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Predictive screening of ionic liquids for dissolving cellulose and
experimental verification

a,b,c

Yan-Rong Liu,*™ Kaj Thomsen,® Yi Nie, Suo-Jiang Zhang,* Anne S. Meyer*®

In this work, 357 ionic liquids (ILs) formed from 17 cations and 21 anions were selected for evaluation of their ability to
dissolve cellulose by COSMO-RS. In order to evaluate the predictive model and method, experimental measurements of
the solubility of microcrystalline cellulose (MCC) in 7 of these ILs were also conducted. Predicted results from logarithmic
activity coefficients were generally in good agreement with the experimental results. Three different models were used for
describing cellulose, and the mid-monomer part of the cellotriose model was found to be closer to the experimental
results than a neat glucose model and the model of the mid-dimer part of cellotetraose. Excess enthalpy calculations
indicated that hydrogen-bond (H-bond) interactions between cellulose (i.e. the three cellulose models) and the 7 studied
ILs are key factors for the solubility of cellulose, and the anions play a crucial role in the cellulose dissolution process.
Importantly, the cations of methylimidazolium®, pyridinium®, ethylmorpholinium® and methylpyrrolidinium® structured
with functional groups including ethyl, allyl, 2-hydroxylethyl, 2-methoxyethyl and acryloyloxypropyl, combined with anions

Ac~, Dec”, HCOO™, ClI~, BEN", DMPO,, DEP, DBP™ and Br~ were predicted to be the best for dissolving cellulose.

1. Introduction

Cellulose is widely used in paper products, textiles, plastics,
coatings, composites, laminates, optical film, pharmaceuticals
and other applications. The numerous applications of cellulose
is attributed to its promising features, such as biocompatibility,
biodegradability, thermal and chemical stability.l’2 Cellulose is
a linear polymer consisting of several hundred to over ten
thousand B-(1->4)-linked glucose repeating units, together
with numerous intermolecular and intramolecular H-bonds.>*
The multiple H-bonds between cellulose molecules form highly
ordered crystalline regions which makes cellulose insoluble in
water and common organic solvents.” Some traditional solvent
systems have been
processes, for example, N-methylmorpholine oxide (NMMO),6
N, N-dimethylacetamide/lithium chloride (DMAc/LiCI),7 N, N-
dimethylformamide/nitrous tetroxide (DMF/N204),8 molten
salt hydrates (LiClO,-3H,0, LiCH;COO-2H,0, LiCl/ZnCl,/H,0,

NaSCN/KSCN/LiSCN-2H20),9'10 and aqueous NaOH or aqueous
11

investigated for cellulose dissolution

solutions of metal complexes (Cd-tren, Ni-tren and Cuoxam).
However, drawbacks of these processes including high cost,
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high dissolution temperature, volatility, difficulty in solvent
recovery and toxicity make them undesirable, and underlines
the necessity for developing greener solvents for cellulose
dissolution.**** lonic liquids (ILs) can be considered green
solvents™™. In the recent years, more than 60 ILs have been
investigated for their ability to dissolve cellulose.®* The
increasing interest in ILs as solvents is due to their remarkable
properties such as immeasurably low vapour
excellent chemical and thermal stability,
conductivity, and non-flammability. The most fascinating

property of ILs is the structural diversity, as numerous possible
3,18,19

pressure,
electrical

cations and anions can be combined freely.

It is reported that the best cations for dissolving cellulose are
mainly derivatives of imidazolium and pyridinium,3 and that
the most efficient anions are chloride, acetate, formate,
phosphate, sulphate, and sulfonate.?® Some researchers claim
that the cellulose dissolution process is strongly anion-
dependent,3’21’22 whereas others claim that not only the
properties of anions or cations, but also their combination,
make ILs efficient for dissolving cellulose.”® Erdmenger24 and
Zhao® indicated that cations can influence the dissolution of
cellulose. Increasing the alkyl chain length of the cation
decreases the ability of the IL to dissolve cellulose. By adjusting
the functional groups on the cations of ILs, more efficient and
functionalized ILs for dissolving cellulose can be obtained. Li et
al.”® concluded that AmimCl with a double bond is more
effective in dissolving cellulose than BmimCl. Luo et al.”’
synthesized 1-(2-hydroxyethyl)-3-methyl imidazolium chloride
(HOEtmimCl) and found that ILs containing hydroxyl groups on
the imidazole cation are excellent solvents for dissolving
cellulose due to the H-bonds formation with cellulose. The

