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ABSTRACT: The ionic liquids 1-ethyl-3-methylimidazolium acetate
[emim]OAc, N,N,N,N-tetramethylguanidium propionate [TMGH]EtCO,,
and N,N,N,N-tetramethylguanidium acetate [TMGH]OAc, and the tradi-
tional cellulose solvent N-methylmorpholine N-oxide NMMO were
characterized for their Kamlet—Taft (KT) values at several water contents
and temperatures. For the ionic liquids and NMMO, thresholds of
regeneration of cellulose solutions by water were determined using
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nephelometry and rheometry. Regeneration from wet IL was found to be

asymmetric compared to dissolution into wet IL. KT parameters were found to remain almost constant at temperatures, between
20—100 °C, even at different water contents. Among the KT parameters, the § value was found to change most drastically, with
an almost linear decrease upon addition of water. The ability of the mixtures to dissolve cellulose was best explained by the
difference f—a (net basicity), rather than / alone. Regeneration of cellulose starts at thresholds values of approximately § < 0.8

(f—a < 0.35) and displayed four phases.

B INTRODUCTION

The ability of ionic liquids (ILs) to dissolve cellulose and the
precipitation of the cellulose, upon addition of water or other
antisolvents, has been subject of much recent interest. Because
cellulose cannot be melt-processed, processing of cellulose
requires either derivatization into cellulose xanthate (viscose)
or dissolution into a direct solvent.' Currently, the only
commercialized direct solvent process uses the monohydrate of
N-methylmorpholine N-oxide (NMMO),>* which is problem-
atic because the cyclic ether bears a redox-active moiety and is
prone to dangerous runaway decomposition.* ILs are generally
thermally stable and thus less hazardous, suitable ILs could
potentially replace NMMO-H,O as a direct solvent. However,
the behavior of cellulose-IL solutions needs to be properly
characterized prior to establishing a process in larger scale.
Cellulose is insoluble in water at moderate temperatures
because the intra- and intermolecular H-bonds, that give rise to
its rigid three-dimensional sheet-like structure, are stronger
than bonds to water.’ Nevertheless, cellulose oligomers (DP <
6) can be dissolved in water, indicating that the thermody-
namics of solvation are roughly favorable for aqueous
solutions.® Decrystallized higher DP cellulose (DP 1200)
could also be dissolved in cold aqueous NaOH.” Other than
aqueous solvents, solutions such as the molten salt-based
alkylpyridinium chlorides,® LiCl/DMAc (lithium chloride/N,N-
dimethylacetamide),9’10 NMMO-H,0? and ILs (low temper-
ature molten salts), such as 1-butyl-3-methylimidazolium
chloride,'" have demonstrated effective dissolution of cellulose.
Spange et al.'> proceeded to demonstrate that the H-bond
basicity of LiCl/DMAc, a common feature of all the
aforementioned solvents, is correlated to the breakage of H-
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bonds between cellulose chains, resulting in the dissolution of
cellulose. The authors characterized the solvents in terms of
their Kamlet—Taft (KT) parameters™ a (H-bond acidity), /3
(H-bond basicity), and #* (dipolarity/polarizability ratio); to
determine a, the E(30) polarity parameter (transition energy
of Reichardt’s dye in kcal/mol)'*" is also required. Similar
parametrization methodologies have been used for modern day
ILs and room temperature ionic liquids (RTILs), concerning
the solubility of cellulose'®™° or swelling of wood.>" As yet,
further correlations with parameters other than H-bond basicity
have not been observed for ionic liquids. In the case of
molecular solvents, correlation of the swelling percentage with
solvent parameters requires multiple parameter regression.
Correlations of vapor sorption are observed with molar volume,
with the ability to interact with cellulose hydroxyls and with
dielectric constants, although the latter holds only in series of
similar compounds.**> Many molecular solvents are good
swelling agents for cellulose, but only a few, such as
ethanolamine, dimethyl sulfoxide, formamide, and dimethylfor-
mamide, are comparable or better than water.”” No correlation
is evident with density, viscosity, surface tension, dielectric
constant, dipole moment, cohesive energy density, or E1(30)
value. However, the polar Jp, hydrogen bonding 6y, and molar
volume components of cohesive energy density (Hildebrand
parameter) have been correlated with swelling.> According to
El Seoud et al,** the best fits are with z* for native and
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microcrystalline cellulose, and with V; (solvent molar volume)
for mercerized cellulose.

