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Introduction, objectives and
summary

Study of the improvement of cellulose processing in
lonic liquid by using carbon dioxide
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The capacity of the ionic liquids (ILs) of dissolving high concentrations of cellulose and/or lignin
at relatively low temperatures makes them promising solvents for the processing of
lignocellullosic biomass waste. Many applications have been proposed over the years: pre-
treatment for fermentation processes, chemical transformations for obtaining chemical or
biofuels and substitution reaction for obtaining cellulose derived polymers among others. The
use of ionic liquids has a number of advantages determined by the unique combination of their
properties. lonic liquids are a group of salts that exist as liquids at relatively low temperatures
(<100 °C). Their properties can be tuned by appropriate selection of cation and anion, and they
have an immeasurably low vapor pressure that makes them to be considered as green solvents.

Several aspects of cellulose processing in ILs have been reviewed and analyzed in State of the
Art. The advantages and disadvantages of using ILs in cellulose derivatization were discussed
for esterification and etherification of cellulose. The main limitation of these processes is the
high viscosity that is highly increased when ILs dissolve cellulose. It is known that when the ILs
dissolves small amounts of molecular solvents their viscosity is drastically decreased. Carbon
dioxide presents high solubilities in ILs even at low pressures thus, influencing their
thermophysical properties and cellulose substitution reactions.

Carbon dioxide presents as a promising co-solvent for the ionic liquid processing of
lignocellulose as it is an inert gas without environmental limitation that, and can be easily
separated of the mixture by depressurization.

The aim of this work is study how CO, can improve different aspects of biomass processing
using ionic liquids. To accomplish the aim of this thesis several aspects have been taken into
account

1) Effect of the CO, in the properties of mixtures CO, + ILs: phase equilibrium, melting
points, viscosities and densities.

2) Analysis of the influence of CO, in reaction processes, specifically in substitution
reactions in order to produce cellulose-derived polymers. To do so the well known
synthesis of cellulose acetate is chosen as model reaction.

3) Study the application of CO, in recovering valuable materials derived from cellulose. To
accomplish this objective the preparation of cellulose aerogels from ionic liquids by
supercritical drying will be obtained.

In order to achieve the objectives the work was structured in four parts.

In the first part the state of the art is reviewed in chapter 1 where subjects of the mechanism of
dissolution of cellulose, the use of ionic liquids in pretreatment and substitution reactions are
thoroughly revised. In additions other subjects not so directly related as toxicity and recyclability
of ILs are considered because there are important for the commercial development of these
processes
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In the second part properties of the mixtures CO, + cellulose dissolving ionic liquids are studied.
This part has two chapters:

In Chapter 2 “Melting point depression effect with CO, in high melting temperature cellulose
dissolving ionic liquids. Modeling with Group Contribution Equation of State” the effect of
pressurized carbon dioxide on the melting point depression (MPD) of some ILs able to dissolve
biopolymers was experimentally determined by observation of the first sign of melt on the solid
surface. Five different ILs were studied in contact with carbon dioxide using a high-pressure
visual cell, up to 10 MPa. To correlate the MPD of imidazolium chloride ILs the parameters for
the Group Contribution Equation of State of Skold-Jorgensen were adjusted using literature
data of liquid vapour and activity coefficient and infinite dilution. In this way a predictive
correlation for calculating the solubility of CO, in different ILs of the alkylimidazolium chloride
family was obtained.

In Chapter 3 “Experimental determination of viscosities and densities of mixtures carbon dioxide
+ 1-allyl-3-methylimidazolium chloride. Viscosity correlation” the study of the effect of CO, on
the viscosity and density of the ionic liquid [Amim][CI] is presented. Viscosities were correlated
as a function of temperature and CO, molar fractions. The viscosities of other mixtures CO, +
ILs were also correlated for other ILs. In general [Amim][CI] and the other ILs present a linear
decrease of viscosity with CO, molar fractions up to around 0.5 mol that more pronounced at
lower temperatures and depends of each ionic liquid, and can reach between 60-100% viscosity
reduction with respect the viscosity of the pure ionic liquid.

In the third part of the thesis, the focus is made in the acetylation reaction of cellulose in
imidazolium chloride ILs. It consists of chapter 4 “Analysis of the synthesis of cellulose acetate
in ionic liquids. Experimental study, modeling and use of additives and co-solvents” where the
synthesis of cellulose acetate in ILs is analyzed. To do so the degree of substitution of
acetylated cellulose have been experimentally measured for 40, 60 and 80°C and residence
times between 1 and 24 h in the ILs [Amim][CI], comprising in this way a temperature range
(lower than 60°C) scarcely studied in literature. In addition the influences of additive of
scandium Il triflate and CO, were investigated. Other factors as the used of ILs of different
suppliers and the water content were also analysed. A mathematical model was developed
using both literature and experimental data and kinetics pamaters are adjusted.

The last part of the thesis is dedicated to the obtaining valuable materials from the cellulose
processing. It consists of chapter 5 “Cellulose aerogels regenerated from microcrystalline
cellulose + ionic liquid solution: properties and drug loading capacity study” where the study on
the influence of the ILs, dissolution temperature and coagulation bath on surface area, volume
size and pore size in cellulose aerogel production by supercritical CO, drying is presented.
Cellulose aerogels from cellulose/ionic liquid solutions were prepared with five different
alkylmethylimidazolium-based ILs. Optimal cellulose concentrations in aerogel preparation are
1-2% w/w. The aerogel was loaded with phytol as a model compound obtaining loads of around
50% w/w. The drug loading capacity of the cellulose aerogels was positively influenced by their
pore volume and size and resulted to be much better than aerogels of different materials.
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Chapter 1. lonic liquid as reaction media for the
production of cellulose-derived polymers from
cellulosic biomass byproducts

Abstract

The most abundant natural polymer on Earth is cellulose that is present together with lignin and
hemicellulose in vegetal biomass. Cellulose is a promising sustainable source of chemicals,
fuels and materials. Nevertheless only 0.3% of cellulose is processed nowadays due to the
difficulty in dissolving it, and only a small proportion is used as starting material for the
production of synthetic cellulosic fibres especially esters and other cellulose derivatives,
normally in extremely polluting processes. The efficient dissolution of cellulose is a long-
standing goal in cellulose research and development. lonic liquids (ILs) are considered “green”
solvent due to their negligible vapour pressure that prevents them of passing to the
environment. In addition, these molten salts present advantages in process intensification that
makes that more than 70 patents in lignocellulosic biomass in ILs had been published since
2005, most of them related with the production of cellulose derived polymers, e.g. acetates,
benzoylates, sulfates, fuorates, phthalates, succinates, tritylates or silylates. In this work, the
use of ILs for the production of cellulose derived polymers is thoroughly studied. To do so, in
first place a brief summary of the state of the art in cellulose derivatives production is presented,
as well as the main features of ILs in cellulose processing application. Later the main results in
the production of cellulose derivatives using ILs are presented followed by an analysis of the
industrial viability of the process considering aspects such as, environmental concerns and ILs
recyclability.
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1. Introduction

Cellulose is a natural biopolymer being the most common organic polymer and main component
of cell wall in plants. Natural global production is about 40 billion tons per year of which three-
tenth of a percent is used by the pulp industry [1]. Cellulose is a homopolysaccharide of B(1—4)
D glucosyl residues resulting in a linear chain polymer composed of Anhydrous Glucose Units
(AGU) (Fig. 1) each one containing three hydroxyl groups [2] able to form hydrogen bonding.
As a result of this hydrogen bonding and of the van der Waals forces, cellulose molecules align
together in a highly ordered state to form crystalline regions, whereas the less ordered
molecules constitute the amorphous part [3]. The proportion of ordered to disordered regions
(index of cristallinity, Ic) of cellulose varies with its origin [4] and chemical or physical treatment
[5]. The chain length is expressed by the number of AGUs that is called degree of
polymerization (DP). Therefore, cellulose of different origin, DP and Ic is expected to require
different dissolution/reaction conditions due to the effect of these parameters on the
accessibility to hydroxyl groups.

OH
OH

HO

OH

OH

OH

Non-Reducing Reducing

End-Group DP=n+2 End-Group

Fig. 1 Cellulose structure

In nature, cellulose can be found as a part of lignocellulose that it is mainly composed of three
fractions: cellulose (30-60%), hemicellulose (20-40%) and lignin (10-30%) [6]. While cellulose
and hemicellulose are composed of covalently linked and hydrogen bonded carbohydrate
polymers, lignin consists of a net of phenolic polymers, forming a substance insoluble in water
and common solvents.

The main cellulose resources are forestry, agriculture crops, industrial, food and garden waste
[7]. Nevertheless, wood pulp remains the most important raw material source for the processing
of cellulose being most of it used for the production of paper and cardboard after partial removal
of the non-cellulosic constituents from its original fibre form [8]. The use of organic solvents (e.g.
ethanol, methanol, ethylene glycol, acetic acid, formic acid) for cellulose isolation and
processing [9] is associated to higher pretreatment temperature, use of catalysts, toxicity and
inflammability issues. Thus, for its realistic use as an extensive raw matter, it will be necessary
the development of a technology platform using this natural polymer for the production of
environmentally friendly and biocompatible products [10]. Therefore, development of alternative
solvents for the efficient dissolution and transformation of lignocellulose into value-added
products is necessary. Promising solvents for cellulose processing are the ionic liquids (ILs) [11-
14].
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2. Dissolution of cellulose in ionic liquids

2.1. lonic Liquids

ILs are molten organic salts containing only ions that can be fluid at room temperature (usually
defined as fluid below or around 100°C) [15]. They are considered green solvents due to their
negligible vapour pressure below their decomposition temperature. Due to this property they
cannot pollute the environment by evaporation, unlike the organic solvents [16]. However, the
label “green solvents” does not mean that all ILs are nontoxic [17]. This question will be
analyzed later on this review.

Different ILs with tunable properties can be synthesized by selection of their anion and the
cation. The solvent properties can be adjusted by the variation of the size chain of the cation
and variation of anion due to the changing polarity and size [18]. Different synthesis methods
(e.g. direct quaternization, reaction of halide with Lewis acid, anion exchange) have been
reviewed by Wasserscheid and Keim [19]. More recent reviews on synthesis can be found in
literature, e.g. biocompatible ILs [20], ether and alcohol functionalized ILs [21], or poly(ionic
liquid)s [22]. ILs present high solvation properties for a number of substances, e.g, water,
methanol, acetone, choloroform, acetic anhydride, toluene, both polar and apolar, and even
polimeric substances such as cellulose. Many ILs present catalytic activity and are able to
stabilize catalysts and enzymes [23]. An update on ILs use as solvents in synthesis and
catalysis has been published by Hallett and Welton [24] and very recently by Steinrlick and
Wasserscheid [25].

Furthermore, most ILs are non-flammable and ILs have relatively high thermal stability,
compared with organic solvents [26]. A number of extensive revisions about the properties of
the ionic liquids can be found in literature [27-30].

The structures of the main cations and anions described in literature [31] are shown in Fig. 2.
Salts based on the dialkylimidazolium, pyrrolidinium and pyridinium cations have gained
attention because of the wide spectrum of physicochemical properties [32-36] such as melting
points, viscosities, densities, surface tension, refractive indices and miscibilities with polar and
nonpolar solvent. These properties can be affected by water, halides and metals which are the
most prevalent impurities present in ILs [37]. The presence of water can occur due to
hygroscopicity and other impurities mainly come from the mode of preparation of the IL. Thus,
identically reactions performed with ionic liquids provided by different supplier can give different
results, due to the presence of small amounts of different impurities [38]. Methods for
preparation of ILs and purity determination (in most cases by *H and **C NMR) are proposed in
literature [39]. Additionally, methods for producing large quantities of high quality ILs propose
simple techniques to determine the purity of the final product e.g. UV-Vis spectroscopy for
optical purity [40] and colorimetric determination of 1-methylimidazole in the range 0-3 mol%
[41]. Recently real time monitoring of 1-methylimidazole concentration through LED-based
optical sensor and photodiode detectors was achieved with detection limit of 4 mol% [42].
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Ac’, CI, Br, HCOO",Tf,N, BF, I', NO", PF, CH,SO;, CH;C4H,S05", CF;S05, SO,

Fig. 2 Main cations and anions described in literature from Olivier-Bourdigou et al.(Olivier 2010)

2.2. Mechanism of cellulose dissolution

The discovery of the dissolution of cellulose in ILs by Swatloski et al. [43] provided new
opportunities for the processing of this and other biopolymers such as lignin [44-46] or chitin
[47, 48]. It was demonstrated that cellulose can be dissolved at high concentrations of 25%
(w/w) in imidazolium-based ILs with chloride anions. Since then, a number of ILs have been
found to be able to dissolve cellulose [49-53]. The most successful cations for cellulose
dissolution are based on the imidazolium, pyridinium and pyrrolidinium cores, with allyl-, ethyl-,
or butyl- side chains and the most promising anions, apart from chloride, are acetate, formate
and alkylphosphate. However, chloride-based ILs with longer chain substituted imidazolium
cations are less efficient in cellulose dissolution [43].

Cellulose dissolution results from the solvent ability to eliminate the inter and intramolecular
hydrogen bonds among biopolymer molecule. The predominant mechanism of this dissolution
process is found to be the formation of hydrogen bonds between the anions of the ILs and the
hydroxyl groups of the biopolymer with no specific role for the cation [54-57]. However, it can
also be found that the driving force of cellulose dissolution should be a result of the joint
interactions of anions and cations with cellulose [58-60]. Computer simulations were carried out
to support this [61].

Cellulose maintains its original chemical structure or forms a complex with the solvent only by
intermolecular interactions (no covalent interactions occur) [62], thus, ILs are part of the so
called non-derivatizing solvents [63] that include for example aqueous solution of sodium
hydroxide [64], N,N-dimethylacetamide/lithium chloride (DMA/LICI) [65, 66], dimethyl sulfoxide in
combination with ammonium fluorides [67-70], and N-methylmorpholine-N-oxide (NMMO) [71].
There are a number of derivatizing solvents (able to dissolve cellulose with substitution forming
new covalent bonds) e.g. trifluoroacetic acid (TFA) [72], sodium hydroxide/Carbon disulfide
(NaOH/CS,) [73] and N,N-dimethylformamide/Dinitrogen tetroxide (DMF/N,O,) [74].

A number of works including several reviews [75-80] have been already published on the
cellulose dissolution process in ILs. Thus this subject will not be discussed in depth in this
review. However, for an effective understanding of the dissolution of cellulose in ILs in relation
with its industrial application, it is important to mention the solvent properties: hydrogen bond
basicity, viscosity and water content.
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3. Hydrogen bond basicity of cellulose dissolving ionic
liquids

ILs of high hydrogen bond basicity (the ability to form hydrogen bonds) weaken the inter- and
intra- molecular hydrogen bonds of the cellulose causing its dissolution [81]. Thus, the efficiency
of these processes is usually improved with increased basicity of the ILs. The hydrogen bonding
ability can be quantified by the Kamlet-Taft parameters [82] which specify three distinct
polarities:  hydrogen-bonding acidity (a), hydrogen-bonding basicity (B), and
dipolarity/polarizability (17*). All three protons of the imidazolium ring are acidic being the 2-
position proton the one that contributes more to the hydrogen-bonding acidity [83]. A study [84]
on imidazolium-based ILs reported 1 variation with both anion and cation, a dependence
mainly on the cation and B value in general affected mainly by the nature of the anion species. 3
values of ILs with the same cations vary with the anion structure as shown in
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Table 1. Chloride-based ILs are potential solvents for cellulose (e.g. Bgmimjc;=0.95) as the
chloride anion is a strong proton acceptor in interaction between hydroxyl groups of cellulose.
Nevertheless, the high melting temperature and high viscosity makes their use expensive and
inefficient As an alternative to conventional ILs, polar ILs with low melting points and relatively
low viscosities such as dialkylimidazolium salts with phosphate-, acetate- and formate-derived
anions have been studied [85]. Some [Bmim]-based ILs containing carboxilic anions (Ac and
HCO,) were reported [86] to show stronger hydrogen-bonding basicity (Bgmimjag=1.09,
BmimHcoz=1.01) than chloride anion. The methylphosphonate anion salts with stronger
hydrogen bond basicity than conventional ILs are able to dissolve 2.0 wt% of cellulose powder
within 3h at room temperature [86] (25°C) and within 30 min at 45°C [87]. In general, polar ILs
are very hygroscopic, however almost no correlation has been found between m* and
hygroscopicity of [mim]-based ILs [88]. lonic liquids with other anions presenting low basicity
such those with bromide (BEmim@ei=0.87), trifluoroacetate (Bemimjcracoz=0.74), thiocyanate
(B[Emim][SCN]=0-71); methanesulfonate (B[Emim][MeSO3]:O-7o) or tetrafluoroborate (B[Bmim][BF4]:0-38)
anions show [81] cellulose solubilities < 1% in mass.
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Table 1 lonic liquids capable of dissolving cellulose modified from literature ([81] and molecular-microscopic properties measured at
25°C: hydrogen-bonding acidity (a), hydrogen-bonding basicity (B), dipolarity/polarizability (1r*) and physical properties: viscosity at
25°C (n), melting temperature (Tm), decomposition temperature (Tdec) found in the literature.

ILs (cellulose solubility n Tm Tdec Kamlet-Taft Ref. ILs (cellulose B Ref.
>1%)* (mPa- | (°C) | (°C) parametersb solubility <19%)

s) B a ™
[Amim][CI] 2090 256 0.83 | 0.46 1.17 | [85] [Bmim][BF,] 0.38 [84]
[EmIim][HCO,] 52 212 [85] [Bmim][PFg] 0.21 [84]
[Prmim][HCO,] 117 0.99 | 0.48 1.08 | [85] [Emim][MeOSO;] 0.61 [87]
[Amim][HCO,] 66 205 0.99 |0.48 1.08 | [85] [Emim][MeSO;] 0.70 [87]
[Bmim][Ac] 1.09 | 055 0.99 | [86] [Emim][CF3;CO,] 0.74 [89]°
[Bmim][CI] 66 254 0.95 | 0.47 1.10 | [89] [Emim][SCN] 0.71 [89]
[Bmim][HCO,] 1.01 | 056 1.03 | [86] [Emim][BF,] 0.55° [89, 90]
[Emim][(MeQ),PO,] 265 21 289 1.00 | 051 1.06 | [87] [Emim][N(CN),] 0.64 [89]
[Emim][(MeO)HPO,]° 107 275 1.00 |0.52 1.06 | [87] [Emim][l] 0.75 [89]
[Emim][(MeO)MePO,] 510 262 1.07 | 0.50 1.04 | [87] [Emim][PFg] 0.44 [89]
[Emim][(EtO),PO,] 1.00 | [87] [Bmim][CH3SO4] 0.85 [89]
[Emim][(MeO)HPO,]° 107 278 1.00 |0.52 1.06 | [91] [Bmim][Br] 0.87 [89]
[Emim][H,PO,] 17 260 0.97 | 0.52 1.09 | [91] [Emim][OTSs]
[Amim][(MeO)HPO,] 123 265 099 051 1.06 | [91] [Amim][Br]
[Prmim][(MeO)HPO,] 219 277 1.00 | 0.54 1.02 | [91] [Admim][Br]
[Bmim][(MeO)HPO,] 287 277 1.02 | 0.52 1.01 | [91] [Bdmim][Br]
[Emim][CI] 89 285 [90] [MeOEmMIim][BIr]
[Emim][Ac] 162 0.95 ]0.40 1.09 [[92,93°" | [EdmimM][Br]
?Solubility conditions: 2-8 wt% of cellulose in ionic liquid, temperature of dissolution from 100°C to 130°; "Kamlet-Taft parameters
values measured at 25°C using a single set of dyes: Reichardt’s dye, 4-nitroaniline and N,N-diethyl-4-nitroaniline; “Solubility
conditions: 5 wt% of cellulose in ionic liquid, temperature of dissolution 50°C; dB value obtained using the 3-(4-amino-3-methylphenyl)-
7-phenyl-benzo-[1,2-b:4,5-b"]-difuran-2,6-di-one dye; *Kamlet-Taft parameters measured using Reichardt’s dye 2,6-Diphenyl-4-(2,4,6-
triphenyl-N-pyridino) phenolate; fViscosity measured at 20°C
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The B parameter is considered an excellent predictor of lignocellulosic biomass pretreatment
efficacy [94]. Cellulose dissolving ILs present B values between 0.83 and 1.09 while non
cellulose dissolving ILs B values range from 0.21 to 0.87., as shown in
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Table 1. Strong hydrogen-bonding basicity alkyl methylimidazolium-based ILs can be designed
using various anions: Ac, (MeO)MePO,, (MeO)HPO,, HCO,, (MeO),PO,, Cl, H,PO..
Furthermore, the dipolarity/polarizability studied [95] as a function of cation-anion interaction
strength indicates an increase with stronger ion pairing effect i.e., the resulting cation effect on
* is different with weakly coordinating anion compared to the strongly coordinating anion (e.g.
chloride). It is expected that 1-alkyl-3-methylimidazolium cations show larger values of 1 [96],
even when compared with different cations sharing the same anion such that imidazolium >
pyridinium > pyrrolidinium [97]

4. Viscosity of concentrated cellulose solutions in ILs

The viscosity of ILs depends on the molecular structure and interactions between ions:
electrostatic, van der Waals and hydrogen bonds [98]. It is normally associated with melting
point. ILs with high melting points normally are the most viscous ILs. To obtain low viscosity low
melting point ILs we must choose asymmetrical cations and anions (irregular packing) or
increase their size increasing in this way the distance between the cation and anion, which
makes the ionic interaction weaker [99]. In ILs having a common anion and a similar alkyl chain
length on the cation, the viscosity increases with cation size following the order: imidazolium <
pyridinium < pyrrolidinium [100]. Viscosities generally increase with increasing number and
length of alkyl substituents on the cation, with the pyridinium salts typically being slightly more
viscous than the equivalent imidazolium compounds [101] as shown in Table 2.

Table 2 Viscosity (n), density (p) and water content (wt %) of ionic liquids
lonic Liquid T p Water Ref.
(°C) (mPa:s) | (kg/m®) (wt %)

Methylimidazolium
[Bmim][Ac] 20 646 1.100 [101]
[Bmim][CF3;CO,] 20 89 0.225 [101]
ECOENG 41M 20 1676 0.083 [101]
[Bmim][Ac] 20 429 1055 0.085 [102]
[Bmim][CI] 25 1080 0.220 [103]
[Amim][CI] 25 821 1166 0.180 [104]
[Emim][Ac] 20 202 1102 0.124 [105]
[Emim][CH;OHPO,] | 20 286 1212 0.078 [105]
[Emim][CH3SO3] 20 232 1246 0.029 [105]
[EmIim][CF3S03] 20 52 1390 0.002 [105]
[Emim][N(CN),] 20 19 1107 0.006 [105]
[Emim][SCN] 20 29 1120 0.027 [105]
[Emim][Tos] 30 1417 1223 0.056 [105]
[Emim][(OCH3),PO,] | 30 193 1214 0.014 [105]
[Emim][EtSO,] 20 125 1240 0.105 [106]
Pyridinium
[Empy][EtSO,] 20 204 0.026 [101]
[EpY][EtSO,] 20 183 0.068 [101]
[EEpY][EtSO,] 25 325 1220 <0.08 [107]
[Mpy][CH3SO,] 25 116 1345 < 0.06 [107]
[MMpy][CH3SO,] 25 129 1302 < 0.06 [107]
[EMpY][CH3SO,] 25 456 1285 <0.08 [107]
Pyrrolidinium
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[Bmpyr][Ac] 25 107 1021 0.070 [102]
[Bmpyr][CF3SO4] 20 222 1256 0.072 [98]

[Bmpyr][BtOHPO,] | 25 321 1082 0.025 [108]
[Empyr][EtOHPO,] | 25 320 1123 0.021 [108]

From the alkylmethylimidazolium-based ILs viscosities, it is clear that chloride anion increases
the value of that property as reported in literature [109]. In addition, even the presence of very
low concentrations of chloride as an impurity in non-chloride- based alkylimidazolium ILs
increases the viscosity. Seddon et al. [109] related this increase to an increase in the cohesive
forces via hydrogen bonding between the chloride and the protons of the imidazolium ring. In
the same work, it was also concluded that the presence of water and other molecular co-
solvents reduces the viscosity of ILs. For example, viscosities of binary mixtures [110] of water
+ [Amim][CI] and ethanol + [Amim][CI] measured in the range of 20-60°C with water molar
fraction up to 0.8 and ethanol of 0.55 are up 85% lower than the viscosity of the pure IL.

While the addition of molecular solvents to an IL decreases the solution viscosity, the addition of
cellulose increases drastically the viscosity of the mixture. Concentrated cellulose/IL solutions
show non-Newtonian behaviour. The Newtonian behaviour is lost progressively with increasing
polymer concentration [111] explained by the increase of interactions between polymer chains
and restriction of the motion of individual chains. The zero shear viscosity of concentrated
cellulose solutions in [Amim][CI] in the range of 10 to 25 wt% at 100°C presents values between
2209 and 125700 Pa-s [111]. These values represent a problem for cellulose processing with
highly viscous-high melting point ILs. The viscosities of mixtures IL+cellulose were compared at
85°C by Kosan [112] which were found to increase in the following order: [Emim][Ac] (2281
Pa-s)< [Bmim][Ac] (9690 Pa-s)< [Emim][CI] (24900 Pa-s)<[Bmim][CI] (47540 Pa-s)< [Bdmim][ClI]
(188400 Pa-s) with cellulose concentrations between 12.8% to 15.8%. The viscosity of solutions
of 4 and 8 wt% cellulose fibres (DP = 650) in [Amim][CI] at 80°C reported by Zhang et al [58]
was respectively 110 and 1480 Pa-s. In order to improve the processability of cellulose, a co-
solvent can be added to reduce the viscosity of the solution, but the co-sovent must be chosen
in order that it does not reduce the solubility of cellulose in water. The most frequent co-solvent
used in cellulose processing is DMSO. The maximal amount of cellulose dissolved in
[Emim][Ac] + 10 wt% DMSO is five times higher than at [Emim][Ac] + 10 wt% water [113]. The
cellulose intrinsic viscosity of the solution does not depend on DMSO content but the addition of
water higher than 10-15% in cellulose-[Emim][Ac] solution leads to cellulose coagulation [113].
Although, cellulose/IL/IDMSO solutions behave as Newtonian fluids at very low cellulose
concentration (< 0.80 wt%), while the solution viscosity increases with concentration, and
exhibits a shear-thinning behaviour at higher shear rates [114]. Additionally, shear thinning
behaviour can be detected as well with DMAc and DMF (co-solvents) at high fractions of IL
[115]. As an alternative to water or organic solvents, viscosity reduction can be provided by
carbon dioxide (CO,) [116]. Using CO, as a co-solvent has the advantages of being non-toxic,
cheap, and can be easily separated of the IL by depressurization. ILs and CO, are considered
to be a promising media for the development of “green” technology [117]. In biphasic mixtures
IL-CO, at moderate or high pressure, CO, can dissolve significantly into the IL-rich liquid phase,
up to concentrations round 30-40% in mol [117] in the case of imidazolium chloride ILs. CO, it is
not causing the precipitation of cellulose except in ILs with acetate anion in which a reversible
carboxylate reaction occurs that causes cellulose precipitation [118, 119].

So far, only a few viscosity data of mixtures carbon dioxide + IL can be found in literature [120-
122] for non cellulose dissolving ILs and of the mixture CO, + [Amim][CI] [123]. In general, the
decrease in viscosity is between 85 and 45% at moderate pressures of 10-12 MPa, but with
molar fractions as low as 10% of CO, decrease of 30-40% of the pure IL viscosity is already
observed. In all cases the effect in viscosity reduction with CO, is more remarkable at lower
temperatures the viscosities are higher and CO, solubilities are also more elevated.
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The effect of CO, in IL + cellulose mixtures was only studied by Iguchi et al [124], with and
acetate anion IL using low concentrations of cellulose to avoid its precipitation with CO,. At 40
bar and 39°C, viscosity can be reduced of 1.2 wt% cellulose + [Bmim][Ac] solution by about
80%.

5. Water effect on the anion interaction with cellulose

The presence of water or alcohol in an IL decreases the solubility of cellulose, so those can
precipitate cellulose from IL solutions being a serious challenge for the cellulose processing in
ILs, because, even partially water-immiscible ILs are hygroscopic and are able to absorb up to
1% by weight of water from the environment [125]. Absorbed water interacts with the anions of
the ILs, and these interactions lead to changes in the structure of water [126]. Cammarata et al.
[127] showed that for low coordinating anion (low basicity) water is associated with the anion of
the ILs via hydrogen bonding instead of being self-associated. In those cases, the
concentrations of the dissolved water are typically in the range of 0.2+1.0 mol/L. In ILs with
strongly coordinating anion (highly basic, that is, those able to dissolve cellulose) water
molecules can self-associate, being able to dissolve much higher water amounts that may
exceed 1.0 mol/L.

