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1. Introduction

It was not until the 1973 oil embargo that many Western societies envisioned a 
fossil-independent economy. Back in 1973, when the OPEC enforced the infa-
mous oil crisis on the West for political and economic pressure, it led to cata-
strophic consequences on the entirely oil-driven economies. Creating long 
queues for petrol stations, these nations were left to deal with major power and 
fuel shortages until the political uncertainties could be settled. After learning 
the lesson, the Western World commenced in developing cleaner alternatives 
for power and oil-based products.  

Since then, the share of renewable power has steadily increased all over the 
world. Already in 2018, the EU reported a collective share of renewables of 18% 
on the path of 20 % by 2020 (EU Climate & Energy Package 2020), where coun-
tries like Sweden, Finland, Denmark and Estonia already surpassed their 2020 
targets (Eurostat 2020). In the transport sector, 8.3 % of the fuel in 2018 was 
procured from clean resources with France, Norway and England announcing a 
ban on diesel cars in the near future (Szymkowski 2017; Eurostat 2020). More-
over, the EU parliament adopted stricter policy from 2019 to ban single-use 
plastics by 2021 (European Parliament 2019).  

However, in the textile industry, the dependence on oil-based synthetic fibers, 
such as polyesters, polyamides, acrylics, and nylons has increased since the 
1960s (Eichinger 2012). By the 2000s, the share of synthetic fibers overshad-
owed cotton, and progressed to contribute to 62 % of the total market share in 
2018, matched by only 26 % for cotton and 6 % for man-made cellulose fibers 
(MMCF) (Eichinger 2012; The Fiber Year 2019). The global production of cot-
ton has been stagnant since 2005 at 25 million tonnes annually (Industriever-
einigung Chemiefaser 2019), while further expansions are facing many chal-
lenges. This is especially pronounced since the availability of arable land is now 
limited, and when available, it is rather allocated for food agriculture to cope 
with the increase in the global population.  Moreover, producing 1 kg of cotton 
requires about 10 000 liters of water, a scarce resource that many countries can-
not afford to waste on a single product (Mekonnen & Hoekstra 2011).  

On the other hand, the impact of fast fashion on the consumer has led to dou-
ble the global apparel consumption in just fifteen years, reaching more than 100 
billion units in 2015, while the usage time of 50 % of the items dropped to less 
than one year (Ellen MacArthur Foundation 2017). While societies struggle to 
introduce an efficient sorting and recycling system for textiles, most of the 
clothes are still being landfilled and incinerated. Meanwhile, the environmental 
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concerns of textile waste are not restricted to the ultimate disposal, but also to 
the uncontrolled accumulation of plastics in the environment. Nowadays, more 
and more studies are confirming the negative impact of synthetic fibers on ma-
rine life already during their life cycle (Cesa et al. 2020; Hernandez, Nowack & 
Mitrano 2017; Napper & Thompson 2016). Napper and Thompson (2016) re-
ported an average of 700 000 fibers possibly released during a single laundry 
wash of a 6 kg load. Inevitably, this discharged plastic debris will enter the ma-
rine environment, where it will be further fragmented and transformed into sec-
ondary, smaller microplastics that can be ingested by the marine invertebrates 
(Goldstein & Goodwin 2013). As our consumption of synthetic fibers is not set 
to decrease in the future, the microplastic concentration in the ocean is expected 
to substantially grow. Recently, a 50-fold increase in the buoyant microplastics 
was estimated that about 50 particles per cubic meter, and 8000 particles per 
kilogram of sedimented microplastics will prevail in the oceans by 2100 (Evera-
ert et al. 2018). 

Despite the growth in the synthetic fiber industry, the natural and soft feeling 
of cotton has always coined it as a premium fiber. Moreover, cotton exhibits in-
trinsic properties such as breathability and being hypoallergenic, which cannot 
be easily replaced. MMCF are associated to cotton properties since the core pol-
ymer is the same, which is cellulose. Besides, most of the MMCF originate from 
countries that dominate the pulp and paper industry, where trees grow on rain-
fall and require little or no resources, thus making it an ecofriendly option. 
Therefore, a future potential for MMCF to fill the cotton gap can be anticipated. 

In 2018, the total production capacity of MMCF was 6.8 million tonnes of 
which viscose fibers accounted for 5.6 million tonnes (The Fiber Year 2019). 
Although the viscose technology is the biggest player in the MMCF market, it 
poses a large environmental threat since the dissolution of cellulose requires 
large amounts of caustic soda and carbon disulfide (CS2), while the fibers regen-
eration takes place in sulfuric acid, emitting hazardous gases such as hydrogen 
sulfide (H2S) and CS2, which endangers both the environment and the work per-
sonnel (Shen, Worrell & Patel 2010). For that reason, the EU has imposed strict 
environmental regulations to monitor viscose implementations in Europe, al-
lowing it to thrive in Asia. By 2015, China, India and Indonesia contributed to 
84% of the global viscose production (Water Footprint Network 2017).   

The Lyocell process is among the alternative technologies to produce MMCF. 
Lyocell is a generic term that originates from the Greek word lyein (meaning to 
dissolve) and cell from cellulose. The dissolution of cellulose in the Lyocell pro-
cess occurs in a polar solvent directly without the need of polymer derivatiza-
tion, while the regenerated fibers are produced through a dry-jet wet spinning 
process. Since the 1960s, there has been continuous development of this tech-
nology using the solvent N-methylmorpholine N-oxide monohydrate 
(NMMO·H2O) with the commencing of the first commercial plant in the early 
1990s. Currently, the Lyocell fibers are being sold under the trademark Tencel 
owned by Lenzing AG, Austria. The undeniably premium quality of these fibers 
promoted the production capacity of Tencel to reach about 220 000 annual 
tonnes in 2018 (Lenzing 2019). More importantly, Lyocell is labelled as a green 
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technology, since it overcomes the environmental drawbacks of the viscose as 
no harmful solvents are required, and likewise, no toxic gases are emitted dur-
ing the spinning process. Despite these advantages, there are certain concerns 
with the stability of the NMMO solvent that can undergo multiple degradation 
pathways, even in the presence of cellulose (Rosenau et al. 2001; Konkin et al. 
2007). Therefore, stabilizers are essential to prohibit potential runaway reac-
tions that may cause explosion, and therefore compromise the whole process 
(Rosenau et al. 2001).  

Although NMMO has been the most widely utilized solvent in the Lyocell pro-
cess, its stability issues incited the development of other direct solvents. Ionic 
liquids (ILs), typically classified as liquid salts under 100 °C, have emerged dur-
ing the early 21st century as solvents capable of directly dissolving lignocellulosic 
polymers (Wang, Gurau & Rogers 2012; Pinkert et al. 2009; Brandt et al. 2013; 
Vitz et al. 2009; Swatloski et al. 2002). Laus et al. (2005) were among the first 
to produce Lyocell fibers from IL solutions. Ioncell is a technology, introduced 
in 2013, that utilizes protic superbase ILs to produce MMCF for textile and tech-
nical applications. This Lyocell-based technology has recently been employing 
an amidine-based superbase solvent 1,5-diaza-bicyclo[4.3.0]non-5-enium ace-
tate ([DBNH][OAc]) yielding fibers of similar quality to Tencel (Sixta et al. 2015; 
Hummel et al. 2015). At the same time, no exothermic runaway reactions occur 
when using ILs,  and therefore foreign stabilizers are not required (Sixta et al. 
2015). The potential of Ioncell is not only limited to spinning of fibers from vir-
gin wood pulp as promising results have been published on the recycling and 
upcycling of textile wastes, newspaper and cardboard to produce new fabrics 
(Haslinger et al. 2019a; Ma et al. 2016). These promising findings have attracted 
growing attention to Ioncell in recent years, which is now allowing a scale-up to 
a pilot-plant in 2021. However, the success of this technology is also directly 
linked to the quantitative recyclability of the IL.  

Like the NMMO-based Lyocell process, the fiber spinning process in Ioncell is 
carried out via a dry-jet wet spinning technology in which the cellulose fila-
ments are pumped through spinneret capillaries, stretched in an air-gap, and 
regenerated in an aqueous coagulation bath. Therefore, in a continuous process, 
the dilute IL solution must be recovered. The solvent recovery consists of puri-
fication of the solvent from solute-derived impurities, and secondly the removal 
of excess water, e.g. by evaporation. Because of the analytically undetectable im-
purities during spinning on a small laboratory scale, we limit the scope of sol-
vent recovery in this PhD work to the removal of water to restore the dissolving 
ability for cellulose.   

Several recycling methods have been outlined previously for different IL solu-
tions, yet not all are feasible for the Ioncell process due to the hydrophilicity of 
the superbases and/or the insufficient rate of recovery (Mai, Ahn & Koo 2014; 
Palomar et al. 2009; Dibble et al. 2011). Out of these methods, evaporation has 
already proven feasible recovery rates for the NMMO solution (> 99 %) 
(Potthast et al. 2002). Yet, the elevated temperature during evaporation can in-
duce selective vaporization of the ionic compounds and cause undesired hydrol-
ysis reactions, which alter eventually the IL composition (Ahmad et al. 2016; 
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Parviainen et al. 2015). Besides, the accumulation of such undesired com-
pounds in a continuous plant can negatively impact the economy of the process 
since make-up IL will be required to keep the solvent-to-solute ratio constant.  

In the search for an IL with excellent cellulose solubility in combination with 
a significantly improved hydrothermal stability compared to [DBNH][OAc], 
[mTBDH][OAc] was selected after extensive screening of the superbase-based 
ILs as an IL that exhibits these properties in all points. These results were filed 
as a patent application (WO2018138416A1). 

In this thesis, the focus was put on the IL 7-methyl-1,5,7-triazabicy-
clo[4.4.0]dec-5-enium acetate ([mTBDH][OAc]), which as our patented prelim-
inary investigations have shown, is more stable against thermal and hydrolytic 
degradation reactions than the amidine-based IL and can therefore be recov-
ered by evaporation with minimal losses. Another focus was the production of 
spinnable cellulose solutions (dope) from the recovered [mTBDH][OAc] sol-
vent. This took place by spinning of fibers and recycling of the solvent in various 
successive cycles. Additionally, we conducted multiple trials to optimize several 
process parameters that would benefit the lab-scale process as well as the pilot-
plant. Our findings were published in three peer-reviewed scientific articles 
(Paper I, II and III). Moreover, the results from our optimization trials, addi-
tional trials (A.T. 1 and 2), were included in this work as highly relevant. 

We investigated [mTBDH][OAc] in comparison to other ILs with reference to 
NMMO·H2O in terms of cellulose dissolution, rheology of spinning dopes, fiber 
spinning, and mechanical properties of the fibers. These findings are summa-
rized in Paper I.  In Paper II, we progressed to construct a recycling scheme, 
which allowed us to track and quantify deviations in the IL composition taking 
place during the recovery process. Moreover, the recovered IL was used to dis-
solve and spin a 13 wt.% cellulose solutions in consecutive cycles. Thereafter, 
several parameters related to dope preparation and fiber spinning were tested 
in A.T. 1. In order to further elucidate the effect of the solvent deviations occur-
ring during recovery, we altered the solvent composition to contain different 
concentrations of the undesired side-products, while aiming to dissolve and 
spin cellulose fibers (Paper III). This study was particularly helpful in identi-
fying the IL specifications needed from the recovery process to deliver good cel-
lulose dissolution. In A.T. 2, we aimed to use [mTBDH][OAc] in the Ioncell 
process for 20 cycles. Therein, we could monitor dope rheology, spinnability 
and test spinning in an enriched IL spinbath. Table 1 provides the purpose of 
each trial. 

 
Table 1. A summary of the publications and trials found herein.

Publication / A.T. Purpose

Paper I Comparative testing of Lyocell solvents for spinning of textile-grade cellulose fibers

Paper II Spinning and recycling of [mTBDH][OAc] and [DBNH][OAc] in the Lyocell process

Paper III
Identifying the thresholds of good dissolution and spinning while deviations in sol-

vent composition are present

A.T. 1 Optimizing spinning parameters for [mTBDH][OAc]

A.T. 2 Extended spinning and recycling of [mTBDH][OAc] in the Ioncell process
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2. Thesis Objectives

This thesis aims to prove the recyclability of selected ILs in the Ioncell process, 
while producing textile-grade fibers. The necessity of the work executed in this 
thesis came along with the decision of Aalto’s management to scale-up the Ion-
cell process to a pilot-plant scale. This followed several years of successfully 
manifesting the potential of the Ioncell products in various international events. 
Still, the recycling of the solvents was lacking.  

Before commencing the work, preliminary efforts were made to recover and 
recycle [DBNH][OAc] as it is currently the commonly utilized solvent in Ioncell. 
However, the outcome was only disappointing. Upon adopting [mTBDH][OAc], 
we started to examine several aspects related to the fiber spinning side, and the 
solvent recovery side. Systematically, we identified the main solvent parameters 
that change during the thermal concentration and which reduce or even prevent 
the solvation capacity of the recovered IL. These solvent alterations comprise 
the formation of hydrolysis products, a change in the acid-to-base ratio of the 
IL (A/B ratio) and the amount of residual water. Increasing one of these param-
eters or their combination beyond a certain level will undoubtedly impede the 
dissolution of cellulose. Hence, we can provide our main research questions in 
the below table.  

 
Research questions 

Are there significant changes in the dope rheology and fiber properties 
when using an amidine-based compared to a guanidine-based IL? 
Can we quantify the changes in the IL composition during recovery? 
Are the changes in the composition occurring to [mTBDH][OAc] dur-
ing recovery sufficient to dissolve and spin cellulose? Is it the same for 
[DBNH][OAc]? 
To what extent can the changes in the [mTBDH][OAc] and 
[DBNH][OAc] allow good cellulose dissolution and fiber spinning? 
Can the hydrolysis reactions be curbed and if so, how? 
Are there major degradations in cellulose degree of polymerization 
when using recovered IL compared to pure IL?  
What is the effect of an increasing number of recovery cycles on the 
solution and fibers quality? 
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3. Background

3.1 Cellulose

Ever since its discovery by Anselme Payene in 1837, cellulose has evoked exten-
sive research interest due to its natural abundance. However, it was not until 
the 1960s that its crystal structure could finally be fully elucidated by X-ray dif-
fraction (Hon 1994). Cellulose represents a linear polymer composed of anhy-
droglucose units that are interlinked via β(1-4) glycosidic bonds. In tiny organ-
isms such as algae or bacteria, cellulose is predominant in its Iα form, whereas 
in higher plant species such as wood, cotton, or hemp, it adapts a so-called Iβ 
structure (Heinze 2015). When dissolved, cellulose transforms to a thermody-
namically more stable state referred to cellulose II (Isogai & Atalla 1998; Wada 
et al. 2004; Kolpak & Blackwell 1976). Through chemical or heat treatments, 
cellulose can further be converted to thermodynamically reversible forms such 
as cellulose IV or III (Chidambareswaran et al. 1982).  

As for all structures, their difference merely lies in their distinct intermolecu-
lar hydrogen bonding pattern established between the hydroxy groups of anhy-
droglucose (Heinze 2015; Hinterstoisser & Salmén 2000). In cellulose I, illus-
trated in Figure 1, hydrogen bonding mainly occurs between the hydroxymethyl 
group of the C6 atom and the hydroxy group attached to the C3 position (Gard-
ner & Blackwell 1974). These strong intermolecular interactions lead to the for-
mation of microfibrils, which significantly contribute to the strength and stabil-
ity of the polymer. In plants, usually more than 40 cellulose chains are linked to 
each other via this bonding mechanism, resulting in structures with Young’s 
moduli of around 130 GPa (Sakurada et al. 1964; Matsuo et al. 1990). Cellulose 
chains also experience intersheet interactions through VanderWaals forces that 
are induced by the aliphatic nature of the anhydroglucose heterocycle (Diddens 
et al. 2008). Owing to these forces, cellulose exhibit an amphiphilic nature that 
deems it recalcitrant to modifications. Besides, cellulose cannot be melted, 
hence when intended to be processed, it requires dissolution in solvents that can 
weaken both, hydrophobic and hydrophilic interactions.  
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3.2 Technologies for Cellulose Dissolution

Historically, solvents capable of dissolving cellulose were classified into three 
main groups: Solvents that require cellulose derivatization as a pre-requisite, 
other solvents act as chelating agents that are able to form stable cellulose wa-
ter-soluble complexes, and finally solvents that can perform the dissolution di-
rectly. For the first category, the derivatization step is usually achieved via 
chemically modifying the hydroxyl groups located at the C2, C3 and C6 of the 
anhydroglucose unit, and forming new groups that are can interact with the sol-
vent. Among the cellulose derivatives, cellulose xanthate (the viscose process), 
cellulose acetate, and cellulose carbamate, are the most popular. However, the 
history of MMCF date back to the early 1850s, when George Audemars (Swit-
zerland) discovered that nitrated cellulose could be dissolved in a mixture of 
alcohol and ether, and air spun producing nitrocellulose fibers (Audemars 
1855). However, the scale-up and commercialization of this process was unsuc-
cessful as the nitrate-fibers were very flammable to an explosive extent, often 
called ‘guncotton’ (Woodings 2001). 

Nowadays, almost 82.3 % of MMCF are produced from the cellulose xanthate 
derivative (The Fiber Year 2019). In the viscose process, first, cellulose is sub-
jected to alkalization. Thereafter, the DP of the produced alkalicellulose is pre-
adjusted to 270 – 350 in an ageing step at temperatures around 50 °C in the 
presence of catalyst. This also activates the anhydroglucose side groups produc-
ing a cellulose alkoxide derivative. The dissolution of the cellulose derivative 
takes place via reacting with CS2 gas (xanthagonation step) at 25 – 37 °C over a 
prolonged duration. The spinning of the rayon fibers is done in a wet-spinning 
process, where the dissolved xanthogenate solution is pumped through a spin-
neret into a coagulating bath containing mainly H2SO4 and sodium sulfate 
(Na2SO4), and to a lower extent zinc sulfate (ZnSO4) (Wilkes 2001). The fila-
ments are instantly regenerated via the neutralization of the xanthagonate 
groups with the acid producing Na2SO4 and releasing the toxic gases, H2S and 
CS2 (Wilkes 2001). Consequently, the viscose process involves harmful chemi-
cals that pose both environmental and personal threat. From this process, the 
classic viscose fibers, 21.5 cN/tex and 22.6 % elongation (Jiang et al. 2012), are 
produced. In order to produce fibers of higher modulus (modal fibers), the con-
centration of ZnSO4 in the bath is increased since it functions as a coagulation 

Figure 1. Cellulose structure showing the inter- and intramolecular interactions.
Reprinted with permission from (Pinkert et al. 2009). Copyright (2020) American 
Chemical Society.
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retarding agent (Papkov, Ukhanova & Antipova 1969), allowing the fibers to re-
generate over an extended period (modal fibers), thus increasing the crystallin-
ity and improving their strengths. 