These correlations indicate a dependency on both the
enthalpic and entropic contributions to the dissolution process
although to date, the link between these contributions and
various parameters still needs clarification. Computational
studies have attributed solubility of high DP cellulose to
favorable enthalpies of solvation,” which is linked to solvent
basicity. For example, the basic anion acetate can form strong
H-bonds that enable cellulose dissolution. The strength of the
intramolecular H-bonds that keep cellulose rigid are 25 kJ
mol™,* but the strength of the water-cellulose H-bond is only
17 or 21 kJ mol™ with cellulose OH as an acceptor or as a
donor, respectively.”® In contrast, the acetate anion can form a
bond of 59 kJ mol™.** In comparison, the van der Waals bond
strength is 0.15 k] mol™" and the OH covalent bond strength is
460 kJ mol™.** Addition of water, rehydrating the anion,
typically causes a drop in f, which correlates with precipitation
of cellulose from solution. Whether f is the only solvation
parameter relevant that remains to be shown. An IL-based
solvent prediction strategy that takes into account the entropic
contribution to dissolution has been best demonstrated by
Kahlen et al.*® Despite the ability of this model to confirm
known cellulose-dissolving ILs, it overestimates the combina-
torial entropy term of the activity coefficient, leading to
excessively large differences in entropy of mixing between ILs
and, thus, overestimated differences of cellulose solubility.
Correlation of the residual part of the activity coeflicient, which
subsumes all specific energetic solvent—solute contributions, is
successful within a series of different imidazolium halide ILs,
but accurate determination of other parameters for better
generality presents considerable theoretical and experimental
challenges. However, an interesting prediction is that ILs with
nonbasic anions, such as hexafluorophosphate, can dissolve
cellulose if the cation interacts strongly with cellulose.
Particularly, guanidinium derivatives, and generally, the
combinations of large bulky cations with nondiffuse anions,
such as hexamethylguanidinium acetate, should be highly
suitable for cellulose dissolution.

Recently, King et al. published a class of distillable ILs based
on the N,N,N,N-tetramethylguanidium cation ([TMGH]*).”’
Their cellulose solvation capabilities are similar to that of
imidazolium-based ILs when dry, but, in addition, they can be
recycled via distillation. In the current study, we proceed to
characterize tetramethylguanidium acetate and propionate
([TMGH]OAc and [TMGH]EtCOO, Figure la and b) in
terms of their Kamlet—Taft parameters as a function of
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Figure 1. Structural formula of (a) N,N,N,N-tetramethylguanidium
acetate [TMGH]OAG, (b) N,N,N,N-tetramethylguanidium propionate
[TMGH]JEtCO,, (c) l-ethyl-3-methylimidazolium acetate [emim]-
OAg, and (d) N-methylmorpholine N-oxide NMMO.

temperature and water content. This served as a starting point
to correlate the change of respective KT values with the ILs’
capability to dissolve cellulose. The well known cellulose
solvent systems, 1-ethyl-3-methylimidazolium acetate ([emim]-
OAg, Figure 1c),”* NMMO-H,0O (Figure 1d), and LiCl/DMAc,
were selected for comparison. The thresholds of cellulose
solubility were determined via quantifying the increase of
turbidity upon regeneration, using a method described by
Mazza et al.*® This method enables the detection of not only
the start of regeneration, but also the end point, where the
solution turns into an aqueous suspension. Furthermore,
intermediate gel formation was followed with rheological
measurements. Thus, this study is an attempt to develop
further insight, from our Kamlet—Taft measurements and
numerous literature values, into the thermodynamic require-
ments for dissolution and regeneration of cellulose as two
separate and nonidentical processes.

B MATERIALS AND METHODS

Materials. 1-Ethyl-3-methylimidazolium acetate ([emim]OAc,
98%) was purchased from Iolitec GmbH, Germany. Acetic acid
(99%), propionic acid (99%), and the dyes, Reichardt’s dye (RD), 4-
nitroaniline (NA), and N,N-diethyl-4-nitroaniline (DENA), were
purchased from Sigma-Aldrich, Germany. Tetramethylguanidine
(TMG, 99%) was from ABCR GmbH, Germany. Prehydrolysis-kraft
dissolving pulp from Eucalyptus urograndis, with 93% cellulose I, M, =
291 kg/mol, M, = 62 kg/mol, and PDI = 3.5 (Bahia Specialty
Cellulose, Brazil), was used. The sheets were cut to a powder in a
Wiley mill with 1 mm sieve and then oven-dried at 105 °C to constant
weight.

Tetramethylguanidium ([TMGH]*) ILs were synthesized by
carefully adding the respective acid to neat TMG. A dropping funnel
was used when preparing large amounts, such that the temperature
remained below 80 °C, as measured with a noncontact thermometer.
This was followed by stirring at 80 °C for 1/2 h. Smaller amounts (ca.
10 mL) for KT parametrization could be mixed directly. A very small
excess of TMG below 107 in stoichiometric units was used to avoid
Bronsted acidity of the solvent.

Anhydrous NMMO (97% from SigmaAldrich) was hydrated in
acetone with 1.21 equiv of water (S w/w % water in acetone) and
recryst;)llized to give the monohydrate (mp 75—77 °C, 13 w/w %
H,0).

LiCl/DMAc was prepared by dissolving 6 w/w % anhydrous lithium
chloride into dimethylacetamide at 90 °C.

Kamlet—Taft Parameters. The Kamlet—Taft parameters were
determined from the absorption peaks of the three dyes, Reichardt’s
dye (RD, range 518—585 nm), N,N-diethyl-4-nitro-aniline (DENA,
402—414 nm), and 4-nitroaniline (NA, 406—398 nm). The dyes were
weighed as is and mixed with the ILs to a peak absorbance of 0.2—2.5
AU (i, concentrations were RD 1.1, DENA 0.24, and NA 0.27
mmol/g). A Varian UV—vis spectrometer equipped with a thermostat
(precision +0.1 °C) was used. Deionized water was measured for
background subtraction. Spectra were collected at a resolution of 1 nm
and 10—30 nm of absorbance data around the peak was fitted with a
Gaussian function in order to precisely locate the maxima (). The
result was a resolution exceeding that of the instrument (1 nm).