Adding water to the solution cellulose/IL means that the water-anion interactions saturate the
hydrogen-bonding ability of the anions, allowing the water molecules to form hydrogen bonds
with cellulose [128] meanwhile the cations are maintained in a second solvation shell of
cellulose due to strong interactions with anions. Computer simulations [129] using 1-alkyl-3-
methylimidazolium cations (n=1, 2, 3, 4, 5) paired with chloride, acetate or dimethylphosphate
showed that water crowds the hydrogen-accepting sites of the anions, preventing interactions
with cellulose.
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6. Biomass pretreatments for cellulose isolation

Lignocellulosic materials are attractive feedstocks for both use of cellulose fibres or fermentation
of cellulose or/and hemicelluloses in order to obtain bioethanol [130]. Some methods have been
developed in order to isolate cellulose fibres from the other biomass components [131]. In
general, the pretreatment of biomass consists of changing and improving the accessibility of
biomass fractions: structure (pore size and volume, particle size and specific surface area),
modifying its chemical composition (lignin, hemicelluloses, and acetyl group), and changing the
cellulose structure (crystallinity and degree of polymerization) [131]. Possible physicochemical
pretreatments include steam explosion, lime, wet oxidative, ammonia fibre explosion (AFEX),
organosolv, NMMO and IL. Conventional chemical pretreatments comprehend alkali, acid,
oxidizing agents and organic solvents [130] Some examples of biomass pretreatment are

summarized in Table 3 including IL pretreatment processes for various feedstocks.

Table 3 Physicochemical and chemical pretreatments for bioconversion of lignocellulosic

biomass
Biomass Pretreatment Chemical composition after pretreatment Ref.
(%)
NMMO, acid, alkaline, steam explosion, lime, wet oxidation, ammonia fibre explosion (AFEX), organosolv
process
softwood 85% NMMO, 90 - 130°C, 1 -3 | 42.1+2.1 (glucan); 5.4+0.7 (xylan); [132]
spruce h 13.8+£1.1 (mannan); 29.6+0.7 (acid-
insoluble lignin); 0.58+0.11 (acid-soluble
lignin)
hardwood oak | 85% NMMO, 90 - 130°C, 1 -3 | 44.0+£2.5 (glucan); 19.5+1.2 [132]
h (xylan);4.1+0.5 (mannan);18.8+0.3 (acid-
insoluble lignin);3.4+0.2 (acid-soluble
lignin)
sugarcane NMMO, 5% (w/w) biomass, 38.1 (cellulose); 28.8 (hemicellulose);12.1 | [133]
bagasse 130°C, 1 h (acid-soluble lignin); 20.3 (acid-insoluble
lignin)
switchgrass acid (0.1% H,S0O,, 60°C, 12 h) | 36.03+0.25 (glucan); 22.69+0.06 (xylan); [134]
and dry steam (100, 125 and 3.85+0.03 (arabinan); 19.00+0.04 (total
145°C, 1h) lignin)
lespedeza steam explosion (15-25 kg/m?®, | 49.6 - 65.5 (cellulose rich fractions) [135]
crytobotrya 4 min) and alkaline (60% ag.
ethanol +1% NaOH)
corn stover acid catalysis (3% SO, w/w dry | 46.1 (glucan); 16.6 (xylan); 23.9 (acid- [136]
weight) and steam (170°C, 9 insoluble lignin)
min)
rice straw alkaline (1 M NaOH, 30°C, 30.7 (hemicelluloses); 6.9 (acid-insoluble [137]
18h) lignin); 1.1 (acid-soluble lignin)
corn stover lime (0.5 g Ca(OH)./g biomass, | 91.3 (glucan); 51.8 (xylan) [138]
55°C, 4 weeks with aeration)
sugar bagasse | alkali 45.5 (cellulose), 7.2 (hemi), 3.9 (lignin) [139]
alkali + ultrasonic irradiation 44 7(cellulose), 6.0 (hemi), 3.4 (lignin)
acid + 10% KOH 44.7 (cellulose), 5.7 (hemi), 1.6 (lignin)
acid+ 10% NaOH 44.2 (cellulose), 3.7 (hemi), 1.5 (lignin)
80% acetic acid - 70% nitric 43.6 (cellulose), 4.3 (hemi), 0.6 (lignin)
acid
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wheat straw alkaline wet oxidation 96.0 (cellulose); 68.0 (hemicellulose); 35 [140]
60 gL-1 straw, 195°C, 10 min, (lignin)
12 bar of O,, 6.5 gL-1 Na,CO4

poplar wood organosolv process (2- 79 (glucan); 11(xylan); 7 (lignin)® [141]
PrOH/H,0 (7:3, viv), 180°C)

corn stover AFEX (60% biomass, NH3 34.8 (glucan); 21.4 (xylan); 20.5 (lignin) [142]
(1:1), 120°C, 30 min, 200 psi)

lonic Liquids

corn stover [Emim][Ac], 3% (w/w) biomass, | 62.1 (glucan); 4.3 (xylan); 6.6 (lignin) [142]
160°C, 3 h, 14.7 psi

maple wood [Emim][Ac], 5% (w/w) biomass, | 52-60 (cellulose); 29-31 (xylan); 8.8-17 [143]

flour 50-130°C, 90 min (lignin)

spruce sawdust | [Amim][CI], 4% biomass, 45 (lignin) [144]
110°C, 120 h

switchgrass [Me(OEt)3-Et3N]Ac 36 (cellulose); 20 (xylan); 24 (insoluble [145]

lignin); 2 (acid-soluble lignin)

switchgrass [Emim][Ac], 3% (w/w) biomass, | 67.7 (glucan); 7.6 (xylan); 2.1 (arabinan); [146]

160°C, 3 h 2.1 (galactan); 10.8 (klason lignin); 2.8
(acid-soluble lignin); 3.6 (ashes)

bran [Emim]MeHPO3, 11 - 42 (cellulose + other polysaccharides) | [91]
[Amim]MeHPO3,
[Prmim]MeHPO3,
[Bmim]MeHPO3, [Emim]H,PO,,
25-50°C, 120-300 min

corn stover 5 g [Emim][Ac], 4.8 - 50 % 37.4 - 42.2 (cellulose); 21.9 - 25.9 [147]
(w/w) biomass, 125°C, 1h (hemicellulose); 13.3 - 18.6 (lignin)

sugarcane [Bmim]MeS04, 7% (w/w) 38-40 (glucose); 5-24 (xylose); 12-19 [148]

bagasse H2S04, 10 %(w/w) biomass, (lignin)
100°C, 0 - 240 min

The sugar yields from hemicellulose and cellulose are critical parameters for an economically
feasible ethanol production process however, these pretreatment processes involve severe
operation conditions such as high temperature, pressure, acids, bases and organic solvents.
The composition of the materials is changed with dilute acid [134] or sodium hydroxide [137] by
removing hemicelluloses and lignin. Sulfuric acid and acetic acid/nitric acid [139] are used as
well for lignocellulosic pre-treatment. The most common alkaline pretreatments make use of
sodium hydroxide and lime (calcium hydroxide) [138], although combination of alkali
delignification with ultrasonic irradiation [139] or steam explosion [135] are also used to increase
the accessibility of the exposed surface to enzymatic hydrolysis. Isolated fractions from biomass
can be obtained as well through severe steam + acid catalyst (sulfur dioxide) pretreatment at
high temperature to produce ethanol [136]. NMMO and ILs are considered to be advantageous
compared to conventional pretreatments (acid, alkali and thermal) due to the milder operation
conditions and direct cellulose dissolution [130]. NMMO patented by Johnson [149] is able to
dissolve high concentrations of cellulose (up to 23%) and overcome environmental issues in
regenerated cellulose fibres production [150]. In the example showed in Table 3 sugarcane
bagasse NMMO pretreatment [133] enhanced enzymatic hydrolysis at least twofold as
compared to untreated bagasse although with 10% loss of the initial weight after regeneration.
In the case of ILs pretreatment [146], [Emim][Ac] removed three times more lignin (69.2% of
total lignin) than dilute acid pretreatment (22.4%), reduced the total process time to produce
high vyields of sugar from the recovered product and produced less degradation of
monosaccharides. Li et al. [142] compared AFEX and IL pretreatment, founding that in contrast
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to AFEX the biomass crystal structure treated with IL was significantly disrupted and when
enzymatic hydrolysis was tested the IL treated biomass required less enzyme loading and
shorter hydrolysis time. Therefore, NMMO an ILs are claimed to be more efficient than
conventional solvents for biomass pretreatment.

Although ILs viscosity is a limitation in biomass processing, different alkylimidazolium-based ILs
such as [Mmim][MeSQ,], [Bmim][CF3:SOs], [Emim][Ac], [Amim][CI], [Bmim][CI], and [Bzmim]Cl,
were reported [91] to be good solvents for lignin dissolution and selective extraction. Biomass
dispersibility showed to be easier in lower viscosity ILs, and in general the less viscous ILs as
dialkyl phosphates and acetates present higher solubility even under mild conditions and in
short times [91]. However, some limitations of IL pretreatment have to be taken in consideration.
High solid biomass loading require longer retention times [151] because ILs high viscosity and
non-Newtonian behaviour causes difficulties in stirring which significantly decreases the
biomass accessibility to the salt. Additionally, cellulose loss can occur during IL pretreatment
(e.g. with [Bmim][CI] between 4-9%) that could be caused by cellulose degradation or
incomplete recovery [151]. It has been proposed to improve IL pretreatment by reducing
biomass patrticle size through preparatory milling [152]. For example, wood direct dissolution in
[Amim][CI] and [Bmim][CI] [153], without prior isolation of its individual components was highly
dependent of the particle size of the wood sample: ball-milled wood powder > sawdust >
thermomechanical pulp > wood chips. As an alternative, the addition of alcohol to
biomass/[Emim][Ac] solution in order to dissolve the lignocellulosic biomass in the different
fractions has been investigated with ethanol [154] and methanol [155].

Another effect of pretreatment apart from improving cellulose accessibility is reducing cellulose
DP. Altering DP is always accompanied by change of crystallinity. Naturally occurring cellulose
can have a DP around 15000 AGU and after the pretreatment process, technical cellulose can
present DPs between 100 and 3000 [156], depending on the pretreatment technique. The Table
4 shows some examples of biomass conventional acid and IL treatments and the DP before and
after treatment.
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respective DP determination method

Table 4 Degree of polymerization (DP) before and after biomass acid and ILs treatment with

Lignocellulosic Treatment DP after DP Reference
biomass (DP)? conditions treatment determination
method”
Acid
Avicel PH-101 H3POy, r.t., 3 DPw = 35 SEC [156]
(330) weeks
Avicel PH-101 H3PO,, rt.,, 30 | DPw =14.6 GPC (DMSO) [157]
(153) min and 55°C,
20h
Avicel PH-101 acid-chorite, DPw =294 GPC [158]
(309) r.t., 2h DPw = 1347
Whatman #4 filter
paper (2046)
Avicel PH 105 Hs;PO, 75% DPn =208 Phenol-H2S04 | [159]
(212) (wiv) DPn =215 BCA
SigmacCell 20 DPn =199
(209) DPn = 263
Whatman CC41 DPn = 1850
(212)
Fibrous cellulose
SigmacCell 101
(257)
Whatman #1 filter
paper (2085)
lonic Liquids
Mycrocristalline [Bmim][Cl] and | DP =100 GPC [160]
cellulose (300) Amberlist 15 DP =150
a-cellulose fibres | dry, 1h
(1050)
Wheat straw [Bmim][CI], DP =320 n.d. [161]
(580) microwave, 10 | DP =260
Steam exploded min
wheat straw
(500)
Cotton-ramie [Emim][DEP], DPv =448 Ubbelohde [162]
pulp (576) 90°C, 11 min DPv = 380 viscometer
[Mmim]DMP, (Cuen)
90°C, 300 min
Mycrocristalline [Amim][CI], DPv = 1430 Ubbelohde [163]
cellulose (1740) 110°C, 1h DPv =1720 viscometer
Filter paper DPv = 2140 (LICI/DMAC)
(2310)
Cotton fabrics
(2730)
Cellulose (580) [Bmim][Cl], DPv = 556 Ubbelohde [164]
70°C, 40h DPv =470 viscometer
[Bmim][Cl], DPv = 260 (Cuen)
90°C, 2hl
[Bmim][CI],
130°C, 6h

°DP, degree of polymerization: DPw (weight-average degree of polymerization), DPv
(viscosity-average degree of polymerization), DPn (number-average degree of
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polymerization); "DP determination methods: GPC (gel permeation chromatography),
Cuen (Cupriethylenediamine hydroxide solution), SEC (size-exclusion chromatography),
Phenol-H2S04 (phenol-sulfuric acid), BCA (2,2"-bicinchoninate), n.d. (not defined in the
article)

Phosphoric acid is able to reduce microcrystalline cellulose (MCC) DP even to a low molecular
weight (cellodextrines) e.g. down to 15 [156] or 7.5 [157]. The acid-chorite treatment [158] is
also an effective way to reduce the DP, e.g. Avicel samples can be reduced by nearly 5%
during 2h treatment. However, like in the case of cellulose/IL solution, different crystallinity
between cellulose samples determines the accessibility to the reagents contributing to different
levels of degradation. The same acid-chlorite treatment could reduce the DP from Whatman
filter paper by 34% and through phosphoric acid treatment by 11% [159]. Additionally,
[Bmim][CI] treatment shows very high DP reduction when the feedstock is MCC or a-cellulose,
due to the addition of Amberlyst, a sulfonated resin for the production of reducing sugars [160].
However, in the case of [Bmim][CI] + microwave treatment of wheat straw [161], a steam
explosion pretreatment on the biomass indeed enhanced the DP reduction. Furthermore, a
treatment only with [Bmim][CI] could reduce the DP,e.g. from 4% to 55% just increasing the
temperature [164]. The IL [Emim][DEP] was proven to be an excellent cellulose treatment
reagent owing to its low viscosity, the potential for accelerating enzymatic hydrolysis, and
recyclability [162]. The cotton treatment shows that [Emim][DEP] features are an advantage
when compared to [Amim][CI] treatment [163] once the same DP reduction of cotton (22%) is
achieved in 11 min at 90°C and 1h at 110°C respectively. ILs have demonstrated advantageous
as solvents for cellulose depolymerization allowing the use of milder treatment conditions such
as temperature and time.
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7. Industrial cellulose derivatives production methods

Fibres are divided into two groups: natural fibres and chemical fibres (man-made fibres). Natural
materials are dissolved to make cellulose fibres such as wood pulp or cellulose. The market is
focusing on using cellulose fibres through renewable sources [165]. Cotton represents 30% of
the total volume (89 million tons) of the global fibre market in 2014 and man-made cellulose
fibres approximately 7 % with a predicted growth of about 9% per year [166]. Cotton still is the
dominating cellulose fibre in the textile industry, but the need of fertilizers, artificial irrigation and
land priority for food production will create environmental problems and will not allow the cover
of the demand for cellulose fibres. Unlike cotton, man-made cellulose fibres derive from natural
raw material wood and can be manufactured with partially better properties than cotton [167].
Most man-made fibres made from cellulose derivatives with high molecular weight compounds
are produced by replacing the hydrogen atoms of hydroxyl groups in the AGUs of cellulose with
alkyl or substituted alkyl groups [168]. Cellulose derivatives can be cellulose esters and ethers.
They are generally synthesized by esterification of cellulose with inorganic or organic acids or
by etherification or Michael addition in heterogeneous or homogeneous media respectively
[168]. Cellulose derivatives production mechanism using ILs is schematized in Fig. 3.

OH Esterification OR
R = H, NO,, SO;,
o H,PO,, COR’, etc o]
(o) _— O
Etherification
HO R = H, alkyl, hydroxyalkyl, | RO

OH n sulfoalkyl, aralkyl, silyl, etc OR

n

Fig. 3 Synthesis of cellulose esters and ethers [168]

Depending on the number of hydroxyl groups substituted, cellulose derivatives may have low or
high degree of substitution (DS). The DS is a measure of the average number of hydroxyl
groups on each AGU unit which are derivatized by substituent groups. As each AGU has three
hydroxyl groups available for substitution the maximum possible DS is 3. Cellulose contains
31.48% by weight of hydroxyl groups (one primary and two secondary per AGU) and the
reactivity of these hydroxyl groups varies according to the reaction medium in which
functionalization is done [169].

Since 1944 cellulose esters have been produced [170] by a simple heterogeneous process
consisting on pouring a mixture containing the acetylation agent into water, filtering, washing
and drying. The polymers have been produced in different shapes: films, fibres, plastics and
coating applications. Various types of organic cellulose esters have been used in commercial
products or in pharmaceutical investigations such as cellulose acetate (CA), cellulose acetate
phthalate (CAP), cellulose acetate butyrate (CAB), and cellulose esters based on inorganic
acids, e.g. cellulose nitrate, silylated celluloses such as trimethylcellulose and others [171].

The following table presents the applications of some commercially marketed cellulose acetates
[172]. In general cellulose esters have versatile applications. Besides their traditional
applications as additives in the food industry, in coatings, printing, cosmetic, textile and in the
pharmaceuticals industry, new cellulose derivatives have also been investigated for their
applications such as drug delivery systems [173], in chiral separation and recognition [174], as
photoactive materials [175], as antioxidant agents [176], in memory of electronic devices [177],
and graft copolymers [178].
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Table 5 Commercially marketed cellulose acetates and their applications [172]

Cellulose Solubility Applications
derivatives
Cellulose acetate - Soluble and compatible with | - Wood finishes
butyrate resins and plasticizers - Automotive topcoats
- Alcohols - Rubber and plastic coatings

- Cloth coatings
- Glass coatings
- Flexographic, gravure and screen-printing inks

- Hot melts
Adhesives

Cellulose acetate - Alcohol-water mixtures - Inks

propionate - Overprint varnishes

- Plastic coatings
- Paper coatings
- Reprographic processes

Cellulose acetate - Acetone Solvent- and grease- resistant coatings for paper
- Methyl ethyl ketone products, wire and cloth
- Ethyl acetate - Dopes and cements for models airplanes

- Lacquers for industrial insulation and for
manufacture of capacitors

- Barrier and release coatings for pressure-sensitive
tapes

- Protective coating s for plastic items

- Film former for coating wire screening for
greenhouse windows, poultry, runs and similar
strucures

The properties of cellulose ethers important for their commercialization are determined by their
molecular weights, chemical structure and distribution of the substituent groups, degree of
substitution and molar substitution [179]. Examples of mostly used cellulose ethers are: methyl
cellulose (MC), ethyl cellulose (EC), hydroxyethyl cellulose (HEC), hydroxypropyl cellulose
(HPC), hydroxypropylmethyl cellulose (HPMC) and carboxymethyl cellulose (CMC). Cellulose
ethers act as thickeners, binders, film formers and water retention agents in construction
applications although, they function as well as suspension aids, surfactants, lubricants,
protective colloids and emulsifiers [180]. HPC and HEC in particular have been investigated for
production of antibiotics [181].

Natural cellulose contains highly crystalline regions, and the highly branched hydrogen bonding
network makes it insoluble in water and many organic solvents, sometimes even after following
a pretreatment methods such as the ones described in the previous section. This explains that
standard commercial methods for preparation of cellulose derivatives begin as heterogeneous
reactions, involving in the case of esters a subsequent back-hydrolysis reaction [182]. In the
case of cellulose ethers an activation of the cellulose previous to the heterogeneous
etherification is required and the produced cellulose ethers exhibit non-uniform mixtures [183].
Cellulose must be activated to disrupt its crystallinity prior to etherification to obtain a soluble
product. A common method to activate cellulose is to mercerize it with NaOH [184].

Cellulose derivatives synthesized in homogeneous reaction media could have different
properties from those of cellulose derivatives synthesized in heterogeneous media with similar
chemical compositions. When carrying out reactions in homogeneous solutions, the
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regioselectivity of the reaction is determined by the reactivity differences among the free
hydroxyl groups on the cellulose molecules [185], not by their accessibility [186].

Suitable non-derivatizing solvents for homogeneous dissolution of cellulose under lab scale
were mentioned before e.g. DMSO/TBAF and DMAC/LICI. These solvents are able to dissolve
cellulose with a DP as high as 650 in short period of time however, they have the disadvantages
such as being slightly explosive with heat and contain a certain amount of water which leads to
lower DS in acetylation with acetic anhydride due to fast hydrolysis [187]. Examples of cellulose
acetylation in the presence of DMAC/LIClI and DMSO/TBAF are shown in Table 6.

Table 6 Experimental results from acetylation reactions in DMAc/LiCl and DMSO/TBAF available in

literature
Biomass (DP)* | wt%" | Reagent | Reaction conditions® | DS | Ref.
Dimethylacetamide/Lithium chloride (DMACc/LICI)
MCC (260) 7.5 Acetyl chloride 5:1, 80°C, 2h 2.96 [188]
Sisal (650) 5-7 Acetic anhydride 2:1, 110°C, 4h 15 [189]
Cotton (410)
MCC, sisal 5-9 Acetic anhydride 3:1,110°C, 1 - 4h 1.6 [190]
Dimethylsulfoxide/tetrabutylammonium fluoride trihydrate (DMSO/TBAF)
Avicel (330) 11 Acetic anhydride 11:1, 60°C, 3h 1.2 [67]
MCC (260) 11 Acyl-1H- 3:1, 60°C, 3h 1.07-1.89 [68]
benzotriazole
Cotton 15 Succinic 20:1, R.T., 24h 25-26 [191]
anhydride/DMAP
DP is degree of polymerization of biomass; "wt% is weight percentage of solvent; “Reaction
conditions: ratio reagent/AGU, reaction temperature (°C) and reaction time (h)

The degree of substitution (DS) can vary with the nature of the cellulose and the conditions of
solubilization and acetylation. Homogenous acetylation of cellulose dissolved in DMAC/LICI with
acetyl chloride and a base [188] leads to DS decrease and less preferred substitution in position
6. Moreover, LiCl leaves OH groups of the cellulose available for substitution reactions. Thereby
lower concentrations of LiCl (5% and 6%) in DMAc could prevent totally uniform acetylation
[189]. Shorter chains in microcrystalline cellulose (MCC) favours aggregation leaving less
hydroxyls available for acetylation, thus the necessary amount of LiCl is higher in the case of
MCC in comparison to sugarcane bagasse or sisal [190]. The choice of the derivatizing agent
and molar ratio (mol/mol of AGU) is also very important for a good control of the DS. As
mentioned above acetic anhydride has high tendency towards hydrolysis, as the solvent
contains a high amount of water, thus very low DS could be obtained e.g. acetylation of sisal
dissolved in DMSO/TBAF with acetic anhydride [67]. Acyl-1H-benzotriazole and succinic
anhydride show better results with the same solvent [68, 191].

The most prominent example for the utilisation of a derivatizing cellulose solvent is the viscose
process [192]. Viscose fibre is a cellulose fibre obtained by the viscose process. It is known as
rayon fibre in the USA. Viscose fibres are made from cellulose from wood pulp. The cellulose is
derivatized in NaOH/CS, and submitted to wet spinning. Wet-spinning is based on precipitation,
where the polymer is drawn through a spinneret into a non-solvent. However, the viscose
process has several drawbacks due to the use of highly toxic CS, and precipitate formation
owing to chemical degradation of polysaccharides [193]. The process to make Lyocell [194]
fibres is a solvent spinning process (dry-jet wet spinning) developed to replace viscose
technology. The cellulose is directly dissolved in the solvent NMMO/water or ionic liquids
(loncell-F fibres) such as [Bmim][CI], [Bmim]Ac, [Emim][CI], [Emim][Ac] and [DBNH]Ac [195],
spun through an air gap and precipitated in water. Thus, this fibre is composed of cellulose
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because it has not suffered substitution reactions. The comparison of the structure and
properties of the viscose fibre to NMMO fibre can be found in literature [150]. The Table 7
shows mechanical properties of cellulose fibres prepared from ILs.

36



Table 7 Mechanical properties of cellulose fibres modified from Roder [196]

Fibre/solvent | Cross titre Tenacity | Elongation | Tenacity | Elongation | BISF A Modulus Commercial/
section | (dtex) | cond. cond. (%) wet wet (%) modulus cond. experimental
shape (cN/tex) (cN/tex) (cN/tex/5%) (cN/tex/%) | fibre

Viscose® Lobate | 1.3 22 12 Commercial

NMMO Round | 1.3 40.2 13.0 375 184 10.8 8.8 Commercial

[Emim][CI] Round | 1.7 43.0 9.6 35.9 11.6 14.0 8.1 Experimental

[Bmim][CI] Round | 1.5 50.1 9.3 39.4 10.4 17.8 Experimental

[Emim][Ac] Round | 1.8 44.7 104 38.1 11.9 13.2 10.0 Experimental

®Fibre data from [150]
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Fibre characterisation is normally done by measuring the tenacity and the elongation at
break. Furthermore, titre, modulus and cross-section can be determined [196]. The
level of stretching determines the tenacity and elongation level. A high degree of
stretching results in a relatively tear-resistant and low strain fibre. A higher elastic
modulus means a higher resistance of the fibre against deformation. The same cross
section can be obtained for different solvent systems assuming the use of similar
spinnerets. NMMO and ILs present fibre properties in the same range (Table 7) and the
same cross section (round). Higher tenacity, crystallinity and molecular weight can be
obtained using the Lyocell process [197]. Degradation during the Lyocell process
should be less than 10%, thus similar fibre properties of Lyocell fibres spun from ILs
compared to NMMO suggest similar solution structures of cellulose [197]. Additionally,
the mechanical properties of the regenerated fibres such as tensile strength and
elongation at break can be strongly dependent on the DP of the original cellulose [163].
Despite many advantages, the Lyocell process still produces fibres with severe
fibrillation. Fibrillation is the peeling away of fibrils of the fibre surface by applying
mechanical stress to fibres which are swollen in water [198]. This is undesired for
especially in the processing from fibre to fabric. Methods for fibrillation reduction have
been published [199-201]. The use of NMMO which is a thermally unstable solvent
could lead to uncontrolled thermal degradation. From the thermodynamic point of view
the state of a thermal explosion is reached that requires a major investment in safety
technology [202]. Additionally, the use of high melting point alkylmethylimidazolium
based ILs shows spinning dopes containing high cellulose concentration (e.g. 16.5 wt
%) however, the decomposition and the viscosity remain a challenge [203]. A novel
cellulose spinning solvent consisting of a superbase -based ionic liquid, [DBNH]Ac
have been reported with high dissolution power and a low viscosity [195] producing
high tenacity fibres (over 50 cN/tex).

It has been demonstrated that chemical modification of cellulose may be carried out
under homogenous conditions using ILs in a commercial scale towards high-value
cellulose derivatives as published in a patents review [204]. The substitution reaction
using ILs does not require an inorganic base in order to activate cellulose [205]. The
performance of the homogeneous reaction in ionic liquid media presents a number of
advantages, being the main one the existence of different options in introducing
functional groups and the better control of the DP and in the degree of substitution
(DS). Several experimental methods have been developed in the field of biomass
processing using ILs in substitution reaction to obtain cellulose derivatives. Some of
them are shown in Table 8.

