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Abstract Cellulose, especially wood-based cellulose, is

increasingly important for making everyday materials such

as man-made-regenerated textile fibers, produced via dis-

solution and subsequent precipitation. In this paper, the

effect of cosolvents in ionic liquid-facilitated cellulose

dissolution is discussed. Both microcrystalline cellulose

and dissolving grade hardwood pulp were studied. Three

different cosolvents in combination with ionic liquid were

evaluated using turbidity measurements and viscosity. The

ionic liquid precursor N-methylimidazole proved to be a

promising cosolvent candidate and was thus selected for

further studies together with the ionic liquid 1-ethyl-3-

methylimidazolium acetate. Results show that dissolution

rate can be increased by cosolvent addition, and the vis-

cosity can be significantly reduced. The solutions were

stable over time at room temperature and could be con-

verted to regenerated textile fibers with good mechanical

properties via airgap spinning and traditional wet spinning.

Fibers spun from binary solvents exhibited significantly

higher crystallinity than the fibers from neat ionic liquid.

Introduction

Due to its structure, cellulose is insoluble or only partly

soluble in most common solvents. From the amphiphilic

appearance of the glucose unit structure, both hydrogen

bonds and hydrophobic interactions arise and the solvent of

choice should be able to break both of these in order to

dissolve the polymer completely [1, 2].

Ionic liquids (ILs) are organic salts with melting points

below 100 �C, and sometimes even below room tempera-

ture. The possibility to pair anions with cations yields an

almost endless library of ILs, and they are used in numerous

fields, such as separation technology, electrochemistry,

catalysis, and as solvents [3, 4]. In the last decade, ILs as

solvents for biomass in general and cellulose in particular

have been widely investigated [5–7] since 2002 when

Swatloski published the pioneering work on dissolution of

cellulose in 1-butyl-3-methylimidazolium chloride (BMIMCl)

[8]. This relatively new solvent class has shown great ver-

satility in the field of cellulose technology, including disso-

lution for regeneration purposes [9, 10], homogeneous

derivatization [11, 12], and biomass processing including

wood component separation [13–15]. The ILs that are able to

dissolve cellulose include several classes of cations and a

multitude of anions. Some of the most common cations are

imidazolium, pyridinium, ammonium, and phosphonium

derivatives [16]. Although imidazolium-based ILs are

known to form covalent bonds with cellulose in some cases

[17, 18], they are still among the most used in academic

research on ILs and cellulose and still highly interesting for

biomass processing [19].
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Cosolvents can be added to ILs to modify properties of the

solvent and/or resulting solution. It has been suggested that

appropriate cosolvents can be found by measuring solvato-

chromic parameters [20], which has been reported for e.g.,

N-methylimidazole (MIM) [21]. Dimethylsulfoxide (DMSO),

N,N-dimethylacetamide (DMAc), and dimethylformamide

(DMF) have been used together with BMIMCl and other ILs

to increase reactivity and/or processability of cellulose in

solution [22, 23]. Cosolvents can be used to facilitate

derivatization, e.g., molecular bases such as pyridine used as

catalysts in tosylation reactions [21] and for viscosity mod-

ification [24]. Several other molecular solvents have been

used as cosolvents together with 1-ethyl-3-methylimidazo-

lium acetate (EMIMAc) for cellulose dissolution, and it has

been concluded that amide-type cosolvents allow for cellu-

lose dissolution even when only a small amount of IL is

present, typically less than 30 mol% of the solvent mixture

[25]. The cosolvent is thus used as the bulk in the solvent

system, and the IL is used as an additive that adjusts the

solvent properties just enough to allow dissolution over

merely swelling. MIM as an additive in small amounts has

been studied in solutions of BMIMCl and cellulose and was

found to drastically reduce DP loss in cotton pulp, and the

authors describe a hypothesis of cellulose/BMIMCl/MIM

interaction where MIM withdraws some of the chloride ions

from the cellulose, thereby inhibiting chain scission [26].

MIM directly facilitates certain reactions and may be suc-

cessfully used as a cosolvent or additive in derivatization [21,

27]. In fact, it has been shown that MIM, which is a precursor

for many imidazolium-based ILs, is quite necessary for some

reactions to take place at all [28].