From the collected peak data, a linear least-squares fit against
temperature was done for an absorption maxima at 20—100 °C
(typically R* > 0.998 for all dyes, standard deviation 0.05—0.09 nm).
From these functions, v,,,(T), Ex(30), 7*, and a and f parameters
were calculated as per literature (see Supporting Information, eqs S1—
5)."® The resulting uncertainty from 2,,,(T) was +0.008, +0.001,
+0.001, and +0.003 for E(30), z*, @, and f3, respectively, which is
below the influence of other sources of error.

In [TMGH]OACc with 40 w/w % water, the Reichardt’s dye peak
was reduced to a weakly absorbing shoulder (A = 0.0002—0.003 above
background). The resulting values of E1(30) = 53.1 and @ = 0.551 are
inconsistent with other data. Possible reasons are protonation of the
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Figure 2. KT values (a) E(30) polarity parameter, (b) 7* dipolarity/polarizability ratio, (c) @ H-bond acidity, and (d)  H-bond basicity across
water contents at 80 °C vs stoichiometry of water in the solution; LiCl/DMAc was measured only water-free; for comparison, a values by Doherty et

al.’¢ are included.

dye, preferential solvation by hydrophobic components (cf. mixtures
of DMF with solvents®"*?) or clustering of the dye, leading to polarity
and acidity being underestimated.

IL—water mixtures were prepared gravimetrically (precision +0.2%

in absolute terms).

Dissolution and Regeneration. Clear 1 w/w % solutions in ILs
could be produced simply by mixing oven-dried pulp with the IL at 80

Nephelometry. Onset of precipitation was observed by neph-
elometry at 25 °C according to a published method, with
modifications.”” An Analite Model 156 (MacVan Instruments,
Australia) backscatter nephelometer was modified such that the light
shield was replaced with a black polyethylene cuvette of identical
dimensions. The nephelometer was zeroed against water, except for
the experiment with 9 w/w % pulp load and with NMMO-H,O as the
solvent, respectively, where the background turbidity was subtracted

°C. A 1 w/w % solution of pulp in NMMO was prepared by
suspending the pulp in a 50 w/w % water—NMMO mixture, followed
by evaporation of water under concomitant stirring to give a solution
with 14.43 w/w % water (1.1 equiv, checked by KF). Similarly, a 9 w/
w % solution of pulp was made by evaporation of water from a mixture
of 50 g pulp, 443.2 g of water, and 500 g [emim]OAc, to a final water
content of 9.7 w/w %. A vertical kneader system (b+b Geritetechnik,
Germany) described earlier*® was used to knead the mix at 90 rpm and
80 °C and to gradually evaporate the water by means of a diaphragm
vacuum pump (11 mbar max). This procedure is necessary because of
the high viscosity of the final solution.

from the results. Thus, turbidity is expressed in terms of arbitrary units
and cannot be compared between different solvent systems.
Rheology. Shear rheology of all solutions was measured on an
Anton Paar MCR 300 rheometer with a plate and plate geometry. The
viscoelastic domain was determined by performing a dynamic strain
sweep test and a strain between 1 and 5%, which fell well within the
linear viscoelastic regime, was chosen for the frequency sweep
measurements. Due to the relatively high initial moisture content of
the samples no significant additional water uptake from the laboratory
atmosphere at the plate edges was observed within the required testing

Cellulose solubility in [TMGH]OAc was tested using microcrystal-
line cellulose (MCC) as model substance. A total of S w/w % MCC
were added to various [TMGH]OAc—water mixtures (0, 2, 4, 6, 8, and
10 w/w % water) and the resulting IL—water—cellulose mixtures were
stirred overnight at 80 °C. The samples were cooled and turbidity
estimated visually (see Supporting Information, Figure S1). Only the

anhydrous sample was clear, but

all wet samples remained turbid.

time. Thus, it was not necessary to seal the edges with paraffin oil as
previously suggested.***> Each sample was subjected to a dynamic
frequency sweep at 25 °C over an angular velocity range of 0.1-100
s". In addition, the [TMGH]OAc mixtures were heated stepwise in
the range of 20—100 °C (2 °C step) with an angular frequency of
0428 s7' and strain of 1% to determine the influence of the
temperature on the rheological key parameters (complex viscosity 7%,
storage modulus G’, and loss modulus G”).

Regeneration experiments were done starting with a water-free 1 w/
w % solution of pulp in IL. Water was added, the mix was sampled,
and then topped up to give the next target water content. This was
done no more than 4 times before starting with fresh water-free
solution to minimize the risk of error accumulation. Homogenization
was performed with an Ultra-Turrax high-shear mixer, air bubbles were
removed by centrifugation (10000g, 10 min, 25 °C) and the samples
were manually mixed to obtain a consistent mix. Mixtures exhibiting
phase separation were remixed manually to obtain representative
samples suitable for nephelometry. For the partially regenerated and
gelatinous stages, the samples were processed below the sol—gel
transition point, although in some cases temperatures could not be
controlled precisely due to local overheating resulting from the high-
shear mixing.