Table 8 Reaction conditions of cellulose esters production and the respective degree of
substitution

lonic liquid Co-solvent (Wt%)* | Reagent Reaction DS® Ref.
Catalyst conditions”
Base
[Amim][CI] DMAP, DMF 4 Propionic 1:1-5:1;2- Prop: 0.89- [205]
anhydride, 180 min; 20 - 2.89, But:
butyric anhydride | 100°C 0.91-2.76
[Amim][CI] 4 Propionic 5:1,9:1, 13:1; Prop: 0.93- [206]
anhydride/acetic | 60 - 300 min; 2.46, But:
anhydride, 80 -100°C 0.86-2.07
butyric anhydride
[Bmim][CI] Pyridine 11 Acetyl chloride 3:1,5:1,10:1;2 | Ac<3.00 [207]
h; 80°C
[Amim][CI] Pyridine, 10 Acetic anhydride, | 3:1, 8:1; 48 h, Ac: 2.99, Tos: | [208]
Triethylamine tosyl chloride r.t. 0.84
[Emim][Ac] Imidazole 3 Tosyl chloride 2:1; 300 min; Tos: 0.55 [209]
7°C
Bmim]Cl, Pyridine, DMF, 11 Tosyl chloride 1:1-5:1;1- Tos: 1.14, CI: [210]
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[Amim][CI], DMI 48 h; 25°C 0.16
[Emim][DEP]
[Bmim][CI] Pyridine 11 2-furoyl chloride 1:1, 3:1, 5:1; 0.46-3.00 [211]
0.5-17h;
65°C
[Bmim][CI] Pyridine 11 Acetyl chloride 3:1,5:1, 10:1; Ac:2.81-3.0 |[212]
[Emim][CI] Lauroyl chloride 15 - 120 min; Lau: 0.34 -
[Bdmim]CI Phenyl 80°C 1.54
[Admim]Br isocyanate Carb:0.26 -
3.0
[Bmim][CI] 6 Phenyl 1:1-10:1; 120 | Carb: 0.29 - [213]
isocyanate - 240 min; 80°C | 3.0
Acetic anhydride Ac: 0.69 - 3.0
[Bmim][CI] 3 Choroacetyl 3:1, 5:1; 60 — 0.33-1.87 [214]
chloride 300 min; 30 -
50°C
[Amim][CI] DMF 4 2-bromopropionyl | 5:1; 480 min; 0.7 [215]
bromide r.t.
[Amim][CI] 3-7 Benzoyl chloride, | 2:1-10:1;60- | 1-3.0 [216]
4-toluoyl chloride, | 240 min; 40 —
4-chlorobenzoyl 100°C
chloride, 4-
nitrobenzoyl
chloride
[Bmim][CI] 10-12 | Acetic anhydride, | 1:1,3:1,5:1;2 | 04-3.0 [217]
Propionic h; 80°C
anhydride,
Butyric
anhydride,
Pentanoic
anhydride,
Hexanoic
anhydride
[Bmim][ClI], Pyridine, DMF 11 Sulfur trioxide, 1.3:1-3:1;120 | 0.22-0.89 [218]
[Amim][CI], chlorosulfonic - 240 min; 25°C
[Emim][Ac] acid
[Bmim][CI] 2.35 Phthalic 2:1-10:1;20- | 0.12-2.54 [219]
anhydride 120 min; 85 -
105°C
[Bmim][CI] 2 Succinic 1:1-12:1;5- 0.037 - 0.53 [220]
anhydride 120 min; 85 -
105°C
[Bmim][CI] DMSO 2 Succinic 4:1; 30 - 240 0.24-231 [221]
N- anhydride min; 90 - 120°C
bromosuccinimi
de
[Bmim][CI] DMAP 2 Succinic 4:1;30-120 0.24-2.34 [222]
anhydride min; 60 - 110°C
[Bmim][CI] lodine Succinic 4:1;30-120 0.56 - 1.54 [223]
anhydride min; 85 - 110°C
Patents
[Bmim]Ac Carboxylic < 0.2 (molar 0.1-3.0 [224]
[Bmim][CI] anhydrides, ratio)
[Bmim]OPr carboxylic acid
halides, diketene,
or acetoacetic
acid esters
d Aprotic Cito C20 0.1-3.0 [225]
solvents, protic straight- or

solvents, acids

branched-chain
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alkyl or aryl
carboxylic
anhydrides,
carboxylic acid
halides, diketene,
or acetoacetic
acid esters

e Acetic anhydride, <3.0 [226]
Propionic
anhydride,
Butyric
anhydride, 2-
ethylhexanoic
anhydride,
Nonanoic
anhydrid

Carboxylated [227]
ILs

d 0.1 -50 | Thionyl chloride, | 30— 150°C 05-3.0 [228]
Methanesulfonyl
chloride,
Chlorodimethylim
inium chloride,
Phosphoryl
chloride, Tosyl
chloride

d Pyridine 5-10 Chlorosulfonic 1:11-6:1;1 - 0.05-2.5 [229]
acid, Sulfur 720 min; 130°C
trioxide,
Sulphuric acid,
Sulfamic acid

Concentration of cellulose in ionic liquid during dissolution by weight; "Molar ratio of reagent per mol of
anhydroglucose unit (AGU) in cellulose; Reaction time; Reaction temperature; ‘Range of degrees of
substitution (DS); dcation: imidazolium, pyrazolium, oxazolium, 1 ,2,4-triazolium, 1 ,2,3-triazolium, and/or
thiazolium, quinolinium, isoquinolinium, piperdinium, pyrrolidinium, pyridazinium, pyrimidinium, pyrazinium,
pyrazolinium; Anion: C1 to C20 straight- or branched-chain carboxylate or substituted carbolylate, or
alkylphosphates (e.g. chloride, formate, acetate, propionate, butyrate, valorate, hexanoate, lactate, oxalate,
chloro-, bromo-, fluoro- substituted acetate, propionate and butyrate;.°Carboxylated ionic liquids containing
sulfur, halide or transition metals

7.1. Esterification

Conversion of cellulose, dissolved in different ILs, with carboxylic acid chlorides or
anhydrides is very efficient for the preparation of cellulose esters (Table 8). General
synthesis route and molecular structure of cellulose esters homogeneously prepared in
ILs were thoroughly reviewed elsewhere [230].

Cellulose acetate butyrate and cellulose acetate propionate can be prepared
homogenously in [Amim][CIl] from sugarcane bagasse [206]. The cellulose acetates
content was affected by reaction temperature, reaction time, and molar ratio
reagent/AGUs. With propionic anhydride the DS obtained was between 0.89 and 2.89,
and with butyric anhydride was from 0.91 to 2.76. The most common methods for
determination of DS include *H NMR, *C NMR in DMSO- dg, CDCl; or D,0O.

Heinze et al [207] used [Bmim][CI] as reaction medium and synthesized cellulose
acetates with high DS values in good yield (85.9%) within a short time (2h). DS was
controlled by the amount of reagent added. The acetylating reagent acetic anhydride
proved to be less effective than acetyl chloride. Cellulose fluorates can be synthesized
with yields of 84,4% and 90,2% and with a DS range of 0.46 - 3.0; thus, as [Bmim][ClI]
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is a very efficient medium for reaction, short reaction times and low amounts of
acylation reagent are needed [211]. Cellulose benzoates with different moieties at the
aromatic ring are prepared homogeneously in [Amim][CI] by conversion of cellulose
with the corresponding benzoyl chlorides [216]. An excess of reagent of 5 mol per mol
of AGU leads to completely substituted cellulose derivatives [217] such as cellulose
pentanoates, cellulose hexanoates, with DS above 0.9 soluble in DMSO and for DS of
2.3 soluble in DMSO, acetone and chloroform. Comparing these DS data to that
presented in Table 5 from homogeneous acetylation reactions using organic solvents it
is clear that the DS is higher with use of ILs. In addition, the reaction temperature also
decreases with ILs from the range 40-110°C to 25-80°C.

Cellulose sulfates were prepared through homogeneous conversion of cellulose with
different sulfating reagents in [Bmim][CI], [Amim][CI] and [Emim][Ac] is performed using
DMF as dipolar aprotic co-solvent [218]. The sulfation of cellulose in [Bmim][ClI]
proceeded in 30 min and the prolongation of the reaction time to 2h did not change the
DS values significantly. In contrast, after 24h, the DS of the products decreased from
0.83 to 0.66, which is most likely due to acidic cleavage of the sulphate ester bond. The
sulfation was investigated at 25°C and higher temperature. The results show that
sulfation at higher temperature does not give the desired DS, indicating decomposition
of polymer chain. Production of cellulose sulfates with DS up to 2.5 was patented by
Procter & Gamble Company [229].

The p-toluenesulfonic acid esters of cellulose, commonly referred to as cellulose
tosylates, are versatile intermediates for the preparation of various cellulose
derivatives. Homogeneous reaction yielding tosylated cellulose can be carried out in
[Amim][CI] and aspects such as the degree of tosylation, the reaction temperature and
the base can be varied, e.g., trimethylamine is not fully mixed with [Amim][CI], however,
pyridine works efficiently [208]. The homogeneous reaction leads to a predominant
conversion of primary hydroxyl groups at DS values up to 1[209, 210]. However,
derivatization with tosyl chloride generates additional chloride as a second reaction
product, thus chlorination of cellulose occurs due to chloride ions present in the
reaction media Fig. 4. Additionally, a tosylated AGU may also react with hydroxyl
groups of the same or another cellulose chain, which would result in cross linking and
thus, insoluble products. In order to prevent these side reactions, temperature is
usually kept around 8-10°C [210].

tosyl cellulose

Fig. 4 Tosylation of cellulose with tosyl chloride [210]

Preparation of cellulose carbanilates with DS up to 3.0 could be prepared in [Bmim][ClI].
The synthesis of cellulose carbanilates was carried out without any catalysts. Higher
DS were accessible by increasing molar ratio and reaction time. Heinze [212] and
Schlufter [213] showed that bacterial cellulose with DP~ 6500 could be efficiently
converted with phenyl isocyanate under homogeneous reaction conditions. Heinze and
co-workers have investigated the acylation of cellulose in four kinds of ILs with fatty
acid chloride (lauroyl chloride), leading to cellulose laurates with DS from 0.34 to 1.54.
The reaction was found to start homogeneously and then continue heterogeneously.
DS values slightly increased with addition of a base such as pyridine and with shorter
reaction time (2h). Additionally, the acetates were soluble in DMSO but not in acetone
and for DS higher than 2.85 were soluble in chloroform. Schlufter compared DS of
acetylated bacterial cellulose (BC) to the DS from the reaction with cellulose from
plants (lower DP) a lower reactivity was found. Highly substituted BC phenyl urethanes
were soluble in DMSO, DMF and in THF depending on the DS.
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Cellulose chloroacetates and bromoacetates, were synthesized by acylation of
cellulose with chloroacetyl chloride and 2-bromopropionyl bromide under mild
conditions in [Bmim][CI] and [Amim][CI] respectively [214, 215]. The cellulose acetates
(macroinitiators) have been applied for subsequent preparation of methacrylate graft
copolymers by atom transfer radical polymerization (ATRP).

[Bmim][CI] have been also applied as reaction media for the homogeneous preparation
of dicarboxylic acid esters such as cellulose phthalates. A series of phthalated
cellulosic derivatives [219] can be prepared with moderate DS (ranging from 0.12 to
2.54). DS increases with reaction temperature from 85 to 100°C, molar ratio of phthalic
anhydride/AGU in cellulose from 2:1 to 10:1 and reaction time from 20 to 120 min.
Cellulose succinates are produced through succinoylation of cellulose with succinic
anhydride and [Bmim][CI] (DS up to 2.18) [220] and with addition of catalysts: N-
bromosuccinimide (DS up to 2.31) [221], 4-dimethylaminopyridine (DS up to 2.34) [222]
and iodide (DS up to 1.54) [223].

Various patents have been published by Eastman Chemical Company that describe
the homogeneous preparation of cellulose esters and mixed esters, and the recycling
of the ILs by evaporation of precipitation agent and residues of the volatile acylation
reagents [224-227]. In some of these inventions, the produced cellulose esters were
used as protective and compensation films for liquid crystalline displays. A patent for
chlorinating polysaccharides with DS up to 3 is also found in literature [228].
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7.2. Etherification

In Millymaki and Aksela [231] invention of a method for preparing cellulose ethers, the
derivatives have been divided into aliphatic cellulose ethers, comprising alkyl ethers,
substituted alkyl ethers, hydroxyalkyl ethers and mixed aliphatic ethers of cellulose.
The second group comprises aryl and aralkyl ethers of cellulose and the third group
silyl ethers of cellulose. Table 9 presents some examples of etherification reactions of
cellulose dissolved in different ILs.

Table 9 Reaction conditions of cellulose ethers production and the respective degree of

substitution

lonic liquid Co-solvent (Wt%)® | Reagent Reaction DS® | Ref.
Catalyst conditions”
Base
. 3:1,5:1,
[Em!m][Ac], DMSO, DMA Hexamethyldisilazane 8:1; 1 h; 16- [217]
[Emim][CI] 80°C 2.9
[Emim][CI],
[Bmim][ClI],
[Emim]SCN, 181 -
[Bmim]SCN, | Saccharine, 10 Hexamethyldisilazane 9.2:1;16h, | 127 | [232]
[Emim][Ac], Toluene 80 - 120°C 2.9
[Bmim]Ac,
[Bmim]Pro,
[Bmim]Bz
. - . . 1-14h, 0.80-
[Bmim][CI] Pyridine 11 Trityl chloride 100°C 137 [233]
[Amim][Cl] | Pyridine 4-methoxytrityl chloride LI B I NP
- 0.02
. Pyridine or 1- . . 3:1,6:1;1-
[Amim][CI] butylimidazole 10 Trityl chloride 20 h: 90°C 0 ot [235]
4 - 5:1-50:1; 0.09
[Emim][Ac] DMSO 115 Propylene oxide, ethylene oxide 19 h: 80°C 1 o [236]
Patents
Cations:
Egm:m N Trimethylsilyls (e.qg.
o ethers, ketones, hexamethyldisilazane, 0.4-
Anions: Ac, ; A : [237]
Cl Bz SCN hydrocarbons tr;me;hylsﬂyld_mthylammg or N,O 2.6
O|5r ' ' bis(trimethylsilyl)acetamide
(CZHSO)ZPOZ
Propylene oxide, ethylene oxide, 1-
allyloxy-2,3-epoxypropane, 2,3- 51 10:1
. H,O,DMSO, epoxypropyl isopropyl, Nre - 0.09
[Em!m][Ac], DMF, DME, etherepichlorohydrine, 2,3- 39'1’ 3-72 | [238]
[Bmim][CI] X . h; 21 - d
CHCl3 epoxypropyltrimethylammonium 100°C 2.16
chloride, phenylglycidyether, 2,3-
epoxypropyl isopropyl ether
[Bmim][CI] 1-35 hexamethyldisilazane igéoélo h; <0.9 |[239]

2Concentration of cellulose in ionic liquid during dissolution by weight; "Molar ratio of reagent per mol of
anhydroglucose unit (AGU) in cellulose; reaction time; reaction temperature; “Range of degrees of substitution
(DS); “Molar substitution (MS).
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Homogenous silylation of cellulose has been reported under mild conditions, within
short reaction time at low temperature (1h, 80°C) and low excess of reagent [217].
Trimethylsilyl cellulose was obtained through reaction of cellulose dissolved in
[Emim][Ac] and [Emim][CI] with etherifying reagent hexamethyldisilazane (HMDS).
[Emim][Ac] is more efficient than [Emim][CI] in this reaction. It has been reported [232]
that carboxylate and diethylphosphate counter-ions give better results than chloride.
Furthermore, the solubility of HMDS in the IL increases with the increasing extent of
CH, groups in the anion. Additionally, because of HMDS insolubility in the IL
trimethylsilyl cellulose precipitates thus the reaction starts homogeneously and ends
heterogeneously. To keep it homogenous a solvent is added (DMSO or DMAC).
Tritylation of cellulose with trityl chloride is an effective protecting group strategy for
synthesizing regeoselectively modified cellulose derivatives [235]. Homogeneous
tritylation of cellulose in [Amim][CI] with trityl chloride (TrCl) showed that DS can be
influenced by the type of base used in the reaction (pyridine or 1-butylimidazole). The
reaction with pyridine started heterogeneously then changed to homogeneous finishing
heterogeneous and produced trityl cellulose with higher DS ~ 1. Despite the
homogeneous reaction in the presence of 1-butylimidazole (BIM) the higher DS was
0.22. BIM is not considered suitable for tritylation of cellulose in ILs.

Kohler [236] reported the homogeneous hydroxyalkylation of cellulose without
additional inorganic bases under completely homogeneous reaction conditions in
[Emim][Ac] at 80°C for 19h. The reagents propylene oxide and ethylene oxide
produced derivatives with a DS from 0.09 to 1.34. Addition of co-solvent
(dimethylsulfoxide) to a higher concentrated solution of cellulose/IL changed the DS to
higher value.

The Invention [238] of homogeneous reaction without addition of organic or inorganic
bases with lower IL load and in which high DP (from 1000 to 6500) cellulose can be
applied. The cellulose ethers produced by this invention include 2-hydroxyethyl
cellulose, 2-hydroxypropyl cellulose, 2-hydroxybutyl cellulose, 2-hydroxy-3-isopropoxy-
propyl cellulose, 3-allyloxy-2-hydroxypropyl cellulose, 3-chloro-2-hydroxypropyl
cellulose, (2-hydroxy-3-trimethylammoniumpropyl)-cellulose chloride and 2-hydroxy-3-
phenoxypropyl cellulose. These products are soluble in H,O and DMSO depending on
the molar substitution (MS). MS values of hydroxyalkyl celluloses were determined by
the method of Zeisel. Homogeneous synthesis of cellulose ethers [238] has been
patented by Tylose GmbH & Co. in ILs such as [Bmim][ClI], [Emim][Ac] and co-solvents:
dimethylsulfoxide, dimethylformamide, dimethoxyethane and chloroform.

An example of cellulose etherification process carried out under heterogeneous
reactions conditions [239] was introduced in Table 9 for comparison. On the contrary to
homogeneous process the heterogeneous etherification method described require an
activation of the cellulose previous to the etherification. Trimethylsilylcellulose was
produced by reaction from microcrystalline cellulose using [Bmim][CI] and silylating
agent HMDS (mol reagent/molAGU up to 4.5) at high temperature (125°C) with low DS
up to 0.9. Suitable reaction times were found to be from 30 min to 3.5 h.

Commercially available hydroxyalkyl celluloses are prepared heterogeneously. This
process requires activation of the cellulose which is a cause for higher costs and
energy consumption. Additionally, because of the solid state of cellulose and
intermediates the product quality depends on the quality of the stirring and geometry of
the reaction vessel [240]. In contrast, homogeneous production of cellulose derivatives
allows the development of methods for synthesis of cellulose ethers without activation
of cellulose and high yields of products with new and better properties.
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8. Cellulose precipitation

Regeneration of cellulose from ILs systems occurs by contact of the cellulose solution
with a coagulation bath of protic polar solvents such as water or alcohols. Cellulose
regeneration mechanisms for selected solvents have been reviewed elsewhere [241].
The yield of regenerated wood and the yield of recycled IL are affected by the choice of
anti-solvent. Regeneration of 8 wt% solution of wood dissolved in [Amim][CI] yielded >
95% (weight percent from the original amount of wood) and practically all the IL could
be recovered (under vacuum at 40°C) using water as anti-solvent. Moreover, the yield
of regenerated wood with water was reported higher than that of methanol at the same
number of IL recycles uses (up to 3). Conventional precipitation can be achieved with
anti-solvents such as water (e.g. water concentration in ionic liquid > 20% [113]),
ethanol, methanol and acetonitrile show high yields above 90%. Precipitation with
compressed CO, has been reported as a “greener” alternative [242]. Precipitation of
cellulose dissolved in ionic liquid with acetate anion is produced by CO, addition
because the CO, reacts with the acetate anion forming another compound, a
carboxylate zwitterion. With the formation of that compound the bonds between
cellulose and the acetate anion are broken causing cellulose precipitation. The ionic
liquids can be regenerated by adding water in stoichiometric proportion, which destroys
the zwitterion. The cellulose precipitated by this method presents a decrease of
crystallinity and stability. At pressures between 60 - 180 bar of CO, 60% of the
cellulose dissolved in [Bmim]Ac is precipitated resulting in relatively low yield compared
to that of protic solvent. Despite the low yield, CO, could be a sustainable method to
regenerate cellulose from ILs.

The cellulose can be regenerated in the shape of powder, fibers or films, but these last
two forms are especially interesting. The fabrication of regenerated cellulose fibre/film
involves two steps: dissolution of cellulose in IL to make the spinning dope and
extrusion of the spinning dope to form regenerated cellulose fibre and film. The
influence of spinning conditions on cellulose crystallization taken place during fibre/film
precipitation with water, of great importance in fibre and film processing, has been
studied in several works

Sun and coworkers [243] studied the crystalline characteristics of regeneration of
cellulose fibre, extrudate, and film from 6 % cellulose/[Bmim][CI] solution with different
spinning conditions. The degree of crystallinity, crystal size and crystallite orientation of
the regenerated cellulose fibre and film, were evaluated using wide angle X-ray
diffraction (WAXD).

WAXD data showed that cellulose regenerated from [Bmim][CIl] solution was
transformed from Cellulose | to Cellulose Il structure, and amorphous regions
increased in the regenerated cellulose. Crystalline characteristics of regenerated
cellulose are affected by the die shapes. A reduction of die diameter does not cause a
significant change in fibre crystallinity, but results in an increase in crystallite size and
crystal orientation factor. Additionally, fibre drawing speed was showed to be a main
effect to improve fibre crystal orientation.

Airgap- and wet spinning of Eucalypt dissolving grade pulp in [Emim][Ac] and
methylimidazole (MIM) was investigated by Olsson et al. [244]. Pure
[Emim][Ac]/cellulose solution was spun at 2.8 m min™ through 150 pum capillaries. For
samples with co-solvent MIM an 80 pm holes spinneret was used due to lower
viscosity. Coagulation took place in water, and fibres were drawn by rotating take-off
rollers to desired extent. The fibres were then immersed in pure water for 1 week
before drying at 105°C for 1h. The crystallinity of the fibre with only [Emim][Ac] as
solvent is lower than for fibres with co-solvent. However, fibres with higher tenacity
cannot be achieved with high amount of co-solvent i.e., x,. = 0.5 in 15% pulp solutions.

Michud and coworkers [245] produced regenerated cellulose fibres by dry-jet spinning
from cellulose/[DBNH]Ac solutions to study the influence of cellulose molecular

46



structure on the spinnability and the mechanical properties of the resulting fibres. The
solutions were extruded through a multi-hole spinneret (36 holes, diameter of 100 um,
and capillary length of 20 um) via 1 cm air gap into a cold (10 - 15°C) aqueous
coagulation bath at constant extrusion velocity 16 cm®min. High spinnability with high
stretching was found for a proportion of cellulose chain having DP > 2000 larger than
20 wt% and DP < 100 between 5 and 10 wt%. The final properties of the fibres are
directly affected by the draw of the fluid filaments in the air gap.

The effect of altering the coagulation medium during regeneration of cellulose
dissolved in [Emim][Ac] was also studied [246]. 4 wt% cellulose solutions were
coagulated in water, ethanol and 1-propanol. For films coagulated in water a higher
degree of cellulose Il was found compared to the films coagulated in alcohols. The
decreased preference of [Emim][Ac] to diffuse into the coagulation bath could explain
the lower conversion to cellulose Il in alcohols.

Diffusion of [Bmim][CI] from cellulose filament during coagulation process was studied
[247] and the factors affecting it: polymer concentration, concentration and temperature
of the coagulation bath. The diffusion rate of [Bmim][CIl] decreased with increasing
polymer content (5, 8, 10 and 12 wt%) in the spinning solution and the initial
concentration of [Bmim][ClI] in the coagulation bath (0 - 20 wt%), while the diffusion
coefficients increased largely with the coagulation temperature becoming higher (56 -
70°C).

9. Recycling of ILs after cellulose processing

In general, synthesis of ILs is a polluting and energy intensive process that frequently
involves the use of halide and/or sulfur intermediates, conventional organic solvents or
the uses of metal oxide catalysts. Chlorinated organic compounds are in general
undesired, especially in processes at technical scale, due to the difficulties and safety
issues in waste disposal. For environmental conservation and economy of processes, it
is required and important to recover and recycle ILs after the regeneration or
derivatization of cellulose [248]. If these solvents are efficiently recycled, the overall
waste production of the process will be decreased.

Methods used for recovery and recycling of ILs such as distillation, extraction,
adsorption, induced phase separation and membrane-based methods were thoroughly
reviewed elsewhere [249]. Thus, only a few considerations about this point will be
treated here.

In cellulose processing the most frequent impurities in ILs at the end of the process are
heavy impurities due to the decomposition or incomplete precipitation of cellulose, and
volatile impurities such as water or alcohols used to cause cellulose precipitation. Due
to the negligible vapour pressure of ILs volatile impurities can be removed from the IL
mixture by evaporation without loss of the ILs. Nevertheless, this process can be
energy intensive. Traditional methods like evaporation and extraction were applied to
remove the impurities from [Emim][Ac] which had been previously used as medium for
cellulose acetylation [250]. Impurities like ethyl acetate, n-propyl acetate, isopropyl
acetate, and tetrahydrofuran (THF) could be reduced from 40 wt % to 5 wt % within
less than 1h using these methods. However, acetic acid was found not to be easily
removed from [Emim][Ac] or [EmIm][CI] by evaporation, and a residual level of about 20
% and 8 % was respectively achieved, due to the high normal boiling point of acetic
acid (118°C). Liquid-liquid extraction for acetic acid removal was also unsuccessful due
to the slow mass transfer despite the extraction ability for acetic acid of the tested
solvents. Esterification of acetic acid with alcohol in large excess at elevated
temperature and pressure with subsequent distillation was found to be the best method
to purify [Emim][Ac]. Molecular distillation was used to recover [Amim][Cl] used in
homogeneous cellulose acetylation [251]. The IL was recovered with combination of
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two techniques: conventional vacuum to remove most of the water and then the small
amounts of acetic acid and water (less than 10% by mass) that are difficult to remove
were disposed through molecular distillation. The IL was recycled and reused 5 times
in the reaction and the purity of recycled IL the 5th time reached 99.56%.

In theory ILs, can be reused, but after many cycles heavy impurities can be
accumulated or degradation can be suffered by the ILs. Moreover, in derivatization
processes the use of organic or inorganic bases and the addition of stabilizers results
in degradation of the biopolymer and exhibits an enormous drawback for ILs recycling
and its repeated application [226]. An object of further investigation in cellulose
processing is to develop a simple process for the preparation of cellulose derivatives
which does not require the addition of any organic and/or inorganic bases and which
reduces the salt load and were the IL can be easily recycled and reused after
purification.

10. Evaluation of ILs toxicity

Dissolution of cellulose with ionic liquids allows the combination of two major green
chemistry principles: using environmentally preferable solvents and bio-renewable
feed-stocks. Imidazolium and cellulose are part of the Safer Chemical Ingredients List
that meets the criteria of the Design for the Environment (DfE) Safer Product Labeling
Program [252]. Nevertheless, some ionic liquids show hazard potential for man and the
environment. The “greenness” of IL strongly depends on its substructure (anion, head
group and side chain of the cation) [253].

ILs are in general considered green solvents because in general they do not evaporate
and pass to the atmosphere unlike the organic solvents. Thus, waste water streams
most likely represent the main entrance pathways of ILs into the environment and their
potential effects on aquatic ecosystems are largely unknown. In Table 10 are reported
ECs, values (concentration at which 50% of the exposed organisms are either
immobilized or killed) of different ILs. The data represents possible hazard potentials
that ILs might exert when coming into contact with organisms.

Table 10 Ecotoxicological data of ILs from UFT lonic Liquids Biological Effects Database

[253]
Entry Compound Citotoxicity EC50® | Ecotoxicity EC50°
(umol-L™) (umol-L™)

1 1-ethyl-3-methyl-1H- 16800
imidazolium acetate

2 1-ethyl-3-methyl-1H- 15700
imidazolium methyl sulfate

3 1-ethyl-3-methyl-1H- 9900 770°
imidazolium chloride

4 1-ethyl-3-propyl-1H- >2000
imidazolium bromide

5 1-butyl-3-methyl-1H- 3580 84.7°
imidazolium chloride

6 1-butyl-3-methyl-1H- 1630
imidazolium methyl sulfate

7 1-butyl-3-methyl-1H- 1050 2337 3950°
imidazolium 1,1,1-
trifluoromethanesulfonate

8 1-butyl-3-methyl-1H- 3030 3910°
imidazolium iodide

9 1-butyl-3-methyl-1H- 1250 70.1° 182° 3270°
imidazolium
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hexafluorophosphate
10 1-butylpyridinium 7100
hexafluorophosphate
11 1-(2-hydroxyethyl)-3- 3040
methyl-1H-imidazolium
tetrafluoroborate(1-)
12 1-(4-hydroxybutyl)-3- >3000
methyl-1H-imidazolium
chloride

13 1-(3-carboxypropyl)-3- >3000
methyl-1H-imidazolium
chloride

14 1-(3-hydroxypropyl)-3- >20000 3350°
methyl-1H-imidazolium
chloride

15 1-(2-hydroxyethyl)-3- >20000 1650 7710°
methyl-1H-imidazolium
iodide

16 1-decyl-3-methyl-1H- 21.8 0.586°
imidazolium chloride
®Viability of IPC-81 leukemia cells; "Growth inhibition: assessment according to empirical
data (rough classification of cytotoxicity towards ‘water flea Daphnia magna; daquatic
plant Lemna minor; *marine bacteria Vibrio fischeri): < 1 pmoI-L'lz very high cytotoxicity; 1
- 100 pmol-L™: high cytotoxicity; 100 - 5000 pmol-L™": moderate cytotoxicity; > 5000
umol-L™": low cytotoxicity

It is known that in general ILs with longer alkylic substituent have their hydrophobicity
increased as well as its toxicity. The impact of aromaticity on the toxicity of different
cations (pyridinium, piperidinium, pyrrolidinium and imidazolium) and hydrophobic
anions has been studied [254]. For example changing from imidazolium to pyridinium
cation and keeping the same anion decreases the toxicity (entry 9 and 10 of Table 12).
The acute effects of room-temperature ILs on survival of the crustacean Daphnia
magna was studied were toxicity appeared to be related to the imidazolium cation and
not to the various anions (e.g., CI°, Br', PFs, and BF,") [255]. Imidazolium cations
representing lower toxicity would be the ones with a hydroxyl group in the alkyl chain
(entries 11 to 15) followed by those with short akyl sustituents 1-ethyl-3-methyl-1H-
imidazolium (entries 1 to 3) and 1-butyl-3-methyl-1H-imidazolium cations (entries 5 to
9)

In what respects to the effect of the different cations, the phosphonium-based ILs seem
to be more toxic when compared to the analog imidazolium-based ILs (with the same
anion and alkyl chains). The toxicity of five guanidinium-, six phosphonium, and six
imidazolium-based ILs, towards the luminescent marine bacteria Vibrio fischer was
studied [256]. These results showed that guanidinium-, unlike the imidazolium- and
phosphonium-based ILs, do not follow the trend of increasing toxicity with the increase
in the alkyl chain length (entry 16). Toxicity of ILs tends to decrease for organisms (e.g.
Lemna minor) when short functionalised side chains replace non-polar alkyl chains
[257]. The effect of ILs was assessed on the growth of Lemna minor, a common
aquatic vascular plant [258] and in general, 1-alkyl-3-methylimidazolium chemicals with
longer alkyl chains were more toxic to Lemna minor than those with short alkyl chain
lengths. The concentration that produced a 50% reduction (the ECsg) in root growth
was higher when a butyl chain was present than when an octyl chain was substituted
(i.e., much more toxic). Butyl-substituted 3-methylpyridinium and 3-methylimidazolium
cations had similar toxicity, whereas a tetrabutyl ammonium cation was considerably
less toxic.

