure and lithium salts addition 
on the dissolution of cellulose in 1-butyl-3-methylimidazolium-based ionic liquid 
solvent systems. Green Chem 12:268–275 . doi: 10.1039/B916882F

Yao Y, Li Y, Liu X, et al (2015) Mechanistic study on the cellulose dissolution in ionic 
liquids by density functional theory. Chinese J Chem Eng 23:1894–1906. doi: 
10.1016/j.cjche.2015.07.018

Nishiyama Y, Sugiyama J, Chanzy H, Langan P (2003) Crystal Structure and Hydro-
-ray and Neutron Fiber 

Diffraction. Journal of the American Chemical Society 125:14300-14306. doi: 



References

83

10.1021/JA037055W
You X, van Heiningen A, Sixta H, Iakovlev M (2016) Kinetics of SO2-ethanol-water

(AVAP®) fractionation of sugarcane straw. Bioresour Technol 212:111–119. doi: 
10.1016/j.biortech.2016.04.014

Fukaya Y, Sugimoto  A, Ohno H (2006) Superior Solubility of Polysaccharides in Low 
Viscosity, Polar, and Halogen-Free 1,3-Dialkylimidazolium Formates. 
Biomacromolecules 7:3295-3297. doi: 10.1021/BM060327D

Yuan T-Q, Sun S-N, Xu F, Sun R-C (2011) Characterization of Lignin Structures and 
Lignin–Carbohydrate Complex (LCC) Linkages by Quantitative 13 C and 2D 
HSQC NMR Spectroscopy. J Agric Food Chem 59:10604–10614. doi: 
10.1021/jf2031549

Yuan X, Cheng G (2015) From cellulose fibrils to single chains: Understanding cellu-
lose dissolution in ionic liquids. Phys Chem Chem Phys 17:31592–31607. doi: 
10.1039/c5cp05744b

Zavrel M, Bross D, Funke M, et al (2009) High-throughput screening for ionic liquids 
dissolving (ligno-)cellulose. Bioresour Technol 100:2580–2587. doi: 
10.1016/j.biortech.2008.11.052

Zhang J, Wang Y, Zhang L, et al (2014) Understanding changes in cellulose crystalline 
structure of lignocellulosic biomass during ionic liquid pretreatment by XRD. Bi-
oresour Technol 151:402–405. doi: 10.1016/j.biortech.2013.10.009

Zhang J, Wu J, Yu J, et al (2017a) Application of ionic liquids for dissolving cellulose 
and fabricating cellulose-based materials: state of the art and future trends. Ma-
ter Chem Front 1:1273–1290. doi: 10.1039/C6QM00348F

Zhang J, Yamagishi N, Tominaga K, Gotoh Y (2017b) High-strength regenerated cellu-
lose fibers spun from 1-butyl-3-methylimidazolium chloride solutions. 45551:1–
9. doi: 10.1002/app.45551

Zhang J, Xu L, Yu J, et al (2016) Understanding cellulose dissolution: effect of the 
cation and anion structure of ionic liquids on the solubility of cellulose. Sci China 
Chem 59:1421–1429. doi: 10.1007/s11426-016-0269-5

Zhang ZC (2013) Catalytic transformation of carbohydrates and lignin in ionic liquids. 
Wiley Interdiscip Rev Energy Environ 2:655–672. doi: 10.1002/wene.67

Zhao H, Baker GA, Song Z, et al (2008) Designing enzyme-compatible ionic liquids 
that can dissolve carbohydrates. Green Chem 10:696-705. doi: 
10.1039/b801489b

Zhu S, Wu Y, Chen Q, et al (2006) Dissolution of cellulose with ionic liquids and its ap-
plication: a mini-review. Green Chem 8:325–327

Zugenmaier P (2008) Crystalline Cellulose and Derivatives. Springer-Verlag Berlin 
Heidelberg





Appendix 1

85

Appendix 1.