B RESULTS

Kamlet—Taft Parameters. The values were measured in
the range of 20—100 °C, with the exception of NMMO
hydrates, since NMMO-H,O solidified below 50 °C and
NMMO-2H,0 below 30 °C (see Supporting Information,
Tables S1 and S2 and Figure S2). Even though the melting
points of [TMGH]EtCO, and [TMGH]OAc are 62 and 95 °C,

respectively,”’

they supercooled easily and remained liquid for

hours and even days when mixed with water. Hydrolysis of the
IL or breakdown of the KT dyes was not observed.
Temperature affected the KT parameters of all solvents and
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dyes in a linear manner. Only small deviations (0.02 units in
terms of E;(30) and 0.001 in «) in the Reichardt’s dye
wavelength in NMMO-H,O were found, which is connected to
the complex phase transitions known for NMMO hydrates.*®

The effect of temperature on KT values was small across
substances and water contents. Reichardt’s dye was the most
thermochromic, but the resulting changes were minor, a 1.2—
2.7 unit change in Ef(30). Thus, only the RD-dependent KT
values, 7* and @, changed significantly with temperature: 7*
showed the most significant change, a consistent 0.15 decrease
over the range of 20—100 °C for ILs, followed by a 0.05 unit
decrease in a. ff changed only about 0.02 units on average for
the different ILs. The exception was LiCl/DMAc with a change
Af = —0.120 between 20—100 °C (see Supporting
Information, Figure S2). The f value of dry [TMGH]OAc
was indistinguishable from [emim]OAc across all temperatures
(f = 1.09—1.10, see Supporting Information, Figure S2), but its
acidity was slightly higher (a = 0.527 vs & = 0.458, Figure 2c).

[TMGH]EtCO, was slightly more basic (f = 1.164) and
significantly more acidic (a = 0.678) than [TMGH]OAc (see
leftmost points in Figure 2c and d); this increase in a follows
from the higher E;(30) value and lower z* value (see
Supporting Information, eq S4). NMMO-H,0O, herein meas-
ured for the first time, was less basic than the pure ILs (f =
0.966) and of much lower acidity (@ = 0.202, cf. acetonitrile®”).
For 6 w/w % LiCl/DMAc, the measured = 1.140 disagrees
with the very high value f = 1.95 measured by Spange et al.
with a different set of dyes,'* but the value is still consistent
with other cellulose solvents.

The KT parameters were also assessed as a function of their
water content. It has to be noted that this is not totally
unambiguous. Previous studies have shown that the solvato-
chromic response of solvent mixtures can be misleading due to
preferential interactions of the dye with one of the solvents or
formation of microheterogeneities in the bulk phase, i.e. solvent
cluster formation.*® In a complex anion—cation—water system,
this is rather likely to occur. However, we proceed presenting
our results herein as the KT parameter could be reasonably
correlated with the regeneration of cellulose (see Discussion).

Upon addition of water,  was found to decrease in an almost
linear fashion for the [TMGH] ILs. The approximate slope was
the same for different ILs (see Figure 2d). For [emim]OAc, the
measured /3 agreed very well with literature."® NMMO hydrates
were also in a similar range, but the S values were more
sensitive to water, reflecting the high enthalpy of hydration of
NMMO.

For the [TMGH] ILs, at the water concentrations above the
initial rise, the a values leveled off and remained roughly
constant over the increasing water stoichiometries. This is not
unexpected as the aqueous pK, of TMG is 13.6 at 25 °C.*’
NMMO hydrates revealed a very low acidity: the monohydrate
afforded @ = 0.202 and the dihydrate a = 0.284, due to the lack
of any acidic position such as the C*~H position in [emim]* or
the protonated guanidinium N?—H position in [TMGH]".
Concerning dry [emim]OAc (a = 0.458), there was some
minor disagreement between our data and different publica-
tions (@ = 0.40% or 0.56'), best attributed to variable
impurities originating from different synthesis methods.

The 7* values were also high for all liquids (7* = 0.9-1.2)
and increase on addition of water (Figure 2b). The 7%
difference between [TMGH]EtCO, and [TMGH]OACc is best
explained by the smaller size of the latter molecule.
Furthermore, the addition of an extra methylene lowers
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dipolarity and increases polarizability, thus lowering the
dipolarity/polarizability ratio. An increased dipolarity should
promote cellulose solubility. Hence, the variations of 7* values
in the ranges observed in this study do not seem to be relevant
for cellulose solubility. However, for [TMGH] ILs, there is a
limit to cellulose solubility as carboxylate chain length
increases.”

E1(30) values did not change significantly across those water
content ranges where regeneration occurred and moreover,
NMMO had a consistently lower E;(30) value than the other
solvents.

Regeneration and Nephelometry. The nephelometry
plot showed three distinct sections: constant low turbidity,
followed by a steep increase and, finally, a level-off phase
(Figure 3). Thus, the regeneration process was divided into 3

4009 4 [emimlOAc e G' [emim]OAc [ 900
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3004 ¢ [TMGHIOAC r40 g
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Figure 3. Regeneration of 1 w/w % cellulose solutions as a function of

IL/H,0 stoichiometry, shown with turbidity and with the rheological

storage modulus (G’) of the 1 w/w % [emim]OAc and [TMGH]OAc
solutions (measurements were performed at 25 °C).

parts where cellulose was dissolved (solution state), regenerat-
ing (transition state) and regenerated (suspension state), and
each set of measurement points fitted with a linear function.
The intersections were then defined as start and end point of
regeneration.