Green Chem., 2016, 00, 1-9 | 1
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solubility of microcrystalline cellulose (MCC) in HOEtmimCl can
reach 5%-7% at 70 °C. However, cellulose has a low solubility
in [H(OEt)smim]Ac because the flexibility of [H(OEt)smim]Ac
allows it to form H-bonds with its anions, which decreases the
cellulose squbiIity.28

Numerous possible ILs composed of cations and anions can be
synthesized. The functional groups of the cations can be
modified to affect the capacity of ILs to dissolve cellulose. It is
nevertheless a challenge to identify the best ILs for dissolving
cellulose. A rapid and a priori screening method to predict the
cellulose solubility capacity for ILs is needed in chemical
engineering research and industry. COSMO-RS (Conductor-like
Screening Model for Real Solvents), integrates dominant
interactions of H-bonds, misfits, and Van der Waals forces in IL
systems to summarize multiple solvation.”> COSMO-RS can be
used for performing mixture calculations at various
temperatures, which renders it considered by many to be the
most accurate model for the prediction and development of
ILs for specific tasks currently available.*

Previous publications have demonstrated that COSMO-RS can
successfully predict properties of ILs in the field of biomass
dissolution, such as activity coefficients,31 solubilities®*>* and
excess enthalpies35. Activity coefficient calculations have been
shown to be useful for predicting cellulose solubility in ILs.>®
Kahlen et al.*” found that the anion played an important role in
dissolving cellulose according to COSMO-RS calculations. Casas
et al.”? studied the solubility of cellulose and lignin in different
ILs using activity coefficient and excess enthalpy calculations
from COSMO-RS. They reported activity coefficients and excess
enthalpies with similar tendencies, and demonstrated that the
exothermal behaviour and low activity coefficients of cellulose
and lignin in ILs was related to higher solubilities. 2 0On the
basis of that work, Casas et al.® subsequently designed 3 x 3
cellulose model structures consisting of nine “differently cut”
monomers, M1 to M9, to be used by COSMO-RS to represent
cellulose. Based on the calculated activity coefficients, excess
enthalpies and the experimental results for 12 ILs, the M4
model was finally selected as the best cellulose model.*

The aims of this work were to use COSMO-RS to screen
potential ILs for their ability to dissolve cellulose and to select
the best cellulose model from three cellulose models
considered. These three cellulose models investigated included
a glucose model (Model 1), a mid-monomer part of a
cellotriose model (Model 2), and a mid-dimer part of a
cellotetraose model (Model 3). The ILs tested in this work
mainly focused on 17 cations based on methylimidazolium®,
pyridinium®, ethylmorpholinium® and methylpyrrolidinium®
structures with ethyl, allyl, 2-hydroxyethyl, 2-methoxyethyl
and acryloyloxypropyl functional groups. The 17 cations were
combined with 21 different anions. The solubility of MCC in
seven different ILs was measured experimentally to verify the
predictions of the logarithmic activity coefficients and excess
enthalpies of the three cellulose models in the ILs. The best
cellulose model was then identified by comparing the
predictions with the experimental results.

2 | Green Chem., 2016, 00, 1-9

2. Computational details and calculation sets of
cellulose models and ionic liquids

2.1 COSMO-RS computation details

The COSMO-RS calculations were carried out using several
procedures. First, the quantum chemical Gaussian09 package
was used to optimize the structure of the studied compounds
at the B3LYP/6-31++G (d, p) level. Second, the COSMO files of
the optimized structures were opened by Gaussian03 and
COSMO continuum solution models were calculated using the
BVP86/TZVP/DGAL level theory. Third, the logarithmic activity
coefficients, excess enthalpies, o-potentials and o-profiles
were determined using the model COSMO-RS
(implementation: COSMOtherm version C3.0 release 14.01,
applied with parameterization BP_TZVP_C30_1401,
COSMOlogic, Leverkusen, Germany). The calculation
temperature for COSMO-RS was set to 90 °C, the same
temperature as used for the experimental determination of
cellulose solubility.