On the other hand, the cuprammonioum process is among the technologies 
utilizing chelating agents in forming stable cellulose complexes that are water-
soluble. The cuprammonioum comprises inorganic complexes, cuoxen 
([Cu(NH2(CH2)2NH2)2[HO]2) and cadoxen ([Cd(NH2(CH2)2NH2)2[HO]2) for 
deprotonating and binding the hydroxyl groups of C2 and C3 positions (Liebert 
2010). The commercialization of this process was limited due to the need of 
using cotton pulp together with the high cost of the copper salts. Currently, this 
process is only noticeable in Asahi Japan for medical fibers applications (Ka-
mide & Nishiyama 2001). However, the inorganic complexes are still widely em-
ployed in analysis of cellulose intrinsic viscosity (normalized as ASTM D1795 
(2013) and ASTM D4243 (2009)). Cellulose dissolution is achieved through 
deprotonating and binding the hydroxyl groups in C2 and C3 positions (Liebert 
2010). 

On the other hand, the Lyocell solvents dissolve cellulose directly. It is now 
the second most utilized technology in the MMCF production scale. Currently, 
it has a global production capacity of 220 000 annual tonnes, and an on-going 
expansion of 100 000 annual tonnes, due in 2020 – 2021 (Lenzing 2019).  The 
undeniably increasing interest in this technology is due to its multiple ad-
vantages over the viscose process. In the next section, we discuss in detail sev-
eral aspects of this promising process. 

3.2.1 Lyocell Process 

NMMO-based Lyocell Process 
NMMO belongs to the family of heterolytic amine oxides. This solvent discov-
ered back in the 1939 by Swiss chemists Charles Graenacher and Richard 
Sallman was only in 1969 described for its potential in dissolving cellulose 
(White 2001). Evidently, the key property of this molecule is the highly polar 
N–O group, with the highest electron density around the oxygen (Rosenau et al. 
2001). The solvation power of this compound originates from its ability to dis-
rupt the hydrogen bonding system responsible for intra- and interchain linkages 
through merely acid-base interactions (donor – acceptor) (Fink et al. 2001; 
Rosenau et al. 2002).  

In industry, the NMMO is used in the monohydrate form (13.3 wt.% water), 
which is also capable of fully dissolving the C6 biomass. The melting point of the 
NMMO·H2O is 78 °C compared to 184 °C for the neat anhydrous NMMO (Maia, 
Peguy & Pérez 1981), offering lower process conditions (e.g. dissolution and 
spinning temperatures). The cellulose dissolution occurs by, first forming a 
slurry of 50 – 60 wt.% NMMO, 20 – 30 wt.% water and 10 – 15 wt.% pulp. 
Thereafter, the slurry is vigorously mixed, and the excess water is evaporated 
till the stable monohydrate complex is produced, which rapidly produces a ho-
mogenous dissolved cellulose solution (Rosenau et al. 2001). The cellulose re-
generation takes place in a dry-jet wet spinning process, where the filaments are 
mechanically pressed through spinneret capillaries, of micrometer dimensions, 
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stretched in an air-gap, and finally coagulate in an aqueous spinbath. The dilute 
solvent in the coagulation bath is subsequently recovered by the removal of wa-
ter in a thin-wall evaporator utilizing vacuum (e.g. thin-film evaporator). Only 
a 50 – 60 wt.% of target residual water is sufficient at this stage since the re-
mainder of the water can be removed while cellulose is dissolving to form 
NMMO·H2O, as explained above.  

The advantages of the NMMO-based Lyocell over the viscose technology are 
not limited to the low toxicity of the former (Meister & Wechsler 1998), but also 
NMMO·H2O is capable of directly dissolving pulp of wider molar mass distribu-
tion and in shorter time, which the viscose lacks. This is because the ageing step 
is necessary in the viscose process to adjust the DP for better cellulose activation 
to produce the alkoxide derivative. Moreover, the Lyocell fibers (Tencel) have a 
pronounced crystallinity and tenacity, a stronger modulus and a uniform longi-
tudinal and cross-sectional morphology (Adusumali et al. 2006; Jiang et al. 
2012). That said, NMMO can also undergo homolytic degradation that cleaves 
the N–O bond and produces aminyl radicals, N-Methylmorpholine and mor-
pholine, as intermediates (Rosenau et al. 2001; Jonsson, Wayner & Lusztyk 
1996). Furthermore, heterolytic reactions are known to take place, causing se-
vere degradation to the polymer via oxidation reactions, and can cause perma-
nent discoloration to the fibers (Lang et al. 1986; Buijtenhuijs, Abbas & Wittev-
een 1986). The degradation of NMMO is described as exothermic runaway re-
actions. For these reasons, propyl gallate, a phenolic antioxidant, is used as a 
stabilizer, which in return oxidizes to ellagic acid, and therefore can limit the 
byproduct formation (Rosenau et al. 2002). These safety concerns, and the 
growing interest in the Lyocell process were triggering factors for researchers to 
investigate other direct solvents. 

ILs-based Lyocell Process 
The history of ILs dates back to the early 20th century. In 1914, ethylammonium 
nitrate [EtNH3][NO3] was described as a low melting point fused salt (Walden 
1914). However, it was only in the 90s when ILs came under the spotlight as 
worthy chemicals. Consequently, by 2005, around 1000 ILs were already syn-
thesized in literature with 300 commercially available (ChemFiles 2005). By 
modifying the cations and anions, one can tailor an enormous range of ILs for 
specific applications, for example as inorganic and organic solvents, in phase 
separations and even as electrolytes for supercapacitors (Welton 1999; Hallett 
& Welton 2011). Besides, as a result of their inherently low vapor pressure and 
non-flammability, they can be safely recycled with good recovery rates, which 
often tags them as green chemicals (Earle & Seddon 2000; Zhao, Xia & Ma 
2005). 

From the wide classes of ILs, superbase ILs exhibit the capability to directly 
dissolve cellulose without prior need of activation (Swatloski et al. 2002; Wu et 
al. 2004; Liu et al. 2005). Also, hemicelluloses can be selectively dissolved in 
IL/water systems (Roselli et al. 2014). These ILs are characterized by an asym-
metric bulky cation and a strong anion, creating a delocalized charge. Notably, 
the early research of cellulose-dissolving ILs was conducted using imidazolium 
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cations, while the promising anions were halides (Swatloski et al. 2002), car-
boxylates (Fukaya et al. 2008), and phosphates (Fukaya et al. 2008; Brandt et 
al. 2010). Owing to their low viscosity and processing temperatures, imidazo-
lium-based ILs, especially the imidazolium halides and acetates excelled in early 
stage research, dissolving significant concentrations of cellulose and other bi-
opolymers. Nevertheless, severe limitations have curbed their potential for fiber 
spinning, since they can decompose at relatively high temperatures (Meine, 
Benedito & Rinaldi 2010; Kosmulski, Gustafsson & Rosenholm 2004), inducing 
irreversible degradations of the C6 and C5 polymers (King et al. 2012; Liebner 
et al. 2010; Ebner et al. 2008).  

Alternatively, amidine- and guanidine-based ILs have also been portrayed as 
excellent cellulose solvents, especially when conjugated with a Brønsted acid 
(e.g. acetic acid),without the drawbacks of the imidazole derivatives (Parviainen 
et al. 2013) nor the dangerous runaway exothermic degradations of the NMMO. 
[DBNH][OAc], an amidine-based IL that has been so far adopted in Ioncell, has 
shown to dissolve 13 – 17 wt.% cellulose forming homogenous solutions that are 
adequate for a dry-jet wet spinning process (Asaadi et al. 2016; Ma et al. 2015; 
Sixta et al. 2015; Michud et al. 2016). The properties of the regenerated fibers 
(especially tenacity) exceeded in some cases other commercial Lyocell fibers 
(Hummel et al. 2015), which boosted the Ioncell technology to be recognized in 
various international events. 

For Brønsted acidic ILs, the ionicity term describes the extent of proton trans-
fer, and can be estimated by pKa that is the difference between the pKa’s of the 
base and the acid. Previously, it was indicated that ILs with a pKa of 8 – 10 
have ideal ionicity (Angell, Byrne & Belieres 2007). In the case of DBN and 
mTBD, the pKa of mTBD in water is 13 – 15 (Hyde et al. 2019), and of acetic acid 
is 4.75, then a pKa of 8.25 – 10-25 can be estimated for the [mTBDH][OAc] IL 
revealing a high ionicity. The pKa of DBN in water has not been reported yet but 
can be considered close to that of DBU (11.5 – 13. 5) (Hyde et al. 2019), therefore 
the pKa of [DBNH][OAc] is about 6.75- 8.75. This approximation shows that 
[mTBDH][OAc] has a higher ionicity than [DBNH][OAc]. 

The high basicity of the guanidine- and amidine-based superbases arises from 
the sp2 hybridization of the deprotonating nitrogen atom, resonance stabiliza-
tion of the acid and a bicyclic ring system that enforces overlap of lone pair elec-
trons at the sp3 hybridized nitrogen(s) into the neighboring π* orbital, thereby 
increasing electron density at the sp2-hybridized nitrogen. 

3.3 Dissolution of Cellulose in ILs

When a polymer is placed in a solvent, the solvent molecules will readily contact 
the polymer and diffuse into its surface layer, disrupting its physical properties 
to a certain extent, while the solid structure remains unaffected (Lindman, 
Karlström & Stigsson 2010; Medronho & Lindman 2015). At this stage the pol-
ymer is swollen, and a gel-like structure is formed. Usually, the swelling behav-
ior is followed by complete dissolution, where the polymer is molecularly dis-
persed. The Gibbs free energy of mixing is the driving force of dissolution, and 
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it is defined as the sum of the enthalpy (positive) and the entropy (negative) of 
the mixture before and after dissolution. For dissolution to take place, the free 
energy must be negative, otherwise a phase separation is induced between the 
polymer and the solvent.  

Therefore, it is comprehensible that a gain in entropy is essential during the 
dissolution. It is more difficult to dissolve polymer of high molecular weight due 
to the low gain in entropy (Mai, Ahn & Koo 2014). Also, polymers that exhibit 
low conformational freedom have low gain in enthalpy and are thus less favor-
able for dissolution. For this reason, the flexibility of cellulose is minimized due 
to its fully equatorial β-linked glucopyranose units, which adds stability to its 
chair structure (Medronho & Lindman 2015). 

The dissolution mechanism of cellulose in ILs is broadly the same as the 
NMMO case. For protic ILs, the anion readily forms new hydrogen bonds with 
the polar domain of the polymer (Figure 2), thus weakening the interactions 
among the cellulose chains (Xu, Wang & Wang 2010; Fukaya et al. 2008; 
Remsing et al. 2006; Swatloski et al. 2002). Although, the role of the base was 
not fully understood in the dissolution mechanism, some studies have revealed 
VanderWaals interactions taking place between the non-polar cellulose domain 
and the cation (Rabideau, Agarwal & Ismail 2014; Swatloski et al. 2002). Others 
have claimed that a hydrogen bond is established between the oxygen groups of 
cellobiose and the cation proton (Zhang et al. 2010).  

                        

In IL synthesis, the H-bond basicity of the anion and the H-bond acidity of the 
cation are important terms to determine the gain in enthalpy upon the dissolu-
tion of cellulose (Novoselov et al. 2007). Cations of high H-bond acidity tend to 
compete with the polar OH-groups by donating hydrogen bonds to the anion 
(Parviainen et al. 2013; Novoselov et al. 2007). An empirical relation has been 
established using Kamlet-Taft solubility parameters (H-bond acceptor, β, and 
H-bond donor, α) to further understand the solvent capabilities towards cellu-
lose (Hauru et al. 2012). Hauru et al. (2012) adopted the net basicity (β – α) as 

Figure 2. Cellulose dissolution mechanism in protic ILs. Reprinted 
with permission from (Parviainen et al. 2013). Copyright (2020) 
John Wiley and Sons.
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a function of β, as a term to classify ILs (Figure 3), showing a good cellulose 
dissolution window is in the range of 1.2 > β > 0.8 and 0.9 > β – α > 0.35. Ac-
cording to Kuzmina et al. (2017), [DBNH][OAc] has a β of 1.17 and a β – α of 
0.55, which fits in the cellulose dissolution window defined by Hauru et al. 
(2012). 

 
 

        
The type of the anion and its influence on cellulose dissolution appears to have 
little debate in literature. Anions that are good hydrogen bond acceptors such 
as acetates, halides and phosphates perform better than weaker anions (Fukaya 
et al. 2008; Swatloski et al. 2002) such as dicyanamide (Xu, Wang & Wang 
2010). In contrast, the structure of the base seems to be more complex as several 
parameters such as polarizability, hydrophobicity (Swatloski et al. 2002; Hauru 
et al. 2012) and the presence of functional groups including hydroxides (Feng & 
Chen 2008) and alkoxy groups (Zhao et al. 2008) can contribute to the state of 
dissolution 

On the anion side, longer carboxylic chains inversely affect the solvent capa-
bility (Swatloski et al. 2002; Kuzmina et al. 2017). For example, only 0.8 wt.% 
cellulose dissolve in [DBNH]hexanoate, whereas 5.5 wt.% cellulose dissolved in 
[DBNH]butanoate and even 22 wt.% cellulose in [DBNH]acetate (Kuzmina et 
al. 2017). The same was found for elongating the side groups of the cation (Swat-
loski et al. 2002; Kuzmina et al. 2017) implying that ILs from derived DBN with 
an ethyl side group ([DBNET][OAc]) only tolerated 2.2 wt.% cellulose (Kuzmina 
et al. 2017). This confirms that the structure of both the anion and the cation 
plays an important role in cellulose dissolution. 

3.4 Rheological Properties 

The rheological properties of the cellulose dope provide information on the so-
lution state, viscoelastic properties, molar mass distribution and relaxation of 
polymer chains. Frequency sweep tests can be used to easily measure the com-
plex viscosity (η*), the storage and loss moduli, G’ and G’’, respectively. These 
properties reflect the viscoelasticity of the solution and are obviously dependent 

Figure 3. Empirical Kamlet-Taft parameters β – α plotted against β for ILs, show-
ing in the dashed box the region of good cellulose dissolution. Reprinted with per-
mission from (Hauru et al. 2012). Copyright (2020) American Chemical Society. 
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on the temperature, the type of solvent, the cellulose concentration and the mo-
lar mass distribution. The Lyocell dopes are characterized by a Newtonian plat-
eau in the η* at low angular frequency (ω) < 0.01, followed by a shear-thinning 
behavior at higher frequencies 100 > ω > 0.01 (Hummel et al. 2015; Sammons 
et al. 2008; Gericke et al. 2009). The transformation in η* represents the rea-
lignment of the cellulose chains from random entanglements to a parallel ori-
entation, which also reflects the change in the viscoelastic behavior of the solu-
tion. As the frequency increases, G’ (elastic domain) increases, then intersects, 
and finally exceeds G’’ (viscous domain) (Gericke et al. 2009; Sammons et al. 
2008; Chen et al. 2009). The point of intersection of the two moduli is the cross-
over point (COP).  

The zero-shear viscosity (η0) is obtained by calculating the limiting value from 
η* using the Cross model. However, the assumption that the complex viscosity 

corresponds to the dynamic viscosity is only true if the Cox-Merz rule is valid: 
the complex and the dynamic viscosity as a function of shear rate and ω super-
impose perfectly (Haward et al. 2012). Dopes of large cellulose concentration or 
DP exhibit a pronounced η0, but shear-thinning starts at relatively small ω 
(Sammons et al. 2008; Hummel, Michud & Sixta 2011; Chen et al. 2009). In the 
same manner, a large concentration triggers a pronounced elastic domain that 
prevails at a COP at a lower ω (Hummel, Michud & Sixta 2011; Michud, Hummel 
& Sixta 2015). On the other hand, an increase in the temperature is balanced by 
a drop in η*, and a shift of COP to a larger ω (Michud, Hummel & Sixta 2015). 

For the Ioncell solutions, it has been shown that the dopes are optimal for the 
dry-jet wet spinning process at η0 of 20 000 – 35 000 Pa.s and COP of 2500 – 
4000 Pa and ca. 1 s-1 ω, which corresponds to a spinning temperatures of 70 – 
80 °C (Asaadi et al. 2016; Michud, Hummel & Sixta 2016; Ma et al. 2016). 

3.5 Dry-Jet Wet Spinning

Figure 4 illustrates a dry-jet wet spinning process. After filtration, the cellulose 
solution is split into smaller dopes depending on the production capacity. The 
solution is then supplied by a gear pump to the spinnerets, each consisting of 
hundreds to thousands of holes with a diameter between 50 and 150 microme-
ters through which the solution is extruded and regenerated in an aqueous co-
agulation bath. Throughout this process, spinning godets apply longitudinal 
stretching forces on the cellulose solution in the spinneret capillaries, air-gap 
and the first section of the coagulation until complete fiber regeneration takes 
place. The solid fibers are then collected on the godets after exiting the coagula-
tion bath. 
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While travelling through the spinneret capillaries, the shaping of the cellulose 
solution takes place and the polymer chains undergo structural pre-orientation 
as a result of the uni-axial shear forces (Fink et al. 2001). Immediately after ex-
iting the capillary, the shear forces disappear and an instant relaxation in the 
chains occur that increases the fluid diameter. This phenomenon is known as 
die swell (Fink et al. 2001; Ziabicki 1976), and is compensated by the stretching 
from the godets. In the air-gap, an extensional flow of the cellulose solution is 
created by the godets, causing further alignment of the polymer chains. 

The air-gap is one of the most significant factors, when it comes to spinnability 
and fiber properties. Dependent on the viscoelastic properties of the spin dope, 
several fracture mechanisms can be triggered that rupture of the spun filaments. 
Capillary fractures usually occur as a result of strong longitudinal waves that 
distort the extruded solution. Optimizing the spinneret diameter or the extru-
sion velocity can control the amplitude of these waves (Ziabicki 1976; Ziabicki 
& Takserman-Krozer 1964b). Melt fractures are another type of breakages that 
are characterized by an irregular flow of the viscoelastic solution through the 
spinneret capillary. Under critical shear rates, the threads become rough and 
irregular, thus easily broken (Ziabicki 1976). Hence, the viscoelastic parameters 
(e.g. dynamic viscosity) of the spun solution and the applied temperature can 
affect this phenomenon. In addition to the previous types, cohesive fractures 
can take place when the tensile stress in the viscoelastic solution exceeds the 
critical tensile strength. An increase in tensile stress can be a result of a small 
filament diameter, high godet speed or high spinning temperatures (Ziabicki & 
Takserman-Krozer 1964a; Ziabicki & Takserman-Krozer 1964b). 