Table A1. Bleaching conditions of the cardboard pulps (Paper II)
D0 Ep D

Temp. °C 60 75 70
Retention time, min 60 60 120
Consistency, % 9 10 9
ClO2 consumption, kg aCl/t 16-26 - 4.9-7.6
NaOH charge, ke/t - 9 0.1
H2O2 consumption, kg/t - 4.5-4.9 -
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Appendix 2

Table A2. Kraft pulp conditions for birchwood (paper III)
H25 H50 H200 H500 H800 H1000 H1200

Sulphidity, % 40 40 40 40 40 40 40

Alkali charge, % EA 20 20 20 20 20 20 20

Liquor to wood ratio 4 4 4 4 4 4 4

Cooking temperature,°C 149 159 165 165 165 165 165

H-factor 25 50 200 500 800 1000 1200

Yield before screening, % 68.4 63.8 62.4 56.8 55.5 55.6 54.5

Yield after screening, % - - - 52.4 54.4 54.7 54.1

Rejects, % - - - 4.4 1.2 0.9 0.4

Kappa number - - 68.2 48.9 28.0 23.2 21.3

Viscosity, mL/g 927 1446 1759 1591 1626 1656 1559
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Appendix 3.

Newsprint deinking method (paper IV) 

Newsprint (Helsingin Sanomat) was collected from a local recycling station in Espoo, 
Finland. Newsprint deinking reagents and chemicals (sodium stearate, sodium silicate, 
sodium chloride, sodium hydroxide and calcium chloride) were purchased from Sigma-
Aldrich and used as received. Firstly, 23.88 L deionized water was preheated to 55 °C. 

added to the preheated water to enhance 
the water hardness and ionic strength, respectively. Subsequently, 120 g of newsprint 
was disintegrated by adding 4 L of preheated water (taken from the 23.88 L) in a labor-
atory disintegrator. After disintegration, s
added to the pulp slurry. To reach a final pH of 9.5, 1.8 g NaOH and 3 g of Na2SiO3 
were added to the pulp slurry together with another 4 L of the preheated water. After 
mixing for 30 min, the slurry was kept without mixing for another 30 min. Finally, the 
slurry was added to the remaining pre-heated water and placed in a Flotation cell (Voith 
laboratory
and stopped when no more visual rejection could be scraped from the surface. The 
deinked newsprint (DNP) was then washed and air-dried for further use.
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Appendix 4.

Acid organosolv pulping of deinked newsprint. (Paper IV)

To simulate the propylene glycol (PG) pulping of deinked newsprint (which 
consist of mainly softwood), we utilized softwood thermo-mechanical pulp 
(TMP) as a raw material in the PG pulping. The fractionation of TMP was done 
with a liquor to solid ratio of 10:1 at 170 °C and a sulfuric acid charge of 0.3 wt% 
as catalyst. The fractionation was done in 5 different durations: 30, 60, 90, 120 
and 150 min. The PG pulps were then washed thoroughly and air dried prior to 
dissolution. To compare with the PG pulping of TMP, the SO2-ethanol-water
(SEW) pulping of TMP was carried out at 135 °C (80 and 120 min) and 150 °C 
(60 and 100 min) with a liquor to solid ratio of 6. The weight fraction SO2:eth-
anol:water is 12:44:44. In addition to TMP, the deinked newsprint was also 
treated with SEW process at 150 °C from 20, 40, 60 and 80 min. The SEW pulps 
were washed thoroughly afterwards and air dried prior to use.
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Appendix 5. 

Influence of chemical compositions and total orientation on water sorption and 
desorption

It has been shown that the water sorption and desorption were closely related 
to the chemical composition (especially lignin and hemicellulose) and the total 
orientation. Therefore, multiple regression analysis was established by using 
SPSS® software in order to investigate the relationship between the dependent 
variables (water sorption/desorption which presented as monolayer water 
sorption MLS, desorption MLD and their hysteresis) and independent variables 
(total orientation of fibre lignin and hemicellulose content). = . . . + .
…………………………………….Eq. A1= . . . + .
…………………………………….Eq. A2= . . . + .
……………………………………Eq. A3

Where f_tot,  L and H  represent the total orientation, lignin and hemicellulose 
contents (in % on oven dry material), respectively.