When conducting calculations in the COSMO-RS program, the
molar fractions of the cations and anions of the ILs were
treated as equal, i.e. ncation=nanion=n|L.35 The logarithmic activity
coefficients and excess enthalpies for solutions of cellulose in
ILs were also investigated by COSMO-RS. In these two
calculations, the molar fraction of cellulose was set as 0.5, the
molar fraction of the IL cations was set as 0.25, and the molar
fraction of the IL anions was set as 0.25. The activity
coefficients and the excess enthalpies were calculated
according to the COSMO-RS theory. The activity coefficient
calculation equation has been described previously by
Diedenhofen and Klamt,31 and the excess enthalpy equation
has been described by Gonzalez-Miquel et al.®

2.2 Cellulose models

The program package COSMOtherm has several methods to
model a polymer. Usually, only one or several repeating units
are selected for the calculation. Then, the end group of the
polymer is deactivated using a function of COSMO-RS called
“weight string”, which allows for selectively switching on/off
certain atoms within a COSMOfile. *° Using this function, with
the weight string code for off being “0” and for on being “1”,
the weight string sequences for each atom in the mid-
monomer part of a cellotriose model and the mid-dimer part
of a cellotetraose model were obtained (Fig. 1). For this
configuration, the total free energy of each model was
calculated as the sum of its DFT/COSMO energy in the
conductor reference state and its individual pseudo chemical
potential, obtained from the COSMO-RS model.*’ In this case,
three representations were selected for cellulose, and these
structures were obtained according to the procedures
described in section 2.1-2.2. The resulting chemical structures
and charge surface regions are displayed in Fig. 1.

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 COSMO-RS charge surfaces of three cellulose representation models: Model 1: Glucose; Model 2: Mid-monomer of
cellotriose; Model 3: Mid-dimer of cellotetraose. Red zones indicate a positive surface charge, yellow and green zones indicate
almost neutral charges, navy blue designate negative surface charge. The code-sequences inside the brackets correspond to the
weight string codes for each model: "0" indicates that the atom was deactivated (switched "off") and "1" indicates that the atom

was activated (switched "on") in the COSMO-RS calculation.

2.3 Structure of cations and anions

The structure of cations and anions employed in this work can
be seen in Table 1 and Table 2 respectively. The COSMOfiles
for the cations No. 1-5, 10-13, and 14-17 in Table 1 and all the
COSMOfiles for the anions in Table 2 come from the COSMO-
RS database. The COSMOfiles for the cations No. 6-9 in Table 1
were calculated based on the procedures outlined in 2.1.

According to the work of Wang et al.? imidazolium-based and
pyridinium-based ILs which have the functional groups alkyl-,

Table 1 Cations studied in this work

allyl-, hydroxyl-, ether- and ester- are potential for dissolving
cellulose. Morpholinium-based and pyrrolidinium-based ILs
with these function groups were considered based on the
works of Raut et al.*® and Zavrel et al..”* The cations of
pyridinium®, ethylmorpholinium® and
methylpyrrolidinium® with functional groups of ethyl, allyl, 2-
hydroxylethyl, 2-methoxyethyl or acryloyloxypropyl were
combined with 21 anions resulting in the 357 ILs studied in this
work.