Significant uncertainty still exists regarding the toxicity and potential impact of ILs on
the environment. In general, ILs used in cellulose dissolution and derivatization present
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a relatively low toxicity (e.g. [Emim][Ac] and [Bmim][CI]). Nevertheless, in their use as
solvents in cellulose industry, the toxicity and safety to human health should be further
evaluated, because of possible trace residual ILs in the final regenerated cellulose
materials and cellulose derivatives.

11. Conclusions

Several aspects of cellulose processing in ILs have been reviewed. Cellulose has
strong inter- and intramolecular hydrogen bonds, which limits the efficient application of
this bio-polymer. The advantages and disadvantages of using ILs in cellulose
derivatization were discussed for esterification and etherification of cellulose. However,
key problems such as the high cost and high viscosity of ILs have been delaying their
use in industrial cellulose processing. Additionally, effective recyclability and reuse of
ILs are also required for industrial application. Most ionic liquids used for cellulose
processing present low or moderate toxicity and ecotoxicity, but further studies must be
made because of possible traces residual in the regenerated cellulose materials and
derivatives.

Abbreviations

AGU Anhidrous Glucose Unit

[AmIm][CI] 1-Allyl-3-methylimidazolium chloride
[Admim]Br 1-Allyl-2,3-methylimidazolium bromide
[AMIM]HCO, 1-Allyl-3-methylimidazolium formate
[BMIm]CH3SO3 1-Butyl-3-methylimidazolium methanesulfonate
[Bmim][CI] 1-Butyl-3-methylimidazolium chloride
[Bmim]BF, 1-Butyl-3-methylimidazolium tetrafluoroborate
[Bmim]NO; 1-Butyl-3-methylimidazolium nitrate

[Bmim]PFg4 1-Butyl-3-methylimidazolium hexafluorophosphate
[Bmim]Tf,N 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[Bmim]I 1-Butyl-3-methylimidazolium iodide

[Bmim]Ac 1-Butyl-3-methylimidazolium acetate
[Bmim]C,H5CO, 1-Butyl-3-methylimidazolium propionate
[Bdmim]CI 1-Butyl-2,3-methylimidazolium chloride
[Bmim]MeSO, 1-Butyl-3-methylimidazolium methylsulfate
[bdta]Cl Benzyldimethyltetradecylammonium chloride
[Bmpyr]CI 1-Butyl-1-methylpyrrolidinium chloride
[Bmpyr]CF;SO; 1-Butyl-1-methylpyrrolidinium trifluoromethanesulfonate
CH3C¢H4SO5 [Tos] Tosylate

CF3S0O4 Trifluoromethanesulfonate

CH3(CH,),C, Butyrate

CP Cellulose propionate

CA Cellulose acetate

CB Cellulose butyrate

CAP Cellulose acetate phthalate

CAB Cellulose acetate butyrate

CMC Carboxymethyl cellulose

CS, Carbon disulphide

DP Degree of polymerization

DS Degree of substitution

DMF/N,0,4 N,N-Dimethylformamide/Dinitrogen tetroxide
DMAC/LICI N,N-Dimethylacetamide/Lithium chloride
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DMSO/TBAF
DMSO

DMAP

[DBNH]Ac

DMI

DME

[Emim]Br
[EmIm]SCN
[EmIm]N(CN),
[Edmim]Br
[EMim]Tf,N
[Emim]BF,
[Emim]I

[Emim][CI]

[Em Im](C2H50)2P02
[Emim]HCO,
[Emim]CH3;0OHPO,
[Me(OEt)s-EtzN] Ac
ECOENG 41M
[EmpY]EtSO,4
[EpY]EtSO,4
[EEpY]EtSO,
[EMpy]CH3SO,4
EC

HEC

HPC

HPMC

HsPO,

H,SO,

KOH
[Mpy]CH3SO,
MMpy]CH3SO,
MC

NaOH

NMMO

NBS
[P6,6,6,14](C,Fs)sPFs
2-ProH

THF

Dimethylsulfoxide/tetrabutylammonium fluoride
Dimethylsulfoxide

4-Dimethylaminopyridine
1,5-diaza-bicyclo[4.3.0]non-5-enium acetate;;
1,3-Dimethyl-2-imidazolidinone
Dimethoxyethane

1-Ethyl-3-methylimidazolium bromide
1-Ethyl-3-methylimidazolium trifluoroacetate;
1-Ethyl-3-methylimidazolium thiocyanate
1-Ethyl-3-methylimidazolium dicyanamide
1-Ethyl-2,3-methylimidazolium bromide
1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
1-Ethyl-3-methylimidazolium tetrafluoroborate
1-Ethyl-3-methylimidazolium iodide
1-Ethyl-3-methylimidazolium chloride
1-Ethyl-3-methylimidazolium ethanesulfonate
1-Ethyl-3-methylimidazolium methanesulfonate
1-Ethyl-3-methylimidazolium diethylphosphate
1-Ethyl-3-methylimidazolium dimethylphosphate
1-Ethyl-3-methylimidazolium formate
1-Ethyl-3-methylimidazolium methylphosphonate
Triethyl(2-(2-methoxyethoxy)ethoxy)ethylammonium acetate
1-Butyl-3-methylimidazolium 2-(2-methoxyethoxy)-ethylsulfate
1-Ethyl-3-methylpyridinium ethylsulfate
1-Ethylpyridinium ethylsulfate
1,2-Diethylpyridinium ethylsulfate
2-ethyl-1-methylpyridinium methylsulfate

Ethyl cellulose

Hydroxyethyl cellulose

Hydroxypropyl cellulose

Hydroxypropylmethyl cellulose

Phosphoric acid

Sulfuric acid

Potassium hydroxide

1-methylpyridinium methylsulfate
1,3-Dimethylpyridinium methylsulfate

Methyl cellulose

Sodium hydroxide

N-Methylmorpholine-N-oxide
N-Bromosuccinimide
Trihexyl(tetradecyl)phosphoniumtris(pentafluoroethyl) trifluorophosphate
2-Propanol

Tetrahydrofuran
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depression effect with CO, in high melting temperature cellulose dissolving ionic
liquids. Modeling with Group Contribution Equation of State” in collaboration with
Planta Piloto de Ingenieria Quimica (PLAPIQUI-UNS-CONICET) as the
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methylimidazolim chloride. Viscosity correlation”. Viscosity and density measurements
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Chapter 2. Melting Point Depression Effect
with CO, in High Melting Temperature Cellulose
Dissolving lonic Liquids. Modeling with Group
Contribution Equation of State

Abstract

lonic liquids of the alkylmethylimidazolium chloride family are able to solubilize high
amounts of cellulose and other natural polymers and have very good characteristics for
their processing. Nevertheless, they present important disadvantages related to their
high melting points and viscosities. Dissolution of carbon dioxide (CO,) can reduce the
melting point of these ionic liquids. In this work, the effect of pressurized carbon dioxide
on the melting point depression of some ionic liquids able to dissolve biopolymers was
experimentally determined using the first melting point method. Five different ionic
liquids were studied using a high-pressure visual cell, up to a pressure of 10 MPa. The
ILs studied were four ionic liquids with chloride anion coupled with 1-butyl-3-
methylimidazolium cations: [C,mim]®, 1-ethyl-3-methylimidazolium, [C,mim]*, 1-allyl-3-
methylimidazolium, [Amim]" and 1-(2-hydroxyethyl)-3-methylimidazolium, [C,OHmim]"
and one ammonium-based cation choline [CsH:4NO]" combined with dihydrogen
phosphate anion, [H,PO,]". Melting point depression effect observed for these groups
of ionic liquids were around 10 K for chloride ILs and went as high as 33.2 K for choline
dihydrogen phosphate. To correlate the melting point depression of imidazolium
chloride ILs, parameters for the Group Contribution Equation of State (GC-EoS) of
Skjold-Jgrgensen for the liquid phase plus a fugacity expression for solid phases was
employed. Experimental data used for the parameterization includes literature data of
binary vapor-liquid, liquid-liquid and solid-liquid equilibria, and activity coefficients at
infinite dilution. Melting point depression was calculated with an average deviation of
1.7 K (0.5%) and a maximum deviation of 4.3 K (1.3%).
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1. Introduction

lonic liquids (ILs) are substances composed entirely of ions that generally are fluid
around or below 100°C [1]. The unique physicochemical properties of ILs such as low
vapour pressure [2], and high solvation ability to dissolve various organic and inorganic
substances allows their use as green solvents in several applications. Furthermore,
ionic liquids can be easily modified by changing the structure of the cations or anions
and, thus also their properties.

One of the most promising application of ionic liquids is cellulose processing. Some ILs
have been demonstrated to be highly effective solvents for the dissolution of cellulose
in amounts as high as 25% in mass [3], sometimes even at room temperature [4].
Nevertheless the high viscosity of ILs which is greatly increased when they dissolve
cellulose is the main limitation for their use in those processes. Imidazolium chlorides,
acetates and alkylphosphates can dissolve high amounts of cellulose and other
biopolymers, but recently acetates and alkylphosphates has been preferred due to their
lower viscosities and melting points [4] caused by their asymmetrical cation and anions.
The large size of the anions enlarges the distance between cation and anion, making
the ionic interaction weaker. Thus, the imidazolium chlorides present a more regular
packing and consequently high melting temperatures and viscosities. For these
reasons, these ILs are sometimes set aside in cellulose processing, even though they
are more effective than the others in hydrolysis [5] and avoid using strong acids in
cellulose acylation reactions.

The melting process of ILs is governed by Van der Waals forces and electrostatic
interaction forces and each one plays different roles for different kinds of ILs
constituting a very complex behavior [6]. As Bourbigou et al. [7] reviewed, the length of
the alkyl chain, the existence of H-bond and the presence of impurities are factors that
influence parameters such as dielectric constant values or solvent polarity as well as
the competition for the ions between the added species and the counter-ion. The anion
CI' is a good H-bond acceptor and its probable location has been proposed closer to
the C(2) of the imidazolium ring. This provides higher charged density, symmetry and a
more regular network. Therefore an increase of viscosity and high melting points is
related to a growth in the cohesive forces via hydrogen bonding between the chloride
and protons of the imidazolium ring. On the other hand, in the crystal structure of (2-
hydroxyethytrimethylammonium dihydrogen phosphate, [CsHi4sNO][H,PO,4], also
known as choline dihydrogen phosphate (J[Cho][DHP]) a number of O-H:--O hydrogen
bonds and C-H---O interactions are present [8]. The high crystallinity gives to this IL an
elevated melting point ( 392 K)).

It is known that mixing an IL with molecular solvents allows decreasing its viscosity and
its melting point can be decreased. The viscosity of ILs-solvent mixtures is mainly
dependent on the mole fraction of added molecular solvents [9]. This is also possible
when using carbon dioxide (CO,) as a co-solvent, which has the advantages of being
non-toxic, cheap, and can be easily separated of the IL by depressurization. ILs and
CO, are considered to be a promising media for the development of “green” technology
[10]. In biphasic mixtures IL-CO, at high pressure, CO, can dissolve significantly into
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the IL-rich liquid phase as well at moderate pressures as high as 75% in mol, but no
ionic liquid dissolves in the gas phase [10,11]. The first example of CO,-induced
melting point depression (MPD) was reported by Kazarian et al. [12], who investigated
an imidazolium salt, 1-hexadecyl-3-methylimidazolium hexafluorophosphate,
[Cismim][PFg] with CO,. They reported a MPD of 25 K with a CO, pressure of 70 bar.
Scurto and Leitner tested [13] a quaternary ammonium salt tetra-n-butyl-ammonium
tetrafluoroborate, [NBuy4][BF,s], and reported a solid-liquid transition temperature
depression higher than 100K under 150 bar of CO,. Later [14], they tested quaternary
ammonium and phosphonium cations that showed strong depression as high as 80 K
and 120 K. The method generally used was that of first melting point, with the
exception of Serbanovic and coworkers that used a different method consisting in
introducing a IL in a capillary tube inside a high pressure cell and increasing the
temperature till the last solid particle is melted [15]. Selected results from MPD
measurements on imidazolium and ammonium-based ILs found in literature are
summarized in tables 1 and 2 respectively. In general imidazolium and pyridinium
cations showed a much lower MPD in the range of 20 K than ammonium based ILs that
can show melting MPD higher than 100 K.

Table 1 Summary of imidazolium-based ionic liquids normal melting point T, (°C), CO,
pressure (bar) and MPD (°C) found in literature.

Compound T (K) Pcoz (bar) MPD (K)  Ref.
[C1emim][PF¢] 348 70 25 [10]
[C4smim][CH3SO4] 345 150 19.6 [11]
[Csmim][Tosyl] 341 150 25.8 [11]
[C4mim][CI] 342 150 10.2 [12]
[Comim][PFg] 333 147 35 [15]
[CsO,mim][PFg] 316 20 20 [15]

Abbreviations: 1-Hexadecyl-3-methylimidazolium hexafluorophosphate, [Cismim][PF¢]; 1-butyl-
3-methylimidazolium methanesulfonate, [C;mim][CHsSOs]; 1-butyl-3-methylimidazolium tolylate,
[Csmim][Tosyl]; 1-butyl-3-methylimidazolium chloride, [C,mim][Cl]; 1-ethyl-3-methylimidazolium
hexafluorophosphate, [Comim][PFg]; 1-[2-(2-methoxyethoxy)-ethyl]-3-methylimidazolium
hexafluorophosphate, [C50,mim][PFg].
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Table 2 Summary of ammonium-based salts normal melting point T,, (°C), CO, pressure
(bar) and MPD (°C) found in literature.

Compound Tm (K) Pcoz (bar) MDP (K) Ref.
[(CoHs)4N][NTf;] 375 35 82 [11]
[(C4Hg)4N][BF,] 429 150 120 [12]
[(C4Hg)3(CH3)N][CF3SO4] 356 50 43 [12]
[AB][CF3SOs3] 321 40 31 [12]
[(C4Hg)4N][TosVI] 345 100 33 [15]
Abbreviations: Tetraethylammonium bis(trifluoromethylsulfonyl)imide, [(CoHs)4N]INTT,];
tetrabutylammonium tetrafluoroborate, [(C4Ho)4N][BF4]; methyl tributylammonium
trifluoromethanesulfonate [(C4Hg)3(CH3)N][CF3SOg]; (S)-1-hydroxy-N,N,N-trimethylbutan-2-
ammonium trifluromethanesulfonate, [AB][CF3S0Og3]; tetrabutylammonium tosylate,

[(C4Ho)aN][Tosyl]

The solubility of CO, in different ILs has been studied together with CO, induced MPD.
Recently was published a study on ammonium-based ILs tested up to 150 bar was
published [16]. The MPD reported was between 25 K and 120 K and the solubility
between 0.57 and 0.8 (mole fraction) at 369 K. Nevertheless, no positive correlation
was found between the magnitude of the melting point lowering and the solubility of the
gas in each liquid. Melting point induced by CO, is minor in the case of
methylimidazolium-based ILs as observed in Table 1.

In this work an experimental study of the MPD of various ionic liquids (solid at room
temperature) was carried out in the presence of pressurized CO, up to 100 bar. MPD of
imidazolium chloride ILs, were correlated using Group Contribution Equation of State of
Skjold-Jgrgensen and parameters were adjusted using literature data of CO, solubility
in the ionic liquid [C;mim][CI] available in literature [17] as well as activity coefficient at
infinite dilution.

2. Experimental Section

2.1. Materials

The ionic liquids used in this work were 1-ethyl-3-methylimidazolium chloride,
[Comim][Cl], 1-allyl-3-methylimidazolium chloride, [Amim][Cl], 1-butyl-3-
methylimidazolium chloride, [C;mim][Cl], 1-(2-hydroxyethyl)-3-methylimidazolium
chloride, [C,OHmMIM][CI] and (2-hydroxyethyl) trimethylammonium dihydrogen
phosphate, [CsH14NO][H,PO,4]. The structure of these ILs is shown in Table 3, all of
which were purchased from lolitec (Germany). The water contents were determined by
Karl-Fischer coulometric titration (Mettler toledo C20 coulometric KF titrator). Carbon

77



dioxide (99.5% purity) was supplied by Carburos Metalicos (Spain) and was used
without further purification.

Table 3 lonic liquids used for experimental melting point depression (MPD) in
pressurized CO,

Abbreviation Structure

[C,mim][C]] /ﬁ

cr \/N\/

[Camim][C]] M\,

SN q\
[Amim][C]] /ﬁ

/;_ \/N\/\
[C,OHmImM][CI] Van

/; \/”\/\OH
[Cho][DHP] | ﬁ

~~  HO—P—oO
AT

2.2. Apparatus

A schematic diagram of the equipment used for melting point measurements is shown
in Fig. 1. The apparatus includes an optical cell (SITEC 740.2120) with an inner volume
of 25 mL. Maximum operating temperature is 473 K and pressure is 500 bar. The cell
has two opposite quartz windows. A lamp was used to illuminate one end of the view
cell. The image was captured by a camcorder and displayed on the computer screen.
The internal temperature of the cell was controlled by a PID temperature controller
(OMRON E5GN) acting over an electrical jacket. The temperature was measured with
a K type thermocouple with an accuracy of 1.5 K. The pressure was measured with a
membrane relative pressure meter DESIN TPR 18/V2, with an accuracy of 0.2% span
(0-400 bar) (accuracy 0.8 bar). The equipment and the methodology used has been
described somewhere else [18].
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camcorder

Fig.1 Scheme of the apparatus for melting temperatures measurements: 1, CO, supply; 2,
optical cell

2.3. Method

The experiment starts with a small amount of ionic liquid in a glass vial introduced in
the optical cell. First the cell was keep at vacuum for 15 minutes in order to remove air
and volatile impurities. Afterward, the cell was filled with CO, and pressurized up to the
desired operating pressure. At fixed pressure, and after an equilibration time of about
15 min, the cell was gradually heated at a rate of 5 K/30 min until melting of the ionic
liquid sample was observed with the camcorder. The melting point temperature of the
ILs was measured when the surface starts to melt, according to the “First Melting Point”
method. Each measurement was repeated 3 times to determine the standard deviation
in measurements.

2.4. Differential scanning calorimetry

Differential scanning calorimetry (DCS) of the ILs was performed using a DSC 822e
Mettler Toledo SAE, with a high sensibility ceramic sensor FSR5 whose characteristics
are detailed in Table 4. During the analysis nitrogen of analytical quality was used as
purge gas with a flow of 50 cm®min. Aluminum crucible standard, 40ul with pin (REF:
ME-27331. from Mettler Toledo SAE) was used. Samples were weighted under
nitrogen in a Balance Mettler. AT-261 with a precision of 0.01 mg. Temperature was
increased from 298 to 423 K at 10 K/min.

Table 4 Characteristic of DCS sensor.

T Range (K) Resolution Enthalpy Range Sensibility
(mW)
(MW) (MVIpW)
-123- 973 <0.04 + 350 (100 K) 15

+ 250 (300 K)

+ 200 (700 K)

3. Results and Discussion
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3.1. Normal melting point and fusion enthalpies

Normal fusion temperatures and enthalpies of the ILs were determined by DSC and
they are listed in Table 5. DSC curves are shown in Fig. sl to s4 of supplementary

information.

Table 5 DSC results measured in this work.

IL Tonset (K) T peak (K) AH [DSC] (kJ/mol)
[Amim][CI] 315.75 324.95 -15.44 + 0.06
[C4mim][CI] 335.45 341.35 -20.44 + 0.09
[C,OHmMIM][CI] 360.35 363.35 -22.78+0.12
[Cho][DHP] (Peak 1) 362.15 367.95 -12.957 + 0.009
[Cho][DHP] (Peak 2) 391.85 395.55 -0.9586 + 0.0008

Our results are compared to measurements of melting point and fusion enthalpies of
other authors in Table 6. In general, important divergences are found in fusion enthalpy
and melting temperature among the different authors: for [C,mim][CI], our fusion
enthalpy is in the range of other author’s values, while our melting temperature is also
in the range but it is somehow lower than most literature values. In the case of
[AmIm][CI] and [C,OHmIm][CI] very few experimental values are available, existing
great divergences among them, and our data present a higher melting temperature
than other’'s author data, existing great divergences among them. In the case of
[Cho][DHP], the DSC showed two peaks, being the fusion temperature reported in
literature similar to the second peak reported [8].
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Table 6 Comparison of different ILs normal melting points and fusion enthalpies

IL Tm (K) AHgs (kd/mol)  Method  Purity Humidity Ref.

[Csmim][CI] 335.35 20.44 + 0.09 DSC 99% 1092 ppm This work
33811 DSC Not stated Not stated [19]
341.94+0.5 DSC [20]
341.95+0.5 14.057+0.46 DSC >98% [21]
340.1+2 Visual [22]
330.1+1 DSC [23]
3141 +4 DSC [24]
34295+05 255+25 DSC 0.1% mas [25]
341.8+05 21.7+06 DSC [26]
340.1+2 Visual [27]
340.1+£2 Visual 99% [28]
340 + 2 Visual [29]

[Comim][C]] 370.1+0.2 15.1+0.6 DSC 99.80% Not stated  [30]
361.75+0.5 15.35+0.53 DSC 0,2% mass  [25]
334 + 82 DSC <20 ppm [31]
360.7 £ 0.5 155+0.5 DSC [26]
360 +1 Visual [32]
350+1 Visual [32]
358.1+4 Visual 99% [28]
360.75+ 0.2 15.16 £ 0.6 99.6% not [33]

detected

[Amim][CI]]  307.53 0.524 DSC [34]
290,15 [35]
324.95 -15.44 £ 0.06 DSC >98% 1332 ppm This work

[C,OHmMImM][  333.95+2 Not stated Not stated [36]

<! 367.95 -22.78 £ 0.12 DSC 99% 723 ppm This work

[Cho][DHP] 392 - DSC Not stated Not stated [8]
395.55 DSC This work
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3.2. Melting point depression

Table 7 shows the melting temperatures at vacuum and at different pressures of CO..
It is observed that the melting points observed at vacuum are similar in most cases to
the onset temperature provided by the DSC measurement listed in Table 5, as it is
expected when dealing with a first melting point method. Measurement was taken
when the first melting signs where observed on the surface of the ionic salt. Fig. 2
shows images from the measurement of [Amim][CI] and [C,mim][CI] melting points at
40 bar and 100 bar respectively.

c)

Fig. 2 Pictures from experimental melting point measurements with pressurized CO, in
the high pressure view cell: a) [Amim][CI] at room temperature and vacuum; b)
[Amim][CI] at 40 bar and 313 K (observe the melted surface); c) [Csmim][CI] at 100 bar
and 316 K; d) [C;mim][CI] at 100 bar and 325 K (observe the beginning of the melted
surface
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Table 7 Experimental melting points at different pressures of CO,

IL Pcoz (bar) T (K)
[Amim][CI] vacuum 311.4+1.3
106+05 311.2+0.6
20.3+£0.2 309.3x0.1
309+0.2 306.6+0.6
419+14 303.5+0.6
[Comim][CI] Vacuum 341.1+0.6
123+1 341.3+0.2
20.2+0.3 340.6x0.1
315+11 340.6+0.3
421+24 339.9+0.2
509+11 338.0x1.0
100.7+£0.4 329.1+0.5
[Csmim][CI] Vacuum 335.3+2.0
11.7+£0.7 3352+0.1
21.7+£01 333.1x0.1
41.2+1.1 3345+05
51.2+1 332.3+0.1
100.5+£04 325.3+0.1
[C,OHMIM][CI] Vacuum 349.3+0.4
11.2+13 3495+0.2
20.7+£04 349.1 0.5
41+04 3485+04
523+0.1 349117
101.6+1 343.5+0.1
[Cho][DHP] Vacuum 385.4 +0.3
20.3+£03 361.9%x17
31+1.2 360.0+1.2
409+05 354.1+05
50.1+£0.1 3526%1.0
1006 £0.2 352.2+0.3

Much larger MPD was found with [Cho][DHP] than with imidazolium chloride ionic
liquids. This is consistent with literature data that shown much larger CO, induced
MPDs for ammonium based ILs than for imidazolium ones [15] 33 K vs. 10 K of
imidazolium based ILs at 100 bar. The first melting point observed at vacuum was near
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the onset temperature of the second DSC peak, considered the melting point in
literature [8].

With regard to imidazolium chloride based ionic liquids at 40 bar, MPD is around 1 K,
except for [Amim][ClI] for which is of 7.8 K, and more drastic MPD at pressures higher
than 50 bar. At 100 bar MPD are much larger, of around 10 K in the following order:
[Comim][Cl]> [Cimim][CIl] >[C,OHmMImM][CI]. In literature it was also reported that for
shorter alkyl chains in imidazolium based ILs, higher CO, induced MPD were observed
[15]. The lowest one is observed in [C,OHmMIM][CI] which could be attributed to the
lower affinity of hydroxyl group with CO, with respect to paraffine groups. This will be
further discussed in the modeling section.

4. Thermodynamic modeling

The main objective of this section is to model the melting point decrease of the studied
binary systems of CO, + alkylimidazolium chloride derivatives. Given the scarce
information available of the ILs under investigation, we have adopted a group-
contribution (GC) approach for the phase equilibrium modeling of these mixtures. The
Group Contribution Equation of State (GC-E0S) originally developed by Skjold-
Jargensen [37] plus a mathematical expression for the solid fugacity has been applied
to correlate and predict the melting temperature decrease of these mixtures. This
model is based on Generalized van der Waals Theory with a local composition
principle. In terms of the residual Helmholtz free energy, it can be expressed as a sum
of free volume and attractive contributions:

AR Afv Aaff
= +
RT RT RT

@)

There are two contributions to the residual Helmholtz energy in the GC-EoS model:
free volume and attractive. The free volume term follows the expression developed by
Mansoori and Leland [38]:

Afv 3

:3/11/1? Y—1)+i;( Y -Y-IhY)+nihY )
RT A As
g with

-1
Y:( _%j ©)
61/

NC
A, =Y ndf “k=123)4

i=1
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where n; is the number of moles of component i, NC stands for the number of
components, V represents the total volume, R stands for universal gas constant and T
is temperature.

The following generalized expression is assumed for the hard sphere diameter
temperature dependence:

d, = 1.0656550{1— O.lZexp[%ﬂ ()

where d. is the value of the hard sphere diameter at the critical temperature, T, for the
i-th component.

The attractive contribution to the residual Helmholtz energy, A*", accounts for
dispersive forces between functional groups. It is a van der Waals type contribution
combined with a density-dependent, local-composition expression based on a group
contribution version of the NRTL model [39]. Integrating van der Waals EoS, A*(T,V) is
equal to —a'n'p being a the energy parameter, n the number of moles and p the mole
density. For a pure component a is computed as follows:

a=2q% (6)
2

where g is the characteristic attractive energy per segment and ¢ is the surface
segment area per mole as defined in the UNIFAC method [40]. The interactions are
assumed to take place through the surface and the coordination number z is set equal
10 as usual. In GC-Eo0S the extension to mixtures is carried out using the two fluids
model NRTL model, but using local surface fractions like in UNIQUAC [41] rather than
local mole fractions. Therefore, the A*" for the mixture becomes

Z ~3
Aaﬂ B q 9 mix 7

RT er/

is the total number of surface segments and g« the mixture characteristic attractive
energy per total segments and are calculated as follows:

Gmix = Z@ j I/gll @)
=1 j=1 Z Tk

and
NC NG

=224, )

=1 j=1
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where vj is the number of groups of type j in molecule i; q; stands for the number of
surface segments assigned to group j; 6, represents the surface fraction of group k;

1 NC
0, = :Zn/‘//ka (10)
qgia
A
Ag// :g//_gjj (12)

g; stands for the attractive energy between groups i and j; and a; is the non-
randomness binary damping factor. The attractive energy between unlike groups is
calculated from the corresponding interactions between like groups:

g;= k/‘j\/giigjj l k// = k//) (13)

with the following temperature dependence for the energy and interaction parameters:

AT " T
=01+ q. -1 | —
g// gll|: +gll(7-/* j—i_gﬂ (7-/*}:| (14)
And
, 2T
k,=k)|1+k, In| ——— (15)
7 /|: Iy (7’/ +Tj ]}

where g; is the attractive energy and k,/ the interaction parameter at the reference

. 7-/* +7-/* .
temperature 7, and > , respectively.