In [emim]OAc, the high 9 w/w % pulp loading produced
firm semiclear gels if water content was 16 w/w % (2.0 nH,0/
nlL) or above, but the mix remained clear (Supporting
Information, Figure S3). At 22 w/w %, that is, at 1:2.66
stoichiometry, turbidity sharply jumped to a plateau, where
further addition of water did not change the turbidity
substantially, as described by Mazza et al. for [bmim]CL>’
The high scatter is a result of the high viscosity of the 9 w/w %
mix, which makes removal of air bubbles more difficult.

The 1 w/w % solution of pulp in [emim]OAc was easier to
handle, although centrifugation was necessary above 23 w/w %
water content to remove air bubbles. The start of regeneration
occurred at 18.32 w/w % and ended at 23.08 w/w % for
[emim]OAc, which is similar but not exactly the same as in the
9 w/w % case. However, from the 1 w/w % data, the most
remarkable result can be seen by plotting turbidity against
stoichiometry of water per ionic liquid. The starts of
regeneration are rather high and approximately similar, with
stoichiometry of water ny o/ny;, = 2.2—4.4, 3.1-5.6, and 2.1—
2.8 for [TMGH]EtCO,, [TMGH]OAc, and [emim]OAc,
respectively (Figure 3), and additionally 2.5—3.0 for NMMO.
Earlier, in the case of solutions in NMMO, such ranges instead
of sharp thresholds have been explained by the polydispersity of

the molecular weight distribution of cellulose.*’ Our data

dx.doi.org/10.1021/bm300912y | Biomacromolecules 2012, 13, 2896—2905
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suggests that the width of the ranges is also dependent on the
solvent.

In the case of [TMGH]OAc, the high threshold of
regeneration aroused suspicions of side reactions. To check
against acylation or carbamylation, the sample was washed to
remove the IL. After washing with water four times and twice
with ethanol, the infrared spectrum was identical to that of
original pulp (see Supporting Information, Figure S4).

Rheology. The visco-elasticity of the samples changed
noticeably upon addition of water (gel formation) without
necessarily leading to a nephelometry signal. Thus, the visco-
elastic properties were assessed by rheometry. For the 1 w/w %
pulp-[emim]OAc solution, both oscillatory and steady shear
tests were performed at 25 °C. To compare samples with
varying water content, the dynamic parameter, that is, complex
viscosity n*, storage modulus G’, and loss modulus G”, were
captured at an angular velocity of 7.28 s™'. At low water
content, the mixtures did not differ significantly in terms of
their viscoelastic properties. However, exceeding a threshold of
1.30 nyo/ng (12 w/w %) all aforementioned dynamic

parameters showed a steep rise until they reached a maximum
at around 2.54 nyo/ny (21 w/w %), which coincides

approximately with the inflection point of the turbidity curve
(Figure 3, Supporting Information, Figure SS). This indicates
the complexity of the regeneration process in which the
ultimate collapse of the gel-like transition phase and
concomitant particle formation represents only one of four
stages (see Discussion). Gel formation as the initial phase of
regeneration was confirmed by steady shear measurements. At
low water content, the (dynamic) viscosity curves show a
Newtonian behavior over a wide shear range and shear thinning
at high shear rates. However, as the relative amount of water
exceeds 1.30 nyo/ny (12 w/w %), the cellulose molecules

form a supramolecular structure, expressed in a power law
dependency of the viscosity curves, that is, a straight line with a
slope of —1 in a double logarithmic plot (see Supporting
Information, Figure $6). This transition from liquid-like to
solid-like behavior was also observed by Song et al. when they
gradually increased the MCC concentration in [emim]OAc.*
In combination with our results it can be concluded that the so-
called critical gel point of cellulose in ILs is not only a function
of the solute concentration but also depends on the (residual)
water content.

For the respective [TMGH]OAc mixtures, assessment of the
solution state turned out to be more complex as the gel melting
point was near or even below room temperature. Thus,
temperature differences affect the rheological parameter more
significantly. A frequency sweep at 25 °C revealed a sudden rise
of dynamic moduli and complex viscosity, respectively, at a
water content of 3.11 nyy o/ny, (24.2 w/w %), which, in contrast

to [emim]OAc, almost coincides with the onset of turbidity
(Supporting Information, Figure S5). Although maintaining the
exact same thermal history was not possible with this method,
the samples were always handled below the gel melting point in
turbidity experiments. To evaluate the effect of temperature,
the [TMGH]OAc mixtures were subjected to a dynamic
temperature sweep (heating/cooling cycle) at constant strain
and angular velocity. The crossover of the dynamic moduli G’
and G” was then defined as sol—gel transition temperature
(Supporting Information, Figure S7). All samples below a water
content of 2.61 nyo/ny (21.1 w/w %) remained viscous
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solutions within the tested temperature range of 20—100 °C.
Starting from 2.61 nyo/ny, the samples exhibited a linear

relationship between water content and transition temperature
(Supporting Information, Figure S8). Once liquefied, the initial
network structure was not re-established instantaneously upon
cooling. Instead, the mixtures entered a supercooled state. The
resulting hysteresis is in accordance with previous studies.**
Above 4.01 nyo/ny (292 w/w %), the cellulose—IL—water

mixtures formed a strong gel structure that did not melt within
the tested range (up to 100 °C).