methylimidazolium®,

No. Name of cation Acronym Structure
15 1-R-3-methylimidazolium [Emim, Amim, HOEtmim, EtOMmim, AOPmim] ~N SRR
R=ethyl, allyl, 2-hydroxylethyl, —
2-methoxyethyl, acryloyloxypropyl
X
Epy, Apy, HOEtpy, EtOM
6-9 N-R-pyridinium [Epy, Apy. Py Pyl | NG
R=ethyl, allyl, 2-hydroxylethyl, 2-methoxyethyl é*
. [Eemor, Aemor, HOEtemor, EtOMemor] (N’F
10-13 4-R-4-ethylmorpholinium
R=ethyl, allyl, 2-hydroxylethyl, 2-methoxyethyl [ j
o
Empyrr, Ampyrr, HOEtmpyrr, EEOMmpyrr
14-17 1-R-1-methylpyrrolidinium [Empy Py Py pyrr] Cﬁ\/
R=ethyl, allyl, 2-hydroxylethyl, 2-methoxyethyl R

This journal is © The Royal Society of Chemistry 2016
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Table 2 Anions studied in this work

No. Name of anion Acronym Structure No. Name of anion Acronym Structure
(0]
1 Acetate Ac — 12 Formate HCOO §
o] o
o-
X Cl-_ClI o
2 Tetrachloroaluminate AlCl, CI/AI\CI 13 Hydrogensulfate HSO, 0*?*0
OH
3 Bromide Br Br 14 lodide | I
F o
| _ L
4 Tetrafluoroborate BF, F=B—F 15 Methoxyethylsulfate =~ MeOEtSO, CFSFO
F O\/\O/
'l P
5 Butylsulfate BuSO, 0=3$=0 16 Methylsulfate MeSO, 0=8=0
O _~_~ o _~
(@] (‘ZEN
6 Benzoate BEN ®—< 17 Dicyanamide N(CN), N
o~ C=N
- - Fo - F
7 Chloride Cl Cl 18  Hexafluorophosphate PFe ';7 Pﬂf
F><F
[¢]
o F //s/(
\ Bis(trifluoromethylsul N
8 Perchlorate ClO, 0=CI=0 19 ( v THK,N o N
8 -fonyl)amide 0=S=0
F——F
F
?,
ﬁ 0=S8=0
9 Dimethylphosphate DMPO, o P\\O/ 20 Toluene-4-sulfonate Tos
o—
ﬁ TN %
10 Diethylphosphate DEP ed \\: O °
9 21 Decanoate Dec
B /P\O/\/\
o\

11 Dibutylphosphate DBP

4 | Green Chem., 2016, 00, 1-9 This journal is © The Royal Society of Chemistry 2016
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3. Results and discussion
3.1 o-potential of three cellulose models

In COSMO-RS, o-potential is a measure of the affinity of the
system to a surface of polarity 0. The o-potential can be
divided into three main regions: the H-bond donor region (o <
-0.0082 e/AZ), the H-bond acceptor region (o > +0.0082 e/AZ),
and the non-polar region (-0.0082 < ¢ < +0.0082 e/f“z).38 Fig. 2
shows that the o-potential values of Model 1 are more
negative than those of Model 2 and Model 3 in the H-bond
acceptor region, which means that Model 1 gives more affinity
for H-bond acceptor surfaces than the other two models.

H-bond donor region i Non-polar region|  H-bond acceptor region
0.0 4
o0 1 [e]
OOQO i i [¢]
o i i B
= 024 & i i Ooo
ol o 0 ! ! o O@
© L o ! ! [
£ o 0 i i 0%
= O g i i S
= -0.44 g ! ) a3
3] 9 A ! o
o
= e] i i o0
= < g i i o8
o) 8 ! ! I} o
< .06 ! ! °
! ! ©
! [
i i
g i i
-0.8 i i
i i
i i
T T T T T T T
-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03
o (e/A?)