The present study focuses on MIM as a cosolvent to

modify the viscosity of cellulose solutions in the ILs

EMIMAc and BMIMCl. To the best of our knowledge, no

broad study including viscometry and dissolution rates for

cellulose in this interesting cosolvent has been done. We

study the solubility of cellulose in ILs in the presence of

MIM and, for comparison, other cosolvents (DMAc and

DMSO). The optimal ratio of different components in the

solution, as well as dissolution rate as a function of

cosolvent concentration and stability toward degradation

over time in the presence of cosolvent, is discussed. Fur-

thermore, regenerated cellulose in the form of filament

fibers is prepared from binary solvents including MIM and

evaluated.

Experimental

Materials

Microcrystalline cellulose (Avicel PH101, Fluka, Mw =

53470, Mn = 24235), used as a model substance in initial

experiments, and dissolving grade hardwood pulp from

Eucalypt (HWP, Bahia A/S, Mw = 217142, Mn = 73394),

used for regenerated fiber spinning, were dried at 60 �C

overnight and then stored in a desiccator until use. MIM

(Sigma Aldrich, C99 %), DMSO (Sigma Aldrich,

C99.5 %), DMAc (Sigma Aldrich, C99.5 %), EMIMAc

(BASF, C90 %, LOT STBC9122V), and BMIMCl (Sigma

Aldrich, 99 %) were stored dry and used without further

purification. Only very small water content (\0.3 %) was

detected by Karl Fisher titration in the ILs.

Method

Sample preparation

Cellulose was dispersed in cosolvent (MIM, DMSO, or

DMAc) in desired ratio and was allowed to stand for

2–3 min in a sealed vessel. Subsequently, the IL was added

and the vessel content was mixed. For the sample without

cosolvent, cellulose was dispersed directly in IL. Samples

were then heated at 50 �C for 5 h.

The molar fraction xIL of IL in the solvent is expressed

as

xIL ¼
nIL

nIL þ ncosolvent

ð1Þ

where nIL and ncosolvent denote the amount of substance for

the IL and cosolvent, respectively.

Samples were considered fully dissolved if the solution

appeared clear by focused beam reflectance measurement

(FBRM) measurements and/or by turbidity measurements.

Cellulose solubility and dissolution rate

Apparent absorbance of MCC solutions was measured at

800, 825, and 849 nm on an Agilent 8453 (G1103A) UV/

vis spectrometer using the UV–Visible ChemStation soft-

ware and recalculated to turbidity according to

s ¼ Abs � ln 10

L
ð2Þ

where Abs is the apparent absorbance as an average of the

chosen wavelengths and L is the cuvette length. These

wavelengths were chosen, because in this interval there is

no actual molecular absorbance of the solvent which means

that all signal detected should originate from light scat-

tering, i.e., turbidity arising from undissolved particles in

the sample. Calibration curves for solubility determination

were constructed by measuring turbidity as apparent

absorbance of known amounts of microcrystalline cellulose

dispersed in pure cosolvent. For comparison, micrographs

for selected solutions were captured on a Zeiss Discovery
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V12 microscope using a Canon Powershot G9 camera

mounted on a Zeiss universal digital camera adapter d30

M37/52x0.75.

Dissolution rate was studied in situ using an FBRM

probe (FBRM G600, Mettler Toledo) to track the number

of MCC particles in solution as a function of time. Data

were collected every 3 s and analyzed using the iC FBRM

software. Cellulose was dispersed in MIM to record a

baseline prior to IL addition when applicable.

Flow properties assessment

Complex viscosity (g*) and zero shear viscosity (g0)

measurements were performed in triplicates on an oil-

heated Bohlin instruments CS50 rheometer equipped with

4�/40 mm stainless steel cone and plate geometry at 30 �C

and/or 70 �C for MCC samples and 8 wt% pulp samples

and with 5.44�/25 mm stainless steel cone and plate

geometry at 30 �C and 70 �C for the 15 wt% pulp samples.

The measurements were performed in a closed cell to avoid

moisture uptake in the hygroscopic samples.