A phase transfer to the regenerated cellulose fibers occurs in the coagulation 
bath by the diffusion of the non-solvent (water) into the dope, the simultaneous 
diffusion of the solvent molecules into the coagulation bath (Coulsey 1995). The 
cation hydrophilicity facilitates the re-formation of hydrogen bonds between the 
anion and the water (Hauru et al. 2012). Consequently, a liquid core is formed, 
which upon further diffusion, leads to the fortification of a lamellar crystalline 
structure (Coulsey 1995). Recently, the initiation of the coagulation process has 
been characterized by density fluctuations, most likely caused by spinodal de-
composition (Nishiyama et al. 2019). 

Figure 4. A schematic drawing of the dry-jet wet spinning process 



Background

16 

The degree of crystallinity is little influenced by the draw ratio, but mainly by 
the choice of the spinning bath medium. As indicated before, the structure for-
mation is largely a factor of the diffusion coefficient, implying that strong anti-
solvents, e.g. water, or elevated coagulation temperatures allow fibers of higher 
crystallinity to form, while mild anti-solvents such as alcohols may yield fibers 
of lower crystallinity. Slow diffusion speeds therefore also contribute to a better 
elasticity, which is more prone to withstand deformation (Fink et al. 2001). 

Besides shear forces, deformation in the spinning process also results from the 
draw ratio applied. The draw ratio describes the relation between the take-up 
speed of the godets and the extrusion velocity of the filaments at the spinning 
cylinder (Michud et al. 2016). In dry-jet wet spinning, high draw ratios are usu-
ally required to reduce the fiber diameter and to enhance the tensile strength of 
the fibers. Michud et al. found that the fiber orientation gradually increases with 
the draw ratio until a plateau is reached at a value no bigger than 6 (Michud, 
Hummel & Sixta 2015).  

3.6 Methods for IL Recycling

In industry, ILs are utilized in a variety of applications that inevitably necessi-
tate an efficient separation and recycling mechanism for economical and envi-
ronmental reasons. ILs are known for their relatively high cost compared to mo-
lecular solvents, which makes their high recovery a major concern. However, in 
the future, the cost of ILs synthesis is expected to drop along with the on-going 
developments that will trigger higher production levels. An overview of the re-
cycling techniques of ILs from various products can be viewed in (Abu-Eishah 
2011; Sklavounos et al. 2011). In this section, we focus on the recycling strategies 
of ILs in the Lyocell process. Typically, after fiber spinning, the coagulation bath 
solution and the washing liquors are combined and first subjected to several 
purification steps, such as filtration and flotation, to remove tiny particles and 
colloidal precipitates, e.g. inorganics and biopolymers. Thereafter, the removal 
of water takes place in order to restore the IL solvation power. Theoretically, 
there are several separation methods available for the water removal from ILs 
such as adsorption, liquid-liquid extraction, thermal evaporation, membrane 
processes, freeze crystallization, and aqueous biphasic systems, yet, only few of 
these methods can be adopted in the Ioncell technology. It is important to dis-
tinguish between the removal of the major part of water, 10 wt.% and higher, 
and the residual water (< 10 wt.%), since the removal of the major amount of 
water is relatively easy and may not compromise the quality of the IL.  

During recovery, ILs exhibit different interactions based on the molecular size, 
structure and the hydrophobicity of the IL, which plays an important role par-
ticularly for the recovery from aqueous mediums. The adsorption method can 
be used to separate IL-water solutions. However, most of the studies were done 
on removing the IL from the water and not vice versa (Blanchard et al. 1999; 
Anthony, Maginn & Brennecke 2001; Lemus et al. 2012). This is comprehensi-
ble since large amounts of the sorbent, e.g. activated carbon, will be required in 
case the amounts of water were significant. Hence, this method is only suitable 
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for removing the residual water. Another important aspect is the hydrophilic 
nature of the superbase ILs, which may leave a fraction of the IL attached along 
with the water, thus reducing the separation efficiency (Palomar et al. 2009). 
Also, the long residence times and drastic process temperatures that are usually 
required during adsorption and regeneration may induce degradations in the 
ILs and create further losses in the solvent. This was confirmed in the SolvRec 
project (unpublished results), while using silica zeolites to lower the residual 
water content from a 14 wt.% aqueous [DBNH][OAc] solution to about 3 wt.%, 
around 11 wt.% of hydrolysis products were detected. 

 Liquid-liquid extraction is based on the non-miscibility of ILs with molecular 
solutions. In fact, hydrophilic ILs can be extracted by water from hydrophobic 
systems (Huddleston et al. 1998). This technique is also frequently applied to 
extract thermally sensitive components (Zhao, Xia & Ma 2005). A recovery of 
89 wt.% was concluded for the separation of 1-ethyl-3-methylimidazolium ace-
tate ([emim][OAc]) from pre-treated biomass by using a solvent mixture con-
taining acetone, isopropanol and small amounts of water (Dibble et al. 2011). In 
the scope of the Lyocell solvents, the introduction of a new component to extract 
the IL will increase the complexity of the recycling process, and compromise the 
green tag associated with Lyocell chemicals.  

On the other hand, separating IL-water systems via the evaporation of the lat-
ter has already provided promising results (Parviainen et al. 2015; King et al. 
2011; Ostonen et al. 2016). Originally, thermal treatments were studied for the 
distillation, and consequently purification, of ILs. Earle et al. (2006) reported 
the distillation of aprotic ILs at elevated temperatures (300 °C) and reduced 
pressures (0.1 – 0.6 mbar), although these conditions were high enough to ini-
tiate the thermal decomposition of the IL. Nowadays, thermal evaporation is 
being used to recover ILs from aqueous solutions. It is a simple method that 
relies on the difference between the low vapor pressure of the ILs and the greater 
volatility of water. Yoshizawa et al. (2003) have correlated the rise in the boiling 
point temperature to the pKa of the salt; A large pKa requires high energy for 
vaporization. Although this technique may require a high energy input, it has 
been adopted industrially in the NMMO process achieving > 99 % recovery 
(Potthast et al. 2002; Rosenau et al. 2001). As promising as it sounds, ILs may 
undergo thermal decomposition and undesired-side reactions when exposed to 
intense temperatures (Parviainen et al. 2015; King et al. 2012). This will be fur-
ther outlined in the next section.  

Membrane techniques such as pervaporation are best applied only for the re-
moval of the residual water, while they have limited usability when the water 
content is too high. Shäfer et al. (2001) reported evident recovery rates (~ 99 %) 
of imidazolium-based IL from water. However, this method  requires solutions 
of low viscosity in combination with an elevated temperature (100 °C) and long 
treatment times (5 hr) (Schäfer et al. 2001; Sun et al. 2017), and therefore is 
unviable for ILs that are prone to hydrothermal degradations. Freeze crystalli-
zation is also a convenient technique for separating solids and removing the re-
sidual water from the IL, while avoiding solvent losses (Su et al. 2010; 
Choudhury et al. 2005). Unfortunately, the sole reliance on crystallization to 



Background

18 

achieve a full recovery of dilute IL solutions might not be feasible, since prelim-
inary solid-liquid equilibrium data revealed the need of extremely negative tem-
peratures, ca. - 75 °C for a coherent separation (Osmanbegovic et al. 2020). 

Hydrophilic ILs were found to create an aqueous biphasic system (ABS) when 
a kosmotropic salt such as potassium phosphate (K3PO4) was introduced (Gu-
towski et al. 2003). The ABS consisted of an IL-rich upper phase and a K3PO4-
rich lower phase made of hydrates. The separation efficiency was improved 
when the concentration of the added salt increased (Gutowski et al. 2003; Deng 
et al. 2009). This phenomenon is known as salting-out, and it follows the Hoff-
meister series (Dupont, Depuydt & Binnemans 2015), which originally ranked 
the strength of ions to precipitate proteins. Recently, the formation of the hy-
drate complexes was revealed to be favored because of the increase in the en-
tropy of hydration (Shahriari et al. 2012). ABS separation method can be con-
sidered as one of the alternative ways to remove water, yet it also adds another 
challenge to the recycling process in the separation of the kosmotropic salt from 
the IL.   

When constructing the optimum recycling strategy for the Ioncell solvent sys-
tem, combining one or more separation method may be of a higher benefit. For 
instance, an evaporation system for IL preconcentration followed by crystalliza-
tion, or a combined evaporation - pervaporation system. In the work herein, we 
selected vacuum evaporation as the recycling route, because it is the least com-
plex method, and eliminates any introduction of additional chemicals. Further-
more, multiple-effects evaporators have a better specific energy advantage than 
other methods. Meanwhile, we could optimize the generation of undesired-side 
products, and induced alterations in the solvent composition. Also, as men-
tioned above, this method has already proven its success in the recovery of 
NMMO, thus it appeared useful to establish a point of reference for the Ioncell 
process.  

3.7 Properties of Superbase-based ILs During Thermal Recovery

For fully ionic compounds, strong cohesive forces result from extensive inter-
acting charges. Typically, ionic bonds are characterized by very strong Cou-
lombic forces due to the high magnitude of the charges and the very short bond 
length (< 2 Å). On the other hand, the hydrogen bond in ILs operate on a fewer 
Ångströms (2.8 – 3.5 Å), and hence the low melting point. Nevertheless, in ILs, 
the ions experience interactions with the neighboring ions up to the third solv-
ation shells (Sklavounos et al. 2011). Therefore, it takes a lot of energy to over-
come the cohesive charge network during evaporation, which is reflected in the 
low vapor pressure of ILs.  

As aforementioned, the recovery of IL from the water coagulation bath takes 
place via the evaporation of the latter, which is usually achieved at elevated tem-
peratures and reduced pressures. Surely, the vapor pressure of the system re-
duces gradually while water is being removed. Baird et al. (2020) has shown for 
an aqueous [mTBDH][OAc] system at 350 K, around 115 mbar pressure corre-
sponded to a water content of 20 wt.%, the vapor pressure dropped to about 25 
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mbar when the water content was 5 wt.% (Figure 5 a). Under such elevated con-
ditions, a fraction of IL can vaporize during the removal of water. The mecha-
nism of evaporation was explained by the initial dissociation (de-ionization) of 
the ionic compounds into neutral acid and base, [BH][A]liq → [B]liq + [AH]liq, 
which are more prone to vaporization because of their weak interactions, [B]liq 
+ [AH]liq → [B]g + [AH]g (Ribeiro et al. 2017). Interestingly, although the acid 
has a higher volatility than the base, it was found that the base is more prone to 
vaporization from concentrated solutions (Ribeiro et al. 2018; Ahmad et al. 
2016). This is a result of the tendency of the acid to form hydrogen bonds with 
the IL in the liquid phase, protecting it from vaporization (Ribeiro et al. 2018). 
Under more drastic conditions, this phenomenon proceeds until an azeotropic 
composition is reached, where the system exhibits the best thermal stability 
(lowest vapor pressure) as noted in Figure 5 b  (Baird et al. 2020; Ribeiro et al. 
2018). Despite this, a build-up of neutral acid in the solvent system is undesired 
because the solvent strength is rather attributed to the presence of an equimolar 
ratio of anions and cations.   

 

    

(a) 

Figure 5. a. Vapor pressure for aqueous [mTBDH][OAc] of 1:1 ratio at different tempera-
tures. b. Vapor pressure of the aqueous [mTBDH][OAc] as a function of composition. Fig-
ures reprinted with permission from (Baird et al. 2020). Copyright (2020) American Chemi-
cal Society. 

(b) 
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For ILs of the same anion, the extent of the azeotropic composition can be di-
rectly related to their ionicity (Ribeiro et al. 2018; Ribeiro et al. 2017). ILs of 
high degree of ionization require higher energy to dissociate and evaporate. 
Since mTBD is a stronger base than DBN, the azeotropic composition of 
[mTBDH][OAc] is 3/2, which is less than the 5/3 of [DBNH][OAc] (Ahmad et 
al. 2016; Baird et al. 2020), reflecting a better thermal stability of the guanidine-
based IL. In the Lyocell process, the vaporized stream containing traces of IL 
compounds is condensed and can be further utilized as a first fiber washing step 
or recycled back to the coagulation bath to avoid solvent losses. 

Apart from the specific component vaporization, the presence of water may 
trigger nucleophilic reactions that cleave the unsaturated N–C bond in the am-
idine- and guanidine-based ILs (Hyde et al. 2019), producing undesired hydrol-
ysis products. This is induced at elevated temperatures. In a continuous Lyocell 
process, the accumulation of such hydrolysis products in the solvent will unde-
niably threaten the feasibility of the process, since large make-up IL will be re-
quired. For [DBNH][OAc], the hydrolysis reaction produces the primary amine 
1-(3-aminopropyl)-2-pyrrolidonium acetate ([APPH][OAc]), which under more 
drastic conditions may condense through an irreversible acetylation reaction 
yielding 1-(3-acetamidopropyl)-2-pyrrolidone (APPAc) (Parviainen et al. 2015). 
Similarly, for [mTBDH][OAc], a mixture of 1-[3-(methylammonio)propyl]-1,3-
diazinan-2-onemium acetate [H-mTBD-1][OAc] and 1-(3-ammoniopropyl)-3-
methyl-1,3-diazinan-2-onemium acetate [H-mTBD-2][OAc] is produced, which 
may also condense to 1-[3-(acetamido)propyl]-1,3-diazinan-2-one (A-mTBD-1) 
and 1-3-(acetamidopropyl)-3-methyl-1,3-diazinan-2-one (A-mTBD-2), respec-
tively (Hyde et al. 2019). Figure 6 displays the hydrolysis pathways of 
[DBNH][OAc] and [mTBDH][OAc]. 

 

       
In a study by Hyde et al. (2019), the extent of hydrolysis for the guanidine-based 
superbases 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) and mTBD was com-
pared to the amidine-based superbases 1,8-diazabicyclo(5.4.0)undec-7-ene 

Figure 6. Hydrolysis pathways for [DBNH][OAc] and [mTBDH][OAc].



Background

21 

(DBU) and 1,5-diaza-bicyclo[4.3.0]non-5-ene (DBN). Mainly, the guanidine-
based superbases exhibited greater resistance to hydrolysis than the amidine-
based ones, which is associated with the higher electron density at the sp2-hy-
bridized carbon of the guanidine (Hyde et al. 2019), and the presence of higher 
amount of ionic species. On the other side, a fast cleave of the of the ring strain 
takes place in DBU and DBN, observed in the small ΔG of -6.2 and -8.3 
kcal/mol, respectively, thus creating their primary amines (Hyde et al. 2019). 
Consequently, the hydrolysis rate was fastest for DBN > DBU > mTBD > TBD 
(Hyde et al. 2019). Although mTBD does not show the highest tolerance towards 
hydrolysis, especially compared to TBD, its lower melting point (17°C) makes it 
more favorable for the conversion to an IL with excellent dissolving properties 
of cellulose.  

3.8 Impurities and Side-Products in Ioncell

The presence of impurities in the solvent and the solute, besides the degrada-
tions occurring in the Ioncell process, will alter the composition of the solvent 
mixture. Unlike NMMO-based Lyocell, which requires stabilizers, the IL-based 
Lyocell does not need any extra chemicals, which simplifies the tracing of the 
possible degradations. 

On the solute side, impurities may originate from the raw materials (e.g. pulp 
and waste textile) in the form of inorganics, ash, residual hemicelluloses and 
lignin. At small inorganic concentrations, ions of high charge density (e.g. cal-
cium) may overcome the polarity of the IL, and trigger ion-exchange reactions 
that will undoubtedly modify the behavior of the solvent (Dupont, Depuydt & 
Binnemans 2015). At noticeable concentrations and in the presence of water, 
the inorganic salts may interact with the water causing the salting-in/out phe-
nomena for the ILs (Ventura et al. 2009; Gutowski et al. 2003). Hemicelluloses, 
e.g. xylan, can be dissolve in ILs at moderate concentrations (Roselli 2017), but 
it is expected that they precipitate in the coagulation bath during spinning. 
Meanwhile, a certain amount of lignin can be utilized during the spinning pro-
cess if carbon fibers are desired (Le et al. 2020; Ma et al. 2015). Beside impuri-
ties, one can expect minor losses in the degree of polymerization (DP) of cellu-
lose over the dissolution and regeneration stages (Parviainen et al. 2015). Since, 
in the presence of water, the unconjugated superbases create an alkaline envi-
ronment, which in turn, at higher temperatures, lead to alkali-induced peeling 
reactions, thus degrading sugars from the reducing end and producing carbox-
ylic acids.  

In the NMMO process, batteries of cation and anion exchangers are installed 
to remove the charged solute degradation products such as salts and carboxylic 
acids, however this is not convenient for ILs due to their ionic nature. In our 
trials, we were not able to analytically quantify the amounts of solute-based im-
purities in the system due to the small-scale of operation, and therefore they 
were not part of this work. Although, they did not affect the stability of the pro-
cess, yet in the future, it is critical to develop specific purification techniques for 
a continuous process. 
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On the solvent side, impurities are traced back to the superbase synthesis pro-
cess. One example is the appearance of traces of the precursor TBD in mTBD. 
The synthesis process proceeds via the methylation of TBD using an alkylating 
agent such as dimethyl carbonate (Welter 2012). After the reaction is completed, 
the product (mTBD) is distilled out of the system (Welter 2012), though frac-
tions of TBD may still reside with the final superbase. TBD per se is a superbase, 
but only a certain content of TBD can be accepted since its elevated melting 
point necessitates intense processing temperatures. The precursor of DBN is a 
lactam (Welter 2012), which is an impurity as it is not a cellulose solvent and 
therefore should only be present in DBN in minimal amounts. 

Additionally, the solvent deviations taking place during the thermal recovery 
negatively affects the solvent system. For instance, the hydrolysis reaction con-
sumes the superbase, and therefore requires a make-up. Parviainen et al. (2015) 
correlated the diminishing solvation power of a recovered [DBNH][OAc] to-
wards a 7 wt.% cellulose with the accumulated content of [APPH][OAc]. Also, 
the strong hydrogen-bond acidity of the residual water in the recovered solvent 
may induce the anion solvation of the IL (Zhao et al. 2013; Liu et al. 2011), thus 
diminishing its basicity and causing the IL to exit the dissolution window de-
fined earlier (Hauru et al. 2012). Figure 7 trace the effect of water in decreasing 
the Kamlet-Taft terms. Similarly, the build-up of excess acetic acid (from the 
base vaporization) is also undesirable, as it is not a cellulose solvent and can 
form hydrogen bonds with the IL that may conflict with the cation-cellulose in-
teractions. 