Fig. 2 o-potentials of Model 1 (black circle), Model 2 (blue
circle) and Model 3 (red circle) predicted by COSMO-RS

3.2 Logarithmic activity coefficient prediction by
COSMO-RS

The predicted logarithmic activity coefficients (Iny) of the three
cellulose models in each of the 357 ILs are depicted in Fig. 3—
Fig. 5. The cations and anions are listed according to their
cellulose dissolution ability. The ILs with high cellulose
dissolution capacities according to the predicted logarithmic
activity coefficients are located to the left, while the ILs with
lower cellulose dissolution capacities are located to the right.
The logarithmic activity coefficients of these three cellulose
models in different ILs varied significantly with the use of
different anions (Fig. 3 — Fig. 5), suggesting that the cellulose
dissolution capacity is mostly determined by the anion while
the cation only has a moderate effect on the dissolution
process. In particular, the methylpyrrolidinium-based ILs have
a remarkably high predicted logarithmic activity coefficient,
which may be due to its ability to form H-bonds with cellulose.
The anions Ac, Dec”, HCOO™, CI~, DEP, DMPO, , DBP™,
BEN™ and Br~ were predicted to be best anions for dissolving

This journal is © The Royal Society of Chemistry 2016

cellulose. Our results are in agreement with the findings of
Kahlen et al.”’ and Casas et al.”? Kahlen et al.’’ gave an
explanation for this phenomenon: The energy of the H-bonds
of cellulose is up to 25 kJ/moI,41 thus the interactions between
cellulose and solvent need to go beyond this energy in order to
result in cellulose dissolution. This requires that either the
cation or the anion of the IL is highly polar and the
combination of the anion and cation is only slightly polar.
Tabulated values of the predicted logarithmic activity
coefficients for cellulose in ILs can be found in the supporting
information.
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Fig. 3 The logarithmic activity coefficients prediction of model
1in 357 ILs. Conditions: the mole fraction of cellulose model 1
was 0.5, the mole fraction of IL cations and anions was 0.25
each. The calculation temperature was 90 °C.
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Fig. 4 The logarithmic activity coefficients prediction of model
2 in 357 ILs. Conditions: the mole fraction of cellulose model 2
was 0.5, the mole fraction of IL cations and anions was 0.25
each. The calculation temperature was 90 °C.
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Fig. 5 The logarithmic activity coefficients prediction of model
3 in 357 ILs. Conditions: the mole fraction of cellulose model 3
was 0.5, the mole fraction of IL cations and anion was 0.25
each. The calculation temperature was 90 °C.
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Fig. 6 Experimental values of MCC solubilities in seven ILs
plotted against Iny: Model 1 (m), Model 2 (@) and Model 3 (4).

Table 3 Experimental solubility of MCC in seven ILs and COSMO-RS prediction results for the three cellulose models

In ¥ prediction results by COSMO-RS

Solubility Solubility
No. ILs
(wt%) (g/mol L) Model 1 Model 2 Model 3
a EmimAc 27 46 -2.44 -1.65 -1.82
b AmimCl <17 <26 -1.98 -1.17 -1.29
c EmimDEP 15 40 -1.97 -1.10 -1.25
d ApyCl 15 23 -1.86 -1.08 -1.20
e HOEtmimBr 9.1 19 -1.01 -0.55 -0.57
f HOEtpyBr 9.1 18 -0.89 -0.46 -0.48
g EtOMmimClI 8.3 15 -1.93 -1.13 -1.55

3.3 Experimental solubility in seven ILs

In Fig. 3 — Fig. 5, the ILs are sorted according to their ability to
dissolve cellulose. The best IL for cellulose dissolution appears
It should
be noted that the cations appear in almost the same order in
Fig. 3 and Fig. 4. In Fig. 5, the order of the cations is slightly
different. However, the order of the anions is almost identical
in each of the figures. In order to validate the COSMO-RS
prediction results and obtain the best model to represent
cellulose, the solubility of cellulose in seven ILs was measured
at 90 °C. These seven ILs were chosen mainly because they
contain the functional groups ethyl, allyl, 2-hydroxylethyl, or 2-
methoxyethyl with methylimidazolium® and pyridinium® as the
cations (section 2.3). Ac, CI, DEP™, Br were selected as the
anions because the prediction of logarithmic activity
coefficients showed that these anions are efficient for
cellulose dissolution (Fig. 3-5). EmimAc has previously been
identified having superior properties for cellulose
dissolution.® In addition, three types of comparisons for
cellulose dissolution capacity can be distinguished among the

in the lower left corner of each of the three charts.