/
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4.1. Group contribution approach for methylimidazolium

chloride based ionic liquids

In this work, the parameterization of a new group for methylimidazolium chloride based
ILs ([-mim][CI]) was performed. Fig. 3 illustrates the group decomposition for some ILs
treated in this work. According previous to works [42,43], the corresponding IL
molecule is divided in functional groups such as CHs/CH, or CH,OH, while the ionic
contribution, i.e. cation + anion is kept as a single electroneutral group. Moreover, one
methyl group attached to the imidazolium cation is kept within the whole ionic group in
agreement with previous work for other imidazolium based ionic liquids [42,43].

S o, N e Vo

N oA N N Cl- (a)
r’/ /(\(:HQ\;T\CHQ : == l\ * ;J
{ CHy =7 ‘\\:/ !

OHH"‘CH/ \ \ / 3 ;:

Fig. 3 Group decomposition of some methylimidazolium chloride based ionic liquids
treated in this work. (a) [Csmim][ClI]; (b) [CoOHmMIm][CI].

4.1.1. Parameterization of the free-volume term

The free-volume term of the residual Helmholtz energy contains only one characteristic
parameter, that is, the critical hard sphere diameter (d.). Values for d. are normally
calculated from critical properties or by fitting the equation to one single vapor pressure
data point (generally the normal boiling point). Since the main characteristic of ionic
liquids is their negligible vapor pressure, this type of information is not available.
Espinosa et al. [44] developed a correlation between the critical diameter d. and the
normalized van der Waals molecular volume (R;) of high molecular weight compounds
(n-alkanes, n-alkenes, saturated and unsaturated triacylglycerides, and alkylesters).

87



This correlation was applied to calculate the critical diameter of ionic liquids from the
estimated van der Waals volumes. Following a group-contribution approach, the
normalized van der Waals volume of a compound, R; can be calculated as the sum of
the constituent group volume parameters r;:

R = v, (16)

Where v, is the number of groups j in molecule i. Similarly, the number of surface

segments, Q, of the i molecule can be obtained from its functional groups:
NG

Q=>v,4, (17)
j=1

Where q; is the number of surface segments of group j. Although Eq. (16) and (17) are
meant for molecules, they are also useful to calculate the reduced volume and surface
of a larger group, as it is the case for the this new ionic group ([-mim][CI]). Both r; and g
are defined as for the UNIFAC model [40] and Table 8 contains the values of r and q of
the functional groups used in this work, all of which are calculated by means of the van
der Waals volumes and surface areas given by Bondi [45]. The values of parameters R
and Q for the [-mim][CI] group have been calculated with its inner constituents shown in
Fig. 4. The calculated normalized van der Waals volume and critical diameter of the
ionic liquids studied in this work are reported in Table 9.

In order to evaluate the effective hard sphere diameter at a specified temperature, the
GC-EoS requires an assigned value for the critical temperature, T., of the pure
compound (see Eg. 5). In this work, the group contribution correlation of Valderrama
and Rojas [46] has been applied to compute the values of the T. of the ionic liquid
studied in this work. All parameters referred to the free-volume term are listed also in
Table 9.

Table 8 Normalized van der Waals segment volume and surface.

Group r| of

CHs 0.9011 0.848
CH; 0.6744 0.540
CH=CH 1.1167 0.867
CH=CH, 1.3454 1.176
CHs-N 1.1865 0.940
CH=N 0.7329 0.324
Cl 0.7910 0.724
CH,OH 1.2044 1.124
[[mim][C]]  3.8271 2.855
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Fig. 4 Groups contained within the [-mim][CI] group for evaluating parameters
r[—-mimJ[Cl] andq[—-mim J[Cl] .

Table 9 Pure component properties required for the GC-EoS.

lonic liquid M Ri T.*  d” Tius/ T, AHus/AHg; L Ve
K cm/mo (K J/mol
) |(1/3) (K) ( ) (cm*m (cm*m
ol) ol)
[C,mim]ClI 146.6 5.4026 748.6 5.2194 361.75° 15350°  137.03 123.6°¢
a
353.15 ¢ -
[Amim][CI] 158.6 5.8469 770.7 5.3925 312.9° 15444° 136.0" 116.3"
3
[C,OHmIm]CI 162.6 5.7059 832.1 5.3925 349.7¢ 22275° 135.1%* 1154 "
[C4mim]ClI 174.7 6.7514 789.0 5.7223 342.95° 25540 ° 160.6 % 137.3"
341.95° 14050 ¢
335.48¢ 20442°
[Csmim]Cl 230.8 9.4491 869.4 65742 - - - -
[C1omim]Cl 258.8 10.797 910.1 6.9464 311.17° 30932° 259.3% 221.6"
8
[C1o,mim]Cl 286.9 12.146 951.5 7.2923 369.78/324. 604/23580 374.8% 320.4"
6 13/283.21°  /1157°

2 Obtained using Valderrama and Rojas [46] group contribution method. ® Calculated with
Espinosa et al. [44] correlation. © Kick et al. [25]. 4 This work. © Domariska et al. [21]. "Wu et al.
[47]. 9 Bolkan et al. [48]. " Goodman et al. [49].
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4.1.2. Parameterization of the attractive term

For the parameterization of the attractive contribution, self and binary interaction
parameters of the [-mim][CI] must be set. Group interaction parameters for alkanes,
alkene, alcohol and CO, groups have been taken from previous works [37,50,51]. The
procedure to correlate pure and binary [-mim][CIl] parameters follows the method
described by Breure et al. [42] which require activity coefficients at infinite dilution with
normal alkanes. Up to our knowledge, this information is only available for some n-
alkanes in 1-octyl-3-methylimidazolium chloride ([Cgmim][CI]) [52]. To add robustness
in the parameterization procedure, the mutual solubility of [Csmim][CI] with n-heptane
and n-dodecane at 298 K reported by Letcher et al. [53] was added to the objective
function reported by Breure et al. Thus, the objective function defined in this work is:

2 2
O.F.= W2N§m {M —1} + Wzlf( Xote. —1J (18)
- . 7/ X
i=1

/=1 exp, i XEX,D, i

Where NGam and NEq are the number of activity coefficient and binary phase
composition data points, y are the activity coefficients, x represent phase compositions
and w, represents weights assigned to different kind of experimental data. Both
weights have been set to 1.

The correlation procedure is identical to the one described by Breure et al. [42] in order
to keep the number of adjustable parameters as low as possible. A linear temperature

dependence for g[- mim|C/] parameter was assumed (g [- mim][C/]=0); initially,

all binary interaction parameters are assumed to be temperature independent and the
mixture is considered to behave as a regular solution

K [-mim][Cl]i =LK [-mim][Cl],i =0, 0, ,miciii =% romimpery =0).  This
means that initially, the only adjustable parameters are self-interaction parameters:
g [-mim][CI] and g'[-mim]J[C/]. After this first correlation, self-interaction
parameters are fixed and only binary interaction parameters & *[—mim]J[C/ ]I,
af-mim]J[Cl],i and @, ,..c; @re used as adjustable parameters. Moreover, the
non-randomness parameters are assumed to be the same within a family (for instance
s mimirci jcH, = X r-mimyrciom, » 1N accordance to previous works [37,42,43]). Last, a
temperature dependence [k’ J [-mim][Cl/],i #0) for the binary interaction

parameter, or distinction between groups may be then introduced if needed to improve
correlation. On the other hand, the parameterization of the interaction parameters
between [-mim][CI] and the resting groups included also binary vapor-liquid (VLE) and
solid-liquid equilibria (SLE).
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4.2. Phase equilibrium equations

Binary and ternary phase equilibrium calculation were performed by solving the
isofugacity of the system between phases a and B at fixed temperature, T, and
pressure, P,:

f; =X/,a¢/,aP=X/,ﬁ¢/,ﬁP I=LNC (19

where 7, is the fugacity of component i at equilibrium, and x; ; and (?),-J- represents the

/

mole fraction and fugacity coefficient of component i in phase j. Fugacity coefficients of
any component in the mixture are obtained by means of an equation of state. In this
work, the GC-EoS model was applied to calculate the fugacity coefficients of all fluid
phases. In case of solid-fluid equilibria, we follow the subcooled liquid reference state
approach [54] assuming a pure solid phase for the heavy compound " x, ; =1). For

ILs treated in this work, many of the melting information to precisely evaluate the solid
fugacity are not available. Up to our knowledge, no data about the heat capacity is
avaible in open literature. With respect to density, experimental data of liquid
[Amim][CI] and solid [C.mim][CI] has been reported [47,48]. We have decided to: a)
deprecate the change in the heat capacity during melting, which should not harm the
solid fugacity calculation because the temperature ranges studied in this work are
narrow in general; and b) to consider the change in volume during melting as constant.
Thus, the expression proposed by Firoozabadi [54] for the fugacity of the solid
becomes

AH Avy(P=P
f/f(T,P)=f/f(T,P)exp{— = (i = j— Vil f”s)} (20)

R\t T RT

fus

Where ;) and f, are the pure IL fugacity as a solid and liquid, respectively; Tus, AHgs
and Av,, are the pure fusion temperature, and change in the enthalpy and volume of
the pure solid and liquid phases.

For the modeling of SLE of binary mixtures which are at atmospheric pressure, it is
possible to neglect the Av, ., since its contribution is minor at this condition. However,

Av,, cannot be neglected for the calculation of the CO.-induced MPD because

pressure arises up to 100 bars in our experimental data (see Table 7). To overcome
this limitation, we propose the following approach. First, estimate the liquid molar
volume at 298 K of [Comim][Cl], [Csmim][CI] and [C,OHmMim][CI] using the correlation of
Valderrama and Rojas [46]. Although these ILs are solid at 298 K, we intend to obtain
an approximation of the liquid density at melting point. Secondly, for the solid density of
[AmIim][CI], [Csmim][Cl] and [C,OHmMImM][CI], we propose to use the correlation of
Goodman et al. [49]. These authors developed a correlation to estimate the saturated

solid density (p,s) from the liquid density at the triple point (pf) They proposed the
relation shown in eq. 21.
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pi =117p; (21)

From eq. 21 it is possible to estimate the Ay,  using the liquid or solid density

information available. Values estimated using Eg. (21) are listed in Table 9, for the ILs
studied in this work.

In principle, Eq. (20), together with the melting properties from Table 9 are enough for
estimating the pure solid fugacity of the ILs in all binary mixtures with CO, studied in
this work. Notwithstanding, Tables 7 and 9 highlights the existing dispersion regarding
melting enthalpies of some imidazolium based ILs. Moreover, Eq. (21) provides only a
rough estimation of the melting volume. Rodriguez Reartes et al. [55] faced a similar
problem when dealing with the calculation of the solid-fluid equilibria of CO, with heavy

compounds. These authors also state that errors in the constants AH,,; and Av,,, will

propagate to the calculated pure solid fugacity of the heavy compound, which also
depends on the limitations of the selected EoS to calculate de liquid fugacity. In
summary, Rodriguez Reartes et al. proposed an alternative parameterization
approach, keeping constant the prediction of the pure melting line. In such condition,
liquid and solid fugacities are equal, which leads to the following expression from Eq.
(20):

P = 'Dfus _%(]‘_TLJ = 'Dfus + Cl[l_LJ (22)

fus

fus fus

. . . AH . .
From Eq. (22) it is clear that if the relation —S (i.e. C,;) remains constant, the
Vfus

melting line of the pure compound is invariant. The pure solid fugacity may be then
rewritten in terms of Ay, and Cy:

RT, T,

A T
20,1t e - e s T )T | -
fus fus

Rodriguez Reartes et al. [55] then proposed a parameterization strategy keeping
constant C,, (i.e., invariant pure melting line) while employing Av,,. as an adjustable

parameter. They show that perturbation in Av,  produces large and non-linear

changes in the solid fugacity. Thus, using a custom value while keeping constant the
pure heavy compound melting line is a reasonable choice.

Last, is it worth to mention that given the dispersion found in 7., and AH,, we

fus?

decided to model each binary SLE data set with its specific values of 7., and AH,,.

As an example, consider the binary systems involving [C,mim][Cl] studied in this work.

The data modeled in Fig. 8, measured by Domanska et al. [20], considered 7, and
AH,,, obtained by the same authors (see Table 9). On the other hand, MPD of

[Camim][CI] listed in Table 7, depicted in Fig. 10.b were modeled using melting
properties obtained in this work (see Table 9).
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The solution procedure applied in this work to solve the system of Eq. (19) is the TP
flash with stability analysis as described by Michelsen [56,57]. On the other hand, the
calculation of the solid-liquid-vapor lines required for the prediction of the melting
depression follows the work of Rodriguez Reartes et al. [55]. They published a detailed
algorithm for the calculation of binary solid-fluid-fluid equilibrium lines of asymmetric
mixtures, like the ones treated in this work.

4.3. Modeling results and discussion

4.3.1. Mixtures of alkylimidazolium chloride ILs + hydrocarbons

The parameters obtained through correlation of experimental data are listed in Table
10. Table 11 reports the deviation between the GC-EoS model and experimental data,
together with temperature and pressure ranges, references and number of
experimental data points. As can be seen, binary interaction parameters
k [~ mim]Cl],i have been differentiated for i = CHs or CH, to improve correlation

and prediction of experimental data, though no temperature dependence was
introduced. On the other hand, the encountered binary dumping factors found to
represent experimental data are asymmetric (a[_m,m][c,],, ;ta,,[_,,,,m][c,]) but not

differentiation has been introduced between CH; and CH, groups. For i = CH=CH, and
i = ACCHs, only one single interaction parameter was correlated beacuse the only
experimental data available are the activity coefficients reported by David et al. [52].
Deviations from experimental data listed in Table 11 show that the model presents
activity coefficients at infinite dilution and mutual solubility of [Cgmim][CI] + n-alkanes
within the experimental error reported by the authors (3% for activity coefficients [52]
and 0.006 for molar fractions [53]). The exceptions are the solubility of n-dodecane and
n-hexadecane in [Cgmim][Cl], for which deviation obtained with the GC-E0S doubles
the reported error. Fig. 5 depicts graphical results of this correlation for activity
coefficients. Fig. 6 shows the predictions of the ternary phase equilibria of [Csmim][ClI]
+ benzene + a n-alkane. The GC-EoS follows qualitatively the experimental tie-lines for
intermediate compositions, founding little better results for n-dodecane than for n-
heptane.
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Table 10 New GC-EoS parameters for the [-mim][CI] group.

Pure group parameter

Group q T*(K) g*(atm cm®/mol®) g g" Source
[-mim][Cl]  2.855 600.0 1844397 -0.1552 0 LLE of nC;or nCy, at 298 K +
Y. Of NCs & nCg + [Cgmim][Cl]
Binary interaction parameters
Group K K'j ot oft Source
i j
[-mim][Cl]] CH, 0.8215 0 -0.7577 -0.2539 LLE of nC; or nCy, at 298 K + y.. of nCs-nCqg
+ [Cgmim][CI]
CH, 1.0838 0 -0.7577 -0.2539
CH=CH, 0.7850 O 0 0 y- Of 1-heptene + [Cgmim][Cl]
CO, 1.0409 0.1509 -1.4439 0.4677 Bubble pressures of CO, + [C,;mim][ClI]
ACH 0.8620 0.0271 0.6717 1.4377 LLE at298K + y., of benzene + [Cgmim][ClI]
ACCH; 0.9310 O 0 0 Y- of toluene + [Cgmim][Cl]
CH,OH  1.0260 0 0.4148 -4.4988 SLE of C,0OH & C1,0H + [C,mim][Cl].
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Table 11 Model deviations of experimental data of correlated and predicted data points.

Compound T (K) P (bar) ARD%(y) No Source
exp
(1) (2) points
Activity coefficient
[Csmim][CI] n-Pentane 298, 308, 318 1.01 3.0* 3 [52]
n-Hexane 298, 308, 318 1.01 2.5 3 [52]
n-Heptane 298, 308, 318 1.01 4.9 3 [52]
n-Octane 298, 308, 318 1.01 2.6* 3 [52]
1-Hexene 298, 308, 318 1.01 1.1 3 [52]
1-Heptene 298, 308, 318 1.01 2.0% 3 [52]
1-Octene 298, 308, 318 1.01 1.7 3 [52]
Benzene 298, 308, 318 1.01 3.6* 3 [52]
Toluene 298, 308, 318 1.01 2.8* 3 [52]
Binary liquid-liquid & SC fluid-liquid equilibria
AAD (ARD%) of x;
1) in(2) (2)in (1)
[Cemim][Cl]  n-Heptane 298 1.01 1.4E-3 7.7E-3(12* 1 [53]
(20)*
n-Dodecane 298 1.01 6.2E-3 1.2E-2 (49)* 1 [53]
(65)
n-Hexadecane 298 1.01 5.9E-3(62) 1.6E-2(87) 1 [53]
Benzene 298 1.01 1.5E-4 1.6E-2 (2.3)* 1 [53]
(2.2)*
[C4smim][CI] CO, 353, 373 24-360 - 2.0E-2 (7.7)* 19 [17]
358,363,368 26-340 - 2.0E-2(7.6) 27 [17]
Solid-liquid equilibria
[C,mim][Cl]  [C,mim][Cl] 318-360 1.01 2.8E-2 3.5E-2 (4.8) 18 [25]
(4.0)
[C,mim][Cl]  Etanol 298-342 1.01 2.4E-2 - 29 [20]
(3.5)*
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[C1omim][CI]

[C1omim][CI]

1-Butanol

1-Hexanol

1-Octanol

1-Decanol

1-Dodecanol

Etanol

1-Butanol

1-Hexanol

1-Octanol

1-Decanol

1-Dodecanol

n-Octane

n-Decane

n-Dodecane

Benzene

Etanol

1-Butanol

1-Hexanol

1-Octanol

1-Decanol

1-Dodecanol

273-342

285-342

273-342

279-342

286-342

276-311

275-311

277-311

292-311

277-311

297-311

322-370

323-370

324-370

291-370

274-370

276-370

273-370

273-370

279-370

296-370

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

1.01

0.17 (25)
7.6E-2 (15)

8.1E-2
(8.1)

0.13 (130)

2.6E-2
(2.6)*

6.9E-2 (12)
9.6E-2 (20)
0.16 (41)
0.22 (57)
0.28 (144)
0.39 (183)
0.28 (74)
0.25 (49)
0.36 (124)
0.12 (23)

6.2E-2
(9.2)

7.9E-2 (12)
0.17 (14)

9.4E-2 (22)
0.24 (157)

0.37 (545)

1.4E-2 (1.4)

2.3E-2 (2.6)

1.1E-2 (1.1)

1.3E-2 (1.3)

12

32

15

23/3

26/5

13

22

17

15

17

19

29

25

20

17

26

26

34

37

38/4

50/3

(20]
(20]

(20]

(20]

(20]

(58]
(58]
(58]
(58]
(58]
(58]
[59]
[59]
[59]
[59]

[60]

[60]
[60]
[60]
[60]

[60]

* Data included in parameterization procedure.
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Fig. 5 Activity coefficients at infinite dilution of hydrocarbons (1) in [Cemim][CI] (2) [52]. (a) (<) n-Pentane, () n-hexane, (A) n-heptane and (+) n-
octane. (b) () 1-Hexene, (O) 1-heptene and (A) 1-octene. Dashed and solid lines: correlation and prediction using GC-EoS model, respectively,
with parameters of Tables 9 and 10.
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Fig. 6 Prediction of the liquid-liquid equilibria of the ternary system [Cgmim][CI] + benzene + n-alkane at 298 K. (a) n-Heptane; (b) n-dodecane.
Symbols and solid lines represent experimental tie-lines [53], while the dashed lines are GC-EoS predictions.
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Solid-liquid equilibria of [C1omim][CI] with alkanes deserves a special mention. This
data type is an interesting challenge, since all interaction parameters are now fixed.
Moreover, the phase equilibria of [C;,mim][CI] presents polymorphism, showing pure
solid-solid (SS) phase transitions. This is an important implication in the pure and
mixture phase behavior, since the change in enthalpy of the first SS transition, AHj 4, is
much greater than AHgs (see Table 9). Thus, specifically for the binary SLE data
involving this compound, the following expression has been employed to model the
fugacity of the solid phase:

AH. (1 1) MaH, (1 1
FS(T.P)=fHT,Pexp| - 20ms| = _ = |_ A 24
,L(),L()p{ﬁ,[rrj R[TTH (24)

fus i=1 tr,i

where NT(T) is the number of SS transitions present between T and Tgs, and Ty; and
AHy; are the temperature and enthalpy of the SS transition. Eq. (24) is basically the
same as presented by Domanska et al. [60], but deprecating the specific heat change.
Fig. 7 shows the prediction of the SLE of [C;,mim][CI] + n-octane and n-dodecane,
using Eq. (24) for the pure [C1,mim][CI] solid fugacity. The model predictions depicted
by lines follow qualitatively the experimental data presented by Domarska et al. [59].
These authors reported the occurrence of a liquid-liquid split in a narrow composition
region for the [C;,mim][CI] + n-dodecane binary system. On the other hand, the GC-
EoS predicts a wide liquid-liquid split for the three binary systems studied by
Domanska et al. [59]. However, the experimental data follows an extremely flat
tendency with an almost constant phase transition temperature, which may indicate a
phase split not found because of the presence of SLE.
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Fig. 7Solid-liquid equilibria of the system [C;,mim][CI] + (a) n-octane and (b) n-dodecane. Experimental SLE data at atmospheric pressure
taken from Domanska et al. [59]. Symbols represent experimental data of liquid + solid a () or solid B (). Lines represent GC-EoS
prediction of SLE (solid), SSLE (dotted) and SLLE (dashed). Notice that the [C;,mim][CI] fugacity as a pure solid was calculated by means of

Eq. (24
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4.3.2. Mixtures of alkylimidazolium chloride ILs + alcohols

Experimental binary SLE data of alcohols with alkylimidazolium chloride based ILs is
vast. The group of Domanska et al. have published an extensive study of SLE of the
homologue series of n-alcohols with [C,mim][CI] [20], [C1omim][CI] [58] and [C;,mim][CI]
[60]. Moreover, Domanska et al. [21] measured the mutual solubility of 1-octanol +
[Cemim][Cl]. Table 11 lists all deviations of our modeling results from experimental
data, which includes all SLE found, while Fig. 8 exemplify the correlation and
predictions of the SLE of selected alcohols + ILs. LLE experimental data of 1-octanol +
[Csmim][CI] were excluded from Table 11 because the model predicts one single phase
for this system at experimental conditions studied in [20,21,58,60]. The experimental
data reported shown a complex behavior, which is a challenge to any group-
contribution thermodynamic model. For example, according to measured data, 1-
octanol + [C,;mim][CI] and [C;,mim][CI] show complete miscibility in the liquid phase.
However, as previously mentioned, the experimental data of the binary system 1-
octanol + [Cgmim][CI] present a phase split at the same temperature regions [21].
Moreover, the SLE of the binary 1-octanol + [C;,mim][Cl] reported by Domanska et al.
[58] presents a flatness in temperature, typical of liquid phase splits (see Fig. 8.b). This
non-linear transition of the mixture behavior when changing the length of the alkyl chain
in the IL is not possible to be represented with a model such as the GC-Eo0S. The only
difference between these compounds within the GC-EoS framework is the number of
CH; in the IL and thus, the prediction of the phase behavior of mixtures of homologue
series tends in general to be monotonic. A better approach could be to employ an
association contribution to the Helmholtz free energy in Eqg. (1) as it is done in the
GCA-E0S model of Gros et al. [61], however, this is beyond the scope of this work.
Given the limitations of the model to properly represent all analyzed experimental, the
following approach as been proposed: selected binary systems were employed for the
correlation of the experimental data, generating different sets of parameters. Then, the
final set of parameters was selected between the different predictions achieved of the
MPD of [C,OHmIm][CI] in compressed CO,. Nevertheless, this information was not
included in the objective function defined in Eq. (18). The selected set of parameters
were the result of the correlation of the SLE of [C4;mim][CI] + ethanol and [C;mim][CI] +
1-dodecanol. Notice that groups [-mim][CI] and CH,OH are more concentrated in the
mixture when the shorter the alkyl chain is (i.e., [Csmim][CI] + ethanol binary system),
where less noise from other groups is present.
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Fig. 8 Correlation (dashed line) and prediction (continuous lines) of the solubility of some the alkylmethylimidazolium chloride based
ionic liquids in (a) ethanol and (b) 1-octanol. Symbols correspond to SLE experimental data of (&) [Camim][Cl], (X) [C;omim][CI] and (A)
[C1omim][CI] taken from Domanska et al. [20,58,60] at atmospheric pressure. The melting enthalpy used for [C,mim][CI] has been taken
from these authors. Dotted lines corresponds to the SSLE transition for systems [C;,mim][CI] + C,OH and CgOH, as reported by
Domanska et al. [59]. Notice that the [C,,mim][CI] fugacity as a pure solid was calculated by means of Eq. (24).
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4.3.3. Representation

the melting point depression of

methylimidazolium based ILs with compressed CO,

Phase equilibria of alkylimidazolium chloride based ILs + CO, is not plentiful. Up to our
knowledge, only data of [C,mim][Cl] at five temperatures have been reported by Jang
et al [17], from which two of them where used in this work for correlation. Results of
correlation and prediction of this data are shown in Table 11 and Fig. 9. From Fig. 9 it
seems that the model represents well the solubility under 200 bar, but tends to deviate

at higher pressures.
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Fig. 9 Correlation (dashed lines) and prediction (solid line) of the CO, solubility in
[Csmim][CI] at (O) 353 K, (+) 363 K and (<) 373 K. Experimental data has been taken

from the work of Jang et al. [17].
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Table 12 Comparison between predicted and correlated melting points using Avy,
calculated from Table 9 and correlated, respectively.

c? AVpys 2 AAD Max. AViys AAD Max.
5 (ARD%) deviation correlated (ARD%) deviation
(emi/mol) inT. (K) InK @) (cm¥mol)  inTwm(K) inK (%)

[C.mim][C]] -11438 134 11(33) 20(61) 31 26(0.8) 43(L3)
[Amim][CI] 7832 19.7 6.6(21) 11(3.8) 40 1.0(0.3) 1.8(0.5)
[C,OHmIm][Cl]  -11330 19.7 2.9(0.8) 57(L7) 30 1.3(0.4) 2.8(0.8)
[C,mim][C]] -8758 233 7.9(2.4) 14(44) 50 1.6(0.3) 3.6(L1)
Total average 7021 20(6.1) 17(05) 4.3(13)

& Calculated from values listed in Table 9. See text for details

Once all interaction parameters has been set, together to the pure compound melting
parameters obtained in this work listed in Table 9, it is possible to predict the MPD of
the methylimidazolium based ILs studied. It seems that the predictions obtained without
correlation of Ay,  systematically leads to higher MPDs than the experimentally

observed. This is shown in Fig. 10 for the four ILs treated in this section, where the
prediction is depicted with a solid line. There are two options to improve the prediction
of this kind of data: include at least one binary data set of Table 7 together with the
solubility information in the correlation, or use the approach of Rodriguez Reartes et al.
[55] described in section 4.2. We have chosen the second approach, given the
uncertainty in Av,,. and the absence of the liquid composition values for the melting

points. The results of the correlation of Av,  are also shown in Fig. 10 as dashed
lines. Furthermore, Table 12 compares the predicted and correlated values of Av,,

and deviations from experimental MPDs measured in this work with the predictions of
the GC-Eo0S. After the correlation of the melting points, the average deviation
diminishes from 7 K (2.1%) to ~2 K (0.5%), though the model seems to follow only a
qualitative description. Notice that Fig. 10 also depicts the predicted pure melting line
(thin dotted) computed with Eq. (23), which remains invariant after Av, . correlation.
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Fig. 10 Melting point depression of the imidazolium chloride based ILs treated in this work: (a) [Comim][Cl], (b) [Csmim][CI],
(c) [Amim][CI] and (d) [C,OHmim][CI]. Empty diamonds (<) are experimental data presented in Table 7. Solid lines are
model predictions using melting parameters defined in Table 9 from this work; the dashed lines are results of a melting

point correlation using Av,,, as adjustable parameter (see text for details), which are listed in Table 12. The thin dotted line

represents the pure IL melting line, and the thick dotted and solid circle (®) correspond the pure CO, vapor pressure and
critical point, respectively.
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Fig. 11 compares the prediction of the solubility of CO, in other imidazolium chloride based ILs
treated in this work evaluated at the melting temperature of each IL. The model predicts the
larger solubility for CO, in [Amim][CI], and at the same time, this is the system that shows the
larger MPD (see Table 7 and Fig. 10). The opposite situation is found for [C,OHmIm]CI, in which
CO, is less soluble, and the melting point is less affected. [C.mim][CI] and [Csmim]CI are in an
intermediate situation, being CO, more soluble in the last, though both binary systems present
approximately the same MPD. Three reasons may be responsible for this behavior: the
magnitude of the melting temperature of the IL (more temperature implies in general, less gas
solubility), the slope of the pure melting line of the IL (which in this case, all are barely the
same); and last, the CO, affinity with the substituent in the imidazolium ring.
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Fig. 11 Comparison of the predicted solubility of CO, in the alkylmethylimidazolium chloride
based ILs used in this work at the vacuum melting point stated in Table 7. [Comim][ClI] (solid line),
[Amim][CI] (dashed line), [Csmim][CI] (dotted line) and [C,OHmMIimM][CI] (dashed dotted line).