Intrinsic viscosity

Specific viscosity (gsp) of cellulose was calculated from

three replicates of flow time measurements in a set of

capillary viscometers at 25 �C for a series of increasingly

dilute cellulose solutions in different EMIMAc/MIM

mixtures. Intrinsic viscosity ([g]) was then calculated as the

limiting value of gsp from gsp/C versus C extrapolated to

zero cellulose concentration, where C is the cellulose

concentration in g ml-1. It was assumed that gsp ? 1 = g/

g0 & t/t0, where g/g0 represents viscosity of the solution

divided by viscosity of the solvent, and t/t0 represents flow

time of the solution divided by flow time of the solvent.

Measurements were performed on very dilute microcrys-

talline cellulose samples, less than 1 wt%, stated to be well

below the overlap concentration for cellulose in this DP

range [29, 30]. Not all samples of interest could be studied

by this method, as the viscosity of the solvent mixture

containing mostly IL was too high. In this case, capillary

viscometry is not applicable and those samples had to be

omitted.

Degree of polymerization

Degree of polymerization was estimated for microcrystalline

cellulose Avicel PH-101 and the eucalypt pulp used in fiber-

spinning trials by size exclusion chromatography via disso-

lution in DMAc and 8 % LiCl and subsequent dilution with

DMAc to a final LiCl concentration of 0.5 % and a cellulose

concentration of 0.4 mg ml-1. The samples were separated

by molecular weight on a set of three columns, PLgel Mixed A

(300 9 7.5 mm) with a guard column (Polymer Laboratories

Ltd.), and analyzed using a refractive index detector HP 1047

(Hewlett-Packard). Temperature of the columns was set to

80 �C, and flow rate was 1.0 ml min-1. Calibration was done

using narrow polystyrene standards with molecular weights

ranging from 5120 to 6120000 Da.

Fiber spinning and evaluation

Airgap- and wet spinning of Eucalypt dissolving grade pulp

in EMIMAc/MIM solvents were performed at Swerea IVF,

Mölndal, Sweden. All solutions were heated at 70 �C and

filtered through a 20 lm sintered stainless steel wire non-

woven filter placed at the exit of the spin-dope container,

from which the heated solution was pressed by the

descending piston during spinning. Although heated prior

to passing through the filter, the solution was extruded at

room temperature as it flowed slowly through a distance of

ambient temperate piping which caused it to cool down

prior to extrusion. Two different spinnerets were used, with

100 holes of the diameter 80 lm or 31 holes with the

diameter of 150 lm (in the case of pure EMIMAc, which

could not be extruded within the pressure limits of the

equipment, since ambient temperature was used for the

extrusion). For the solutions containing cosolvent, spun

through the 80 lm spinneret extrusion, speed was set at

3 m min-1 for the 15 wt% cellulose solutions and

10 m min-1 for the 8 wt% cellulose solutions, while the

pure EMIMAc/cellulose solution was spun at 2.8 m min-1

(150 lm capillaries).

When applied, the air gap was set to between 6 and 10 mm.

Coagulation took place in water, and fibers were drawn by

rotating take-off rollers to desired extent. The fibers were then

immersed in pure water for 1 week before drying at 105 �C for

1 h. All samples were equilibrated at the testing conditions

T = 20 ± 2 �C and RH = 65 ± 2 % before titer (linear

density) and stress–strain curves of dry fibers were determined

using a Vibroskop/Vibrodyn instrument (Lenzing Technik

GmbH & Co KG). Clamp distance was set to 20 mm, and

testing speed was 20 mm min-1. Data from tensile testing are

presented as averages from ten experiments, with standard

deviations.

Quantitative CP/MAS NMR experiments were per-

formed as previously described elsewhere [31].

Results and discussion

Solubility and solution viscosity for cellulose in binary

solvents

Absorbance measurements to determine solubility are only

valid in a narrow region where a linear relationship can be
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established. Nevertheless, in this case, it is sufficiently

sensitive to probe transition from the insoluble to the sol-

uble region of cellulose in IL/cosolvent mixture. The cal-

ibration curves show linearity below a turbidity value of

around 3.5 cm-1, where it can be translated into an amount

of undissolved material in the solution according to the

calibration curves in the ‘‘Appendix’’ section. By knowing

the amount of undissolved material and the amount of

cellulose added to the sample, the amount of solubilized

cellulose is known and this value can in turn be recalcu-

lated into solubility in percent for each solution with a

known composition.