 

                  
It is therefore clear that the increase in one or more of the previous factors can 
compromise the dissolution quality. Herein, we identify the main parameters 
influencing the solvent power as water, hydrolysis products and A/B molar ra-
tio. For simplification, we refer to them later in this work as solvent alterations.  

 

Figure 7. Effect of water on the Kamlet-Taft parameters of the 
solvents. Reprinted with permission from (Hauru et al. 2012). 
Copyright (2020) American Chemical Society. 
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4. Experimental

4.1 Cellulose, Ionic Liquids and Other Raw Materials

Cellulose of an ECF bleached birch prehydrolysis kraft pulp (Pure by Stora Enso, 
Enocell mill, Uimaharju, Finland) was used as the sole biomass source through-
out this research. The pulp (Enocell) was delivered in the form of pulp sheets 
and ground in a Wiley mill to 0.5 mm prior of usage. The pulp dry mater content 
(D.M.C.) was 94.5 – 95.5 wt.%. The intrinsic viscosity of Enocell was 494 ml/g, 
while the main characteristics are available in Table 2. 

 
Table 2. Enocell pulp sugar analysis, brightness and molar mass distribution.

Cellu-

lose

Hemicelluloses 

(C5+C6)

Lignin ISO-

bright-

ness

Mn Mw PDI
DP > 

2000

DP < 

100

% % % % kDa kDa - % %

Enocell 

pulp
92.7 6.8 0.5 89.9 44.5 160.5 3.6 12.2 4.8

 
The superbases were received as follows: DBN (99 %) from Fluorochem, UK and 
DBU (98 %) from Merck, Germany. mTBD was received from different suppliers 
due to its limited availability, Paper I & III and A.T. 1 & 2 (98 %, BOC Sci-
ences, USA), Paper II (99 %, University of Helsinki, Finland). [emim][OAc] (> 
95 %) was available from Merck, Germany. In addition to the ILs, NMMO·H2O 
(98%, Alfa Aesar, Germany) was purchased and used as such. University of Hel-
sinki, Finland supplied the hydrolysis products of [mTBDH][OAc], [ΣH-
mTBD][OAc], which comprised of ~90 mole% [H-mTBD-1][OAc] and ~10 
mole% [H-mTBD-2][OAc]. Likewise, it supplied the [APPH][OAc]. TBD of 99.2 
% purity was available from BOC Sciences, USA and used as such. Table 3 sum-
marizes all the main materials and additional components per publication / 
A.T. 

 
Table 3. List of raw materials per set of trials.

Publications and trials
Materials

Cellulose & ILs Additional components

Paper I
Enocell pulp

Fresh [mTBDH][OAc]
-
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Fresh [DBNH][OAc]

Fresh [DBUH][OAc]

Fresh [emim][OAc]

Fresh NMMO·H2O

Paper II

Enocell pulp

Fresh and recovered [mTBDH][OAc]

Fresh and recovered [DBNH][OAc]

-

Paper III

Enocell pulp

Fresh [mTBDH][OAc]

Fresh [DBNH][OAc]

[ΣH-mTBD][OAc]

TBD

Acetic acid

mTBD

[APPH][OAc]

H2O

A.T. 1
Enocell pulp

Fresh [mTBDH][OAc]
-

A.T. 2
Enocell pulp

Recovered [mTBDH][OAc]
-

4.2 Methods

4.2.1 IL Synthesis 

Synthesis of equimolar ILs took place via adding stoichiometric glacial acetic 
acid (100%, Merck, Germany) to the respective base in a controlled temperature 
glass reactor. To avoid IL crystallization during solvent synthesis, the vessel 
temperature was kept at 70 ℃ for [DBNH][OAc], [DBUH][OAc] and 80 - 90 ℃ 
for [mTBDH][OAc]. After all the acid was added, the reactor continued stirring 
at the corresponding temperature for an additional 60 min to ensure complete 
reaction. 

4.2.2 Cellulose Solution Preparation 

In general, the protocol for dope preparation was almost the same in all trials. 
Only minor variations existed as specifically indicated in the later section. Ini-
tially, the IL bottles were melted in a water bath at 80 – 85 ℃ for 2 hours. There-
after, the liquid solvent was poured into a vertical kneader to which Enocell pulp 
of 13 wt.%, total mass, is later added. Table 4 includes the applied kneader con-
ditions during cellulose dissolution for the fresh as well as the recovered solu-
tions. The purpose of vacuum, shown in Table 4, is to eliminate entrapped air 
bubbles from the solution. 
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Shortly after kneading, the homogeneous cellulose solution is filtrated in a hy-
draulic press filtration system (150 – 200 bar, metal filter fleece, 5 – 6 μm ab-
solute fineness). Finally, the clear solution is shaped to a mold (adequate to the 
spinning unit cylinder), wrapped against moisture and stored in a cool dry place. 
Figure 8 displays the steps of dope preparation. 

 

 

Table 4. Kneader conditions for cellulose dissolution in the Lyocell solvents. 

Solvent Condition T Pressure Time Mixing speed 

   mbar min rpm 

[mTBDH][OAc] Fresh 85 11-20 90 30 

 Recovered 75 - 85 11-20 75 30 

[DBNH][OAc] Fresh 80 11-20 90 30 

 Recovered 80 11-20 75 30 

[DBUH][OAc] Fresh 95 20 90 30 

[emim][OAc] Fresh 80 20 90 30 

NMMO·H2O Fresh 95 20 90 30 

a 

c d 

b 

Figure 8. Steps of dope preparation. a. IL and cellulose mixture before dissolution. 
b. Homogeneous cellulose solution after kneading. c. Dope filtration. d. Dope shap-
ing for spin unit dimensions. 
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In A.T. 1, using [mTBDH][OAc], a 12 and 14 wt.% cellulose solutions were pre-
pared on top of the standard 13 wt.% solution. In the same trials, a 13 wt.% cel-
lulose dope was prepared under atmospheric pressure. In A.T. 2, using 
[mTBDH][OAc], the prepared dopes were not filtrated prior to spinning. 

Cellulose Dissolution Study in Presence of Solvent Alterations 
In Paper III, additional components were introduced to the [mTBDH][OAc] 
and [DBNH][OAc] ILs in order to mimic the alterations in the solvent composi-
tion taking place during solvent thermal recovery, and therefore monitor the 
dissolution capability of the adjusted solvent towards cellulose. These altera-
tions composed of hydrolysis products, changing the A/B ratio and water. A list 
of the added components is summarized in Table 5. Based on the findings of 
these trials, certain dopes were selected for the fiber spinning process. 

Table 5. Concentration of solvent alterations in [mTBDH][OAc] and [DBNH][OAc].

IL H2O* Hydrolysis products* A/B molar ratio* [TBD][OAc]*,**

wt.% wt.% - wt.%

[mTBDH][OAc] 1 – 10 0 – 40 0.8 – 1.6 up to 30

[DBNH][OAc] 1 – 7.5 0 – 20 1 – 1.2 -

*The percentages are solvent-based

**Added individually with no other components than the IL.
 

[mTBDH][OAc] alterations. For the dissolution trials in [mTBDH][OAc], only 
small amounts of dope of 25 g were prepared because of the costly price of the 
base (~ 4000 € per kg) and the numerous experiments planned. As explained 
in Paper III, a Box-Behnken design of 27 experiments was utilized when plan-
ning for these trials. The design aimed to study the combined effect of H2O, [ΣH-
mTBD][OAc] and different AcOH/mTBD ratio when present in the IL. Also, the 
dissolution time (30 – 120 min) was also taken into consideration. The dissolu-
tion conditions were 85 ℃, 30 rpm and 15 mbar. The role of TBD was similarly 
studied for cellulose dissolution. But TBD was solely introduced with no other 
alterations. Cellulose dissolution took place at 85 ℃, 30 rpm and 15 mbar. 

Another set of trials was performed under atmospheric conditions to further 
clarify the contribution of pressure during cellulose dissolution, also described 
in Paper III. However, the fiber spinning of these dopes was not carried out 
because the role of vacuum is essential for removing air bubbles and homoge-
nizing the dope. This is particularly important when elevated solvent alteration 
exist, which might create inhomogeneous solutions. 

Using Axio Zeiss A1 optical light microscope, several images were taken in po-
larized mode in order to quantify the extent of dissolution (Elsayed et al. 
2020b). 

[DBNH][OAc] alterations. The protocol for [DBNH][OAc] was different since 
DBN is more prone to hydrolysis (in the presence of water), and in Paper II 
showed lower tolerance to side-products (Elsayed et al. 2020a). For these rea-
sons, it was preferred to introduce the H2O, [APPH][OAc] and different 
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AcOH/DBN ratios, in small incremental steps individually and as combined pa-
rameters to explore both scenarios. In order to limit the undesired side reac-
tions, we initiated and monitored the cellulose dissolution in the heated stage 
(80 ℃) of the Axio Zeiss A1 optical light microscope to minimize the dissolution 
sample, which significantly shortened the dissolution time to around 9 min 
(Elsayed et al. 2020b).  

4.2.3 Fiber Spinning 

To simplify the fiber spinning protocol in this thesis, it is easier to allocate the 
different trials to the corresponding fiber spinning units as seen in Table 6. Two 
customized dry-jet wet piston spinning units (Fourné Polymertechnik, Ger-
many) were available, KS-80 of 2.5 L and KS-15 of 0.1 L.  

 
Table 6. Allocation of the trials to KS-80 and KS-15.

Publication and trials Spinning unit Spinbath solution recovery

Paper I KS-80 No

Paper II KS-80 Yes (5 cycles for [mTBDH][OAc] 

and 1 cycle for [DBNH][OAc])

Paper III KS-80 and KS-15 No

A.T. 1 KS-80 No

A.T. 2 KS-15 Yes (20 cycles)

Trials with the KS-80 Fiber Spinning Unit 
The filtrated and solidified (from storage) dope was first placed into the spin-
ning cylinder and melted over a period of 2 – 3 hours. Usually, the applied tem-
perature was set to the spinning temperature + 5 – 10 ℃. After melting, the 
piston unit was set in motion to extrude the cellulose solution through the spin-
neret holes into the air-gap and finally into the water coagulation bath (110 – 
125 L), where the fiber regeneration took place (Figure 9). An axial draw force 
was applied to the fibers by spinning godets, which stretched the fibers domi-
nantly in the air-gap and in the subsequent coagulation phase until complete 
regeneration occurred. The regenerated fibers were finally collected on the spin-
ning godets. 
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The spinning temperature corresponded to a η0 of 20 000 – 35 000 Pa.s, which 
throughout the different trials matched 80 – 95 ℃. For all trials, a spinneret of 
200 holes x 100 μm diameter and length-to-diameter (L/D) ratio of 0.2 was 
used, except for one spinning trial in A.T. 2 where a 400 holes spinneret (with 
the same hole dimensions) was utilized. The extrusion speed (Ve) was 3.5 – 5.5 
m/min. The air-gap was set to 1 cm and the bath temperature was fixed at 10 – 
12 ℃. The draw ratio (DR) is the ratio of the godet speed to the extrusion speed. 
The term maximum draw ratio (DR max) was given to the DR at which the spin-
ning process can proceed for ≥ 5 min without breakages and beyond which com-
plete breakages are triggered. Commonly, a DR of 11 – 12 was needed in order 
to yield fibers of textile properties (~ 1.3 dtex) at the given spinning conditions. 
In other cases, to test the spinnability of the dope, we reached the DR max as in 
the case of Paper III.  

After the spinning procedure came to an end, the collected fibers were in-
stantly cut to 4 cm pieces. Following this, the fibers were washed for 2 hours at 
70 ℃, while changing the water to fresh at half-time. 

Trials for KS-15 Fiber Spinning Unit 
The spinning capacity of the KS-15 unit was 0.1 L. For this volume, we utilized 
a single-hole spinneret to spin valuable dopes and for trials with many recovery 
cycles, which was the case for dopes from [mTBDH][OAc] in Paper III and 
A.T. 2 (20 recovery cycles). Using this setup, dopes of only 15 – 25 g were suf-
ficient for the spinning process. This allowed the use of a substantially smaller 
spinbath of 4 L. The setup of KS-15 spinbath (Figure 10), portrayed in our recent 
publication (Guizani et al. 2020), enabled the fiber to freely flow from the im-
mersion to the exit positions as a result of a drag force exerted by the water. The 
difference in elevation between the exit and immersion positions, the former 
being slightly shorter, created a constant movement of water inside the bath, 
which even accelerated in the lower tube because of the smaller cross-sectional 

Figure 9. KS-80 spinning unit.
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area. Outside of the bath, an external godet is placed to stretch the fibers for a 
higher DR.  

  
The air-gap and bath temperature were 1 cm and 10 – 12 ℃, respectively. The 
single-hole spinneret was of 100 μm diameter and L/D ratio of 2, and the extru-
sion speed was 1.3 m/min. Both the spinneret and the extrusion speed were con-
stant in all runs. Likewise, the DR was increased to 12 or to DR max according 
to the purpose of the spinning process. The spinning temperature ca. 85 ℃ of 
the [mTBDH][OAc] dopes was equivalent to η0 of 25 000 – 35 000 Pa.s. 

In A.T. 2, an additional [mTBDH][OAc] was added to the spinbath (10 – 40 
wt.%) during spinning to test the spinnability of [mTBDH][OAc] dopes in aque-
ous solutions of 20 wt.% [mTBDH][OAc]. This IL also served as a make-up to 
compensate for the combined losses accounting from the solvent residues in the 
spinbath and the thermal recovery stages.  

After spinning, the collected fibers were cut and washed in the same way as 
explained earlier.  

Fiber Spinning Troubleshooting 
The lab scale fiber spinning is a sensitive procedure, involving multiple param-
eters that may compromise the stability of the process. Thus, it takes time for 
the personnel to master this technique. In this section we summarize few of the 
common problems that might arise during batch spinning. 

Of course, all the aforementioned conditions (spinning temperature, spinbath 
temperature and air-gap distance) are important to be kept within minor fluc-
tuations. However, other factors are also essential to be checked. The spinneret 
holes must be kept clean with no residues from previous spinning occasions. 

Figure 10. KS-15 unit with additional IL in spinbath. 

By: Valeria 
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This can be done by immersing the spinneret, directly after spinning, in an ul-
trasonic bath for few hours then using pressurized air to remove micro-regen-
erated particles. The acceleration during increasing the DR has to be in a small 
stepwise manner rather than big leaps. The center point of the spinneret must 
vertically coalign with the breaking roller/plate in the spinbath. It is advisable 
to sandpaper the breaking roller/plate regularly to reduce friction. 

In some occasions, increasing the spinning temperature can minimize the for-
mation of agglomerates. In other occasions, the filaments are broken with the 
least applied draw. This usually reflects a high spinning temperature and re-
quires cooling of the dope. Also, increasing the piston extrusion speed can some-
times help. Often, when the dope is about to end, entrapped air between the 
piston and the head of the spinning solution diffuses through the spinneret 
holes, which destroys the filaments and leads to total breakage.   

4.2.4 Spinbath Recycling 

Prior to recycling, the spinbath solution was first filtrated by a filter paper of 12 
– 15 μm particle retention size (VWR). The recovery of the IL from the water 
took place through successive thermal treatments. An overview for the process 
including the recycling steps as adopted in Paper II is sketched in Scheme 1. In 
general, the large volume of the spinbath solution from the KS-80 spinning pro-
cess, and the substantially insignificant IL concentration in the spinbath, re-
quired a pre-concentration evaporation step. An available centrifuge evaporator 
(Alfa Laval Centritherm) was used to concentrate the solution at a 50 kg/hr 
flowrate. The internal evaporator conditions were 400 rpm, 62 °C and 250 
mbar. Due to the large amount of the distillate stream, containing only traces of 
IL as explained in Chapter 5.3, it was disposed with no further recycling. Mean-
while, the residue streams (IL-rich) were collected and further concentrated in 
a two-stage agitated thin-film evaporator (UIC GmbH, RF10) (TFE-1 and TFE-
2) displayed in Figure 11. The heating jacket was made of stainless steel of a 0.1 
m2 area of heat transfer. A condenser was installed after each TFE to recovery 
the distillate stream and recycle it to the spinbath of the following cycle. 
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In A.T. 2 (KS-15 trials), the spinbath concentration was adjusted to 20 wt.% IL 
during spinning. This and the fact that the spinbath volume is only 4 L made the 
pre-concentration step in the centrifuge evaporator unnecessary. 

Table 7 shows the temperature and pressure used in the TFE-1 and TFE-2. The 
pump flowrate and agitation speed were fixed to 3.5 kg/hr and 400 rpm, respec-
tively. Directly after the TFE, a condenser at 2 °C was fixed to condense and trap 
the vapor stream from the evaporator. Also, a cold trap containing liquid nitro-
gen was installed and utilized for the safety of the vacuum pump. The IL finally 
recovered from TFE-2 was recycled back to be used for the dissolution of 13 wt.% 
cellulose in the following cycle. 

Scheme 1. General overview of the process showing cellulose dissolution, spinning 
of regenerated fibers and recycling of the diluted IL. 

Figure 11. Thin-film evaporator unit 
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Table 7. Conditions of the thin-film evaporators (TFE).

TFE-1 TFE-2
Trial IL Number of 

cycles
Feed Tem-
perature

Temper-
ature

Pres-
sure

Temper-
ature

Pres-
sure

°C °C mbar °C mbar

Paper 
II

[mTBDH][OAc] 5 22 61 20 82 17

[DBNH][OAc] 1 22 61 20 75 17

A.T. 2 [mTBDH][OAc] 20 22 61 20 82 17

4.2.5 Dress Making 

The suitable fibers spun from the dopes of fresh and recovered [mTBDH][OAc] 
were combined to prepare a demonstration dress designed and executed by 
Marimekko Oy, Finland. The fibers of the dress comprised 38 wt.% Ioncell fi-
bers, weft, and 62 wt.% warp Tencel fibers. It was essential to incorporate Tencel 
fibers since the weaving mill (Söktas Tekstil A.Ş, Turkey) operates on industrial 
capacities, and therefore requires large amount of fibers for the process of the 
machines. 