5. Conclusions

Carbon dioxide induced MPD in ILs has been experimentally determined in a high pressure cell
at vacuum and at CO, pressures up to 100 bar using the first melting point method. The first
melting points observed at vacuum were similar to the onset temperatures observed in DSC.
Much higher MPDs were observed for ammonium based IL than for imidazolium based ones.
Among the imidazolium based ones the highest MPD was observed for [Amim][Cl].
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The GC-EoS was applied to model the experimental data of the imidazolium chloride ILs
measured in this work. A new group, [-mim][CI], exclusive for this family of compounds has been
defined. Self and binary interaction parameters with groups CH3/CH,, CH=CH,, ACH, ACCs;,
CH,OH and CO, were adjusted. After the correlation of experimental data the model is able to
follow qualitatively the MPDs obtained in this work. Better results are achieved after the
correlation of the change in the pure IL volume during melting, a procedure previously described
by Rodriguez Reartes et al. [55]. The differences in the MPDs could be ascribed to by the
affinity of CO, to the substituent in the imidazolium ring, and to the magnitude of the pure
melting temperature of the IL.

List of symbols

A Helmholtz free energy.

-Z

calci

T . 1<
AAD(Z) Average absolute deviation in variable Z: N Z‘Z

exp i

: TS . 1 ¢ ;
ARD(Z)% Average relative deviation in variable Z: 100 Z 1- an"”

i exp i

DSC Differential scanning calorimetry

di Effective hard sphere diameter of component i.
fi Fugacity of pure i.

fi Fugacity of i-th component of the mixture

g Self-interaction parameter of group j.

H Molar enthalpy

HC Hydrocarbon

Ki GC-EoS binary interaction parameter between group i and j.
LLE Liquid-liquid equilibria.

NC Number of components in the mixture.

NG Number of attractive groups in the mixture.
NT(T) Number of solid-solid transitions at T.

NGam

Number of experimental activity coefficients at infinite dilution included in
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NEq

Qi

SLLE
SSLE

SLVE

VLE
"

Wi

Xi

z

z

objective function.

Number of experimental mutual solubility included in objective function.
Pressure.

Reduce van der Waals surface of component i.
Reduce van der Waals surface of group j.
Universal gas constant.

Reduce van der Waals volume of component i.
Reduce van der Waals volume of group j.
Solid-liquid equilibria.

Solid-liquid-liquid equilibria.

Solid-solid-liquid equilibria.

Solid-liquid-vapor equilibria.

Temperature.

Total volume.

Vapor-liquid equilibria.

Molar volume.

Objective function weight parameter.

Molar composition in of component i.

Dummy variable.

Coordination number.

Greek symbols

of]
Ve
AZ

"'L.l E_;l

I

Non-randomness parameter between groups i and j.
Activity coefficient at infinite dilution.

Change in the variable Z.

Number of groups j in compound i.

Mole density.
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o

@i Fugacity coefficient of compound i in the mixture.

Subscripts and superscripts

c Critical property.

fus Property of a pure compound at melting point.
m Property at melting point in a mixture.

L Liquid phase.

S Solid phase.

tr Solid-solid transition property.

\% Vapor phase.
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Chapter 3. Experimental determination of
viscosities and densities of mixtures carbon
dioxide + 1l-allyl-3-methylimidazolium chloride

Abstract

The effect of viscosity reduction caused by the solubilization of CO, is studied in order to
improve the biomass processing in ionic liquids. To do so, densities and viscosities of the pure
ionic liquid 1-allyl-3-methylimidazolium chloride and its mixtures with CO, up molar fractions of
0.25 and temperatures between 333 and 372 K have been experimentally determined.
Viscosities were correlated as a function of temperature and CO, molar fractions with an
average relative error of 2.5%. The viscosities of other mixtures CO, + ionic liquids were also
correlated for other ionic liquids with an average relative error between 4.4 and 13%. In general
these ionic liquids present a linear decrease of viscosity with CO, molar fractions up to around
0.5 that is more pronounced at lower temperatures and depends of each ionic liquid, and can
reach between 60-100% viscosity reduction with respect the viscosity of the pure ionic liquid,
making the CO, a promising co-solvent for viscosity reduction in process with ionic liquids.
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1. Introduction

There is an increasing interest in the use of ionic liquids (ILs) for processing cellulose and other
biopolymers [1]. However, the high viscosity of ILs, which is greatly increased when they
dissolve cellulose, is the main limitation for their use in these processes [2]. Imidazolium
chlorides, acetates and alkylphosphates can dissolve high amounts of cellulose and other
biopolymers, but recently acetates and alkylphosphates has been preferred due to their lower
viscosities and melting points [1], while the imidazolium chlorides present higher viscosities. For
these reasons, these ILs are sometimes set aside in cellulose processing, even though they are
cheaper and more effective than others in cellulose reactions such as hydrolysis [3].

It is known that mixing an IL with molecular solvents allows decreasing its viscosity [4]. This is
also possible when using carbon dioxide (CO,) as a co-solvent, which has the advantages of
being non-toxic, cheap, and can be easily separated of the IL by depressurization. ILs and CO,
are considered to be a promising media for the development of “green” technology [5]. In
biphasic mixtures IL-CO, at moderate or high pressure, CO, can dissolve significantly into the
IL-rich liquid phase, up to concentrations as high as 75% in mol, but no ionic liquid dissolves in
the gas phase [5],[6]. Nevertheless in the case of imidazolium chloride ionic liquids CO,
solubility is reduced to values round 30-40% in mol [7].

So far, only a few viscosity data of mixtures carbon dioxide + IL can be found in literature:
Tomida and coworkers determined the viscosities of CO, + 1-butyl-3-methylimidazolium
tetrafluoroborate ([Bmim][BF,4]) [8]; CO, + 1-butyl-3-methylimidazolium hexafluorophosphate
([Bmim][PF¢]) [9]; CO, + 1-hexyl-3-methylimidazolium hexafluorophosphate ([Hmim][PF¢]) and
CO, + 1-octyl-3-methylimidazolium hexafluorophosphate ([Omim][PF¢]) + CO, [10]; Liu et al
determined determined the viscosities of CO, + 1-butyl-3-methylimidazolium tetrafluoroborate
([Bmim][ BF,4]) [11] and Ahosseini et al. [12] measured the viscosity of mixtures of several ionic
liquids of the n-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide family [-mimTf,N] with
CO,. In general, the decrease in viscosity is between 85 and 45 % for BF, ILs with CO,
solubilities between 45 and 35% CO, in mol [8]. For PFg ILs with 40-45% in mol CO, the
decrease lies between 80 and 45% of the density of the pure IL [9,10]. For the Tf,N ILs which
present solubilities of CO, sometimes as high as 90% the decrease in viscosity can reach 100%
[12] at moderate pressures of 10-12 MPa, but with molar fractions as low as 10% of CO,
decrease of 30-40% of the pure IL viscosity is already observed. In all cases the effect in
viscosity reduction with CO, is more remarkable at lower temperatures.

There are much more data of densities of mixtures CO, + ILs, including the systems: CO, +
methylimidazolium hexafluorophosphates ionic liquids [9], [10]; CO, + 1l-ethyl-3-
methylimidazolium ethylsulphate [13]; CO, + imidazolium bis[(trifluoromethyl)sulfonyllimide and
triflate ILs [14]; CO, + 1-ethyl-3-methylimidazolium diethyl phosphate, CO, + 1-ethyl-3-
methylimidazolium hydrogen sulfate [15], to mention only a few of them. In general densities
present little change with increasing CO, concentration in the ionic liquid, meaning that these
systems present considerable lower volume expansions than those of common organic solvents
[13], [14], 16]. This has been interpreted as a consequence of the CO, is dissolving in the ionic
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liquid by occupying the bulk free space in the molecule, as confirmed by atomistic simulation
[17], [18] and through Raman spectroscopy [19]. As a consequence, large negative molecular
volumes are found, due to the lack of expansion of the ionic liquids and the big difference in
molecular mass between the ILs and the CO,[13].

In this work the viscosities and densities of pure 1-Allyl-3-methylimidazolium chloride
([Amim][CI]) and several CO, + [Amim][CI] mixtures were experimentally determined at
temperatures between 333 and 372 K and pressures between 1 and 7 MPa, comprising CO,
concentrations between 5 and 25% in mol. Using density data, excess molar volumes were
calculated. Viscosity data were correlated and, in order to test the correlation, viscosity data of
other CO, + ILs mixtures from literature were correlated showing average deviations from 2 to
13%.

2. Experimental Section

2.1. Materials

The ionic liquid used in this work was 1-allyl-3-methylimidazolium chloride, [Amim][ClI],
purchased from lolitec (Germany), with a purity higher than 98%. The water contents were
determined by Karl-Fischer volumetric titration (Metrohm 870 KF Titrino Plus) obtaining 0.59%
ww in water. Carbon dioxide (99.9% purity) was supplied by Yara and was used without further
purification.

2.2 Apparatus

To determine the densities and viscosities a tuning fork vibration viscosimeter was used
(Solartron Viscosimeter 7827). In the ranges of viscosities determined the precision was 1
mPa-s in the range 1-100 mPa-s and of 10 mPa-s in the range 100-1000 mPa-s. Density was
determined with a precision of +1 kg-m™. The viscosimeter worked inside of a 1.7 L pressure
vessel able to stand 200°C and 20 MPa. Temperature in the gas phase was determined with a
thermocouple type K and in the liquid phase (where the tuning fork was situated) with a Pt100.
A signal converter Solartron 7946 able to work in the T range (-200-200°C) was used with a
resolution of 0.1°C and a maximum error of £0.3°C. Temperature was kept constant by using a
circulating bath Lauda Proline P5. Pressure was determined with WIKA type S-11 pressure
transmiter with an accuracy of 1 bar (0.25% of the span (0-400 bar)).

2.3 Experimental procedure

The ionic liquid was charged in the pressure vessel and kept at 90°C at vacuum in order to
reduce the water content for 8 h. In these conditions the density and viscosities of the pure ionic
liquids were determined. After that CO, was charged in the pressure vessel and the system was
equilibrated before determining the viscosity and density. Then the temperature and pressure
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were changed in order to determine new experimental points. After finishing all the
measurements the water content was determined by Karl Fischer titration.

3. Results and Discussion

3.1 Density and viscosity of the pure ionic liquid

Densities and viscosities of the pure ionic liquid as a function of temperature are listed in Table
1. In Fig. 1 data were plotted together with literature data 20], [21], [22]. It is observed that both,
density and viscosity decrease with increasing temperature and that the data determined in this
work were consistent with literature data.

Table 1 Densities and viscosities of 1-allyl-3methylimidazolium chloride determined under

vacuum
TIK Viscosity/mPa-s Density/kgm™
307.0 790 1141
311.7 530 1138
319.9 280 1133
330.0 150 1127
337.1 100 1123
347.3 61 1118
361.1 35 1110

373.2 24

Viscosity precision £1 mPa-s in the range 1-100 mPa-s and +10 mPa-s in the
range 100-1000 mPa-s. Density was determined with a precision of £1 kg-m'3.
Temperature maximum error of +0.3°C. Water molar fraction of AmimCI
(XH20=O.497)
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Fig. 1 Comparison of viscosity and density measurement of pure 1-allyl-3-methylimidazolium
chloride measured in this work and literature data 20], [21], [22]

3.2 Density and viscosity of the mixtures CO, + AmimClI

Experimental densities and viscosities and calculated molar values of the mixtures CO, +
AmimCl were listed in Table 2. The CO, molar fractions were calculated with Group Contribution
Equation of State developed by Skold-Jorgensen (GC-E0S) using the parameters fitted in a
previous work for mixtures of CO, + AmimCI 23]. Densities of CO, at the given temperature and
pressure were calculated from NIST data [24].

Table 2 Densities and viscosities of saturated mixtures CO, + 1-allyl-3-methylimidazolium chloride
at different pressures and temperatures

TIK PIMPa  Xcoz Viscosity/mPa-s  Density/kg-m~ V&/em®mol™
334.7 1.0 0.054 100 1125 -143
356.6 1.0 0.039 39 1113 -111
3715 1.0 0.032 24 1104 -95.8
3689 4.0 0.113 24 1106 -74.0
3453 4.0 0.148 53 1119 -87.9
368.7 5.8 0.152 22 1106 -61.8
337.3 5.0 0.194 72 1124 -80.8
349.3 4.3 0.150 44 1106 -80.7
3336 7.2 0.251 68 1126 -68.7

Viscosity precision +1 mPa:s in the range 1-100 mPa-s and +10 mPa-s in the range 100-1000
mPa-s. Density was determined with a precision of 1 kg-m'3. Temperature maximum error of
+0.3°C. Water molar fraction of AmImCIl (xn420=0.497). Pressure was determined with an
accuracy of +0.1 MPa. CO, molar fractions calculated using GC-EoS.
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It is observed that excess molar volumes present highly negative values, two orders of
magnitude more negative than in the case of water + AmimCl mixtures 20]. This negative molar
volumes are consistent with observed by other authors 13] in different ionic liquids indicate that
the CO, + AmimCI mixtures present a highly packed structure, as the mixture has a molar
volume much lower than this expected for an ideal mixture. This can confirm the theory that CO,
is dissolved in the free spaces of ionic liquids and that the expansion of the ionic liquid inducted
by the presence of CO, is very small 13],17], 18],19].

3.3 Correlation of viscosity data

Viscosity data were correlated with an equation derived from the one used by Seddon et al. [5],
and that was used by Jimenez et al for correlating viscosity data of agueous mixtures with
several imidazolium chloride mixtures 20]. Even when the initial water content of the IL was low,
it can strongly affect viscosity, thus, this concentration was taken into account when making the
parameterization, introducing a correction of the molar concentration of both CO, and water, as
shown in eq. 1.

E A X X
/ mPa-s =ex + +B)-ex H20 .ex o2
H TSR AT p(C+D-T/Kj p(F+G-T/K) @)

Where p is the viscosity in mPa:s, T is temperature in K, X0 and Xco, are water and CO, molar
fraction are expressed with relation to the ionic liquid, respectively in CO, and water free basis.
A, B, C, D, E, F, G are empirically obtained parameters. The parameters used for the pure IL (A,
B and E) and for the influence of water concentration (C and D) are the same used by Jimenez
et al 20], and the parameters E and F adjusted to correct viscosity with CO, concentration were
adjusted in this work. Parameterization was performed by minimizing the average relative
deviation (ARD %) defined as shown in eqg. 2.

‘/uexp — Hearc
Hexp

ARD% =% (2)

Adjusted parameters are shown in Table 3. The ARD% of the equation is of 2.5% while the
maximum deviation with respect to experimental data is 5.7%.
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Table 3 Parameters fitted to the correlations for calculating the viscosities mixtures CO, + H,O+ 1-
allyl-3-methylimidazolium chloride at different . Deviations referred to viscosity.

1/ mPa:s = exp( E _+ A +B)-exp(x*'2°}exp()(002j
TIK)? TIK C+DT/K F+GT/K

A -15113 Jimenez et al [20]
B 17.64 Jimenez et al [20]
C 0.784 Jimenez et al [20]
D -3.10-10°® Jimenez et al [20]
E 3636000 Jimenez et al [20]
F 3.731 +0.015 This work

G -1.255.10° This work

ARD% 2.5%

Max. Dev. 5.7%

The predicted viscosities of several CO,+AmimCl mixture with low water concentration and
water free predicted by the correlation are plotted in Fig. 2 as a function of pressure and of CO,
molar fraction. Please note that the molar fractions in the ionic liquid corresponding to a given
P,T data were calculated with the GC-EoS 23]. It is observed that CO, can reduce the viscosity
of the AmimCI up to 43% at 60°C and 7.5 MPa and molar fractions of 0.25 of CO, with respect
to the ionic liquid. At higher temperatures the effect of CO, in viscosity is lower i.e. at 95°C, the
pressure necessary to have a molar fraction of 0.25 in the ionic liquid is of 13 MPa, and the
viscosity is reduced only a 25% with respect the viscosity of the pure ionic liquid.
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Fig. 2. Viscosity predicted by the correlation as a function of CO, molar fraction and CO, pressure
for different temperatures and initial water concentrations of the ionic liquid AmimcCl

To test the validity of this correlation with other CO, + IL mixtures, literature viscosity data were
correlated for several CO, + ionic liquids mixtures using literature data: 1-butyl-3-
metylimidazolium tetrafluoroborate (bmimBF,) [8]; 1-butyl-3-metylimidazolium
hexafluorophosphate  (bmimPFg) 9];  1-hexyl-3-metylimidazolium  hexafluorophosphate
(hmimPF) 10],25], 26]; 1-octyl-3-metylimidazolium hexafluorophosphate (omimPF;s) 10],26],27];
1-ethyl-3-metylimidazolium trifluoromethylsulfonylimide (emimTf,N) [12], [28]; 1-hexyl-3-
metylimidazolium trifluoromethylsulfonylimide  (hmimTf,N) [12], [29] and 1-decyl-3-
metylimidazolium trifluoromethylsulfonylimide (dmimTf,N) [12], [30]. Parameters adjusted, ARDs
and maximum deviations from experimental data are presented in Table 4. Viscosities can be
predicted with average deviations from 4 to 13% and maximum deviations from 15 to 46%.
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Table 4. Parameters fitted to the correlations for calculating the viscosities mixtures CO, + IL for
the ILs: bmimBF, 8]; bmimPFg 9]; hmimPFg 10],25], 26] ; omimPFg [10], [26], [27]; emimTf,N [12],
[28]; hmimTf,N [12], [29] and dmimTf,N [12], [30]

E A X
/mPa-s = ex| o +B)-expg — %%
" T T p(FJrG-T/Kj

Parameters bmimBF, bmimPFs hmimPFs omimPFg emimTfN hmimTH,N dmim TN

A -4260 -4690 -6950 -6320 -3980 -2300 -4700

B 4.03 4.59 7.62 6.39 4.68 1.44 4.90

E 1330950 1508250 1945200 1902000 1079740 936800 1390300

F 1.17 0.698 0.7337 0.621 1.632 0.968 1.006

G -4.74-10°  -3.02:10° -3.20-10° -3.02-10° -6.65-10°  -4.30-10°  -4.26:10°

ARD % 4.6% 4.5% 4.4% 8.3% 6.4% 13% 6.2%

Max Dev 16% 15% 26% 29% 27% 46% 35%
[10],[25],

Ref. [8] [9] [26] [10],[26],[27] [12], [28] [12], [29] [12], [30]

In Fig. 3 predicted viscosity of mixtures CO, + IL are compared to experimental data is shown. A
good reproducibility of the experimental data is observed.

160 140
140 Viscosity CO,+bmimBF,

450 Viscosity COp+bmimPFg 120 Viscosity CO,+ dmimTf,N
100
80

w/mPa-s

p/mPa-s
w/mPa-s

60
40
20

05 0 0.2 0.4 0.6 0.8 1

Xcoz2 Xcoz

Xco2

Fig. 3. Comparison of the viscosity predicted by the model and the experimental data for the
mixtures CO, +IL: bmimBF, 8]; : bmimPFg 9]; and dmimTf,N 12], 30]. Symbols represent the
experimental data and lines represent the predictions of the model.
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In Fig. 4 the percentage of viscosity reduction vs molar fraction of CO, with respect to the
viscosity of the pure Il at the same temperature is plotted for some ionic liquids of the different
families considered in this work, at 333 and at 293 K. It is observed that viscosity reduced
linearly with CO, molar fraction until reached a certain concentration of CO, beyond which the
reduction of CO, is lower. The viscosity reduction can reach between 60-90% depending on the
ionic liquid and it is more pronounced at lower temperatures.

Xco2 Xco2
0% & T T T T \ 0% O : : : | ,
oo | OO 0808 0 02 04 06 08 1
% e § ©Amimcl -E 20% 1 AD O bmimBF4
o . =
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Fig. 4. Percentage of viscosity reduction with CO, molar fraction for the ionic liquids bmimBF,4 [9],
bmimPFg [10], hmimTf,N 12] and AmimCl at 333 and 293 K.

4. Conclusions

The viscosities and densities of the pure ionic liquids 1-allyl-3-methylimidazolium choride
(AmimCI) have been experimentally determined as well as for mixtures CO, + AmimCI with
molar fractions up to 0.25 and temperatures in the range 333-372 K.

Densities were used to calculate excess molar values that resulted strongly negative with
values -60 and -140 cm®mol, being less negative at higher temperatures and CO, molar
fractions. This indicates that the CO, + AmimCI mixtures present a highly packed structure and
can confirm the generally accepted theory that CO, is dissolved in the free spaces of ionic
liquids and that the expansion of the ionic liquid inducted by the presence of CO, is very small.

Viscosities were correlated as a function of temperature and carbon dioxide molar fractions with
an average relative error of 2.5%. The viscosities of other mixtures CO, + ionic liquids were also
correlated for ionic liquids of the families imidazolium tetrafluoroborate, imidazolium
hexafluorophosphate and imidazolium trifluoromethylsulfonylimide with an average error
between 4.4 and 13%.
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In general [Amim][CI] and the other ionic liquids present a linear decrease of viscosity with CO,
molar fractions up to around 0.5 mol that more pronounced at lower temperatures and depends
of each ionic liquid, and can reach between 60-100% viscosity reduction with respect the
viscosity of the pure ionic liquid, making the CO, a promising co-solvent for viscosity reduction
in process with ionic liquids.
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Chapter 4. Analysis of the synthesis of cellulose

acetate in ionic liquids. Experimental study, modeling
and use of additives and co-solvents

Abstract

The capacity of the ionic liquids of dissolving high concentrations of cellulose and at relatively
low temperatures makes them promising solvents for the so called biorefinery process,
especially production of esters of cellulose. In this work, the well known process of cellulose
acetate synthesis in alkylimidazolium chloride ionic liquids is analyzed. In the first place, it is
investigated if the presence of CO, is able to increase the rate of cellulose dissolution in
different ionic liquids. Secondly, a reaction kinetic model able to describe the reaction is
proposed and kinetics parameters are adjusted. New experiments of cellulose acetylation are
performed using as a solvent the ionic liquid [Amim][Cl], at temperatures of 80, 60 and 40°C
(lower temperature than those used in literature with alkylimidazolium ionic liquids) and these
data are used to extent the model to lower temperatures. In addition, the effect of scandium Il
triflate as a catalyst was investigated resulting in very low incresing of the degree of substitution.
The use of CO, as a co-solvent was investigated in order to decrease the viscosity of the
reaction media. Nevertheless, analysis suggests that carbon dioxide can be unexpectedly
incorporating to the polymer structure.
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1. Introduction

Cellulose esters are applied in a wide range of products including: coatings for food and
pharmaceutical products, plastics, composite materials, optical films, membranes and others [1].
The most prominent example of a commercial cellulose ester is cellulose acetate (CA). The
fibres have been used in the textile industry due to its softness and the ability to manufacture
breathable fabrics. Other applications include: lacquers, plastics, coatings, membranes,
cigarette filters and LCD screens [2]. The raw material of this compound is cellulose. Cellulose
is the most abundant natural polymer and is considered a renewable resource. The structure is
based on the monomer cellobiose which consists of two glucose molecules linked via 3-1,4-O-
glycosidic. Cellulose processing has attracted increasing attention because of the consumption
and over-exploitation of non-renewable resources, such as coal and oil. Wood pulp is the most
important raw material source for cellulose processing. Most of it is used for the production of
paper after partial removal of the non-cellulosic constituents from its original fibre form [3]. The
conventional process of CA production is performed in two stages. In the first one the cellulose
is activated with acetic or sulphuric acid. Then, the acetylation takes place with a mixture
containing acetic anhydride, acetic acid and sulfuric acid. Thus, it is obtained cellulose acetate
or triacetate which is submitted to a treatment that depends on the desired degree of
substitution [4].

The research of cellulose processing in ionic liquids (ILs) has been increasing over the last
years. ILs are substances composed exclusively by ions, which can be fluid at room
temperature. This is due to the asymmetry between the cation and the anion, which prevents
the formation of a solid network. ILs unigue properties lead to their application in a variety of
fields. ILs have low vapour pressure which makes them to be considered “green” solvents
because they do not evaporate like the organic solvents. Furthermore, they present high
thermal stability, non-flammability, wide electrochemical window, high solvation ability to
dissolve various organic and inorganic substances and wide liquid range which provides a great
kinetic control of reactions [5]. In 2002 Swatloski et al. found that alkylimidazolium-based ILs
could dissolve up to 25% of cellulose and increase the rate applying microwaves [6]. The
dissolution mechanism implies the formation of hydrogen bonds between the IL and the
hydroxyl groups of the cellulose. Consequently, the cellulose solubility decreases in ILs with
solvent addition to the mixture [7].

One of the applications with special interest is the functionalization of dissolved cellulose. ILs
are able to dissolve cellulose without decomposing it. The process of biopolymers maodification
in ILs was patented in 2007 [8] including cellulose modification and cellulose esters with sulfate
or sulfonate groups. Other authors have functionalized cellulose producing different cellulose
derivatives: cellulose acetate synthesized in 1-ethyl-3-methylimidazolium cation, [Emim]+ and
chloride anion, CI- [9] and in 1-allyl-3-methylimidazolium chloride, (JAmim][CI]) without catalyst
[10], cellulose succinate and phthalate [11, 12] at temperatures between 60 and 120°C,
residence times between 30 minutes and 12 h and higher degree of substitution with increasing
excess of reagents and residence times. The application of microwaves can reduce the
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dissolution time from several hours to 10 min and complete functionalization of cellulose can be
reduced from residence times of 24 hto 8 h [13].

There are an extensive number of data published of synthesis cellulose acetate by different
authors and different alkylimidazolium chloride ionic liquids, and significantly different results are
obtained as shown in Table 1. From the complete conversion obtained residence times of 2 h
obtained by Heinze and co-workers in ionic liquids such as [Emim][CI] or [Bmim][CI] [14] at 80°C
to the necessary residence time of 5, 8 or even 24 h of other authors [15-17] alkyl imidazolium
ILs containing the allyl group.

Table 1 Experimental data of cellulose acetylation in different ionic liquids from the literature

lonic Molar

liquid Biomass, w/w® Reagent” ratio® tth) T(°C) Heating® DS® Ref.
ABImCI MCC, 5 % Ac,O 3 24 80 Conv 2 [18]
ABImCI MCC, 5 % Ac,0 3 24 80 Conv 2 [18]
ABImCI MCC, 5% Ac,0 4.5 8 80 Conv 2.2 [18]
ABImCI MCC, 5% Ac,0 4.5 24 80 Conv 2.9 [18]
ABImCI MCC, 5 % Ac,O 2.7 24 80 Conv 1.7 [18]
ABImCI MCC, 5 % Ac,O 3 24 80 Conv 2 [18]
ABImCI MCC, 5% Ac,0 3.6 24 80 Conv 24 [18]
ABImMClI MCC, 5 % Ac,0 3 2 60 MW 1.5 [13]
ABImCI MCC, 5 % Ac,0 3 3 60 MW 1.6 [13]
ABImCI MCC, 5 % Ac,0 3 2 60 MW 1.7 [13]
ABIimCI MCC, 5 % Ac,0 45 5 80 MW 25 [13]
ABIimCI MCC, 5 % Ac,0 45 8 80 MW 2.8 [13]
ABimCI MCC, 5 % Ac,0 2.4 8 80 MW 1.5 [13]
ABImCI MCC, 5 % Ac,0 3 8 80 MW 2 [13]
ABImCI MCC, 5 % Ac,0 3.6 8 80 MW 2.3 [13]
ABimCI MCC, 5 % Ac,0 45 8 80 MW 2.2 [13]
AmimcCl Cornhusk Ac,0 5 1 100 Conv 2.16 [10]
cellulose, 4 %
AmimcCl Cornhusk Ac,0 5 2 100 Conv 2.24 [10]
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EmimCl Avicel, 10 % Ac,0 3 2 80 Conv 3 [15]
BdmimCl  Avicel, 10 % Ac,0 3 2 80 Conv 2.92 [15]

AdmimBr  Avicel, 10 % Ac,0 3 2 80 Conv 2.67 [15]

# Concentration of cellulose in ionic liquid in percentage of weight

®Ac,0 = acetic anhydride; AcCl = acetyl chloride

‘mol of reagent per mol of anhydroglucose unit (AGU)

dHeating methods: conv (conventional heating) and MW (microwaves heating)

°Additionally, 2.5 mol of pyridine per mol of AGU

In general it is observed that the substitution is increased with residence time and it is improved
at higher temperatures and with acylation reagent excess. Acylation agents as acetic anhydride
or acetyl chloride are tested, obtaining somewhat better results with the last one. Pyridine was
used as additive obtaining only slightly better results compared to those with other additives
[16].