B DISCUSSION

Regeneration. This study mainly focused on the
regeneration of cellulose, that is cellulose was precipitated
from a solution by adding water. Aside from the need to
characterize the regeneration process when aiming for cellulosic
products, this was also to avoid the influence of topochemical
and fiber-specific diffusion effects that have to be taken into
account when dissolving pulp in ILs with different water
contents.”>*

The regeneration of a 1 w/w % cellulose solution in
[emim]OAc and [TMGH]OAc was studied in detail by means
of nephelometric, rheometric, and spectroscopic methods.
Thereby, four stages leading to regenerated cellulose could be
identified. First, the gradual addition of water to the IL-cellulose
solutions causes an increase of the samples’ storage modulus G’
at 1.6 nyo/ny for [emim]OAc and at 3.03 nyo/ny for

[TMGH]OAC, indicating the formation of a gel-like, supra-
molecular structure before turbidity is observed (Figure 3).
This can be assigned to the hydrophobic interactions of
cellulose, which is amphiphilic in that it has both hydrophilic
hydroxyl groups and nonhydrophilic surfaces.***> (This has
recently been termed the Lindmann concept,*® although
numerous publications have addressed the amphiphilic
character of cellulose already earlier.*’) Computational studies
have shown that the IL-cation can form van der Waals bonds to
the nonhydrophobic C—H moieties of the anhydroglucose
repeating unit and, thus, break the intersheet bonds of the
supermolecular cellulose structure.** > Conversely, these
bonds are reformed first upon addition of water, as the
hydration of the cation increases its steric demand and
prohibits short-range dispersive interactions. At this stage, the
cellulose interactions are still weak, reflected by the possible
liquefaction of the gel upon heating, that is, the weak bonds can
be broken and the gel turned into a visco-elastic fluid via
heating the mixture beyond the sol—gel transition temperature
(see Supporting Information, Figure S8 for [TMGH]OAc).*

The evolution of turbidity marks the beginning of the second
regeneration phase. The water content thresholds of the
studied IL—cellulose systems at which the turbidity signal starts
to rise are given in Table 2. At this point, the liquid phase is in
fact mostly water in stoichiometric terms, and the structure of
the bulk solution is entirely disturbed. Since the cellulose
hydroxyl-acetate bond is stronger than that to water,” the ILs
will remain on the surface of the cellulose molecule, unless
forcibly disturbed from the bulk. This is exacerbated by the fact
that packing of a hydrophobic cation around the first anion
solvation shell offers a barrier to the transport of water to the
anion-cellulose H-bond. If the packing is tight, one would
expect the bulky [TMGH]" cation to provide a suitable barrier
to removal of IL from the solvation shell.

dx.doi.org/10.1021/bm300912y | Biomacromolecules 2012, 13, 2896—2905
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In the third stage, the phases separate, but the cellulose-
bearing solid phase is perturbed by a water—IL mixture. The
fourth stage comprises therefore the removal of the water—IL
mixture from the regenerated cellulose-bearing gel. Thorough
washing is required to force this to completion (see Supporting
Information, Figures S4 and S9).

Net Basicity. There have been several previous attempts to
correlate the swelling or dissolution of biomass with solvent
parameters. As mentioned in the introduction, the polar (5p)
and hydrogen bonding (8y) components of the Hildebrand
parameter (5) are correlated with swelling of cellulose in
molecular solvents.”® The swelling of pine wood chips in ILs
has been correlated to the KT f value.’’ This is in line with our
experiments which show that mainly the change of § upon
addition of water correlates with cellulose regeneration.
Reichardt’s E(30) value, which is solely a function of
Reichardt’s dye solvochromic response, was rather high for all
liquids measured (49—52) and remained so upon the addition
of water. For the [TMGH]* ILs, immediately upon addition of
even 1 w/w % water, the value jumped by 1.7—2.9 units (Figure
2). However, this occurs below concentrations that precipitate
cellulose (Figure 3). This effect is known for mixtures of water
with molecular solvents® and has also been observed by
Doherty et al. for @ when adding water to [emim]OAc (see
Figure 2¢).'® The decrease of the /3 value and the increase of
the acidity of the mixture, particularly at low water contents, are
best explained by the preferential solvation of water by the
anion of the IL. Water has a low hydrogen bond basicity, but a
high hydrogen bond acidity (8 = 0.18, @ = 1.17)," thus, it
interacts with the anion. Moreover, ILs are known to increase
the autoprotolysis (K,) of water,”" therefore, the acidity is
expected to increase especially on addition of small amounts of
water in an IL-dependent manner.