Figure 1 shows the solubility of MCC in EMIMAc/

cosolvent solutions with different compositions. All solu-

tions contained ten percent cellulose by weight. It is

obvious that at an IL concentration corresponding to an IL

to AGU ratio of between one and two, there is an abrupt

transition from a state where a significant amount of

undissolved material is present, to a clear solution when

using MIM or DMSO as the cosolvent. DMAc, which is the

bulk component in the widely used DMAc/LiCl solvent

system, proves not the most feasible in combination with

EMIMAc. As seen in Fig. 1, it takes at least twice as much

IL to dissolve cellulose when using DMAc as a cosolvent

in comparison to when using MIM, a molar ratio IL to

AGU of around 3.3 compared to 1.4.

Interestingly, when using MIM together with BMIMCl

as the active solvent component, 10 wt% MCC was not

soluble in BMIMCl/MIM until xIL reached 0.5, corre-

sponding to a molar ratio nIL/nAGU of 5.7. This result was

valid regardless of temperature, in the range between 50

and 110 �C. For this reason, BMIMCl was left out from

further studies.

For flow properties, the samples were characterized by

means of rotational viscometry after dissolution for 5 h.

Some of the results are plotted in Fig. 1 and show a

prominent decrease in viscosity as an effect of decreased

ratio of IL, for all three cosolvents. The viscosity of the

molecular solvents is considerably less than for the IL, and

thus, the viscosity of the solvent mixture is a function of

the ratio of EMIMAc/MIM. It can be noted in Fig. 1 that

the different cosolvents have different effects on the vis-

cosity at concentrations around the solubility threshold of

cellulose. For MIM, the viscosity is steadily decreasing as a

function of decreased IL concentration (nIL/nAGU), even

beyond the point where cellulose does not dissolve com-

pletely according to turbidity measurements. When using

DMSO as a cosolvent, the viscosity increases dramatically

even before the solubility limit, i.e., cellulose is dissolved

completely on the macroscopic level as indicated by the

turbidity measurements, but on a molecular level there

seems to be aggregation and/or gelation causing increased

viscosity. The results for samples with DMAc as a

cosolvent show something in between; the viscosity

increases at lower concentrations of IL, but only for non-

dissolved samples. Turbidity data are consistent with

micrographs of cellulose solutions as in Fig. 2 in the IL to

AGU ratio of interest, i.e., around the point where disso-

lution takes place. The transition from a turbid to a clear

solution is obvious when comparing picture (a) and (c),

where picture (a) shows 10 % MCC in EMIMAc and MIM

where the amount of EMIMAc is not sufficient to dissolve

the polymer (nIL/nAGU = 1.16) and picture (c) shows

fully dissolved polymer (nIL/nAGU = 1.43).
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Fig. 1 Solubility and zero shear viscosity at 30 �C (g0) of 10 wt%

MCC as a function of the molar ratio of ionic liquid to cellulose

(AGU) when using a MIM, b DMSO, or c DMAc as cosolvent. Lines

are provided to guide the eye. The vertical line in each plot represents

apparent solubility limit according to the turbidity measurements
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As shown, the amount of EMIMAc required for dis-