as

6 | Green Chem., 2016, 00, 1-9

seven ILs chosen: 1. EmimAc and EmimDEP have the same
2. AmimCl
EtOMmimCl have the same anion but different imidazolium
cations, 3. The AmimCl/ApyCl
HOEtmimBr/HOEtpyBr have the same anions but different
kinds of cations (one is an imidazolium cation, the other is a
pyridinium cation). Table 3 shows that except for
[EtOMmim]CI, the ILs have dissolution trends identical to the
logarithmic activity coefficient trends. Predictive quantitative
modelling by COSMO-RS calculations can thus be used to
qualitatively assess and notably rank the ability of different ILs
to dissolve cellulose. Casas et al.35(using a selected monomeric
structure (M4) inside a 3 X3 cellulose macrostructure as
cellulose model) and Kahlen et al.37(using the mid-monomer
glucose unit of cellotriose as a cellulose model) have
previously predicted the abilities of different ILs to dissolve
cellulose, but some of their predictions turned out not to be
consistent with the experimental results. Kahlen et al.¥
explained the reason for divergence between prediction and
experimental results as being due to that water might be
hindering the interaction between IL and cellulose.

imidazolium cation but different anions, and

and sets of and

This journal is © The Royal Society of Chemistry 2016
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In this work, HOEtmimBr and HOEtpyBr turned out to have a
higher water content than the rest of ILs (shown in the ESI),
which might explain the deviation between the predicted and
the experimental result (point e, f being off the linear
correlation in Fig. 6). Casas et al.*® studied the cellulose
dissolving property of EtOEmimCl which contains the ether
functional group by predicting the activity coefficient in
COSMO-RS. Casas et al.* reported the activity coefficient (v )
of EtOEmimCI to be 0.61 and that of HOEtmimBr to be 1.32
meaning that EtOEmimCl was predicted to have a better
cellulose dissolving capacity than HOEtmimBr (as they
concluded cellulose to be soluble when 7Y < 0.85 in their
selected model for cellulose). In the present work we also
consistently found that the predicted logarithmic activity
coefficient, Iny, of EtOMmimCl was lower than that of
HOEtmimBr (Table 3), which was in agreement with the
prediction tendency of Casas et al.>” However, the
experimental result slightly contrasted the prediction result
between EtOMmimCl and HOEtmimBr, and showed that
EtOMmimCl fitted poorly to the fitting line (Table 3 and Fig. 6),
but it needs to be added that both solvents had low cellulose
dissolution capacity with < 10 wt% cellulose solubility.

Kahlen et al.*’ reported contradictions between predictions
and experimental results for BmimCl and BmimAc. The
prediction result from COSMO-RS documented that BmimAc
had a better cellulose dissolving capacity than BmimCl, but,
according to the experimental result reported by Vitz et al.?
the cellulose solubility of BmimCl is 20%, and that of BmimAc is
12%. Kahlen et al.*’ explained that the ability of Chloride to
form hydrogen bonds is not yet totally clear and difficult to
model properly in COSMO-RS, which may explain why
experimental results and prediction data for ILs with Chloride
anion do not always agree. Fig. 6 indicates that the residual
sum of squares (RSS) of Model 2 is smaller and R square (Rz) is
larger than the other two models. Hence, the prediction
results of Model 2 were best correlated with the experimental
solubility results. According to the predicted logarithmic
activity coefficients of these three models, the logarithmic
activity coefficients of Model 1 were significantly lower than
the logarithmic activity coefficients of the other two cellulose
models. This might be explained by the Model 1 being too
simple to represent cellulose.*®

3.4 Excess enthalpy prediction by COSMO-RS

The excess enthalpies from the intermolecular interactions ( H-
bonds, misfits and Van der Waals forces) between the
cellulose models and seven ILs were calculated by COSMO-RS
(Fig. 7). The histogram in Fig. 7 illustrates that the H-bond
interactions between the three cellulose models and the
cations and anions of ILs have a high influence on the solubility
of cellulose in the IL, followed by misfit and Van der Waals
force interactions. ILs with the same cations and different
anions, such as EmimAc and EmimDEP, exhibit excess
enthalpies that are very different. However, when the ILs have
the same anion and different cations, the excess enthalpies
have similar values. This is valid for the two bromides and the