Spin and Yarn Finishing 
The spin finishing of the Ioncell fibers was carried out with a mixture of Afilan 
CVS:Leomin PN (80:20) (Archroma, Switzerland) of 0.83 g/L in the treatment 
bath and 20:1 liquor-to-dry fiber ratio. The treatment lasted for 5 min at 50 ⁰C. 
Thereafter, the fibers were pressed to 0.25 % spin finish before air-drying. Next, 
the dry fibers were opened using fiber opener Trash Analyzer 281C Mesdan Lab, 
Mesdan S.p.A., Italy, and conditioned over night at 20 °C and 65 % relative hu-
midity. 

For yarn spinning, 25 g fiber batches were carded using Carding Machine 
337A, Mesdan Lab, Mesdan S.p.A., Italy, to produce a fiber web and subse-
quently into a sliver. Using a drafting machine (Stiro Roving Lab 3371, Mesdan 
Lab, Mesdan S.p.A, Italy), each sliver was elongated and doubled with another 
sliver before further elongation. Thereafter, the slivers were false-twisted to 
form a roving. The spinning of the yarn proceeded with a ring spinning machine 
(Ring Lab 82BA, SER.MA.TES Srl, Italy) employing a Z direction twist. The 
twist factor (αe) and the target yarn count were 4.2 and 20 tex (Nm 50/1, Ne 
30/1), respectively. In total, the yarn incorporated 900 twists per meter. 

Yarn Tensile Testing 
The yarn was conditioned before the measurements at 20 ± 2 °C and 65 ± 2 % 
relative humidity. Following this, a MTS 400 tensile tester equipped with 50 N 
load cell was used to determine the tenacity and elongation thereof. The test 
employed a 250 mm/min test speed, 250 mm gauge length and 30 specimen 
count. The average linear density value was evaluated from a 10 m hank of yarn 
(n = 14). The tensile testing for commercial Tencel yarn (20 tex, Nm 50/1, Ne 
30/1) was provided by Orneule Oy, Finland, which incorporated 880 twists per 
meter also with a Z torsion. 
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Weaving and Printing 
In Söktas weaving mill, the Ioncell yarn (20 tex Z 900) was used as a filling yarn 
(weft yarn) in the weaving machine (Picanol, Belgium), while the warp yarn was 
the commercial Tencel yarn (Nm 50/1, Ne 30/1). The weaving produced a twill 
structure with a density of the warp and weft yarns of 48 and 29 yarns/cm, re-
spectively. The fabric width was 150 cm with a mass per unit area of 139 g/m2, 
containing 62 wt.% Tencel yarn and 38 wt.% Ioncell yarn. 

Post-weaving, the fabric was treated to remove impurities, and improve dyes 
adsorption. In the same mill, the singening process eliminated all protruding 
fibers, while the warp sizes were removed in the desizing process. Thereafter, 
the fabric was washed to remove dirt. A cold mercerization using NaOH 20⁰ Bé 
was performed to improve dye uptake (Goswami et al. 2011). Finally, the fabric 
was wash cleaned with cellulase enzyme (Morgado, Cavaco-Paulo & Rousselle 
2000; Carrillo et al. 2003) before final drying. 

Printing took place in the Marimekko Oy printing mill (Finland). The selected 
design for the print was “Unikko”, designed by Maija Isola in 1964, employing a 
navy-blue reactive dye (Huntsman Novacron P). The printing was done by a ro-
tary-screen printing machine, and fixed by a steamer at 103 °C saturated steam 
for 8 min. After fixation, washing was done (95 °C) to remove unfixed dye and 
printing paste. Next, the fabric was dried and transported for fabric finishing 
back in Söktas mill. A sequence of fabric finishing was performed to improve 
the visual and final touch of the textile. First, a resin finishing mixture (resin + 
low density polyethylene resin (LDPE) + MicroSilicone + wetting agent, no acid) 
improved wrinkle recovery (Jaturapiree et al. 2011). A mechanical Pentek fin-
ishing gave a soft touch to the fabric, and finally, the sanforizing process reduced 
the shrinkage of the fabric (Ahn et al. 2005). 

Dress Making 
Dress sewing took place in Marimekko facilities in Finland. The interlining fab-
ric (belt, collar, cuffs, and front pieces) was attached to the main fabric by steam 
ironing at 141 ⁰C for 12 s. The edge text for the dress was transfer printed on the 
fabric by steam ironing at 160 °C for 15 s. 

Fabric testing was conducted by Marimekko and Intertek. The tests included 
color fastness: to alkaline and acid perspiration (EN ISO 105-E04), to washing 
at 30 and 40 ⁰C (EN ISO 105-C06), and to rubbing (EN ISO X-12). For abrasion 
resistance and pilling determination, the Martindale-equipment was used fol-
lowing the EN ISO 12947-2 and EN ISO 12945-2, respectively. The tensile 
strength of fabric was determined according to the EN ISO 13934-2 grab-test. 
Moreover, the tearing strength of the fabric was determined according to the 
ISO 13937-1 using Elmendorf equipment. Following ISO 13936-1, the resistance 
to the seam slippage was determined by the fixed opening method. The dimen-
sional changes were determined after laundering at 30 ⁰C. All the test results 
were evaluated in comparison to a the commercial Tencel control fabric with the 
similar weave structure, fabric density and fabric weight. 
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4.3 Analytics

4.3.1 Cellulose Solutions and Fibers 

Light Microscopy 
Small samples were taken after dope preparation for light microscopy analysis 
to quantify the extent of dissolution via the Axio Zeiss A1 optical light micro-
scope (equipped with a polarizer). The microscopy images were taken at a 1296 
x 972 resolution via a 5x magnification power in cross-polarized mode and an-
alyzed using ImageJ v1.52t software. Furthermore, in Paper III, a Python 
script was developed to auto-analyze the dissolution extent in multiple images 
(Elsayed et al. 2020b). In principle, the software converted all blue, green and 
red (BGR) pixels into a shade of grey with an integer of 0 to 255 (white = 255 
and black = 0). Next, we introduced a threshold of 50 to differentiate between 
black and white pixels. The software then quantified the ratio of the white pixels 
(undissolved) to black pixels (dissolved) in the image.  

Rheological Characterization 
The shear rheological properties were analyzed using an Anton Paar MCR 302 
rheometer with a plate and plate geometry (25 mm plate diameter, 1 mm gap 
size). For the cellulose solutions, an oscillatory measurement was selected for 
temperatures of 60 – 120 °C in steps of 5/10 °C, 0.01 – 100 s-1 ω, and a 1 % 
constant shear rate. The test recorded the η*, G’ and G’’. By fitting the data to 
the Cross-viscosity model, as in the below equation, the η0 was determined for 
every temperature, where C and p are (cross) time and rate constant, respec-
tively. 

 
(1) 

Master curves for the η*, and G’ and G’’ were derived from the reduced variables 
via the WLF time–temperature superposition at 85 and 90 °C. The shift factors 
and reduced variables were calculated as previously described (Sammons et al. 
2008). The neat ILs were also measured within the range of 20 – 100 °C. 

Molar Mass Distribution of Cellulose 
The molar mass distribution (MMD) was determined by a gel permeation chro-
matography system (Dionex Ultimate 3000 HPLC). The HPLC contained a pre-
column (PLgel Mixed-A, 7.5 x 50 mm), four analytical columns (4 x Agilent 
PLgel Mixed-A. 7.5 x 300 mm), a Shodex RI-101 refractive index and a Vis-
cotek/Malvern SEC/MALS 20 multi-angle light-scattering detector. Samples 
preparation took place via cellulose activation through a solvent exchange pro-
cess (Potthast et al. 2015; Potthast et al. 2002). Lithium chloride/N,N-dime-
thylacetamide was used as a solvent. The determination of the detector con-
stants was conducted with a narrow polystyrene standard (Mw = 96 000 g/mol, 
Đ = 1.04) in a 0.9 % Lithium chloride/N,N-dimethylacetamide. A broad poly-
styrene standard (Mw = 248 000 g/mol, Đ = 1.73) was utilized for the detector 
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calibration. For celluloses in 0.9 % LiCl in N,N-dimethylacetamide, a 0.136 
mL/g ∂n/∂c (refractive index increment) was used. 

The peaks were smoothened using the LOESS smoothing function, 0.1 span, 
available in Origin 2019b software. Afterwards, we calculated the degree of 
polymerization (DP), number average molar mass (Mn) and weight average mo-
lar mass (Mw). 

Scanning Electron Microscopy 
Utilizing a Zeiss Sigma VP SEM (1.5 kV acceleration voltage), the cross-sectional 
images of the fibers were obtained. The fibers were pre-sputter coated with Au. 

Tensile Properties 
The fibers tensile properties: breaking tenacity, breaking force, elongation at 
break and linear density, were measured on an automatic single-fiber tester 
(Favigraph, Textechno, Germany) for conditioned and wet properties. The fi-
bers were pre-conditioned over night at 20 °C and 65 % relative humidity. The 
test employed a 20 mm gauge length, 200 mm/min speed, 20 specimen count 
and a of 5.9 ± 1.2 mN/tex pretension weight (according to DIN the 53816 stand-
ard). The Young’s modulus of the fibers was estimated from the stress strain 
curves according to ASTM standard D2256/D2256. 

X-Ray Diffraction 
Wide-angle X-ray scattering (WAXS) measurements for the fibers were con-
ducted by a SmartLab (RIGAKU) instrument (45 kV, 200 mA and 1.5418 Å). 
First, the fibers were cut and pressed into pellets. Thereafter, the fibers diffrac-
tion data were obtained in a continuous line scan mode, θ/2θ geometry from 5° 
to 60° 2θ. Azimuthal profiles of (020) diffraction peak were scanned with chi 
scan mode. Air diffraction profiles were also determined without fibers and un-
der the same conditions and deducted from the sample’s intensity. Noise from 
the data was removed by the Savitzky-Golay function (29 window size and a 
polynomial order of 1). 

For each sample profile, the background profile ( ) was estimated using 
a smoothing method applying the Savitzky-Golay filter (8° to 55° 2θ), 201 win-
dow size (corresponding to 4° by 2θ) and polynomial order of 1. The estimation 
of the background was iterated 50 times until no pronounced reduction in the 
area was observed. From this data, the crystallinity index (CI), ratio of the of 
total intensity and background intensity, was calculated from 9° to 50° 2θ ac-
cording to equation 2. 

  

The background profiles were fitted (lmfit) with four pseudo-Voigt functions 
for (1-10), (110), and (020) equatorial diffraction peaks, and a (002) meridian 
diffraction peak. 

From the azimuthal profile, the Herman’s orientation parameter, between the 
cylindrical longitudinal direction and the crystallographic c-axis of unit cell, was 
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derived assuming cylindrical symmetry along the fiber as previously explained 
(Yoshiharu et al. 1997). 

Birefringence 
Fibers total orientation ( ) was measured on a polarized light microscope (Zeiss 
Axio Scope) equipped with a 5λ Berek compensator. The estimation of the bire-
fringence, Δn, was possible by dividing the retardation of the polarized light by 
the fiber thickness, while the  was determined by dividing the Δn by the max-
imum birefringence of cellulose (0.062) (Jürgen, Josef & E. 2009). A  
means full randomness in the orientation, while  means the chains are 
perfectly aligned. 

The estimation of the amorphous orientation ( ) is achieved from equiation 
(4) by knowing the , the crystallinity  and the crystalline orientation . 

where 0.91 is the ratio of the cellulose amorphous to the crystalline densities. 

4.3.2 Pure IL and IL-Rich Solutions 

Kamlet-Taft Parameters 
The empirical Kamlet-Taft solubility parameters were measured for fresh 
[mTBDH][OAc] and [DBNH][OAc]. The dyes 4-nitroaniline (NA, Sigma), N,N-
diethyl-4-nitro-aniline (DENA, Sigma) were available, while the 2,6-dichloro-
(2,4,6-triphenyl-1-pyridino) phenolate dye (WB) was prepared according to the 
earlier protocol (Kessler & Wolfbeis 1989). The dyes were dissolved in acetone 
to yield a 30 mmol concentration. Thereafter, a 10 μl DENA, 30 μl NA, and 100 
- 500 μl WB were taken to Eppendorf tubes and let to evaporate all the acetone. 
A 500 μl of IL was later added to each tube separately. The samples were heated 
in an oven at 100°C for 5 min and vortexed to ensure the dissolution of the dyes 
in the IL. Then, the samples were transferred to glass corvettes and the UV spec-
tra was recorded on a Shimadzu UV-2550 spectrophotometer at 70 °C  for the 
wavelengths (λ) of 200 - 600 nm. The peaks were observed as follows: 402 – 
414 nm for λDENA, 398 - 406 nm for λNA and 518 - 585 nm for λWB. A Gaussian fit 
function was applied to calculate the peak maxima. Using the below equations, 
we could calculate the di-polarity polarizability ratio (π*), the hydrogen bond 
acidity (α), the hydrogen bond basicity (β) and the solvent polarity values 
(ET(30) and ET(33)) as descriptors for cellulose solubility in ILs. 
 

   (4)

   (5)
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Thermogravimetric Analysis and Differential Scanning Calorimetry 
Thermogravimetric analysis (TGA) for the pure equimolar [mTBDH][OAc] and 
[DBNH][OAc] was performed under N2 atmosphere on a Q500 TGA (TA Instru-
ments, Germany) for the temperature range of 40 to 900 °C.  

Differential Scanning Calorimetry measurements (DSC) of the pure equimolar 
[mTBDH][OAc] and [DBNH][OAc] were done on a Q2000 MT-DSC (TA Instru-
ments, Germany) for the same temperature interval.  

Nuclear Magnetic Resonance 
Composition analysis of the fresh [mTBDH][OAc] and [DBNH][OAc] as well as 
their concentrated (recovered) streams from TFE was carried out by a proton 
nuclear magnetic resonance spectroscopy, 1H NMR (Bruker 400 MHz Ultra 
Shield NMR), using the solvent dimethyl sulfoxide, DMSO-d6 (Sigma-Aldrich, 
purity > 99.9 %). Eight transients were measured with a 2.5 s acquisition time 
at 23 °C. The spectra, peaks and chemical shift were identified on MestReNova 
software. 

Karl Fischer Titration 
The water content of the fresh and the recovered ILs was determined by a Metler 
Toledo Karl Fischer device ready with a DL38 volumetric titrator. The samples 
were dissolved in Hydranal Methanol Rapid solvent and titrated with Hydranal 
Composite 5 (Fluka Analytical). 

4.3.3 Dilute IL Solutions  

Capillary Electrophoresis 
The capillary electrophoresis (CE) device, Agilent 7100 (Santa Clara, USA), an-
alyzed the dilute IL solutions (distillate streams) containing mTBD, DBN, and 
their hydrolysis products. The unit was equipped with a diode-array detector 
and an air-cooling device for the capillary cassette. A calibration curve for each 
component was first acquired at 0.01 to 0.2 mg·mL−1. A 0.02 mg/mL Benzyltri-
methylammonium chloride (Sigma Aldrich, Germany) was used as an internal 
standard. The measurement separation voltage was - 25 kV for mTBD and its 
hydrolysis products, and - 20 kV for DBN and its hydrolysis products. The sam-
ples were injected for 10 s at 25 °C and 10 mbar. The UV detector was set to 200 
nm. The background electrolyte solution was composed of sodium acetate 
buffer (pH 4.0) with the ionic strength of 10 mM and 20 mM for the superbases 
and their decomposition products, respectively. The pH of the background elec-
trolyte solutions could be adjusted with 1 M NaOH or 1 M HCl. Before usage, the 
buffer was filtered with a 0.45 μm PVDF filters (Phenomenex, Denmark). 

The concentration of the acetate was analyzed via a Hewlett Packard 3D CE 
model G1600GX (Agilent, Germany). The acetate calibration curve 0.0025 to 
0.2 mg/mL was initially measured (correlation coefficient 0.9997). The internal 
standard for the acetate measurements was 0.05 mg/mL Propionic acid (Acrõs 
Organics/Thermo Fischer Scientific, Belgium). The samples were injected at 45 
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mbar, 25 °C for 10 s. A separation voltage of -10 kV and UV-Vis detector of 254 
nm were used. The background electrolyte solution was composed of 20 mM 
2,3-pyridinedicarboxylic acid (Sigma-Aldrich, Germany) and 0.3 mM myri-
styltrimethylammonium hydroxide (100 mM concentrate, Waters, USA) in 
10:90 (v/v) MeOH:H2O. The pH of the solution was adjusted to 9 with a 25 % 
(v/v) ammonia (VWR international, Belgium). The buffer was filtered through 
a 0.45 μm PVDF filter (Aireka Cells, Hong Kong) before use. 

4.4 Simulation for the Energy Demand for IL Recycling

A model was built using Aspen Plus V11 software to simulate the energy demand 
during the recovery of the [mTBDH][OAc]/water system. The model design was 
based on a NRTL method with specific binary interactions as previously de-
scribed by Baird et al. (2020). The model included the interactions of water with 
the IL at an AcOH/mTBD molar ratio of 1 and 3/2 (the azeotropic composition), 
while it did not include the interactions of the hydrolysis products. The design 
consisted of a heater and a flash separator, which simulate a single-effect evap-
orator. Based on this, we were able to run a sensitivity analysis to calculate the 
heat of vaporization (Hvap), at atmospheric pressure, resembled in the heat duty 
of the flash separator at dew point, for different feed water concentrations. We 
also estimated the energy demand to recover an 80 wt.% water/IL solution to 
reach 5 wt.% residual water in the concentrated IL using equation 9. The feed 
stream was at 25 °C and 1 bar. The heater and flash separator conditions were 
80 °C and 1 atm and 80 °C and 55 mbar, respectively. 

 

 (9) 
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5. Results and Discussion

5.1 Lyocell Solvents for Cellulose Dissolution and Fibers Regen-
eration

The role of the amidine-based ILs [DBNH][OAc] and [DBUH][OAc], the guan-
idine-based IL [mTBDH][OAc], and NMMO·H2O, were researched in their abil-
ity to dissolve commercial dissolving pulp to produce a 13 wt.% cellulose solu-
tion for dry-jet wet spinning of Lyocell fibers. The aim was to show good perfor-
mance of the ILs so that we could select few of them for recycling in later re-
search. The Kamlet-Taft solubility parameters of the [DBUH][OAc] were re-
ported earlier by Kuzmina et al. (2017). As illustrated in Table 8, we also ex-
tended the study to [DBNH][OAc] and [mTBDH][OAc]. All ILs comprised pa-
rameters, β – α and β, which fit in the good dissolution window of cellulose that 
was described earlier (1.2 > β > 0.8 and 0.9 > β – α > 0.35) (Hauru et al. 2012). 