The multiple regression analysis shows the clear influence of 
lignin/hemicellulose and total orientation on the ML water sorption and 
desorption. To further clarify the interpretation of these parameters, their 
relationships have been visualized by using the regression listed above with 
Wolfram Mathematica®. However, since there was a clear multiple correlations
between the three variables total orientation, lignin and cellulose, the 
relationship between total orientation and lignin/hemicellulose was determined 
prior to the visualization (Eq. A4). 

= 0.696 0.0083 + 0.000918
………………………………………………………..Eq. S4

Subsequently, the multiple regressions from Eq. A1 to A3 were transformed by 
inserting the orientation regression with a departure term added (Eq. A4); thus 
the orientation can be varied in an interval centred by the value of and still 
allowing variation in the total orientation by . Eq. A5 – A7 show the expression 
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of the dependent variables (MLS, MLD and their hysteresis) with more relevent 
total orientation value. 

= . . + . + .
……………………………………..Eq. A5= . . + . + .
………………………………………Eq. A6= . . + . + .
………………………………………..Eq. A7

According to the improved multiple regression, the contour plots of dependent 
variables (MLS, MLD and their hysteresis) as a function of lignin, hemicellulose 
and total orientation were created and exhibited in Figure A3 – A5.

Figure S4. The contour plot of MLS as a function of lignin (y-axis) , hemicellulose (x-axis) and total 
orientation.
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Figure S5. The contour plot of MLd as a function of lignin (y-axis), hemicellulose (x-axis) and total 
orientation.

Figure S6. The contour plot of hysteresis of MLS and MLD as a function of lignin (y-axis), hemicellulose 
(x-axis) and total orientation.

Besides the effect of total orientation and chemical compositions on the water 
sorption/desorption, the role of the cellulose crystallite size in the monolayer 
(ML) hydration on the molecular surface of spun fibres has also been 
investigated. Bragatto et al. (2013) studied the ML hydration on the fibre surface 
by using the so-called Hailwood-Horrobin (HH) model (by adopting the 
sorption isotherms) with various cellulose I samples. They claimed that the crys-
tallite size (derived from the 200 reflection in cellulose I and 020 reflection in 
cellulose II) has a dominating effect on the ML hydration (g H2O per g of AGU) 
rather than the morphology of the fibre. However, in our current study, no clear 
relationship between this crystallite size and ML hydration has been identified. 
The ML water sorption seems to follow the development of the reciprocal (110) 
width. However, due to the uncertainty of the crystallite width calculated from 
110 direction and a small amount of data, the influence of crystallite size on the 
ML hydration on fibre could not be confirmed.  Table S2 lists the ML water 
sorption and desorption and the crystallite size determined from XRD at 110 
and 020. The findings may indicate that the theory proposed by Bragatto et al. 
might not be applicable for a cellulose II structure (different crystallite struc-
ture) and when lignin is present in the fibre. Furthermore, the water ML ad-
sorbed on the fibres is higher than that from cellulose I samples (Driemeier and 
Bragatto 2013).
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Table A3. ML water hydration (g/g) and the crystallite size (nm) determined from XRD at 110 and 020.

ML water (g/g) Crystallite width (nm)

Sorp-

tion

Desorp-

tion

Hystere-

sis %*

110 1/110 020 1/020

H25 0.0663 0.1017 53 2.6 0.38 5.7 0.17544

H50 0.0671 0.0982 46 2.9 0.34 6.0 0..16667

H200 0.0585 0.0802 37 3.4 0.29 5.6 0.17857

H800 0.0578 0.0743 29 3.8 0.26 5.8 0.17241

H1200 0.0633 0.0884 40 3.8 0.26 5.5 0.18182

*Hysteresis  = (MLD – MLS) / MLS
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