This journal is © The Royal Society of Chemistry 20xx
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chloride in Fig. 7 (Model 1 and Model 2), which indicates that
the anions play a crucial role in the dissolution process. These
two results are in agreement with the study of Casas et al.®
Casas et al.”? indicated that H-bond energy values predicted by
COSMO-RS reflects the affinity of ILs and cellulose, that is
higher energy values of H-bonds qualitatively reflect higher
solubility of cellulose in ILs. The molecular dynamics simulation
works of Huo et al.*® elucidated that the anions interact much
more strongly with the cellulose surface than the cations. In
their paper, they show that the main driving force for the
cellulose dissolution is the H-bonds formed between anions of
ILs and hydroxyl groups of cellulose, and this is supported here
by the excess enthalpy result. It is observably in Fig. 7 that the
excess enthalpy of EtOMmimCI in Model 3 is more negative
than the excess enthalpy of EmimDEP and AmimCl. This is in
disagreement with the experimentally determined solubility of
cellulose in EtOMmimCI, thus Model 3 is not a good model to
represent cellulose.
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Fig. 7 Excess enthalpies between the three cellulose models
and seven |ILs, H-bond (white histogram), misfit (grey
histogram) and Van der Waals force (black histogram)
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3.5 o-profiles prediction by COSMO-RS

The logarithmic activity coefficient and excess enthalpy
prediction results illustrated that the cellulose dissolution
process is strongly anion-dependent. Additionally, the o-
profiles between three cellulose models and the anions of Ac™,
DEP™ and BEN™ shown in Fig. 8 further describe the possible
interactions of the three models and the anions. The o-profiles
of the candidates show that Ac™ and the three cellulose
models are almost complementary, while DEP
complementary result within the nonpolar region. This means
that with the same cations, Ac” the presence of the Ac™
renders the IL a better cellulose solvent than DEP™. This is in
agreement with the experimental results, which showed that
EmimAc is better than EmimDEP for dissolving cellulose. So,
the o-profile result can be used to describe the anions
dissolution capacity when combined with the same cations. o-
profiles have also has been studied by Gonzalez-Miquel et al.®
who used this method to successfully identify the better
cations for ILs. Comparing the orders of the anions in the Iny
predictions of the Model 1 and Model 2 in Fig. 3 and Fig. 4
(blue colour region), it can be seen that the order of DEP™ and
BEN™ is different for Model 1 and 2. According to Fig. 8, the o-
profile of Ben™ has a more complementary region around the
peak of +0.006 e/A2 and +0.019 e/A2 than DEP . Therefore,
Ben™ should be more to the left than DEP™ in the logarithmic
activity coefficient figures. Model 2 predicts this better than
Model 1. Overall, according to the prediction and experimental
results, Model 2, the mid-monomer part of cellotriose model,
is better than the glucose model (Model 1) and the mid-dimer
cellotetraose model (Model 2).

is not as
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Fig. 8 o-profiles of Model 1 (black line), Model 2 (red line),
Model 3 (blue line) and anions Ac™ (green line), DEP™ (pink
line) and BEN™ (grey line)

4. Experimental
4.1 Chemical reagents

Seven different ILs were synthesized and used for the
experimental validation of the cellulose solubility results
obtained from COSMO-RS. The initial synthetic materials

8 | Green Chem., 2016, 00, 1-9

included: 1-Methylimidazole (CP, Sinopharm Chemical Reagent
Co., Lid.), Pyridine (=99.5%, Xilong Chemical Co., Ltd.), N-
Ethylmorpholine (99%, aladdin), Allyl chloride (= 97.0%,
Sinopharm Chemical Reagent Co., Lid.), 2-Bromoethanol (97%,
(Beijing) J&K Scientific LTD.), 2-Chloroethyl Methyl ether (98%,
aladdin), Triethyl phosphate (CP, Sinopharm Chemical Reagent
Co., Lid.), Ether absolute (99%, Tianjin jingdongtianzheng
precision chemical reagent factory), Ethyl acetate (=99.5%,
Xilong Chemical Co., Ltd.). Only 1-ethyl-3-methylimidazolium
(99%) was purchased from Shanghai Cheng Jie Chemical Co.
LTD. The other in the lab.
Microcrystalline cellulose was selected as the cellulose
material (Column Chromatography, Sinopharm Chemical
Reagent Co., Lid.) for the solubility analysis.