solving microcrystalline cellulose corresponded to

*1.4 mol EMIMAc per mol AGU using MIM as the

cosolvent. Other cosolvents tested did not reach the same

low threshold; for DMSO and DMAc, the observed cor-

responding thresholds were 1.5 and 3.3, respectively. These

results can be compared with literature data where the

molar ratio (xIL) in the solvent mixture was 0.08 using

DMSO and 0.27 using DMAc, which corresponds to molar

ratios nIL/nAGU of 1.4 and 6.8, respectively [25]. Solutions

of 10 wt% cellulose with different EMIMAc concentrations

(xIL) and attempts to maximize the cellulose content in

solutions of fixed xIL ratios both resulted in the conclusion

that the molar ratio nIL/nAGU must exceed at least *1.4

for dissolution of MCC to take place, even at very low

cellulose concentration, but increasing concentration of

MCC demands increasing relative amounts of EMIMAc, as

seen in Fig. 3a. In contrast to MCC, where solubility is

largely depending on cellulose concentration, Eucalypt

dissolving pulp was soluble in the EMIMAc/MIM mixture

with nIL/nAGU exceeding 2.4 in a wide concentration

range, as seen in Fig. 3b. This value corresponds well to

that previously reported for DMSO [32]. For both cosol-

vents, this indicates by extrapolation that the maximum

amount of cellulose that is soluble in pure EMIMAc is

close to 28 wt%, similar to what has been estimated using

NMR methods [33].

Cellulose conformation: intrinsic viscosity

The decreased viscosity of the solutions with small amount

of IL is not only due to the decreased solvent viscosity, but

most likely also a result of change in polymer to solvent

interaction, i.e., ‘‘solvent quality’’. With reduced amount of

acetate anions in the solvent mixture, there is a reduced

possibility of solvent–polymer hydrogen bonding and an

increased possibility of polymer to cosolvent or polymer to

polymer interaction, the latter ultimately leading to pre-

cipitation. The intrinsic viscosity of cellulose in solutions

of EMIMAc/MIM was studied to understand the polymer

conformation in the different solvent mixtures. Results of

these measurements are presented in Fig. 4 and show an

increase in hydrodynamic radius of cellulose as the amount

of EMIMAc is increased.

Intrinsic viscosity here describes the volume occupied by

the cellulose in solution which is directly dependent on the

interactions between polymers and solvent [34]. In this case,

that corresponds to the solvation potential of the solvent

mixtures of EMIMAc/MIM. The same method was used

recently to monitor solvent–cellulose interaction for IL with

water impurities [35]. As seen in Fig. 4, intrinsic viscosity

increases with increasing amount of active solvent compo-

nent, i.e., EMIMAc, meaning that the dissolution capacity of

the solvent is directly linked to the IL concentration as can be

expected when mixing a solvent and a non-solvent. This

continuous change in solvent quality contrasts significantly

to the results from turbidity measurements for macroscopic

solubility determination where a distinct threshold can be

noted. Due to the low cellulose concentration in the intrinsic

viscosity measurements, all samples are far above the critical

ratio nIL/nAGU threshold where dissolution takes place;

even the sample with the lowest concentration of IL has

around 18 mol of IL per mol of AGU for the 1 % cellulose

solutions, more than ten times as much of the active solvent

component that is required for dissolution according to tur-

bidity measurements. In other words, even though a small

amount of IL is enough to get the polymer in solution at the

macroscopic scale, a higher amount of active solvent com-

ponent (EMIMAc) will influence solvent quality even

beyond the point of actual dissolution. At the same time, it

was observed that once a cellulose sample was dissolved in

EMIMAc/MIM-mixed solvent, it could be diluted with large

volumes of MIM without any visible sign of precipitation

and it seems in this case that the molar ratio xIL is less

important than the ratio nIL/nAGU.

Dissolution rate

Dissolution rate as measured by an FBRM probe for the

dissolution of microcrystalline cellulose in EMIMAc/MIM

Fig. 2 Micrographs showing the transition from non-dissolved to dissolved state of 10 % MCC when increasing the IL ratio from a nIL/

nAGU = 1.16; xIL = 0.07 to b nIL/nAGU = 1.31; xIL = 0.08 and c nIL/nAGU = 1.43; xIL = 0.09
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are given in Fig. 5. It can be seen that by using MIM as a

dispersion agent and cosolvent, the rate of dissolution

increased significantly, as indicated by the arrow; clear

solutions of 10 % cellulose formed within a few minutes

under moderate stirring for the sample with the lowest

amount of IL (xIL = 0.1), in contrast to the much slower

dissolution of cellulose in pure IL (xIL = 1). The increase

in dissolution rate at lower amounts of IL seen in the inset

in Fig. 5 in this case is most likely a direct consequence of

reduced viscosity and enlarged surface area exposed to the

solvent due to dispersion prior to dissolution. The FBRM

probe measures chord length distribution on micrometer

scale which can be complicated to interpret quantitatively

in the case of needle-like particles such as cellulose crystals

assuming some measurements will be along the particle

and some will be across. Identical data processing for all

samples must be ensured, and the results cannot be quan-

titatively compared to e.g., spherical particles.