 
In Paper I, all the equimolar pure ILs and NMMO·H2O readily dissolved 13 
wt.% cellulose in 90 mins without complications. The rheology of the Lyocell 
solutions has been previously discussed (Hummel, Michud & Sixta 2011; Smith 
et al. 2013; Sammons et al. 2008; Chen et al. 2009). The dope viscoelastic be-
havior allows the shear thinning of the solution in the capillary during extrusion, 
where chain orientation already initiates, also it prevents breakages during the 
stretching when uniaxial stress is applied by the godets (Nishiyama et al. 2019; 
Hummel et al. 2015). Frequency sweep oscillatory measurements of the dopes 
revealed non-Newtonian solutions, outlined in Figure 12 b. The master curves 
helped to estimate η* via extrapolating the data to even low ω (< 0.01 s-1).  Typ-
ically, at such small ω, a Newtonian plateau of η* is dominant, which changes to 
a shear thinning slope upon increasing ω until the curves superimpose. Figure 

Table 8. Kamlet-Taft parameters of [DBUH][OAc], 
[DBNH][OAc] and [mTBDH][OAc].

IL α β β-α

[DBUH][OAc]* 0.56 1.05 0.48

[DBNH][OAc] 0.53 1.10 0.57

[mTBDH][OAc] 0.42 1.17 0.75

 *Values adapted from (Kuzmina et al. 2017).
Copyright (2020) Royal Society of Chemistry.
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12 b displays a comparable η* for all solutions, although the NMMO·H2O- and 
[DBUH][OAc]-based dopes had slightly larger η0 of 30 000 Pa.s at 90 °C, com-
pared to a 30 000 at 85  °C and  80  °C for [mTBDH][OAc]- and [DBNH][OAc]-
based dopes, respectively. The larger η* of [DBUH][OAc]- than [DBNH][OAc]-
based dopes is in agreement with solution viscosities reported by Kuzmina et al. 
(2017). 

Kosan et al. (2008) introduced a hypothesis relating the role of the size of the 
cation in the state of cellulose solution. Cations of smaller size diffuse easier be-
tween the cellulose strings and loosen the interchain bonds, thus reducing the 
solution viscosity. Whereas, cations of larger size, or longer side groups, have 
less power (Kosan, Michels & Meister 2008). However, this can only be partly 
true as the viscosity of the neat IL greatly influences the viscosity of the prepared 
solution. The rheology of the neat pure ILs (Figure 12 a) revealed a higher vis-
cosity for the [DBUH][OAc] followed by [mTBDH][OAc] and [DBNH][OAc]. In 
Figure 12 c, the dynamic moduli, G’ and G’’, were akin for all cellulose solutions, 
which is a good feature as the spinning specifications can be achieved via minor 
alterations in the dope temperature. 

(b) 

(c) 

Figure 12. Rheological properties of the neat ILs (a) and of the IL-cellulose solutions: b. 
Complex viscosity master curves at 90 °C. c. Dynamic moduli, G’ and G’’, at 90 °C. 

(a) 
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The fiber spinning of the dopes proceeded via a dry-jet wet spinning process 
at a temperature corresponding to a η0 of 30 000 Pa.s. Only minor agglomerates 
were formed during spinning that are typical for a small-scale batch spinning 
process. The scanning electron microscopy images of the fibers, at DR 2 and 12, 
show a correlation of increased stretching on uniforming the fibers and elimi-
nating surface irregularities (Elsayed et al. 2021). The structural properties of 
the regenerated fibers were accessed by birefringence and WAXS measurements 
to estimate the crystalline and amorphous regions, summarized in Table 9. 

 
All Lyocell fibers demonstrated high orientation and crystallinity ( ,  and  
even at a DR of 2, which is a result of the axial chain orientation of the polymer 
taking place in the air-gap. In some cases, especially at DR 2,  was slightly 
bigger than . Such divergence is associated with discrepancies in fibers spun 
from low DRs that have a more prominent amorphous density ratio than the 
general value (0.91). Compared to  of a regular viscose fiber (0.025) (Jiang et 
al. 2012), the studied Lyocell fibers had a substantially greater birefringence 
(0.038 – 0.046). The worse birefringence of viscose is a result of the wet spin-
ning process in which the filaments are instantly regenerated in the bath, creat-
ing an amorphous structure with only a few crystalline regions (Kreze & Malej 
2003). The increase in DR enhanced  and  of the fibers, where a plateau in 
the  could be noted already at DR 5. Interestingly,  of the IL-based fibers was 
somewhat higher than of NMMO-based fibers. Contrarily, the increase in DR 
didn’t improve  of the fibers as it was already pronounced at low DR.  

Figure 13 depicts the evolution of tenacity and elongation upon increasing the 
DR. At DR 3, all fibers had tenacities between 30 – 46 cN/tex, which already 
exceeds the regular viscose fiber (Fink et al. 2001; Jiang et al. 2012; Hummel et 
al. 2015). As expected, a linear correlation between the total orientation and 
tensile properties of the fibers was evident (Krässig & Kitchen 1961; Adusumalli 

Table 9. Fibers birefringence measurements and structural 
analyses (WAXS).

DR [DBUH][OAc] [mTBDH][OAc] NMMO [DBNH][OAc]

2 0.042 0.038 0.041 0.040
5 0.042 0.043 0.041 0.043
12 0.043 0.046 0.041 0.044
2 0.68 0.61 0.66 0.64
5 0.68 0.69 0.66 0.69
12 0.70 0.74 0.66 0.71
2 0.35 0.34 0.32 0.35

5 0.36 0.36 0.33 0.35

12 0.38 0.36 0.35 0.35

2 0.79 0.74 0.73 0.71

5 0.80 0.80 0.79 0.86

12 0.83 0.80 0.79 0.85

2 0.68 0.60 0.69 0.66

5 0.67 0.68 0.65 0.66

12 0.68 0.77 0.65 0.69
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et al. 2009); The increase in the DR to 12 resulted in fibers of linear density 
between 1.2 – 1.3 dtex with improved tenacities, and corresponds to elongations 
of about 12.3 % for NMMO·H2O and [DBNH][OAc]-based fibers, and about 10 
% for [DBUH][OAc]- and [mTBDH][OAc]-based fibers. The shorter stretchabil-
ity of the [mTBDH][OAc]- and [DBUH][OAc]-based fibers was also reflected in 
a high elastic modulus of  17.4 and 16.2 GPa, respectively. On the other side, a 
smaller modulus was observed for [DBUH][OAc]- and NMMO-based fibers 
with 13.9 and 14.4 GPa, respectively. 

 
From the results above, we notice only minor discrepancies in the properties of 
the regenerated fibers from the Lyocell solvents, also clear in the analogous rhe-
ology of the respective dopes. This is comprehensible since the dissolution and 
regeneration mechanism of cellulose in these ILs is akin, deeming them suitable 
solvents for producing textile-grade fibers. However, the hydrothermal stability 
of the ILs, and tolerance to side-products can favor some on others. 

5.2 Dissolution of Cellulose in Altered ILs 

We selected [mTBDH][OAc] and [DBNH][OAc] to proceed with the dissolution 
studies of 13 wt.% cellulose in the ILs of altered composition (Paper III), and 
the comparative recycling and spinning of the ILs in the Lyocell process (Paper 
II). The choice of the guanidine-based superbase is based on the promising re-
sults over DBN and DBU in resisting hydrolysis reactions as outlined by Hyde 
et al. (2019), also confirmed in our patent application (WO2018138416A1) 
through internal kinetic studies related to IL degradations. [DBNH][OAc] was 
used to symbolize the amidines, in addition to serving as a reference since it is 
the solvent employed in multiple of the Ioncell publications (Haslinger et al. 
2019b; Haslinger et al. 2019a; Ma et al. 2015; Ma et al. 2015; Asaadi et al. 2016). 

5.2.1 Effect of [mTBDH][OAc] Alterations 

In order to understand the influence of the changes occurring in the solvent 
during thermal recovery (residual water, hydrolysis generations and change in 
AcOH/mTBD ratio), we decided to alter the solvent composition to include 
these parameters while attempting to dissolve the same cellulose concentration 

Figure 13. Mechanical properties, tenacity and elongation, of the regenerated fibers at DR 3 - 
12.  
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(13 wt.%).  Under atmospheric pressure, the extent of dissolution was assessed 
for different concentrations of alterations in [mTBDH][OAc] (Table 10). The 
dissolution thresholds were defined here as good for 97 % dissolution, partial 
for 80 – 97 % and bad for less than 80%. These ranges of the dissolution were 
qualitative; however, it is known in industry that a few percentile of undissolved 
cellulose can turn the whole process into unprofitable. Therefore, it is necessary 
to keep the content of dissolved cellulose close to 100 % (> 97 % in this trial).  

 
As illustrated in Table 10, while only water is present at ≤ 8.75 wt.%, an excellent 
dissolution could be achieved of > 97 %. The dissolution extent is worsened 
upon raising the water content to 10 wt.% as seen in Table 10, experiment 3. For 
combined alterations, experiments 4 to 6, a maximum of 5 wt.% water is ac-
cepted when the hydrolysis products and AcOH/mTBD ratio are 1.15 and 7.5 
wt.%, respectively. The increase in hydrolysis products and AcOH/mTBD ratio 
necessitates further reduction in the water content to 3 wt.% (experiments 7 – 
10). 

Usually, applying vacuum is essential during dope preparation to homogenize 
the solution and to remove the entrapped air bubbles (degassing), which other-
wise may diffuse during the spinning process through the spinneret capillaries, 
and ultimately causing filament breakages. The reduced pressure may also aid 
in the removal of solvent-residual water from the recovery process. Hence, we 
conducted another set of trials under fixed reduced pressure (15 mbar) to cover 
a wider range of solvent alterations using the Box-Behnken design model. More-
over, dopes having good extent of dissolution qualified for the fiber spinning 
process. Figure 14 describes the extent of cellulose dissolution in 
[mTBDH][OAc]-containing solvent alterations; three water levels are displayed 
1, 5.5 and 10 wt.% covering the ranges of 0.8 – 1.6 AcOH/mTBD ratio and 0 – 
40 wt.% hydrolysis products ([ΣH-mTBD][OAc]). Aside from the previous pa-
rameters, the dissolution time (30 – 120 min) in the kneader was also included 

Table 10. Dissolution of 13 wt.% cellulose in [mTBDH][OAc] 
under atmospheric pressure, 85 °C for 90 min with single and 
combined compositions of solvent alterations.

No. Composition Dissolution

H2O AcOH/mTBD [ΣH-mTBD][OAc]

wt.% molar ratio wt.% %

1 7.5 1 0 99.7 ± 0.6

2 8.75 1 0 97.5 ± 4.2

3 10 1 0 92.6 ± 6.4

4 5 1.15 7.5 99.6 ± 0.9

5 6.25 1.15 7.5 88.4 ± 4

6 7.5 1.15 7.5 93.8 ± 2.7

7 3 1.2 10 99.8 ± 0.1

8 3 1.2 20 99.6 ± 0.3

9 5 1.2 5 95.4 ± 2

10 5 1.2 10 90.5 ± 9
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in the initial design model. Nonetheless, due to its trivial coefficient, it was ra-
ther excluded from the model as explained in Paper III. Incorporating pres-
sure, as a varied parameter, in this model would have complicated the study  
since it intertwines with residence time, temperature, water content and degree 
of applied vacuum. Thus, increasing the number of experiments and conse-
quently, the level of uncertainties.  

   

The statistical variance of the model including the main and interacting param-
eters was reported in Paper III. The design center point composition com-
posed of 5.5 wt.% water, 20 wt.% hydrolysis products, 1.25 AcOH/mTBD ratio 
and 75 min dissolution time. The case of 1 wt.% water objectively simulates the 
existence of water in the system as a result of the pulp moisture content, while 
5.5 and 10 wt.% water cases depict the IL condition during recovery. In all fig-
ures, the guanidine-based IL had an elevated endurance to the combined alter-
ations. As anticipated, the increase of water reduces the IL acceptance to other 
alterations (hydrolysis products and AcOH/mTBD ratio) and vice versa. At 5.5 
wt.% water (Figure 14 b), the thresholds in attaining a high extent of dissolution 
are ~ 25 wt.% hydrolysis products and AcOH/mTBD ratio of 1.38 in the IL. At 
the combined center point composition, where greater combined alterations 
dominate, only a partial dissolution was achievable at 88 %. When the concen-
tration of water in the combined alterations reach 10 wt.%, Figure 14 c, the re-
gion of partial dissolution is shifted towards milder concentrations of hydrolysis 

(a) (b) 

(c) 
Figure 14. Dissolution contours for 13 wt.% cellulose in [mTBDH][OAc] in different AcOH/mTBD and 
hydrolysis products compositions at 1 wt.% water (a), 5.5 wt.% water (b) and 10 wt.% water (c). 
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products and AcOH/mTBD ratios with 22.5 wt.% and 1.32, respectively. These 
concentrations only indicate the thresholds of cellulose dissolution in the al-
tered IL and are not directly quantitative to the recovered IL specifications. In 
other words, it can be possible to remove the water from the solvent while pre-
serving the IL composition (AcOH/mTBD ratio and hydrolysis products) at 
even lower figures. 

Based on the previous figures, it is clear that vacuum plays a role in the re-
moval of water from the system during dissolution. For example, although Fig-
ure 14 b and Table 10 (experiment no 9 and 10) feature similar water content (5 
and 5.5 wt.%), an increased tolerance of hydrolysis products and AcOH/mTBD 
ratio is noticed for the trial employing vacuum. Despite this, it was not possible 
to quantitively measure the amount of vaporized water from the system since 
the initial dopes (25 g) comprised a water content corresponding to 0.22 – 2.2 
g, which can be easily entrapped in the tubing of the vacuum system. In a scaled-
up process, it may be useful to initiate the dissolution in a solvent containing a 
relatively high water content (~ 10 wt.%) to decrease the solution viscosity, and 
consequently the work needed for pumping, while complete dissolution can be 
obtained under vacuum during degassing and homogenizing stages.  

For the fiber spinning process, we chose certain dopes that belonged to the 
region of good dissolution, in addition to the dope of the design center point 
composition and a dope prepared from pure equimolar [mTBDH][OAc]. The 
properties of the solutions and the spun fibers thereof are available in Table 11. 
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All dopes that belonged to the region of good dissolution displayed η0 akin to 
the pure equimolar solution with only minor deviations (Figure 15 a). The same 
was noted for the dynamic moduli, where the overlapping between the storage 
modulus and the loss modulus only slightly varied (Figure 15 b); The maximum 
frequency recorded was 1.01 s-1 for the COP of 4420 and 3589 Pa, which is still 
comparable to the dynamic moduli recorded for the pure equimolar dope. 
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Therefore, the results confirmed that the alterations in the IL, while below the 
good dissolution limitation, merely changed the viscoelastic properties of the 
prepared solutions. On the other hand, the partially dissolved solution displayed 
a low ω in combination with a high complex viscosity, suggesting a pronounced 
elastic modulus. However, this behavior is mainly attributed to the portion of 
undissolved polymer that falsely distorted the measurement. 

 
Spinning of regenerated cellulose fibers was carried out on the KS-15 unit using 
the mono-hole spinneret. The maximum achieved DR and the fibers tensile 
properties from the conditioned measurements are provided in Table 11. The 
results agree with the trend of the rheology measurements; a high DR max was 
easily obtained for all dopes of the good dissolution region. Moreover, at DR 8, 
the tensile properties of the regenerated fibers were comparable to the fibers 
from pure, equimolar IL. The tenacities of the fibers slightly varied between 37.6 
– 48.7 cN/tex. For the dope with only 10 wt.% water and 1.25 AcOH/mTBD (10), 
we witnessed deteriorated tensile properties that are also reflected in a DR max 
of 8. Previously, we attributed the inferior properties to the increased initial wa-
ter content, but this can also be due to a mechanical shortcoming from the spin-
ning unit since the KS-15 spinning unit is very sensitive as previously explained 
in the methods section. In contrast, the spinning of the dope of the design cen-
ter-point composition had multiple agglomerates that increased the difficulty of 
the regeneration process. The tensile properties of the fibers thereof were worse. 

These results can serve as an important guideline for the specifications of the 
recovered IL. They imply that if the alterations in the IL during thermal recovery 
are below the thresholds of good dissolution, indicated above, then the dissolu-
tion capability, fiber spinnability and fiber properties should not deteriorate. 

The work also included the mTBD precursor, TBD. As stated in Paper III, 
while adding only [TBDH][OAc] to the IL, a high cellulose dissolution extent 
was possible for even 30 wt.% of the [TBDH][OAc]. It is of course undesired to 
have such lofty concentrations since the immense melting point associated with 
[TBDH][OAc], 157 °C (Kuzmina et al. 2017), will undoubtedly require intense 

Figure 15. Rheological properties of cellulose solution from altered [mTBDH][OAc] solvent. 
a. η0 b. dynamic moduli. The curve terminology is as follows: Experiment number (water 
wt.%, AcOH/mTBD ratio and [ΣH-mTBD][OAc] wt.%). Experiment 1 (0.1 wt.%, 1, 0), 2 (1 
wt.%, 0.8, 20 wt.%), 3 (1 wt.%, 1.25, 20 wt.%), 7 (5.5 wt.%, 1.25, 0), 8 (5.5 wt.%, 1.25, 20 
wt.%), 10 (10 wt.%, 1.25, 0). 

(a) (b) 
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temperatures for processing, and might even undergo partial precipitation in 
the process. The spinning of 5 and 10 wt.% [TBDH][OAc] solutions produced 
fibers of about 52 cN/tex and 7.2 % elongation at DR 12. These findings are ben-
eficial for the Ioncell process as mTBD of imperfect purity can still be accepted, 
which will cut extra purification costs. 