six ILs were synthesized

4.2 Nuclear magnetic resonance (NMR) and
dissolution of MCC in ionic liquids

The structures of the seven ILs which were studied in this work
can be seen in Scheme 1. The ILs were dried at 80 °C under
vacuum for 48 hours after purification. The water content of
each of the synthesized ILs was determined by Karl Fischer
titration using a C20 Coulometric KF Titrator (Mettler Toledo
Intl., Shanghai, China). Each of
measured three times and the average value was used. The
structures of these ILs were confirmed by 'H NMR and *?
NMR spectroscopy using a Bruker 600 spectrometer. The
purities of the six synthesized ILs are HOEtmimBr (98.67 wt%),
EtOMmimCl (99.31 wt%), EmimDEP (99.62 wt%), AmimCl
(98.53 wt%), ApyCl (99.78 wt%), HOEtpyBr (98.33 wt%). The
MCC was dried at 80 °C under vacuum for 48 h before use.
MCC was added stepwise to a weighed amount of each of the
seven ILs separately in a thermostatic oil bath at 90 °C. In the
process of dissolution, an OLYMPUS BX 51 optical microscope
was used to check the solubility of the MCC in these seven ILs.
The limit of solubility was determined by gradually adding MCC
until MCC could be observed under the optical microscope
without dissolving after 12 hours.®****  The synthesis
procedures and the properties of six synthesized ILs are shown
in the supporting information.

Il’s water content was

n
\NA\N/\/ OH ™~y AN N/\/O\
—/ B~ \—/ ¢l
HOEtmimBr EtOMmimCl
~ /\+/\ N H
)k N/\ O/\
EmimAc EmimDEP
N AN
—/ ¢~ N+ N+
Cl -
AmimCl % Br
\ OH
ApyCl HOEtpyBr

Scheme 1 The structures of the ILs synthesized and studied
experimentally in this work
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5. Conclusion

COSMO-RS was used to screen potential ILs for their ability to
dissolve cellulose. Three cellulose representation models were
tested in COSMO-RS. It was found that the mid-monomer part
of cellotriose model is better to represent cellulose than the
glucose model and mid-dimer part of cellotetraose model. The
experimental solubilities of MCC in the ILs followed the trend
prediction from the logarithmic activity coefficient values,
except in the case of [EtOMmim]Cl The prediction of
logarithmic activity coefficients of cellulose in ILs by COSMO-
RS can therefore be considered an effective parameter to
evaluate the dissolution power of the ILs. From the prediction
results of the three cellulose models, it can be concluded that
Ac , Dec , HCOO , ClI , BEN , DMPO, , DEP , DBP and Br
with various cations studied in this work are promising for
cellulose dissolution. Cations with ethyl, allyl, 2-hydroxylethyl,
2-methoxyethyl and acryloyloxypropyl functional groups
exhibited particularly good properties for cellulose dissolution.
The excess enthalpy calculations indicated that the main forces
in the cellulose dissolution in ILs are H-bonds, while the
contribution of misfit forces and Van der Waals forces are
secondary. The dissolution process is largely anion-dependent.
Although there are divergences between the calculated and
the experimental results, the main dissolution trend can be
obtained from COSMO-RS predictions. The prediction of the
capacity of ILs to dissolve cellulose may be further optimized
by advancing the cellulose models even beyond the mid-
monomer part of cellotriose and the mid-dimer part of
cellotetraose cellulose models used here to obtain even more
precise predictions that are in accord with experimental
results. Further work may moreover encompass predictions
considering the degree of cellulose crystallinity in different
types of cellulose raw materials.
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