It is known that some authors has used scandium lll triflate as catalyst in acetylation reagents of
starch [22] in IL media, but to the best of our knowledge it has not been tested in the acylation
of cellulose in ILs so far.

One of the major factors limiting the speed reaction of homogeneous acetylation of cellulose is
the high viscosity of the cellulose solution, which hinders de diffusion of reagents [13]. In the
case of ILs this is a great challenge due to the high viscosity at their pure state and non-
Newtonian behaviour when mixed with cellulose. Increase the reaction temperature above 80°C
and increase the stirring is common to overcome the viscosity problem.

Supercritical CO, is considered to be a sustainable solvent because is not flammable, is cheap,
is available and is not toxic. Additionally, the gas properties can be tuned adjusting the pressure
and temperature. There are many advantages when ILs are combined with CO, [23]. The
viscosity of ILs decrease when these are mixed with molecular solvents [24]. This also happens
when ILs are mixed with supercritical CO, [25], which is also able to decrease the melting point
[26]. The CO, is quite soluble in ILs and the solubility can be controlled adjusting the pressure.

The objective of this chapter is analyzing the synthesis of cellulose acetate in ILs. To do so
literature data are thoroughly analyzed. A mathematical model was developed and kinetics
parameters are adjusted. Following, additional reactions were performed at lower temperature
than those studied in literature in the IL [Amim][CI] and the influence of additive of scandium llI
triflate and CO, was investigated. The influence of the water content is also analyzed.
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2.Material and methods

2.1. Materials

The cellulose used was microcrystalline cellulose from Alfa Aesar with a degree of
polymerization < 350 and a patrticle size of <1% + 60 mesh (250 pm) and <30% +200 mesh (75
um). The cellulose was dried at 60°C in a vacuum oven for 3-6 h prior to use. The ionic liquids
were purchased from lolitec (Germany) and the respective names, abbreviation, purity and
water content are presented in Table 2. Two different lots of [Amim][CIl] have been used.
K00219.1.2 was used in dissolution and reactions experiments and M00363.1 only for reaction
experiments. The water content of [Amim][CI] was reduced from 0.247 wt% till 0.06 wt% by
application of vacuum at 90°C with stirring for 3 days and determined by Karl-Fischer
coulometric titration (Mettler Toledo C20 coulometric KF titrator). Acetic anhydride, Ac,O (2 99%
purity) and scandium Il triflate, sc(OTf); (99% purity) were purchased from Sigma Aldrich.
Carbon dioxide (99.55% purity) was supplied by Carburos Metalicos (Spain) and was used
without purification. All samples were prepared under N, inside a glove box to prevent water
absorption.

Table 2 lonic liquids used in this work

— — - 5
Lot /Product No. lonic liquid Abbreviation Purity water (Wt%)
(%)
K00219.1.2 1-allyl-3-methylimidazolium chloride  [Amim][CI] >08 0.519
M00363.1 1-allyl-3-methylimidazolium chloride  [Amim][CI] >98 0.247
K00715.3.1 1-butyl-3-methylimidazolium [Bmim][ClI] >99 0.353
chloride
J00420.4 1-ethyl-3-methylimidazolium acetate [Emim][Ac] >95 0.385
K00120.1 1-ethyl-3-methylimidazolium [Emim][DMP] 98 0.004

dimethylphosphate

2.2. Acetylation reactions

The apparatus includes a stainless steel 40 ml cylindrical high pressure cell with a threaded
closing. The maximum operating temperature is 200°C and pressure is 150 bar. The internal
temperature of the cell was controlled by a PID temperature controller (Desin Instruments BS-
2100) acting over two electrical jackets. The temperature was measured with a K type
thermocouple with accuracy of 1°C. The pressure was measured with a membrane relative
pressure meter (Gems Sensors & Controls), range 0 — 160 bar.
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2.2.1. Dissolution of microcrystalline cellulose in [Amim][CI]

The cellulose was dispersed into [AmIm][CI] in a N, glove box to avoid moisture absorption. The
mixture was heated at 80°C for 4h under mechanical stirring (600 rpm). A clear yellow viscous
cellulose solution was obtained.

2.2.2. Acetylation of microcrystalline cellulose in acetic anhydride

After dissolution step the mixture cellulose/[Amim][CI] was cooled down to room temperature.
Acetic anhydride and/or scandium Il triflate was added under N2 to the solution. The solution
was stirred at desired temperature and time. Then the cellulose acetate solution was
precipitated by adding approximately 5-fold IL-cellulose volume of ultrapure water (MilliQ-
Millipore System) or isopropanol (Cofarcas, S. A. 99% purity). The resulting suspension was
vigorously stirred for 15 min. The precipitate was recovered by filtration through a glass fibre
prefilter (Merck Millipore Ltd.), while the liquid fraction was collected and stored for further
analysis and IL recovery. The solid was washed 3 times with anti-solvent at room temperature,
and oven dried overnight at 105°C.

2.3. Characterization

The FTIR spectra of cellulose, ionic liquid and cellulose esters were recorded on a Fourier
Transform infrared instrument (Bruker Platinum-ATR) equipped with software of OPUS Optik
GmBH in the range from 400 to 4400 cm-1 of wavelength. The FTIR spectra were used to
determine the degree of substitution (DS) of the samples. The cellulose acetylation conversion
in [Amim][CI] was calculated by integration of the area under the curve around peak 1750 cm-1
in the solid sample, dissolved cellulose and in the cellulose acetate dissolved and regenerated.
The FTIR spectra were used to determine the degree of substitution (DS) of the samples where
the integration of the areas with respect to the absorbance (Fig. 1) values of the C=0 stretching
(1750 cm-1), is related to the DS of commercial cellulose acetate (39.7% wt acetyl (DS=2.46),
provided by Sigma Aldrich) (Fig. 1), as described in eq.1:

A _sample- A_cellulose>< 2.46
A CA-A_cellulose 3

DS =3xX =

1)

Where DS is the degree of substitution, X is the conversion, A_sample, A_cellulose and A_CA
are the areas under the curve around peak (1750 cm™) for the solid sample, the cellulose and
the commercial cellulose acetate.
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Fig. 1 FTIR of cellulose acetate used as standard in cellulose esters infrared characterization

'H NMR spectra were recorded with 500 Agilent technologies.500 MHz spectrometer. The
determination of acetyl content of cellulose acetate was carried out as follows: The ester was
dissolved in DMSO-dg (17 mg mL-1); the 'H NMR spectrum was recorded at 80°C. The
guantification was based on the calculation of areas of the methyl proton signals (1.8 — 2.2 ppm)
of the acetyl groups and those of the anhydroglucose units (AGU) (3.3 — 5.8 ppm) as described
in [27]. Each acetyl group has three protons and each AGU has seven protons excluding the
OH-protons (Fig. 2).
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Fig. 2 NMR spectra of cellulose acetylated at 40C for 24h
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The degree of substitution determined by *H NMR and FTIR is compared in Table 3 for different
conditions of reaction. The values of DS determined by 'H NMR are slightly lower and
calculated as follows in equation (2).

_ 7xmethyl _ protons
3x AGU _ protons

DS (2)

Table 3 Comparison of degree of substitution determined by H' NMR and FTIR

mol reagent/molAGU t (h) T (°C) DS (NMR) DS (FTIR)
10 1 80 2.22 24
5 6 60 1.98 2.0
5 24 40 1.16 1.4

2.4. Dissolution of cellulose in [Amim][CI] with low pressure of CO,

In a typical experiment, the IL is weighted before the cellulose, which is placed on top of the
ionic liquid, without stirring in a 15 ml vial. The mixture containing 5 wt% of cellulose in ionic
liquid is placed into a 70 ml stainless steel high pressure cell and the air inside is extracted with
a vacuum pump to avoid water in the sample. The measurements were performed at
temperatures of 50°C and 80°C with stirring. After the vessel reached the set temperature, CO,
was pressurized by continuous bubbling at 7 bar in processing times of 30 minutes. Control
measurements were also done in absence of CO,. The remained undissolved cellulose was
washed in water to remove ionic liquid, dried at 60°C in vacuum for 12 h and weighted. This
method presented some difficulties regarding the separation of cellulose from the ILs
particularly from [Bmim][CI] due to its high viscosity. Each measurement was repeated at least
five times due to the high dispersion of the data which led to a few high standard errors. The
dissolved cellulose was precipitated with water Milli-Q and analyzed with FTIR.

3 Reaction modeling

A kinetic model of the acetylation reaction of cellulose in the IL [Amim][CI] is developed using
acetic anhydride as acetylation agent is proposed. Each AGU conforming the cellulose has
three -OH groups that can be substituted by an acetyl group. This -OH groups are situated in
the carbon 2, 3 and 6 of cellulose. Experimental results obtained by NMR analysis show that
acetylation is produced faster in the Carbon 6 of the AGU, followed by C3 and the acetylation in
C2 is taking a much longer time. Due to the characteristics of the NMR techniques the degree of
acetylation of each Carbon cannot be accurately determined, but a qualitative result obtained by
[19] is showed in Table 4.
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Table 4 Degree of substitution of carbon 6, 3 and 2 and the total from [19]

DS
C6 C3 C2 DStotal  |t(h)
0 0 0 0 0
0,7 0,15 0 0,85 1
0,9 0,55 0,3 1,75 1,75
1 1 0,8 2,8 2,75

If experimental acetylation data of total Degree of Substitution (DS) of different authors at
different reactions temperatures are shown it can be appreciated that the DS is increasing very
fast at reactions time obtaining DS higher than 1 in reactions times of about an hour, followed
by an step in which DS is increasing more slowly until reaching values of around 2-2.2 and the
last step until reaching DS of 3 is very slow. Thus, it is reasonable to propose that the first step
is corresponding mostly with the acetylation of C6, the second with the acetylation of C3 and the
third one with the acetylation of C2.

3 A
A
A 0 | a
O
2 A A + ©
L\
5 > % .
S o AT=110°C, Cao et al, 2010
2 < X OT=100°C, Cao et al, 2007
7
5 T ©T=80°C, Wu et al, 2004
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5 +T=70°C, Cao et al, 2010
(]
0 | | | |  XT=50°C, Cao etal 2010
0 1 2 3 4 5
Time (h)

Fig. 3 Experimental data from the literature [10], [19, 20] of the degree of substitution as a function
of time (h) of reactions at 50, 70, 80, 100 and 110°C with 5 mol of acetic anhydride per mol of AGU

At the same time it is observed that while cellulose concentration does not seems to greatly
affect the reaction rate [20] the excess of acetic anhydride affects strongly to the reaction.
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Fig. 4 Experimental data from the literature [19, 20] of the degree of substitution as a function of
the mol of acetic anhydride per mol of AGU

As both the cellulose and acetic anhydride are dissolved in the IL forming a homogeneous
phase a homogeneous kinetic model is considered

dDS, _iaTG
~(~=Ave T Cp(1-DS,) (Ex~ DS, - DS, - DS,) <
Ea3
T2 = Ae 1 DS,)-(Ex - DS, ~ DS, - DS,) X
Ea2
dztsz = A,e R .C_-(1-DS,)-(Ex- DS, — DS, — DS,) (5)
DS, = DS, + DS, + DS, (©)
Where,
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DSg, DS; and DS; are the degree of substitution of the acetyl group in the carbons 6, 3 and 2 of
each AGU (each monomer of cellulose). Each one can have values of between 0 and 1. Zero
means than none of the considered carbons of the AGU units is substituted with and acetyl
group and 1 means that all the Ci carbons from AGUs are substituted with an acetyl group.

DS+ is the total substitution of acetyl group. As three carbons can be substituted DS can reach a
maximum value of 3.

A and E, are the pre-exponential factor and the energy of activation of the substitution reaction
of the carbons 6, 3 and 2 respectively. In order to simplify the model, it is assumed that the
temperature dependence is the same for the three reactions and the energy of activation is the
same for the three reactions E.s=E.s=E.,. Ex are the mol of acetic anhydride per mol of AGU
and C, is the initial concentration of AGUs in mol/L.
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4 Results and Discussion

4.1. Influence of reaction conditions on cellulose acetylation

Temperature, reaction time, reagent excess, addition of catalyst and addition of pressurized
CO, were investigated and are summarized in Table 5.

The DS in Table 5 was calculated by FTIR and the Recovery Yield was determined by equation

(7):

Y :ﬂ @)

M

M =M x(1- X)xMmx X (8)

where, Y is the yield (%), R(%) is the percentage of dried solid that has been recovered, M is

the molar weight of anhydroglucose unit, M is the mass average, X is the reaction conversion
and M,, is the mass of the monomer of cellulose triacetate.

Table 5 Summary of results on acetylation of 5 wt% cellulose in [Amim][CI] with acetic anhydride
at 40, 60 and 80°C

H,O (Wt%) mol/mol CO,>  Catalyst® T t Recovery (%) DS°
AGU (°C) (h)
0.58 15 - - 80 1 41.32+2.01 1.30+0.01
0.58 1.5 - - 80 3 60.52+5.68 1.19+0.22
0.58 1.5 - - 80 6 65.41+19.00 0.55%0.06
0.58 15 - - 60 3 56.05+16.74 0.87+0.01
0.25 45 - - 80 1 5519 2.11
0.06 4.5 - - 80 6 74.76 2.00
0.58 4.5 - - 80 24  78.05 2.88
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0.58 4.5 - - 60 1 72.99+2.38 1.33+0.04

0.58 4.5 - - 60 6  70.59+13.23  1.75+0.30
0.58 4.5 - - 60 24  65.06 2.40
0.58 4.5 - - 40 1 71.83+4.67  0.88+0.03
0.58 4.5 - - 40 6  75.59+19.94  1.24+0.66
0.58 4.5 - - 40 24  82.04 1.40
0.58 4.5 - + 80 1 6297 2.23
0.58 45 - + 60 1 5354 2.20
0.58 45 - + 40 1 89.77 0.62
0.25 45 + - 80 1 6239 3.59
0.58 45 + - 60 1 4463 2.78
0.58 45 + - 40 1 69.86 1.16
0.06 45 + - 80 6  50.96 4.16
0.58 45 + - 60 6 3821 6.47
0.58 45 + - 60 24 4561 4.54
0.58 45 + - 40 24  50.04 3.18
0.58 45 + + 60 1 8237+#1.71  1.73+0.00
0.58 45 + + 40 1 77.95:7.04  0.80+0.28

480 bar of CO, added to the reaction mixture
®1 mol% of scandium Il triflate added to the reaction mixture
‘Degree of substitution (DS) determined by Fourier Transform infrared (FTIR)

Temperature and reaction time influence on cellulose acetylation in the presence and absence
of CO; in the reaction mixture was investigated. From Fig. 5 to 7 is clear that the reaction
conversion increases with temperature (40, 60 and 80°C), time (1, 6 and 24 h) and with addition
of supercritical CO, (80 bar).
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Fig. 7 Degree of substitution as a function of the pressure of carbon dioxide of the reaction at
40°C for 1h with and without scandium lIl triflate

Nevertheless, the addition of supercritical CO, to the reaction mixture is causing a great
increase in the degree of substitution exceeding 3 as shown in the FTIR spectra (Fig. 8). The
highest DS obtained with pressurized CO, is 6.47 from the reaction at 60°C for 6h followed by
4.54 with 24h. This can be due to that the method for DS calculation from FTIR is based in the
detection the peak at 1750 cm™ corresponding to the group C=0, also present in CO,.
Additionally to the increase in peak at 1750 cm™, a peak at 2200 cm™ appears in samples
where CO, was present: it is stronger at 60°C and 6h decreasing with time and temperature as
shown which suggests that CO, could be being captured together with acetyl group by cellulose
and making the apparent increasing on DS. However, water in [Amim][CI] could be affecting the
DS in the presence of CO,. For instance at 80°C a DS of 3.59 has been achieved with a water
concentration in [Amim][CI] of 0.06 wt% which could be decreasing the CO, effect on acetylation
in comparison with the experiment at 60°C which presented a 0.58 wt% water concentration in
[Amim][CI].
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Fig. 8 FTIR spectra of acetylated cellulose in different reaction conditions: a) at 80°C for 1h
without CO, (control) ; b) at 80°C for 1h with 80 bar of CO,; c) at 80°C for 6h with 80 bar of CO,; d)
at 60°C for 6h with 80 bar of CO,; e) at 40°C for 24h with 80 bar of CO,

The experimental reaction has been also performed using a catalyst (scandium Il triflate). It
was not found a significant increase in the DS for higher temperature. Moreover, the DS
decreased with the addition of pressurized CO, (80 bar) and catalyst (1% mol) to the reaction
mixture. In general the yields are higher for acetylation in absence of CO, or in the presence of
CO,+catalyst even at lower temperature. In fact the DS of the reaction at 40 and 60°C for 1h
showed high yields in CO,+catalyst media (77.95 and 82.37% respectively).

The recovery yields of cellulose range from 45 to 90%. Literature values from [15] are from 63
to 98.9%. It is well known that imidazolium ionic liquids present some tendency to degrade
cellulose [28, 29] especially at high temperatures. The recovery yields do not follow a constant
pattern, but seems to be lower in reactions in which CO, is introduced in the reaction.
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4.2. Influence of CO, on cellulose dissolution

Microcrystalline cellulose was mixed with ionic liquid inside a high pressure cell and bubbled
with 7 bar of CO, for 30 min. The experiments were performed at 50 and 80°C due to the range
of melting points of the ionic liquids used in this work. The dissolution at 50°C was tested with
[Amim][CI], [Emim][Ac] and [Emim][DMP] and at 80°C those and [Bmim][CI]. The samples were
prepared under a N, athmosphere and previous to the addition of CO,, vacuum was applied to
eliminate humidity inside the vessel that could be in contact with the mixture.

In general CO, accelerated the dissolution of cellulose in the ionic liquid. A slight increase in the
rate of cellulose dissolution in the different ionic liquids is higher at lower temperature of 50°C.

Cellulose dissolution experiments at 50°C (Fig. 9) were obtained with an average deviation
40,05 %gcel/glL and a maximum deviation: £0.08 %gcel/gIL. The amount of dissolved cellulose
was higher for dimethylphosphate (DMP") up to 0.27 gcel/gIL in the presence of CO,. In this
case it is expected that [Emim][DMP] dissolves more cellulose due to its low melting point
(21°C). The two ionic liquids which showed the same dissolution rate (0.18 gcel/glL ) at 50°C
are [Emim][Ac] and [Amim][CI] although their melting points are quiet apart, <30°C and 55°C
respectively.

The effect of temperature on the dissolution is shown by comparison of Fig. 9 and 10. In general
at higher temperature the dissolution accelerates with an exception. In the case of [Emim][DMP]
at 80°C no changes regarding the 50°C experiments were observed. However, for [Emim][Ac]
and for [Bmim][CI] is clear that at 80°C the viscosity of the mixture is lower thus more cellulose
was dissolved. Adding CO, to cellulose/[Emim][Ac] increased the amout of dissolved cellulose
to 1.06 gcel/glL.

Chloride anion showed better results with [Amim]* cation at lower temperature (50°C).
[Amim][CI] is highly hygroscopic thereby the decrease of the cellulose dissolution could be due
to moisture that has been absorbed by the ionic liquid. Moreover, it is expected that at 80°C the
effect of CO, on cellulose dissolution is not significant for low viscosity ionic liquids as observed
for [Emim][DMP].
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Fig. 9 Mass of dissolved cellulose per mass of ionic liquid in the presence of CO, at 50°C

Cellulose dissolution experiments at 80°C were obtained with an average deviation of +0,05
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Fig. 10 Mass of cellulose dissolved per mass of ionic liquid in the presence of CO, at 80°C
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4.3. Modeling

Parameters have been fitted using the function fminsearch of Matlab and the following constant
are obtained. These parameters are fitted in Table 6. 101 kinetic data of different authors,
included those obtained in this work, were used to fit the kinetics and the average deviation with
respect to the experimental data was of 14.51%.

Table 6 Parameters fitted with using experimental data from this work and literature

As (L-mol™h™) 3.006-10°
A; (L-mol™*h™) 3.324.10°
A, (L-mol*h™) 3.897-10’

Ea (J mol™) 6.001-10"

The constant calculated at different temperatures are listed in Table 7.

Table 7 Constant calculated at different temperatures

T K, ks Ke
C)  (Lmol™h™) (Lmol*h™ (Lmol*h™)
50 0.01 0.07 0.60
60 0.02 0.13 1.17
70 0.03 0.24 2.20
80 0.05 0.44 4.00
920 0.09 0.78 7.02
100  0.16 1.32 11.96
110  0.26 2.19 19.81
120 041 3.54 31.99
130  0.65 5.58 50.45

In the Fig. 11-14 some examples of the reaction evolution predicted by the model and

compared to experimental data from other athors are shown. In Fig. 15-18 are shown
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predictions of the reaction evolution for 40, 60 and 80°C and for 1.5 and 4.5 mol of reagent per
mol of AGU.
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Fig. 11 Comparison of DS predicted by the model to experimental data from literature [20], at
110°C, 8 wt% cellulose concentration in [Amim][CI] with 5 mol excess of acetic anhydride
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Fig. 12 Comparison of DS prediction by the model and experimental data from literature [10], at
100°C, 4 wt% cellulose concentration in [Amim][CI] with 5 mol excess of acetic anhydride
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Fig. 13 Comparison of DS predicted by the model to experimental data from literature [19], at 80°C,
4 wt% cellulose concentration in [Amim][CI] with 5 mol excess of acetic anhydride
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Fig. 14 Comparison of DS prediction by the model and experimental data from literature [20] at
50°C, 8 wt% cellulose concentration in [Amim][CI] with 5 mol excess of acetic anhydride
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Fig. 15 Comparison of DS predicted by the model to experimental data from this work of the
reaction at 80°C, 5 wt% cellulose concentration in [Amim][Cl] with 1.5 mol of acetic anhydride per
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Fig. 16 Comparison of DS predicted by the model to experimental data from this work of the
reaction at 40°C, 5 wt % cellulose concentration in [Amim]CI] with 4.5 mol of acetic anhydride per
mol of AGU
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Fig. 17 Comparison of DS predicted by the model to experimental data from this work of the
reaction at 60°C, 5 wt% cellulose concentration in [Amim][CI] with 4.5 mol of acetic anhydride per
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Fig. 18 Comparison of DS predicted by the model to experimental data from this work of the
reaction at 80°C, 5 wt% cellulose concentration in [Amim][CI] with 4.5 mol of acetic anhydride per
mol of AGU
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In Fig. 19 the influence of the relation acetic anhydride/AGU according to the model is shown
and compared to different experimental data
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Fig. 19 Comparison of experimental data from the literature to the model prediction of the degree
of substitution as a function of mol of reagent per mol of AGU for reactions at 80, 100 and 110°C

In order to check if the present kinetic model adjusted for acetylation reaction in [Amim][Cl] is
valid for other ILs reaction data from [Bmim][CI] are compared to the results of the model, as
shown in Table 8. Relative deviations of 27% have been found in the DS predicted by the
model. Unfortunately, another model of the kinetic reaction in [Bmim][CI] cannot be adjusted

due to the lack of experimental data at different reaction times.
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Table 8 Comparison of data from works with [Bmim][CI] and the model predictions

lonic liquid Cellulose (mol Ac,0O t(hy TCC) DS DSpmoge Deviation Ref.

a Exp
(% ww)  /mol AGU)

[Bmim][CI] 12.2% 0.25 2 75 0.06 0.25 317%  [21]
[Bmim][CI] 12.5% 1 2 75 05 0.97 93% [21]
[Bmim][CI] 13% 1.6 2 75 1 131 31% [21]
[Bmim][CI] 13.5% 2 2 75 1.2 147 23% [21]
[Bmim][CI] 13.5% 3 2 75 14 178 27% [21]
[Bmim][CI] 10.% 3 2 80 1.87 1.76 -6% [15]
[Bmim][CI] 10% 5 2 80 2.72 2.1 -22% [16]
[Bmim][CI] 14.4% 5 2 75 2.38 2.16 -9% [21]
[Bmim][CI] 10% 5 2 80 2.72 2.11 -22% [15]
[Bmim][CI] 10% 10 2 80 3 247 -18% [16]

®mol Ac20/mol AGU means mol of acetic anhydride per mol of anhydroglucose unit

For the ionic liquid 1-Allyl-3-butylmethylimidazolium chloride ([ABmim][CI]) the model has been
used to calculate the conversion for both experimental conditions, that is using conventional and
MW heating. In general the model presents a deviation of 8% in DS of data with conventional
heating and 15% with data with MW heating. This comparison is shown in Table 9.
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Table 9 Predictions of degree of substitution with experimental data found in literature

lonic Cellulose mol Ac,0 t(h)y T(°C) DS DS Deviation Heating Ref.
liquid
(%ww)  /molAGU? Exp Model

[ABIm][CI] 5% 3 24 80 2 2.3 5% Conventional  [18]
[ABIm][CI] 5% 4.5 8 80 2.2 2.7 -8% Conventional  [18]
[ABIm][CI] 5% 45 24 80 29 24 18% Conventional  [18]
[ABIm][CI] 5% 3 24 80 2 25 4% Conventional  [18]
[ABIm][CI] 5% 3.6 24 80 2.4 23 5% Conventional  [18]
[ABIM][CI] 5% 4.5 8 80 2.2 1.2 -19% Conventional  [13]
[ABIm][CI] 5% 3 2 60 15 1.3 -17% MW [13]
[ABIm][Cl] 5% 3 3 60 16 2.1 -15% MW [13]
[ABIm][CI] 5% 4.5 5 80 25 23 -18% MW [13]
[ABIm][Cl] 5% 4.5 8 80 28 1.8 21% MW [13]
[ABIm][CI] 5% 2.4 8 80 15 20 1% MW [13]
[ABIm][CI] 5% 3 8 80 2 2.2 5% MW [13]

®mol of acetic anhydride per mol of anhydroglucose unit

Using [Bmim][CI] as solvent and Acetyl Chloride as a acylation reagent the model underpredicts
the DS with and average of 36%, as shown in Table 10.
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Table 10 Prediction of DS by the reaction model using [Bmim][CI] and acetyl chloride.

lonic liquid Reagent Cellulose  molAc,O t(h) T(CC) DS DS Deviation Ref.
/molAGU Exp Model
(%o ww)
[Bmim][CI]  AcetylCl  10% 5 2 80 293 21 -28% [16]
[Bmim][CI]  AcetylCl  10% 3 2 80 281 138 -38% [16]
[Bmim][CIl]  AcetylCl 10% 5 2 80 3 21 -30% [16]
[Bmim][CIl]  AcetylCl 10% 10 2 80 3 25 -18% [16]
[Bmim][CI]  AcetylCl  10% 5 0.25 80 293 1.35 -55% [16]
[Bmim][CI]  AcetylCI  10% 5 0.5 80 3 1.55 -49% [16]
[Bmim][CI] Acetyl CI  10% 3 2 80 3 8 -41% [16]
[Bmim][CIl]  AcetylCl 10% 5 2 80 3 21 -30% [16]
[Bmim][CI]  AcetylCl  10% 3 2 80 285 1.8 -38% [16]
[Bmim][CI]  AcetylCl  10% 5 2 80 3 2.114 -30% [16]
[Bmim][CIl]  AcetylCl 10% 5 2 80 293 2114 -28% [15]
[Bmim][CIl]  AcetylCl 10% 3 2 80 2.81 1.7562 -38% [15]
[Bmim][CI]  Acetyl CI  10% 5 0.25 80 293 1.3081 -55% [15]
[Bmim][CI]  Acetyl CI  10% 5 0.5 80 3 15302 -49% [15]
[Bmim][CIl]  AcetylCl 10% 5 2 80 3 2.114 -30% [15]
[Bmim][CIl]  AcetylCl 10% 3 2 80 3 1.7562 -41% [15]
[Bmim][CI]  Acetyl CI  10% 5 2 80 3 2.114 -30% [15]
[Bmim][CI]  Acetyl CI  10% 3 2 80 2.85 1.7562 -38% [15]
[Bmim][CI]  Acetyl CI  10% 5 2 80 3 2.114 -30% [15]

Using some data of other different ionic liquids found in literature the predictions of the model
can be compared in Table 11. All these results suggest that the specific ionic liquid used is
affecting the reaction kinetic and it is not acting exclusively as a solvent.
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Table 11 Comparison of experimental DS found in the literature with different ionic liquids to the
predicted DS by the model

lonic liquid Cellulose mol tthy T DS DS Deviation Ref.
Ac,O/AGU (°C) Exp Model
(% ww)
[Emim][CI] 10% 3 2 80 3 1.76 -41% [15]
[BAmim][CI] 10% 3 2 80 292 1.76 -40% [15]
[Admim][Br] 10% 3 2 80 2.67 1.76 -34% [15]

The kinetic constant of the reactions of the different ILs/reagent and temperature have been
adjusted and compared in Table 12.