The interactions between methylimidazole and cellulose

are too weak to cause dissolution, but it is likely that the

low amount of EMIMAc needed to dissolve cellulose in

this mixed solvent system is due to that MIM is actually

facilitating dissolution and prevents chain aggregation. In

comparison to the other cosolvents used in this study, MIM

allowed for the least amount of IL being used. We interpret

this as MIM being a suitable cosolvent in this sense,

although the results for the more intensively studied DMSO

are very close, as seen in Fig. 1. Computer simulations has

shown that imidazole, which is analogous to MIM in its

molecular structure, interacts with the glucose ring by
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hydrophobic stacking in an aqueous solution, primarily on

the H1-H3-H5-side of the glucose ring, and in addition

might also act as a weak hydrogen bond acceptor [36].

Methylimidazole should exhibit the same type of interac-

tions with cellulose as imidazole without the disadvantage

of being a solid. Similar results has been shown in studies

of imidazolium cation interactions with glucose [36], but in

the case of dissolution the much stronger anion–glucose

hydrogen bond interaction will dominate and finally cause

dissolution [37]. As a consequence of the weak nature of

the MIM–cellulose interaction and the low viscosity of

MIM, the increased dissolution rate for the mixture of

EMIMAc/MIM compared to pure EMIMAc should mainly

be understood as a result of increased mobility; dispersion

of cellulose in a non-solvent with low viscosity prior to

dissolution is known to facilitate mass transport by

increasing solid liquid interface as the non-solvent is

replaced by solvent. This procedure is used in the NMMO

process, where cellulose is dispersed in water which is later

evaporated to a certain concentration that allows dissolu-

tion, and a similar technique has also been used for water/

IL binary mixtures [10].

Cellulose stability in binary solvent mixtures

The impact of EMIMAc/MIM ratios on the degradation of

cellulose in solutions of EMIMAc/MIM was briefly

investigated. The degradation studies were done on 10 wt%

solutions at room temperature. The degradation seems

moderate, as clearly seen in Table 1; sample 2 and sample

3 showed only a small DP loss after 31 days of storage,

1.4 % DP loss with xIL = 0.9, and a 3 % DP loss with

xIL = 0.1. These results suggest that cellulose solutions in

EMIMAc/MIM are relatively stable over time toward

degradation at room temperature.

Fiber spinning from binary-mixed solvents

Five different samples were prepared for regeneration by

airgap- and wetspinning techniques. For all samples con-

taining cosolvent (MIM), an 80-lm holes spinneret was

used. For the samples dissolved in neat EMIMAc, the

viscosity was too high and the spinneret had to be equipped

with holes of 150 lm in diameter. Viscosity data of all

samples are found in the ‘‘Appendix’’ section. Fiber tensile

testing data, Fig. 6, clearly show that it is possible to

maintain the same mechanical properties, while reducing

the fiber linear density, when using the binary solvent

system. As the exact velocities measured from godets

turning in the lower part of their range of possible speeds

are often poor in accuracy, the amount of stretch (in the air

gap) is best deduced from the filament titer measured (the

dope feed rate was kept constant). In Fig. 6, the actual

titers are on the x-axis corresponding to the inverse of

stretch for all data except for the three data points from the

150 lm. In Fig. 7b, these data points have been normalized

(factor of 64/225) by the capillary cross-section area,

making the titer of the whole set of data points comparable

with regard to stretch, i.e., the titer on x-axis is inversely

proportional to the amount of stretch applied (zero stretch

corresponding to 10 dtex). Most striking then is how rel-

atively compact the data points are along possible trend

lines (even though from different xIL compositions), par-

ticularly for the elastic modulus and elongation to break.