Although the change of f is the most significant one, it is
doubtfully the only one relevant for cellulose solubility.
Computational studies have already shown that also the cation
has a role in the dissolution process.**™>® When looking at
other solution systems, the interactions of solvents and catalysts
are described by the difference 0 between the donor number
(DN) and acceptor number (AN), two other solvatochromic
parameters for quantifying hydrogen bonding acidity and
basicity.”> Consequently, a combined parameter, f—a, was
considered herein. To start with, our results were combined
with available literature data of neat ILs (Table 1) and the “net
basicity” (f—a) of each IL was plotted versus its f value
(Figure 4). In contrast to molecular solvents (see Supporting
Information, Figure S10), the (f—a) versus f plot for ILs
shows a distinct correlation, indicating a strong dependency
between a and . A deviation is observed for the ILs bearing a
hydroxyl group (1-(2-hydroxyethyl)-3-methylimidazolium
[HOC,mim]), which allows for stronger interion hydrogen
bonding. Figure 4 reveals that all ILs reported to dissolve
cellulose are located within a certain section. This allows the
definition of an empirical “dissolution window”: the S value
ranges from 0.80 to 1.20, whereas the net basicity should
neither be lower than 0.35 nor exceed 0.90, reflecting a
necessary balance between acidity and basicity. The lower
threshold value for f is in accordance with observations of
Sellin et al.>* and Gericke et al.>> However, the limits of the
dissolution window are diffuse to at least some extent, as
depicted in Figure 4. Especially the upper limits are currently
defined by one type of phosphonium-based ILs only ([Pggqg]-
MeHPO; has 7* = 0.84, a = 025, f§ = 1.40).% Nevertheless,
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129 4 [emim]OAc ,
1 = [TMGHIEtCO, aALAAAAAN
081 o [TMGHIOAC NN
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Figure 4. Difference f—a plotted against 3, with the solvent window
0.35 < f—a < 0.9; full symbols are cellulose solvents, empty symbols
nonsolvents. The left legend shows the solvents presented in this
work. LiCl/DMAc data is shown in the range 20—100 °C. The right
legend indicates the cations of various ILs reported in literature (the
respective anions are listed in Table 1).

the net basicity plot allows to define cellulose solvent
requirements more accurately than a simple a versus f plot
(see Supporting Information, Figure S11).

As for molecular solvents, several seem to fit into the /3 range
for dissolution, but there are none which have both a high 7*
and f—a (see Supporting Information, Figure S10). The only
p—a outlier in Figure 4 is [HOC,mim](MeO)HPO,, which
dissolves only up to 6 w/w % cellulose when heated to 100
°C;*” its hydroxyl group causes IL self-association. [bmim]Cl,
which straddles the boundary at f—a = 0.34°® (0.40 from
another source®”), also requires heating to 100 °C for a 10 w/w
% solubility.

In addition, Figure 4 includes the known cellulose solvent
system 6 w/w-% LiCl/DMAc which starts to drift out from the
solvent range upon heating from 20 to 100 °C. Indeed, pulps
do not defibrillate sufficiently to dissolve in hot LiCl/DMAc,
but require impregnation with DMAc at 150 °C followed by
addition of LiCl and cooling; the crystallinity index starts
decreasing only at 80 °C.>'***¢!

Correlation of Solvent Parameter and Regeneration.
As mentioned in the Results section, the  value changes most
significantly among all KT parameters upon water addition and,
thus, seems likely to correlate with the cellulose precipitation
(Figure 2). Figure S shows the fi—a versus f plot for various
IL—water mixtures. All of the ILs rapidly drift out from the net
basicity solution window when adding water. However, water
affects the liquids differently. [emim]OAc remains in the

Q\\\\\\\\\\\\\\\\\Q
N

0.8+

SIS

LiCI/DMAc
— [TMGHJE(CO,
—— [TMGH]OAc
—— NMMO

- = = lit. —— [emim]OAc

1.0 1.2

0.8

Figure 5. Effect of addition of water on basicity and net basicity; labels
are water contents (w/w %) and symbols with drop lines are
thresholds of regeneration; the rectangle depicted is the same as in
Figure 4; values from Doherty et al.'® are included.

dx.doi.org/10.1021/bm300912y | Biomacromolecules 2012, 13, 2896—2905



Biomacromolecules

solvent window until a high water content (ca. 1.76 ny o/ny, or

16 w/w %), which is in accordance with the known high water
tolerance of [emim]OAc in the course of cellulose dissolution.
On the other hand, [TMGH]EtCO, exits the solvent window

almost immediately on addition of even 1 w/w % (0.11 ny o/
ny) of water; accordingly, almost no water is tolerated in
cellulose dissolution. The same applies to [TMGH]OACc, which
requires about 4 w/w % or 0.43 ny o/ny. NMMO is a very

good fit to the f—a minimum of the solvent window, whereas if
B only is considered, turbidity appears at comparatively low .

The KT values at which regeneration can be observed are
highlighted in Figure 5 and summarized in Table 2. They are

Table 2. Kamlet—Taft Parameters of Pure IL—Water
Mixtures at Water Contents Where the Respective 1 w/w %
Cellulose Solution Start to Regenerate (Identified via Onset
of Turbidity, cf. Figure 3)

b

solvent w/w %% n/n 7k a p p—a
[TMGH]EtCO, 17 222 1.00 0.67 0.87 0.20
[TMGH]OAc 24 311 114 066 070 004
[emim]OAc 18 2.12 1.0 0.54 0.81 0.26
NMMO-nH,0O 28 2.47 1.09 0.32 0.65 0.33

“Weight % of water in IL. “Stoichiometry of water per IL.