5.2.2 Effect of [DBNH][OAc] Alterations

Table 12 reveals the findings of individual and combined alterations, in addition 
to a pure equimolar trial sample (1) as a reference.  
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It was necessary to first identify the endurance of [DBNH][OAc] towards indi-
vidual alterations before adding combined alterations. This approach was based 
on our earlier experience with this IL that usually exhibited higher sensitivity 
towards composition changes. In general, we can summarize for the individual 
alterations (no. 2 – 10) that a water content up to 5 wt.% can yield good disso-
lution extents. The dissolution is then hindered upon further increasing the wa-
ter content. Also, the loss modulus, depicted in ω, shifted from 0.96 s-1 at 3 wt.% 
(no. 2) to 1.24 s-1 at 5 wt.% (no. 3), reflecting a growing viscous behavior of the 
dope. A relation between the decrease in DR max and the rise in the concentra-
tion of the individual alterations was visible. The increase in the water content 
from 1 to 5 wt.%, negatively affected the DR max that reduced from 16 to 12, 
respectively. The same trend is found for the hydrolysis products; a maximum 
of 15 wt.% [APPH][OAc] is accepted in the IL while maintaining a DR max of 12. 
On the other side, the slight change in the AcOH/DBN ratio to 1.1 already killed 
the dissolution capability towards 13 wt.% cellulose (no. 5). Consequently, at a 
1.15 AcOH/DBN ratio, the viscoelasticity of the solution was distorted, and no 
cross-over point was detected. Appendix 1 Figure A1 monitors the progress of 
cellulose dissolution under light microscopy for the individual alterations, 5 
wt.% water, 15 wt.% hydrolysis products and 1.1 AcOH/DBN ratio. Based on 
these dissolution results, we optimized the range of combined alterations (no. 
11 – 17), which revealed that an AcOH/DBN ratio of 1.05 or less is crucial for 
good dissolution and spinnability. This, in combination with 3 wt.% water and 
about 5 wt.% [APPH][OAc] can be considered as the target specification of the 
solvent to achieve good cellulose dissolution. Any step-increase in the main pa-
rameters negatively affects the dissolution (Appendix 1 Figure A2), and the DR 
max. 

In comparison to [mTBDH][OAc] tolerance to alterations, [DBNH][OAc] 
proved to be the more sensitive IL which may be associated with its weaker ion-
icity (base) and lower β – α. In order to confirm this hypothesis, the study of the 
Kamlet-Taft parameters needs to be extended in the future to include these IL 
alterations. This also highlights the challenge for the recycling of the 
[DBNH][OAc] in Ioncell since it is critical to preserve its composition below 3 
wt.%, 1.05 and 5 wt.%, water, AcOH/DBN and [APPH][OAc], respectively. 

5.3 Recycling of ILs in the Lyocell Process: A Comparison of
[mTBDH][OAc] and [DBNH][OAc]

5.3.1 ILs Recycling 

A comparison of the hydrothermal stability of [mTBDH][OAc] and 
[DBNH][OAc] in the Lyocell process was summarized in Paper II (Elsayed et 
al. 2020a). [mTBDH][OAc] was used to dissolve and spin a 13 wt.% cellulose 
concentration with the KS-80 unit. After spinning, the spinbath solution was 
thermally concentrated in multiple evaporation steps as illustrated in Scheme 1. 
The amount of recovered [mTBDH][OAc] reduced every cycle because of han-
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dling losses arising over the different batch steps, nevertheless, the applied con-
ditions achieved a residual water content of only 2.2 – 3.1 wt.% in the recovered 
IL (Table 13).  

 
Owing to the large volume of the spinbath (110 – 125 L), and the expensive cost 
of the mTBD base, it was not possible to pre-adjust the solvent concentration in 
the spinbath prior to recovery (e.g. to 20 wt.% IL). Consequently, the energy 
demand for the recovery of 0.1 – 1.5 wt.% IL in spinbath (Table 13) is tremen-
dously high and therefore, the recovery scheme is only applicable in a lab scale 
process. The expensive cost of the guanidine-based superbase synthesis and pu-
rification is due to its limited production capacity, which endangers the profita-
bility and sustainability of a large process. Yet, the future expansion of the ILs 
in the Lyocell process will simultaneously correspond to developing more af-
fordable synthesis pathways of the superbases. 

During the thermal recovery, alterations in solvent composition took place as 
previously noted. Remarkably, in Table 14, only minimal hydrolysis products 
were detected in the solvent during the recovery of [mTBDH][OAc] in TFE-1 (61 
°C and 20 mbar), while the amount was even below the detection limit for the 
centrifuge evaporator (62 °C and 250 mbar) probably because of the low ther-
mal load employed within these stages.  
 

Table 13. Residual water concentrations of [mTBDH][OAc] streams before and after the 
consecutive evaporator units measured by Karl-Fischer (KF) titration.

Cycle
Spinbath* After centrifuge evap-

orator
After TFE-1 After TFE-2 (Recovered IL)

wt.% wt.% wt.% wt.%

Fresh 
IL

- - - 0.2 ± 0.01

1 98.5 ± 0.1 54.4 ± 1.2 15.1 ± 1.1 3.1 ± 0.1

2 98.8 ± 0.2 76.9 ± 0.5 14.3 ± 0.3 2.2 ± 0.05

3 99.2 ± 
0.04

93.7 ± 0.4 29.2 ± 1.2 2.7 ± 0.05

4 99.7 ± 
0.02

90.7 ± 0.4 26.6 ± 0.8 2.8 ± 0.02

5 99.9 ± 
0.01

92.8 ± 0.6 57.6 ± 3.2 2.6 ± 0.04

* Values calculated indirectly by capillary electrophoresis (CE) as the difference between the total sample 
amount and the total amount of the measured compounds (base, acid and degradation products).
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In TFE-2 the combination of temperature and pressure, 82 °C and 15 mbar was 
sufficient to yield the desired water content (Table 15). Meanwhile, a small 
amount of hydrolysis products was detected (average of 1.6 wt.%) over the five 
cycles. Also, the AcOH/mTBD ratio of the solvent deviated, from the equimolar 
ratio of the fresh IL, to reach an average of 1.12. Figure 16 displays the NMR 
spectra of the recovered solvent over five cycles. The spectra show the relative 
increase in the integral of the methyl protons of the acetate, 1.62 ppm, to that of 
the mTBD, 2.97. The peaks of H-mTBD-1 and H-mTBD-2 are observed at 2.24 
and 2.76 ppm, respectively. Interestingly, we did not detect any APPAc in these 
trials. These alterations fall within the region of good dissolution (Figure 14 a) 
and pose no threat to the quality of the dissolution, which was confirmed as the 
dissolution of the 13 wt.% cellulose was not hindered in any of the five cycles. 
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The recycling of [DBNH][OAc] followed the same scheme. Table 16 reveals a 3.3 
wt.% residual water and a significant 14.4 wt.% hydrolysis products in the re-
covered solvent. The AcOH/DBN ratio was also high (1.27). The consumption of 
the IL in the hydrolysis reactions resulted in only 86.4 wt.% of the recovered IL. 
Obviously, the composition of the recovered solvent did not allow the dissolu-
tion of cellulose in the following cycle. This is in alignment with the findings in 
Table 12 and justifies the bad dissolution mostly with the elevated AcOH/DBN 
ratio and APPH.  

Table 15. Fresh [mTBDH][OAc] composition and the composition of the concentrate and distillate 
streams in the TFE-2 during recycling. 

Cycle 

Concentrate stream Distillate stream ILTheor recovery 

rate 

[mTBDH][OAc] [ΣH-
mTBD][OAc] Water [mTBDH][OAc] [ΣH-

mTBD][OAc] 

wt.% AcOH/mTBD 
molar ratio wt.% wt.% wt.% of 

feed IL 
A/mTBD 

molar 
ratio 

wt.% of feed 
IL 

wt.% 

Fresh IL 99.8 0.99 - 0.2 ± 0.0 - - - - 

1 96.4 1.10 0.5 3.1 ± 0.1 1.5 ± 0.03 0.06 0.37 ± 0.01 99.3  

2 96.8 1.10 1.0 2.2 ± 0.1 0.9 ± 0.03 0.11 0.27 ± 0.01 99.1  

3 95.8 1.11 1.5 2.7 ± 0.1 0.6 ± 0.03 0.07 0.16 ± 0.02 99.9  

4 94.5 1.16 2.6 2.8 ± 0.0 0.2 ± 0.02 0.24 0.98 ± 0.14 99.1  

5 94.9 1.14 2.5 2.6 ± 0.0 0.3 ± 0.07 0.15 0.18 ± 0.01 99.9  

Avg. 95.7 1.12 1.6 2.7 ± 0.1 0.7 ± 0.04 0.13 0.4 ± 0.04 99.5 

Figure 16. Stacked 1H NMR of fresh and recovered [mTBDH][OAc] IL showing the peaks of the
acetate, the base and the hydrolysis products. 



Results and Discussion

53 

 

The extremely low extent of hydrolysis products in Table 15 suggests that an 
equilibrium between the amine and the mTBD base is reached at the respective 
TFE-2 conditions. The hydrolytic stability of the guanidine salt is better than the 
amidine counterpart mainly due to the higher ionicity of the [mTBDH][OAc], 
which reduces the amount of the unprotonated base that is prone to hydrolysis 
reactions. Also, the guanidine-based superbase expresses a higher electron den-
sity of the sp2-hybridized carbon in the mTBD ring that relatively protects the 
base against the nucleophilic reactions. Contrarily, a fast cleavage in the cyclic 
ring of the amidine is triggered producing APPH (Hyde et al. 2019). Earlier, it 
was reported that it was possible to reverse the hydrolysis reactions of DBN and 
DBU via heating in presence of catalytic acids under constant water removal 
(Oediger et al. 1966; Oediger, Möller & Eiter 1972). While this can revive the 
hope for DBN, the equilibrium composition between the lactam and the base is 
still unclear, and whether it can also yield the undesired amides. As discussed 
in Paper III, the hydrolysis content in the DBN IL (with combined alterations) 
must be suppressed below 5 wt.%, which adds challenges to the recovery of 
DBN.  

TGA and DSC results of pure [DBNH][OAc] and [mTBDH][OAc] are available 
in Figure 17). [DBNH][OAc] exhibited higher volatility with an onset tempera-
ture at 177 °C, while the onset temperature for [mTBDH][OAc] was at 199 °C. 
The same behavior can be expected to the recovered solutions from both ILs. 
This is attributed to the lower pKa of DBN compared to mTBD, and therefore it 
is expected that [DBNH][OAc] contains a higher fraction of neutral species that 
evaporates under thermal stress. The base diffusion rate is reflected in the A/B 
ratio of the ILs, where the AcOH/mTBD over the five cycles changed to 1.1 – 1.16 
in comparison to the AcOH/DBN of 1.27.  

Table 16. Fresh [DBNH][OAc] composition and the composition of the concentrate and dis-
tillate streams in TFE-2 during recycling.

Cycle

Concentrate stream Distillate stream ILTheor reco-

very rate

[DBNH][OAc] APPH Water [DBNH][OAc] APPH

wt.% AcOH/DBN molar 
ratio wt.% wt.% wt.% of feed 

IL
wt.% of 
feed IL

wt.%

Fresh IL 99.8 0.99 - 0.1 ± 0.01 - - -

1 86.4 1.27 14.4 3.3 ± 0.1 1.2 ± 0.3 2.1 ± 0.1 85.7



Results and Discussion 

54 

            

5.3.2 Solvent Recovery Rate 

Generally speaking, solvent losses in the Lyocell process occur as a result of 
losses in the fiber washing steps and solvent degradations that mainly take place 
during the recovery stages. In the NMMO-based Lyocell process, the coagula-
tion bath solution is pumped through a similar sequence of thermal recovery 
units, where the water evaporates until a residual 13.3 wt.% is reached at which 
the thermally stable NMMO·H2O solvent is formed. Over the decades, the recy-
cling of the NMMO solvent was constantly optimized to increase the recovery 
rate to more than 99 %. Strictly speaking, in the case of [mTBDH][OAc], not all 
the alterations occurring in the solvent during recovery are considered losses, 
since the distillate stream containing IL traces can be recycled back to the coag-
ulation bath. Additionally, residual water in the recovered IL can be accepted if 
it is kept below the threshold of the good dissolution limitations. It is, however, 
the accumulation of hydrolysis products that can amount to the solvent losses, 
and therefore the optimization of the process should proceed to limit and pre-
vent their generation. 

 In this thesis, we do not discuss the residual IL in the fibers after washing as 
it is rather left to separate research. Basically, the IL rate of recovery 
( ) can be simply estimated according to the below equation 

 (10) 

where the amount of IL was analyzed by NMR for the residue and feed 
streams, and by CE for the distillate stream. 

The contribution of the centrifuge evaporator and the TFE-1 in generating hy-
drolysis products was insignificant, and thus could be excluded. However, when 
applying this equation to TFE-2 in the [mTBDH][OAc] trials, we only get low 

Figure 17. TGA and DSC of the ionic liquids [DBNH][OAc] and 
[mTBDH][OAc].  
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recovery rates of 83 wt.% (cycle 1) to 50 wt.% (cycle 5), which are highly inaccu-
rate because the average value of hydrolysis products in the recovered IL is only 
1.6 wt.% as seen in Table 15. For instance, by applying equation 10 for Table 15 
cycle 2:  

 

 

The amounts of [mTBDH][OAc] and water in the feed, residue and distillate 
streams are given in Table A1, Appendix 2. The inferior recovery rates are largely 
due to the losses taking place inside the evaporator unit, where some of the IL 
remain trapped inside after all the feed is pumped through. This is why, we even 
observe a higher drop in the  as the number of cycles increase, e.g. 
cycle 5, because the amount of feed IL is reduced. For this reason, identifying 
the  with this principle in the current small-scale process is in-
convenient.  

Alternatively, a more accurate  can be estimated assuming that 
there are no losses taking place inside the unit, which should be the case in a 
continuous operation. While this is only theoretical, but it can be more repre-
sentative to the cycles herein. The amount of theoretical distillate (DTheor) and 
residue (RTheor) streams were calculated following a simple over all mass balance 
and a component (water) mass balance for the TFE-2 unit as seen below, 

  (11) 

 (12) 
 
where the amount of water was measured by Karl Fischer titration for the res-

idue and feed streams, and indirectly from CE measurements for the distillate 
stream. The new IL theoretical recovery rate ( ) can be easily 
calculated according to a modified version of equation 10.  

 

  (13) 

 
It is important to note that this approach also suffers from discrepancies arising 
from the different measuring techniques. The new   gives a 
99.1 - 99.9 wt.%, illustrated in Table 15, which are promising figures for the 
[mTBDH][OAc], but definitely lack the confirmation in a continuous process. 
An example of the calculations for Table 15 cycle 2 is given below assuming a 
feed of 100 g. 

 (12) 

by substituting this in equation 11, then the weights of the theoretical distil-
late and residue streams were 
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and therefore, the , equation 13, was 

 

On the other side, the  of [DBNH][OAc] was 85.7 wt.% (Ta-
ble 16) due to the significant hydrolysis products formation, deeming this sol-
vent as unfeasible and uneconomical for a large scale process. 

5.3.3 Energy Demand 

Generally, when the amount of water is high in the solution, basically only water 
is evaporating. On the other side, at low water concentrations, the equilibrium 
mixture of the IL-water increases the heat demand for evaporation. Figure 18 
show the heat of vaporization (Hvap) for the [mTBDH][OAc]/water solution sim-
ulated on Aspen Plus software at different water concentrations. This design 
model only considered an AcOH/mTBD molar ratio of 1 and did not include the 
effect of hydrolysis products. For very dilute solutions, where the water fraction 
is 1 – 0.3 wt/wt, we observed a plateau in Hvap of ~ 2265 J/g that is very similar 
to that of pure water.  On a molecular level, the 0.3 wt/wt is already equivalent 
to almost a water of 0.9 mol/mol, indicating that stronger molecular interac-
tions initiate at this concentration. This is also in alignment with the drop in the 
values of vapor pressure seen in Figure 5 a. The Hvap gradually increases to reach 
3590 J/g for about 0.05 water wt/wt, which can be considered one of the solvent 
specifications during recycling.  

             

Also, using the Aspen Plus software, we could extract initial figures for the en-
ergy demand of the thermal recovery process; To be able to concentrate a 20 

Figure 18. Heat duty for the [mTBDH][OAc]-water system, simulated by 
Aspen Plus V11 software.  
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wt.% IL solution to a 95 wt.% IL solution, a 65.36 GJ/ton of fiber is required, 
derived from equation 9 assuming a 13 wt.% cellulose concentration. This figure 
was based on the modelling of a single-effect evaporator and can be expected to 
decrease when additional effects are included.    

5.3.4 Properties of the Cellulose Solutions and Spun Fibers 

The rheological properties of the solutions of fresh and recycled (cycle 1 – 5) 
solvents are available in Table 17. The dopes of recycled [mTBDH][OAc] exhib-
ited an average η0 of 29 676 Pa.s, 3905 Pa COP at an ω of 0.79 s-1, with a narrow 
discrepancy. Furthermore, the dynamic moduli and complex viscosity were akin 
to those from fresh [mTBDH][OAc], confirming that the composition of the re-
covered ILs did not alter the viscoelastic properties of the solutions.  

 
The spinning of cellulose fibers was successful in all five cycles via the KS-80 
spin unit. During spinning, the applied draw on the fibers gradually increased 
until a DR of 12 was reached at which the fibers were collected. Table 17 show 
the MMD of the spun fibers Mn and Mw, and the degree of polymerization, Dp < 
100 and  Dp > 2000. The values reveal that fibers spun from fresh 
[mTBDH][OAc] almost fully preserved the MMD of the virgin PHK pulp. On the 
other hand, the GPC measurements detected slight degradations in the Mw and 
Mn of the fibers spun using recovered [mTBDH][OAc] from 49.3  and 158.4 kDa, 
cycle 1, to 47.6 and 148 kDa, cycle 5, respectively. This implies a narrower dis-
tribution (PDI) of the fibers spun from recovered IL. The same trend is visible 
in the slight reduction in the long polymer chain fraction,  Dp > 2000, 11.6 % 
(cycle 5) from 12.6 % (cycle 1). The existence of the short cellulose chains in the 
recovered IL did not have a visible impact on the behavior of the process. Nev-
ertheless, it will be necessary to develop a suitable separation method in a con-
tinuous large-scale process.  
The tensile properties and total orientation ƒt of the spun fibers from 
[mTBDH][OAc]- and [DBNH][OAc]-based solutions are summarized in Table 
18. A dtex of 1.2 – 1.3 corresponded well to the fibers at DR 12. Fibers from fresh 

Table 17. Rheological properties of the fresh and recycled dopes prepared from 
[mTBDH][OAc] and birch PHK pulp (13 wt.%), and the molar mass distribution of the fibers 
spun thereof. 