Figure 7a features the typical compromise between strain

to break (ductility) on one hand and tenacity and stiffness

on the other. It is clear that very good elongation can be

achieved with the use of cosolvent if stretch is kept mod-

erate. However, these fibers are only comparable to

Table 1 Degradation of cellulose in MIM/EMIMAc solutions after

31 days storage in room temperature, measured by GPC. Sample 1 is

the starting material

Sample no. Sample description DPn DP loss

1 MCC 150 –

2 MCC, xIL = 0.1 145 3 %

3 MCC, xIL = 0.9 148 1.4 %
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xIL = 0.5, 8 % (wet)
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Fig. 6 Tensile testing fiber data for all fibers spun from EMIMAc/

MIM solutions. The encircled samples are from wet spinning. Note

that the sample without cosolvent (white triangles) was extruded

through a spinneret with larger holes, 150 lm instead of 80 lm
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standard viscose in strength and to get strengths closer to

lyocell and modal fibers stretching must be increased to the

levels where elongation is limited to only 10 %. It appears

that the amount of stretching necessary to reach this point

is larger for the lower xIL (with lower viscosity) solutions.

Such an observation is quite expected when considering the

lower viscosities, i.e., quicker relaxations of the solutions

with more cosolvent. In those cases, the stresses and

macromolecular structuring caused by elongational defor-

mation do not persist until the coagulation point but are

lost. It is also clear from the limited stretch in the case of

xIL = 0.5. Together, these facts mean that a very strong

fiber cannot be achieved with a lot of cosolvent for the

cellulose content tested. However, it appears that inter-

mediate amounts of cosolvent can be used, as the draw-

ability of the xIL = 0.7 was reasonable and gave decent

strengths over a wide range of stretch.

By recalculating the fiber properties for the neat EMI-

MAc samples (spun from 150 lm spinneret), to what they

would have been if they were spun from 80 lm spinneret,

all samples fall into the same trends, as seen in Fig. 7.

Although generally giving lower strength than air-gap

spinning, traditional wet spinning of EMIMAc-methyli-

midazole-cellulose solutions is very stable and allows for

surprisingly large stretch, four times, both between spin-

neret and the first godet and between the first and second

godet in stretch bath. This is an important difference to

ordinary solutions of IL and cellulose which will die swell

several times upon extrusion. If in the future, attempts are

made to convert today’s viscose plants to the use of closed

loop-recycled solvent systems, low-viscosity wet spinning

is what they are designed for. In that case, the use of co-

solvents like methylimidazole might be important to the

application of IL solvent systems in such plants. So,

although the tenacities are not quite reaching commercial

levels yet, their further development might very well be

worthwhile.

Crystallinity is claimed to be an important factor

explaining fiber properties such as strength [38]. Hence,

selected fibers were analyzed using solid state NMR, where

a complete transformation from the crystal structure of

native cellulose, cellulose I, could be noticed. As seen in

Fig. 8, the peak at around 66 ppm, which is typical for a

cellulose I crystal structure, is entirely missing in all

regenerated samples. The crystallinity of the regenerated

fibers is high and increases with increasing amount of

cosolvent. This can be seen not only at around 107 ppm,

where the crystal structure cellulose II has a characteristic

peak, but also in the area between 84 and 90 ppm, which

originates from C4 in the glucose ring. Peaks at 88.1 and

556065707580859095100105110

δ (ppm)
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b
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d

area defining cellulose II area defining cellulose I

Fig. 8 Solid state NMR spectra for (a) starting material dissolving

pulp; and regenerated air gap spun fibers from different solvents

(b) xIL = 1.0 (pure EMIMAc), (c) xIL = 0.7, and (d) xIL = 0.5, all

with the same applied stretch (two times). Increasing amount of

cosolvent gives increasing crystallinity
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Fig. 7 Summary of results from mechanical analysis of airgap spun

fibers from 15 % pulp solutions. Graph (a) shows tenacity (cN/tex,

white crosshair) and Young modulus, (N/tex, gray) as a function of

strain at break. Graph (b) shows tenacity (cN/tex, white), strain at

break (%, black), and Young modulus (N/tex, dark gray) as a function

of fiber titer. All circles are xIL = 0.5 samples, all squares are

xIL = 0.7 samples, and all triangles are xIL = 1.0 samples (with the

xIL = 1 samples spun from 150 lm capillaries normalized so that the

titer will relate as the inverse to the stretch for the whole set of fibers

spun, 10 dtex corresponding to no stretch)
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89.3 ppm are associated with cellulose II crystal interior