slightly outside the dissolution window which was developed
with solubility data of neat ILs. This highlights again the
distinct difference between dissolution and regeneration of
cellulose in ILs. It has to be noted that the regeneration
thresholds are not exact values because of kinetically hampered
regeneration, that is, the system can remain in a solution state
even though the critical water threshold has been passed and
then forms gradually a gel or a suspension in the course of
hours or even days (cf. retrogradation of starch)."”
Differences between the Cellulose Solvents. To explain
the differing behavior of the IL solvents upon regeneration, the
strong H-bonding interactions between the solvents and
cellulose are relevant. In the bulk, the [TMGH]" cation
functions as a hydrotrope, decreasing water availability at lower
concentrations; thus, the cellulose solutions in [TMGH]-based
ILs regenerate at higher water contents than those of
[emim]OAc. However, the [TMGH]" cation is bulky due to
its dimethylamine groups, which will create a more impervious
hydrophobic surface on the solvated complex, making it less
susceptible to intrusion from water. In addition to this, due to
the increased acidity of the [TMGH]* versus the [emim]*
cations, the interaction between the ion pairs is stronger for the
[TMGH]-based ILs and their associated complexes. This likely
strengthens the resistance of the cellulose-IL complex toward
attack from water during regeneration. For [emim]OAc, the
anion—cation H-bonding interaction is weaker, allowing for
more mobility of the ions. In addition, the cation is more
electronically diffuse, less sterically hindered and, therefore,
more susceptible to dissolution with water. In the variation of
the anion, the extra methylene in propionate versus acetate
likely causes more steric crowding, reducing the stability of the
solvated complex. Thus, the order of water tolerance of
predissolved cellulose solutions is observed to be [TMGH]OAc
< [TMGH]EtCO, < [emim]OAc. NMMO—water retains a
high g throughout the regeneration (Figure S); cellulose
precipitates exactly at the predicted f—a boundary (f—a =
0.33), while /# goes as low as 0.65 (Table 2). This again shows
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that value of f—a is a more general descriptor for regeneration
than S alone. Apparently, NMMO precipitates cellulose much
more cleanly upon addition of water, thus, the match to the
predicted ff—a is better than for ILs, whereas the ILs are more
easily retained on the cellulose.

In contrast, dissolution, which includes a decrystallization
transition, is different from regeneration. The inability to
dissolve cellulose in wet [TMGH] ILs can be explained as an
effect of the increased acidity of water in these ILs, which push
these ILs out of the solvent range, as detailed in Figure 5. This
effect is weaker for [emim]OAc, which is a weaker
autoprotolysis enhancer, demonstrated by the sudden increase
of a at low water contents (Figure 2). This allows even wet
[emim]OAc solutions (10—15 w/w % H,O) to dissolve
cellulose. One would rationally expect that a higher 8 basicity of
[emim]OAc would explain this, but the f§ values are similar at
low water contents.

Conclusions. The aim of this study was to correlate
Kamlet—Taft solubility parameter of ionic liquids with their
capability to dissolve and regenerate cellulose. a, B, 7*, and
E;(30) of [emim]OAc, [TMGH]OAc, and [TMGH]EtCO,
were determined as a function of water content and
temperature. In addition, the known cellulose solvents
NMMO-H,0 and LiClI/DMAc were studied as well. As
expected, it was found that the KT f values decrease
significantly with the addition of water. The 7* value increased,
and @ and E(30) remained approximately constant after a
small initial jump at 1 w/w % water or below. KT values other
than f were not found to correlate directly with dissolution of
cellulose. Among the single KT parameters, the f value is that
which explains dissolution best. However, the match was
inexact for regeneration with water (Table 2). Consequently,
the net basicity f—a was considered instead for both
dissolution and regeneration, which better accounts for the
acidity imparted by the cation, or protic cosolvent, particularly
for NMMO-H,0. KT values of neat ILs from literature were
added to create f—a versus f plot. In this plot, the cellulose
dissolving ILs could be located in a region roughly defined by
0.35 < ff—a < 0.9 and 0.80 < B < 1.20. The regeneration of
cellulose could be divided into four stages: gelation, particle
formation, regenerated cellulose with IL/water adsorbed,
removal of residual IL via excessive washing. The distinct
difference between dissolution and regeneration is clearly
demonstrated by [TMGH]OAc and [TMGH]EtCO,.
Although they are very sensitive toward water when dissolving
cellulose, they tolerate more water when regenerating the
cellulose from solution. Due to the hydrotropic nature of the
more bulky cations, cellulose regeneration may require more
hydrophobic mixtures (e.g., water—alcohols) for more efficient
regeneration of pure cellulose.

The solubility window in combination with an understanding
of the regeneration of cellulose from the respective solutions
could help to seek more efficiently for new cellulose dissolving
ILs as it stresses the importance of a in both dissolution and
regeneration.

B ASSOCIATED CONTENT

© Supporting Information

Water content determination and IR details; equations used to
calculate KT parameter; for each dye and temperature,
thermochromicity represented as linear functions of wavelength
per temperature; nephelometry results of 9 w/w % pulp in
[emim]OAc; graphs for noncorrelated variable pairs (f—a, f)
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for molecular solvents and (f, @) for ILs; ATR-IR spectra of
each washing step in washing [TMGH]OAc 1 w/w-% cellulose
solution with water; steady shear viscosity of 1 w/w % pulp in
[emim]OAc with different water contents; comparison of
[emim]OAc and [TMGH]OAc with respect to turbidity and
storage modulus; for [TMGH]OAc 1 w/w % cellulose solution,
a frequency sweep at 25 °C, a temperature ramp 20—100 °C
and a graph of sol—gel transition point and dynamic moduli
versus water content; a schematic of the regeneration process; a
photograph of wet [TMGH]OAc mixed with pulp. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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