Rheological properties Molar mass distribution

Cycle
T η0 ω COP Mn Mw

DP > 
2000

DP < 
100

°C Pa.s s-1 Pa kDa kDa % %
Enocell 

pulp - - - - 44.5 160.5 12.2 4.8

1
(Fresh) 85 28 953 0.78 3 776 49.3 158.4 12.6 4.4

2 85 28 500 0.84 3 996 48.2 148.2 11.9 4.4

3 85 31 200 0.74 3 918 47.3 138.4 10.6 4.6

4 85 26 835 0.81 3 630 54.5 146.4 11.5 4.1

5 85 32 890 0.76 4 203 47.6 148 11.6 4

Avg. 85 29 676 0.79 3 905 - - - -

St.dev. 0 ± 2 379 ± 0.04 ± 218 - - - -
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[mTBDH][OAc]- and [DBNH][OAc]-based solutions retained similar tenaci-
ties, although the cycle 1 [mTBDH][OAc]-based fibers had somewhat less 
stretchability than those of [DBNH][OAc]-based fibers. This is in alignment 
with the previous tensile properties noted in section 5.1. Likewise, the ƒt of the 
[mTBDH][OAc]-based fibers was more pronounced than the fibers from the 
amidine-based IL. Fibers of cycle 2 and 3 (recovered ILs) showed the same prop-
erties as of cycle 1. In contrast, we observed inferior fiber properties, tenacities 
and elongation of cycle 4 and 5, which were associated with a mechanical short-
coming during the spinning process as a result of the very small dope sizes in 
the respective cycles as explained in Paper II. Another important aspect is the 
ability of the fibers from recovered [mTBDH][OAc] to preserve their high tenac-
ities under wet state (wet-to-dry tenacities of almost 1) in all cycles as demon-
strated in Table 18. 

 

 

5.3.5 Demonstration Dress 

The Paju dress was designed and executed by Marimekko to incorporate the 
yarn from fresh and recovered [mTBDH][OAc]. Also, it is a good possibility to 
test the fibers in industrial textile machines, like the ones in the Söktas mill. Due 
to the limited capacity of the Ioncell process, the fibers were used as weft, while 
it was necessary to include Tencel fibers as warp for the fabric production in 
Söktas mill. The Paju dress, Figure 19, composed of 62 wt.% Tencel fibers and 
38 wt.% Ioncell fibers. From the wearing trials, the fabric felt soft with a nice 
feeling on the skin. A slightly stiffer feeling was felt when drying after the first 
wash, yet this can be reversed by steam ironing the fabric which improved the 
softness of the garment. The yarn tensile strength and wearing tests are availa-
ble in Appendix 3 Table A2 and Table A3, respectively. 

 

Table 18. Tensile properties of conditioned fibers from [mTBDH][OAc] (cycles 
1-5) and [DBNH][OAc]

Fibers
Titer Tenacity Elongation ƒt Wet-to-dry tenacity

dtex cN/tex % - -

Cycle 1 1.2 ± 0.3 49.9 ± 3.8 9.5 ± 1.2 0.70 ± 0.06 0.99 ± 0.10

Cycle 2 1.3 ± 0.2 48.4 ± 2.8 9.3 ± 0.6 0.67 ± 0.06 0.99 ± 0.06

Cycle 3 1.2 ± 0.2 52.8 ± 3.2 10.1 ± 1 0.73 ± 0.11 0.97 ± 0.05

Cycle 4 1.3 ± 0.2 39.8 ± 4.6 7.5 ± 1.7 0.73 ± 0.04 1.01 ± 0.04

Cycle 5 1.2 ± 0.2 38.6 ± 3.3 8.5 ± 1.2 0.72 ± 0.07 1.01 ± 0.08

[DBNH][OAc] 1.2 ± 0.2 48.3 ± 2.8 13.7 ± 1.5 0.60 ± 0.11 0.97 ± 0.09
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5.4 Additional Spinning Using [mTBDH][OAc] 

 
The A.T. 1 were carried out to further inspect the spinnability of cellulose solu-
tions using fresh [mTBDH][OAc], and the properties of the fibers thereof. The 
13 wt.% cellulose solutions were prepared at 85 °C, 15 mbar, 90 min and 30 
RPM. The study employed a 200-hole spinneret and was performed with the 
KS-80 unit. Figure 20 extends the range of spun DRs to 15, up from 12 in Figure 
13. The trend shows a visible linear correlation between the increase in the DR 
and the improved strength of the fibers. The Young’s modulus also steadily in-
creases to reach about 18 GPa at DR 13 – 15 at which the fibers are of 1.08 – 1.04 
dtex. 

 

 
The master curves of the complex viscosity of the 12, 13 and 14 wt.% solutions 
(Figure 21 a) show the largest viscosity curve attributed to the 14 wt.% polymer 

Figure 19. Marimekko’s Paju dress (38 wt.% Ioncell
fibers and 62 wt.% Tencel fibers). Designer: Riikka
Buri, Marimekko. Photographer: Sebastian Johans-
son. 

Figure 20. Tensile properties of the fibers spun from a 13 wt.% cellulose solution with a 
Ve of 5.5 m/min using a 200 holes spinneret, illustrating the elongation, tenacity and 
young’s modulus for DRs 3 – 15. 
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concentration. The extrapolated η0 at 85 °C of the solutions was 18 600, 28 400 
and 45 500 Pa.s for the 12, 13 and 14 wt.% solutions, respectively. Moreover, 
due to the relatively large polymer concentration in the 14 wt.% solution, the 
shear-thinning phase initiated prior to the ones of lower concentrations, agree-
ing with the studies by Sammons et al. (2008) and Hummel et al. (2011). Also, 
a higher elastic modulus of the 14 wt.% solution is depicted in Figure 21 b, where 
the COP of the dynamic moduli is triggered at lower ω than the 12 and 13 wt.% 
solutions. 

 

 
All solutions were spun at a temperature equivalent to 30 000 Pa.s, 77, 85 and 
92 °C for the 12, 13 and 14 wt.%, respectively. The tensile properties, Figure 21 
c, specify that all fibers from the different concentrations have almost matching 
tenacities, however fibers from 13 and 14 wt.% solutions exhibited slightly better 
elongation.   

In addition to the previous trials, we were also interested in testing the spin-
nability of a 13 wt.% cellulose solution prepared under atmospheric pressure to 
access whether the entrapped air bubbles in the dope solution can disturb the 
spinning process. Interestingly, the dope spinning was smooth with no signifi-
cant interruptions. In another trial, a 400-hole spinneret was used instead. Ta-
ble 19 summarizes the tensile properties of the spun fibers from the 13 wt.% 

Figure 21. Comparison of 12, 13 and 14 wt.% cellulose solutions of [mTBDH][OAc]. a. 
Complex viscosities of the solutions. b. Dynamic moduli of the solutions. c. Tensile proper-
ties of the spun fibers at DR 11. 

(a) (b) 

(c) 
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cellulose solutions. With the 400-hole spinneret, we observed more stability 
during spinning when the temperature was decreased from 85 °C (30 000 Pa.s) 
to 77 °C (40 000 Pa.s). Besides the number of holes, other spinneret parameters 
can modify the spinning conditions such as hole density and geometry of the 
inner capillary, which were not investigated in these trials.   

 

 

5.5 Additional Recycling Using [mTBDH][OAc]

An extended set of trials, A.T. 2, took place over 20 cycles to dissolve and spin 
13 wt.% cellulose using [mTBDH][OAc] IL, and recover the dilute solvent 
thereof. The study was performed on the KS-15 spin unit using a single-hole 
spinneret and the 4 L coagulation bath. The purpose of these trials was first to 
test the coagulation of the cellulose filament in a spinbath-containing higher IL 
concentrations, which was possible because of the small volume of the KS-15 
coagulation bath. Consequently, this eliminated the need of the centrifuge evap-
orator during the solvent recovery process. Therefore, the solvent was recycled 
only via TFE-1 and TFE-2 units. Additionally, we wanted to study the effect of 
numerous recycling cycles on the solvent properties. Figure 22 a describes the 
composition of the recovered IL from TFE-2. It comprised a residual water in 
the range of 3.4 – 4.6 wt.%, hydrolysis products of 0.4 – 2.7 wt.% and an 
AcOH/mTBD ratio of 1.08 – 1.16. Likewise, this composition allowed complete 
dissolution of cellulose in all cycles. Interestingly, the dopes were not filtrated 
before spinning, which had no effect on the spinnability of the dopes.  

While adopting the same term defined above, we can de-
duce that 97.8 – 99.5 wt.% of the IL was recovered with the remainder amount 
consumed in the hydrolysis reactions as seen in Figure 22 b. In this trial, it is 
clear that there is no accumulation in the hydrolysis products. On the contrary, 
as shown in Figure 22 b, the hydrolysis trend decreases in the recovered solvent 
over the increasing number of cycles, which again suggests that the solvent mix-
ture can reach an equilibrium at low hydrolysis concentrations. Hence, little 
make-up IL can be anticipated in a large-scale process. The same is true for the 
AcOH/mTBD ratio, where a plateau was predominant in Figure 22 a, implying 
a vapor-liquid molar equilibrium at these conditions. 

Table 19. Tensile properties of spun fibers at DR 11 
spun from 13 wt.% cellulose solutions with a Ve of 5.5.

Condition No. Titer Tenacity Elongation

dtex cN/tex %

No vacuum 1 1.3 ± 3 49.9 ± 6.1 9.5 ± 1.8

400 hole spinneret 2 1.3 ± 0.3 52.6 ± 6 8.9 ± 1.9
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The rheological properties of the cellulose solutions are provided in Figure 22 c, 
showing marginal discrepancies (apart from the inconsistent values of cycle 12) 
in η0 (25 000 – 40 000 Pa.s), COP (3500 – 4500 Pa) and ω (0.6 – 1.2 s-1). In 
cycle 6 and 7, the fiber spinning process was not possible because of a wrong 
set-up of the spinning unit. As mentioned, one of the purposes of A.T. 2 was to 
test the spinning at various solvent concentrations in the spinbath, starting from 
pure water to 10, 20, 30 and even 40 wt.% IL. The spinnability was good by and 
large at concentrations below 40 wt.%. A DR max of 16 was achieved for pure 
water, 10 and 20 wt.% IL, but dropped to 14 for 30 wt.% IL and further to 10 for 
the 40 wt.% IL. In Figure 23 a, the tensile properties (DR 11) of the fibers from 
10, 20 and 30 wt.% indicate similar figures, matching that of spinbath with pure 
water. The ability to spin stable fibers in a spinbath of high solvent concentra-
tion benefits the economy of the Ioncell process by reducing the total energy 
needed in the evaporation stages. Nevertheless, this was only tested using the 
single-hole spinneret and hence, needs to be confirmed in the future with the 
200- and 400-hole spinnerets. 

Based on these results, we chose to include the fiber spinning at 20 wt.% spin-
bath concentration in all the cycles that succeeded cycle 3. As disclosed in Figure 
23 b, the average DR max increased with the progress of the cycles, reaching 14 

Figure 22. Thermal recovery of [mTBDH][OAc] in A.T. 2. a. Composition of the recov-
ered solvent. b. Recovery rate of the IL respective to the hydrolysis content c. Rheo-
logical properties of the 13 wt.% cellulose solutions at 85 °C. 

(a) (b) 

(c) 

ILTheor recovery rate, wt.% 
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– 15. This may reflect a better experience in executing the spinning process ra-
ther than a specific property change of the spun solution. The tenacity and 
Young’s modulus were recorded for the fibers thereof, Figure 23 c. A Young’s 
modulus of 16 – 20 GPa is in good alignment with the figure depicted in Paper 
I (17.4 GPa) of the same IL.   

 

 
 

(a) 

(c) (b) 

Figure 23. a. Tensile properties of the fibers spun in a spinbath of different solvent concentrations 
b. DR max of the fibers from a pure spinbath and that of 20 wt.% IL c. Tenacity and Young’s mod-
ulus of the spun fibers (DR11) from a pure spinbath and that of 20 wt.% IL. 
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6. Future Outlook

As mentioned earlier, the scaling up of the Ioncell process is on-going. The start-
up of the pilot-plant is expected to take place during 2021. Hence, several pa-
rameters are being investigated to facilitate the expansion process. For example, 
the replacement of a blade kneader with a screw extruder may reduce the disso-
lution time significantly, from 60 – 90 mins to around 12 mins, and therefore 
the thermal stress on the IL during dissolution is also decreased. Meanwhile, it 
may be beneficial to target the residual water in the recovered IL to about 10 
wt.% while initiating the mixing of the polymer and the solvent at milder viscos-
ities. The removal of the remaining water will then occur in the extruder at high 
vacuums to achieve full dissolution. However, this might affect the generation 
of hydrolysis products, which need to be closely monitored. The dimensions of 
the spinneret, number of holes, hole density and the geometry of the capillary, 
are also important parameters for the scale-up. As the processing of large flow 
rates of the solution requires a spinneret with a large number of holes to com-
pensate the pressure build-up in the spinning cylinder. Currently, a 500 holes 
spinneret of L/D of 1 is being inspected. The air-gap conditioning with a suitable 
humidifier may improve the fiber stretchability (elasticity) in the air-gap and 
consequently, their tensile properties. It can also allow using spinnerets of 
higher hole density without the gluing of the filaments in the air-gap. 

Although [mTBDH][OAc] proved to be a very promising solvent, yet, the con-
tinuous pursuit of a more hydrothermally stable IL with higher ionicity, and is 
able to deliver fibers of better properties, can replace [mTBDH][OAc]. Still, 
more efforts are needed to develop a strategy to revert the hydrolysis products 
back to the superbase in a side-stream, which can allow the use of the cheaper 
DBN in a large-scale process. The same can be applied to the other amidine-
based superbase DBU since it is more stable towards hydrolysis than DBN. It 
may also be interesting to research ILs of mixed bases and an acid conjugate, 
where the acid-to-individual base mole ratio is near the azeotropic composition, 
yet the acid-to-total bases mole ratio is 1. This may disrupt the crystalline lattice 
of the mixture and create a solvent system of low melting point, which may ben-
efit the process economy. On the other hand, this can add further complications 
to the recycling process, as the hydrolysis products would emerge from both su-
perbases.  

Finally, further studies are needed on a large scale to quantify and separate 
the inorganics and short polymer that can accumulate in a continuous process. 
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7. Conclusions

This work summarized in this thesis serves as a first milestone in the develop-
ment of the Ioncell technology towards a closed-loop process. Strictly speaking, 
we focused on the recyclability of the ILs in the scope of producing MMCFs. The 
recovery of the solvent from the coagulation bath was achieved by adopting a 
sequence of evaporation stages that allowed ≤ 4.6 wt.% residual water. The work 
structure was established to select a solvent with an increased cellulose dissolu-
tion power, a pronounced hydrothermal stability, and which is capable of pro-
ducing fibers of high mechanical properties. The guanidine-based IL 
[mTBDH][OAc] matched all the required criteria and proved to be a better 
choice as a solvent over the amidine-based IL [DBNH][OAc] in the Lyocell pro-
cess, answering one of the main research questions. The simulation of the ILs 
composition to include the alterations (hydrolysis products, different A/B ratio 
and residual water) revealed that [mTBDH][OAc] is more tolerant to all altera-
tions in the individual or in the combined state, while [DBNH][OAc] proved to 
be more sensitive, particularly to the slight increase of the A/B ratio to 1.1.  

Although, when both ILs are pure and equimolar, they are capable of fully dis-
solving the 13 wt.% cellulose. However, the thermal recovery of [DBNH][OAc] 
revealed significant hydrolysis products and an elevated A/B ratio that killed 
the solvation power of the IL. Contrarily, [mTBDH][OAc] demonstrated sub-
stantially better resistance to hydrolysis reactions, and to the base vaporization. 
Moreover, there was no accumulation in the hydrolysis products nor increase in 
the A/B ratio over the prolonged cycles (A.T. 2), which supports an evident 
equilibrium in the recovered IL composition. Consequently, the alterations pre-
sent in the recovered [mTBDH][OAc] were well in the region of good cellulose 
dissolution (> 97%). The rheological properties of the cellulose solutions of re-
covered [mTBDH][OAc] were akin to that of the fresh IL with barely any devia-
tion in the complex viscosity and the dynamic moduli, which confirms the 
preservation of the viscoelastic properties of the solutions. Similarly, we de-
tected slight reductions in the cellulose MMD from the recovered  
[mTBDH][OAc] that did not impact the properties of the produced fibers. Fi-
nally, we validated the ability to spin fibers in a coagulation bath containing 20 
– 30 wt.% IL with no complications.  

While these results are promising for the development of the IL-based Lyocell 
process, the proof of the long-term hydrothermal stability of the 
[mTBDH][OAc] need to be established in a continuous large-scale process. This 
will be a good foundation for a future comparison between the guanidine-based 
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solvent and NMMO in aspects concerning the economy and profitability of the 
Lyocell process and future aspirations in the MMCF market.
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Appendix 1 
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Figure A1. Images of the dissolution state of 13 wt.% cellulose in [DBNH][OAc] containing the indi-
vidual alterations 5 wt.% water (a), 15 wt.% [APPH][OAc] (b) and 1.1 A/B ratio (c). 
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Figure A2. Dissolution state of 13 wt.% cellulose in [DBNH][OAc] containing water, [APPH][OAc] 
and A/B ratio of 3 wt.%, 10 wt.% and 1.05, respectively, over a 15 min duration. 
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Table A2. Yarn mechanical properties for Marimekko demonstration dress.

Yarn
Linear den-

sity
Breaking 

force
Elongation at 

break
Breaking tenac-

ity
tex cN % cN/tex

[mTBDH][OAc]- Ion-
cell®

19.9 ± 0.9 490 ± 77 5.7 ± 0.7 24.6 ± 3.7

Tencel™ 19.9 ± 0.2 443 ± 34 7.7 ± 0.7 22.3 ± 1.7

Table A3. The fabric testing results of the Ioncell/Tencel blend fabric (38/62 wt.%) and a refer-
ence 100% Tencel fabric. Color fastness and pilling ratings are from 1 to 5 where 5 is the best 
rating.

Property Ioncell/Tencel fab-
ric

Tencel fabric*

Dimensional change after 30 ⁰C 
washing (%)

Warp +2.2 +1.8
Weft +2.6 +0.4

Color fastness to washing at 30 ⁰C Shade change 4 Blue 4
White 3-4

Staining CO 4 4
Color fastness to washing at 40 ⁰C Shade change 4-5 4

Staining CO 4 4
Color fastness to rubbing after laun-
dering at 30 ⁰C 

Dry 4-5 3
Wet 3-4 3

Color fastness to perspiration Shade change 4-5 n.a.
Staining CO 4-5 n.a.

Tensile strength (N) Warp 495 n.a.
Weft 127 n.a.

Tear strength (g) Warp 1946 n.a.
Weft 1880 n.a.

Pilling 4-5 4-5
Abrasion resistance (cycles) 2000 4000
Seam slippage (N) Warp 116 n.a.

Weft >200 n.a.
*Tencel fabric as a reference
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