atoms, while peaks at 86.6 and 85.6 are tentatively

assigned to crystal surfaces [39, 40]. However, a broad

gaussian peak at 84.2 originating from disordered material

overlapping the crystalline signals complicates the inter-

pretation of these data [41]. As the crystallinity of the fiber

with only EMIMAc as solvent (Fig. 8b) is lower than for

the fibers with co- solvent (Fig. 8c–d), it seems that in this

case the crystallinity does not reflect the differences in

tenacity.

Recycling of solvent

Recycling of the solvent is crucial in large scale processing

in order to maintain sustainability and profitability, espe-

cially for costly solvents such as most ILs. In a process

where cellulose is dissolved and subsequently precipitated

and removed, as in a fiber-spinning process, the solvent

will mix with the coagulation agent, for example, water.

The boiling point of MIM is 198 �C, and ILs have negli-

gible vapor pressures at atmospheric pressure, which

makes separation of water from the binary solvent mixture

possible. Due to the thermal instability of EMIMAc [42], it

is not possible to distill MIM from EMIMAc at the tem-

peratures required at atmospheric pressure, as would be the

case for a molecular solvent with lower boiling point.

However, this problem can be circumvented either by

reducing the pressure to a minimum, which would not be

preferable on the large scale, or by simply purifying and re-

using the IL-cosolvent mixture directly as previously pro-

posed for very similar solvent systems [21, 25].

Conclusions

MIM as a cosolvent for cellulose solutions in ILs was

evaluated, and it was shown that compared to other cosol-

vents in the study, it provides better solubility of cellulose

and lower solution viscosity even at a very small amount of

IL in the binary solvent. Moreover, the dissolution rate of

cellulose increases dramatically using MIM. Fiber-spinning

trials show that air-gap spinning can give good textile

quality fibers if intermediate amounts of cosolvent are used.

Wet spinning yields poorer results with regard to mechan-

ical properties, but the ease with which these solutions are

wetspun without any die swell and even allowing important

amounts of jet-stretch is one of the most remarkable fea-

tures of cosolvent addition to EMIMAc. Fibers from sol-

vents including cosolvent show significantly higher

crystallinity than fibers from pure IL solutions.

Further studies are currently being performed on the

exact interactions among the cosolvent, IL, and cellulose

and their implications on the potential applications of the

solvent system and the regenerated material. A deeper

understanding of the mechanisms that govern cellulose

solubility is required to optimize solvent systems for dif-

ferent applications. The recycling procedure of solvent and

cosolvent must be further improved, and it must be assured

that their quality is maintained over a large number of

cycles. Finally, the mechanisms on how to match the

chosen cosolvent with a suitable IL in order to provide the

desired advantages deserve further attention.
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Appendix

See Figs. 9 and 10.
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Fig. 9 Calibration curve of turbidity as a function of particular MCC

in MIM, DMSO, and DMAc which shows excellent linearity

(sMIM = 0.719�C, R2 = 0.99; sDMSO = 1.101�C, R2 = 0.99;

sDMAc = 0.753�C, R2 = 0.99) up to a turbidity value of at least

3 cm-1
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13. Kilpeläinen I, Xie H, King A, Granstrom M, Heikkinen S, Ar-

gyropoulus DS (2007) Dissolution of wood in ionic liquids. Agric

Food Chem 55:9142–9148

14. Fort DA, Remsing RC, Swatloski RP, Moyna P, Rogers GMRD

(2007) Can ionic liquids dissolve wood? Processing and analysis

of lignocellulosic materials with 1-N-butyl-3-methylimidazolium

chloride. Green Chem 9:63–69

15. Sun N, Rahman M, Qin Y, Maxim ML, Rodriguez H, Rogers RD

(2009) Complete dissolution and partial delignification of wood

in the ionic liquid 1-ethyl-3-methylimidazolium acetate. Green

Chem 11:646–655
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