Table 12 Comparison of the adjusted kinetic constants

lonic Reagent Heating TCC) k» ks ke Dev Viscosity
liquid

(mPa-s)
[ABIM][CI] Ac,0O Conventional 80 0.0908 1.979 1.9954 1.27% 42
[ABIM][CI] Ac,O MW 60 0.07 0.40 8.74 10.54% 200
[ABIM][CI] Ac,0O MW 80 0.19 1.07 23.10 10.54% 42
[Bmim][Cl] Ac CI Conventional 80 2.7087 9.8718 96.5869 1.18% 180
[AmIim][CIl] Ac,O Conventional 50 0.01 0.07 0.60 14.51% 299
[Amim][Cl] Ac,O Conventional 60 0.02 0.13 1.17 14.51% 155
[Amim][Cl] Ac,O Conventional 70 0.03 0.24 2.20 14.51% 89
[Amim][CIl] Ac,O Conventional 80 0.05 0.44 4.00 14.51% 55
[Amim][Cl] Ac,O Conventional 90 0.09 0.78 7.02 14.51% 37
[Amim][CIl] Ac,O Conventional 100 0.16 1.32 11.96 14.51% 26
[Amim][Cl] Ac,O Conventional 110 0.26 2.19 19.81 14.51% 20
[Amim][CIl] Ac,O Conventional 120 0.41 3.54 31.99 14.51% 15
[Amim][CIl] Ac,O Conventional 130 0.65 5.58 50.45 14.51% 13
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5. Conclusions

Cellulose esters containing acetyl were synthesized in [Amim][CI] at temperatures of 80, 60 and
40°C, focussing on temperatures lower than normally used in this reaction when using
alkylimidazolium chloride ionic liquid. Through lower temperatures recovery yields ranging from
40 to 90% were obtained.

Some experiments were performed in the presence of supercritical CO, and of catalyst
scandium Il triflate. Catalyst showed non significant increment in the degree of substitution. In
experiments using CO, degrees of substitution significatively higher than the average were
found, indicating that carbon dioxide can be incorporating to the structure of the polymer.

A kinetic model of the acetylation reaction of cellulose in [Amim][CI] was developed using acetic
anhydride as acetylation agent. The evolution of the reaction was predicted by the proposed
model and a good adjustment was performed with experimental data from this work and from
other authors. It is found that the model is not able to predict the reaction rate when using other
ionic liquids, even when all the ionic liquids used are of the alkylimidazolium family, suggesting
the selected ionic liquid has an important role in the reaction.

It has been observed that very low pressures of CO, increases slightly the cellulose dissolution
rate. This effect is more pronounced at lower temperature.
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Chapter 5. Cellulose aerogels regenerated from
microcrystalline cellulose + ionic liquid solution:
properties and drug loading capacity study

Abstract

Cellulose aerogels obtained from cellulose/ionic liquid solutions were prepared using five
different alkylmethylimidazolium ionic liquids. The influence of the ionic liquid anion, dissolution
temperature and composition of the coagulation bath on surface area, pore volume and pore
size was investigated. Optimal cellulose concentrations are between 1-2 wt%. Aerogels
prepared from chloride anion ionic liquids have high surface areas. Aerogels prepared from
alkylphosphate anion ionic liquid at lower dissolution temperature (40°C) showed lower surface
area (approx. 300 m? g*) and higher pore volume and pore size as a result of slower gelation.
Using absolute ethanol instead of aqueous ethanol as coagulation solvent improved surface
area, pore volume and pore size of aerogels, and at the same time simplified the preparation.
Drug loading capacity of the cellulose aerogels was investigated by impregnating phytol as
model compound into the aerogels, using SC-CO2 at 100 bar and 40°C with 0.1 of
cellulose/phytol mass ratioThe aerogel prepared from 2 wt% cellulose in [Emim][DEP] solution
showed the highest loading capacity. The high amount of drug loaded (approx 50% w/w) in the
cellulose aerogels prepared from ionic liquid solutions shows their potential uses in the
pharmaceutical or medical industry.
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1. Introduction

Natural polymers are promising materials for preparing polysaccharide-based aerogels with
high surface area (70 — 680 m2/g) [1]. Cellulose is a natural polymer extensively used for the
production of aerogels [2]. Aerogels have been described as materials of extremely low density
in which the typical structure of the pore network of gels is maintained while the liquid filling the
pores of the gel is replaced by air [3].

Different applications of cellulose aerogels have been proposed: as carriers of bioactive
compounds [4], for protein adsorption [5], oil absorption [6], lightweight shielding material [7] or
as food additives [8].

The production of cellulose-based aerogels starts by dissolving cellulose in non-derivatizing
solvents such as lithium chloride/dimethylacetamide (LiCI/DMAc), N-methylmorpholine-N-oxide
(NMMO) or ionic liquids (ILs), among other solvents. In particular, the preparation of gels using
cellulose dissolved in ILs has been intensively studied due to the unique properties of ILs as
solvents [9]. ILs are a group of salts that are liquid below or around 100°C. An important
advantage of working with ionic liquids is their low vapor pressure: ILs do not evaporate like
organic solvents. The most studied cations in cellulose processing are those derived from
imidazolium. ILs with alkylmethylimidazolium-based cations combined with chloride, acetate and
phosphate anions are known to be good solvents of cellulose [10-14].

The next step in the preparation of the aerogel is the coagulation of the gel. Cellulose gels are
prepared directly from cellulose through physical cross-linking (molecular self-assembly through
ionic or hydrogen bonds) without the need of adding a crosslinking reagent as happens with the
gels of other substances. A cellulose hydrogel can be obtained by soaking homogeneous
mixtures of cellulose with ionic liquid into water [15] to cause the coagulation of cellulose. If the
solution is soaked into an alcohol (e.g. ethanol) the gel obtained is known as alcogel. The
morphology of coagulated microcrystalline cellulose (MCC) in water is similar to the morphology
in ethanol as showed by FTIR spectra of regenerated cellulose from 1-ethyl-3-
methylimidazolium acetate ([Emim][Ac]) [16].

After the coagulation of the hydrogel or alcogel the last step is the removal of the coagulation
solvent by drying. Different drying methods can be used, including air drying, oven drying,
nitrogen freeze drying, regular freeze drying, reduced pressure and supercritical carbon dioxide
(SC-C02) drying. Using different drying methods, different cellulose materials are obtained. To
obtain cellulose as aerogels, freeze drying and SC-CO2 drying have been used. As freezing or
evaporation of water inside the gel pores can damage the aerogel's pore structure, water
present in the coagulation solvent media has to be exchanged with an alcohol (usually ethanol)
prior drying. To avoid damages to the gel, water replacement is usually performed stepwise
using water-ethanol solutions of increasing ethanol concentration. Freeze drying and SC-CO2
drying have been used to prepare cellulose aerogels for several applications, e.g. protein
adsorption, oil absorption [6] or bioactive compounds release.
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Properties of cellulose aerogels prepared from different biomass/IL solutions and with different
conditions of supercritical drying are found in literature. MCC in particular is used to obtain lower
density materials, although those can be more fragile due to the structure of the dissolved and
regenerated cellulose [17]. Lignocellulose aerogels made from wood dissolved in [Bmim][ClI]
have been reported to be much harder and exhibit more structural strength than cellulose
aerogels [18]. The morphology and porosity of lignocellulose aerogels preparation from solution
of wood in [Amim][CI] can be tuned by adjusting freeze thawing, a treatment prior to
supercritical drying [19]. Using exclusively supercritical drying, nanoporous cellulose aerogels
have been prepared from cellulose soft pulp (DP=1283) dissolved in [Amim][CI] [20] and
aerocellulose from cellulose or cotton/[Emim][Ac] and [Bmim][CI] [21]. Photoluminiscent
cellulose aerogels have been prepared from eucalyptus pulp dissolved in [Hmim][CI] [22] and
cellulose-silica aerogels have been prepared in [Emim][Ac] prior to forced flow impregnation
with silica (20wt% of SiO2 in ethanol) phase and polyethoxydisiloxane [23] There are also a
number of studies in which cellulose aerogels have been produced using ILs, some including
the study of the different preparation parameters (biopolymer concentration, dissolution time,
coagulation temperature) of the cellulose solution and coagulation process on the properties of
these aerogels [18, 24].

In this work the influence of different operational parameters on the properties of cellulose
aerogels produced using ILs is studied: various alkylmethylimidazolium-based ILs are
employed, at low dissolution temperature, and with several cellulose concentrations and
coagulation conditions. In the second part of this work, an impregnation study was performed to
determine the loading capacity of the cellulose aerogels with a bioactive compound, using
phytol as model natural compound.
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2. Experimental section

2.1. Materials

Microcrystalline cellulose was supplied by Alfa Aesar and dried for 5h at 60°C under vacuum
before the dissolution. lonic liquids 1-butyl-3-methylimidazolium chloride ([Bmim][CI]) with purity
>99 % and moisture of 0.140 wit%, 1-(2-hydroxyethyl)-3-methylimidazolium chloride
([HOemim][CI]) with purity of >99 % and moisture of 0.214 wt%, 1-ethyl-3-methylimidzolium
acetate ([Emim][Ac]) with purity of >95% and moisture of 0.385 wt% and 1-ethyl-3-
methylimidazolium diethyl phosphate ([Emim][DEP]) with purity of 98% and moisture of 0.067
wt%, were provided by lolitec (Germany). 1-allyl-3-methylimidazolium chloride ([Amim][CI]) was
purchased from Alfa Aesar with purity of 98% and moisture content of 0.247 wt%. The water
content was measured by Karl-Fischer titration (Mettler Toledo C20 Coulometric KF titrator).

2.2. Methods

The complete procedure for aerogels preparation is summarized in Fig. 1. Each step is
described in following sections.

2.2.1. Preparation of cellulose alcogel

The cellulose solution was prepared by dissolving MCC in ionic liquid. Samples were handled
under N2 atmosphere to avoid water absorption. After heating and stirring a clear solution was
obtained indicating the total dissolution of cellulose. Then the cellulose/IL solution was
transferred to cylindrical moulds (1.5 cm of diameter and 0.3 cm of diameter) and washed with
an aqueous solution of ethanol at room temperature to extract the ionic liquid. The volume of
the solution employed was 10 times higher than the ionic liquid volume in order to ensure that
the ionic liquid was completely washed out. As a sudden change of the solvent composition can
damage the gel structure, the gels were successively soaked in solutions of increasing ethanol
concentration: 10, 30, 50, 90 and 100%, in 2 h cycles.

2.2.2. Supercritical drying

Finally, the cellulose aerogels were collected after the SC-CO, drying at 120 + 5 bar and 40°C.
The procedure employed is similar to the method described elsewhere [25, 26] with slight
maodifications in the total drying time: drying was done in 3 cycles of CO, flow, each one lasting
2 h. At the end of each cycle, the extracted ethanol was collected and fresh CO, was
introduced. After completing the total period of 6 h of SC drying, the system was depressurized
at rate of 2 bar/min to avoid shrinkage of cellulose aerogels.
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Fig. 1 Scheme of cellulose aerogel preparation in ionic liquid using supercritical CO, drying

2.2.3. Supercritical Impregnation (SCI)

The impregnation study was performed to determine the loading capacity of the cellulose
aerogels with bioactive compounds. The impregnation process was carried out using the set up
shown in Fig. 2. A 70 mL stainless steel high pressure autoclave with a maximum working
pressure of 150 bar was used. A known mass of pure phytol was placed at the bottom of the
autoclave. Meanwhile a known mass of dried cellulose aerogels was wrapped in metal filters
and separated from the phytol by lifting them up from the bottom of the autoclave applying a
cylindrical metal platform. The autoclave was heated to 400C and pressurized with CO2 to 100
bar at rate of 2 bar/min. The pressure was maintained for 24 h to ensure a maximum solubility
of phytol in SC-CO2. Magnetic stirrer was employed to additionally enhance the dissolution of
phytol. After that time, the system was slowly depressurized at a rate of 2 bar/min to avoid
aerogels shrinkage or collapse of the mesoporous structure of the aerogels. The impregnated
aerogels were recovered from the autoclave and the loading of compounds was determined
gravimetrically and calculated as indicated in eq. (1):

w, (9) —w, (9)
w,(9)

x 100% (1)
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Where Wa is the mass of cellulose aerogels after impregnation, Wb is the mass of cellulose
aerogels before impregnation (g).

j’ CO, release
(N3

l :
FilE
4
1
=
L 17

Fig. 2 Supercritical CO, impregnation Setup; 1) CO, tank, 2) pump, 3) cooler, 4) impregnation
autoclave, 5) oven, 6) magnetic bar, 7) magnetic stirrer

2.3. Characterization

Textural properties (surface area, pore volume, pore size) of aerogels were determined by gas
N2 adsorption-desorption analysis. All experiments were carried out at -196°C and prior to the
analysis the samples were degassed under vacuum at 70°C for 660 min. The samples from run
3, 4, 8 and 10 were analyzed using a Micrometrics ASAP 2020MP instrument and all the other
samples with an ASAP 2420 V2.09 instrument. The method applied for measuring the textural
properties of the aerogels was the same regardless the instrument used. The specific surface
areas were calculated from the Brunauer-Emmet-Teller (BET) equation, and the average
mesopore diameter distributions were determined from desorption isotherms by the Barret-
Joyner-Halenda (BJH) method.

The melting point was measured with a differential scanning calorimetry (DSC) apparatus (DSC
822e Mettler Toledo SAE) equipped with a ceramic sensor FSR5, under a stream of N2 at a
flow rate of 50 cc min-1. The analysis was carried out over a temperature range of 25 to 300°C,
at a heating rate of 10°C min-1.

The surface morphology of the cellulose aerogels was examined by scanning electron
microscopy (SEM) using a SEM JEOL JSM 820 equipment. The samples were splattered-
coated with gold layer prior to the scanning at voltage of 2-4kV.

The FTIR spectra was recorded on a Fourier Transform infrared instrument (Bruker Platinum-
ATR) equipped with software of OPUS Optik GmBH in the range from 400 to 4400 cm-1 of
wavelength.
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3. Results and discussion
3.1. Textural and morphological properties of cellulose aerogels

Cellulose aerogels were prepared from cellulose/IL solutions with MCC concentration between
0.2 and 4 wt% in five alkylmethylimidazolium-based ILs. The results of surface area, pore
volume and pore size are presented in Table 11.

Table 11 Experimental data: surface area (m®g™), pore volume (cm® g™*) and pore size (nm) of
cellulose aerogels prepared from microcrystalline cellulose dissolved in ionic liquid at 80°C for

18h
Run lonic Liquid (IL)  wt%®  Surface Pore Pore size
area volume (nm)
(m*g™) (e’
1 [Amim][CI] 0.2 - - 3
2 [Amim][CI] 0.5 - - -
3 [Amim][CI] 1 434 0.7 8.7
4 [Amim][CI] 2 426 0.8 9.4
5 [Amim][CI] 4 278 2.4 34
6 [Bmim][CI] 2 428 1.1 11.7
7 [Bmim][CI] 1 - - -
8 [HOemim][Cl] 2 154 0.3 7.9
9 [HOemim][ClI] 1 - - -
10  [Emim][Ac] 2 282 1.9 26
11  [Emim][DEP] 2 326 1.4 18
12 [Emim][DEP]° 2 280 1.8 26
13 [Emim][DEP]® 2 290 3.4 47

4Concentration of cellulose in ionic liquid by weight
®Dissolution at 40°C
“Dissolution at 40°C and coagulation in 100% ethanol

“-“ Not possible to dry these samples due to fragility of the gels
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It is observed that aerogels with higher surface area are produced with [Amim][CI] and
[Bmim][CI] ILs, being the first one easier to handle due to its lower viscosity and melting point
[27, 28], [1]. The highest surface area (434 m2 g-1) was obtained using 1 wt% cellulose
dissolved in [Amim][CIl]. This area is relatively high compared to literature results of cellulose
aerogels prepared from ILs by SC drying: aerogels with lower surface area (315 m2 g-1)
prepared from cellulose-[Amim][CI] have been reported by Tsioptsias et al. [20] for a
concentration range of 2 to 3 wt%. Higher area values were reported in the work from Aaltonen
[18] with cellulose-[Bmim][CI] (539 m2 g-1 for 3 wt% and 213 m2 g-1 for 4 wt%). The different
conditions of coagulation and drying used in those two studies could have influenced the
properties of the aerogels. In this work, similar properties were obtained with [Amim][CI] and
[Bmim][CI] for cellulose concentration of 2 wt%. In contrast, much lower surface area (154 m2 g-
1) was obtained in run 8 using a different IL (2 wt% cellulose-[HOemim][Cl]). The surface area
in this experiment could have been affected by the low ability of the [HOemim][Cl] ionic liquid to
dissolve cellulose. Hydroxyl group in [HOemim][Cl] alkyl side chain makes it a lower hydrogen-
bond basicity ionic liquid [29], and thus lowers its cellulose solvation capacity.

The lower surface area from run 10 (282 m2 g-1) was expected as cellulose concentration was
increased in this experiment to 2 wt%. Indeed, Sescousse et al. [21] reported a surface area
variation from 230 m2 g-1 for the aerogel from a 3 wt% cellulose-[Emim][Ac] solution to 130 m2
g-1 for a 15 wt% solution. This trend was confirmed by the experiments with [Amim][CI] (1, 2
and 4 wt%) that showed a decrease of surface area with biopolymer concentration from 434 to
278 m2 g-1. Similar ranges of surface area have been reported before with other solvents, e.g.
200 — 300 m2 g-1 in NaOH aqueous solutions at lower temperatures [30] and 100 — 400 m2 g-1
in N-methyl-morpholine-N-oxide (NMMO) [31]. In the same study, it was found that the internal
surface area was mainly influenced by choosing the appropriate regeneration and critical drying
conditions instead of the initial cellulose concentration, contrary to the observations in this work
that identify cellulose concentration as the key process parameter determining the textural
properties.

The aerogels from run 1, 2, 7 and 9 were highly fragile not allowing further analysis and
characterization.

Fig. 3 compares the DSC of a typical (run 4) cellulose aerogel prepared in [Amim][CI] and the
DSC of pure [Amim][CI]. The last one shows a peak at 55°C that corresponds to the melting
point of [Amim][CI]. The DSC of the aerogel (solid line) does not have this peak, indicating a
successful IL removal, but presents a small weight loss below 100°C, which could be due to
evaporation of adsorbed water. Furthermore, the endothermic peak observed at 3100C
corresponds to the decomposition of cellulose [32].
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Fig. 3 Comparison of DSC between cellulose aerogel (run 4) and pure [Amim][Cl]

lonic liquids [Emim][Ac] and [Emim][DEP] have lower melting points and viscosities than those
derived from imidazolium chloride. Furthermore they are able to dissolve cellulose at lower
temperatures [33]. Nevertheless in these ILs much lower surface areas were obtained
compared to those from imidazolium chloride ILs for the same concentrations of cellulose and
dissolution temperature.

In the case of [Emim][DEP], aerogels prepared by dissolving cellulose at different temperatures
were compared. When cellulose was dissolved at 80°C (run 11) a higher surface area (326 m2
g-1) and lower pore volume (1.4 cm3 g-1) and pore size (18 nm) were obtained compared to
run 12 where cellulose was dissolved at 40°C. After the dissolution at 40°C, cellulose aerogels
could be less amorphous [10] in comparison to that recovered from the one dissolved at 80°C
which may have contributed in slowing down the gelation process, thus not improving the
surface area.

The aerogel produced from a 2 wt% solution of cellulose in [Emim][DEP] showed different
results also with different coagulation conditions. In order to simplify the coagulation step
absolute ethanol (run 13) was used. This procedure caused an increase in surface area, pore
volume and pore size. Thus, employing higher dissolution temperature and a coagulation bath
of absolute ethanol, aerogels produced in [Emim][DEP] show higher values of all the textural
properties analyzed (surface areas, pore volume, pore size). Aerogels prepared with [Emim][Ac]
(run 10) showed the same properties of aerogels from [Emim][DEP] with cellulose dissolved at
40°C (run 12)

SEM images of aerogels obtained in experiments with 2 wt % cellulose in [Bmim][Cl],
[HOemim][ClI], [Emim][Ac] and [EmIim][DEP] (Fig. 4) show the same strand structure found in
MCC-based aerogel reported by Gavillon & Budtova [30].
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Fig. 4 SEM images of the a) run 6 ([Bmim][CI]), b) run 8 ((HOemim][ClI]), ¢) run 10 ([Emim][Ac]) and
d) run 11 ([Emim][DEP])

As presented in

Fig. 5, the alcogels from different ILs were transparent. After SC drying all the aerogels were
sticky (due to static electricity) with a white opaque appearance.

Furthermore, In row a) it is observed that aerogels shrinkage is less pronounced with increasing
cellulose concentrations (0.5, 2 and 4 wt% in [Amim][CI]). Row b) presents a comparison of
aerogels prepared from 2 wt% cellulose/[EmIm][EDP] using different parameters: reduction of
the dissolution temperature from 80 to 40°C and change of the coagulation conditions.
Shrinkage was observed with decreasing dissolution temperature. The row c) shows an aerogel
with a rough surface obtained from [Emim][Ac] solutions.

Although SC drying maintains the pore structure, some shrinkage is always present. Shrinkage
is associated to the level of chains entanglement in the hydrogel. The shrinkage is more
pronounced when cellulose concentration increased from 1 wt% to 2 wt% which agrees with the
results reported for natural polymer hydrogel [34]. Similar behavior was observed with run 2. As
can be observed in Fig. 6 the shrinkage of the cellulose aerogels produced from alcogels that
coagulated solely in pure ethanol (run 13) was more pronounced in comparison to the aerogels
produced from the alcogels coagulated successively in ethanol solution (run 12), as shown in
Figure 5 b).
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Alcogels Aerogels

Fig. 5 Cellulose alcogels and cellulose aerogels: a) [Amim][CI] run 3, 4, 5; b) [Emim][DEP] run 11,
12, 13; c) [Emim][Ac] run 10

Fig. 6 Comparison of the size of alcogel (run 13) and the aerogel
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3.2. Supercritical impregnation onto cellulose aerogels

Table 12 Loading capacity of cellulose aerogels impregnated with phytol by supercritical CO,

Aerogels regenerated:  *Specific *Pore *Pore

lonic liquid / wt% surface area, volume . Loading, %L References
2 3 size (nm)

cellulose m-/g (cm’/g)

[Amim][CI] / 2% 426 0.8 9.4 48.7+0.5 This work

[Amim][CI] / 4% 278 24 34 52.3+£0.9 This work

[Emim][DEP] / 2% 326 1.4 18 55.4+0.3 This work

Mustapa, Martin,
Silica aerogels 882 2.9 12.9 30.1+0.6 Sanz-Moral, Rueda
and Cocero [26]

Mustapa, Matrtin,
Alginate aerogels 126 0.8 25.5 22.1+0.2 Sanz-Moral, Rueda
and Cocero [26]

* Porosimetry before the SC impregnation

Impregnation of phytol as model bioactive compound was performed to determine the loading
capacity of the produced cellulose aerogels. The impregnation was performed using SC-CO?2 at
100 bar and 400C during 24 h. The amount of phytol employed for impregnation is based on its
solubility in SC-CO2 reported by Lazo [35]. The mass ratio of cellulose aerogels/phytol was
maintained constant at 0.1 for all the impregnation series. It was shown that increasing the
cellulose concentration resulted in a decrease of the specific surface area of the cellulose
aerogels and increase in aerogel pore size and pore volume. However, the loading capacity of
the aerogels was higher with the increase of the cellulose concentration for the same IL. As
indicated in the Table 12, the aerogels produced from 2 wt% cellulose solution in [Amim][CI]
with a surface area of 426 m2/g yielded lower loading with 48.9 + 0.5wt% of phytol compared to
the ones produced in 4 wt% cellulose solution in [Amim][CI] with 278 m2/g surface area. Higher
phytol loading of 52.3 + 0.9wt% in aerogel produced from 4 wt% cellulose solution in [AmMim][CI]
could be due to the larger pore volume and size in comparison to the one produced in 2 wt%
cellulose solution in [Amim][CI], which enhance the penetration of SC-CO2 into the inner parts
of the cellulose aerogels. On the other hand, aerogels made from 2 wt% cellulose solution in
[Emim][DEP], exhibited little higher loading capacity with 55.4 + 0.3 wt% of phytol compared to
the loading in cellulose aerogels regenerated from 2 and 4 wt% cellulose solutions in
[Amim][CI]. Although the latter has the highest surface area, its lower pore volume and pore size
reduced the drug load capacity. This indicates that pore volume and pore size are the properties
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with a stronger influence on the compound loading into aerogels by SC-CO, impregnation.
Furthermore, lower phytol loading content was achieved in the aerogel produced from 2 wt%
cellulose solution in [Amim][CI] than in the one generated from 2 wt% cellulose solution in
[Emim][DEP] with a lower surface area. Nevertheless the behavior of these effects needs
further investigation for different polymer or biopolymer materials. The reason for the variation of
loading capacity for different regenerated cellulose by IL is still unknown and to the best of our
knowledge there is no literature on these aspects. In contrast, Mustapa, Martin, Sanz-Moral,
Rueda and Cocero [26]who performed SC impregnation of phytol at 200 bar and 40°C obtained
loading of 20.1 + 0.2 to 30.1 +0.6 wt% for alginate and silica aerogels, respectively. The phytol
loading in silica and alginate aerogel are lower even though the impregnation was performed at
higher pressure and in the case of silica aerogel pore volume and pore size are higher than of
cellulose ones. Thus, higher loading in cellulose aerogel could be due to different biopolymer
materials used that lead to different affinity of the compound for the materials.

The IR spectrum of the non- and impregnated aerogels regenerated from 2 wt% cellulose
solution in [Amim][CI] are presented in Fig.7. The appearance of the vibration peak at 2900 cm-
1 that corresponds to the —CH groups and the increment of the absorbance intensity at 1380,
1440 and 3400 cm-1 due to the vibration band of C-H, C-C and —OH, respectively indicates the
presence of phytol loaded in the cellulose aerogels. In addition, all the cellulose aerogels
produced in this work shown a similar IR spectrum after impregnation with phytol, indicating that
the phytol has similar interaction with the cellulose material regardless the type of IL used in the
regeneration process.

Phytol AmimCl 2% before SCI =———AmimCl 2% after SCI

DN

3900 3400 2900 2400 1900 1400 200 400
Wavenumber (cm )

Fig.7 FTIR spectrum of non- and impregnated cellulose aerogels regenerated with phytol by
supercritical CO2 at 100 bar and 40°C
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In Fig. 8, the SEM images of non- impregnated and impregnated cellulose aerogels formed from
2 wt% cellulose solution in [Amim][CI] are presented. It can be seen that the pore morphology
became coarser after the impregnation with phytol. Furthermore, it is observed that the
morphology of cellulose fibrils was maintained indicating that the high impregnation yield of
phytol (from 48.7 + 0.5 to 55.4 + 0.3 wt%) by SC-CO, did not change or swell the surface
morphology of the biopolymer. In a previous work [36], in which cellulose acetate with thymol
was impregnated by SC-CO, at 100 bar and 35°C in 24h, it was demonstrated that after
impregnation the morphology of the biopolymer significantly changed by swelling and melting,
especially when the impregnation yield was increased, due to the impact of thymol on the
structure of cellulose acetate. This work also showed that the yields varied from 42.86 + 1.14 %
to 55.31 = 1.36 % depending on the cellulose acetate/thymol mass ratio from 1 to 0.33 at 100
bar and 35°C.

N -
2% MCM AMIM 3
MAG: 5000 x _ HV: 5.0 kV__ WD: 36.0 mm " ' MAG: 5000 x HV:3.0kV WD: 29.0 mm

Fig. 8 SEM images of the a) non- and b) impregnated cellulose aerogels regenerated from 2%
cellulose solution in [Amim][ClI]
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4. Conclusions

The properties of cellulose aerogels prepared from a solution of microcrystalline cellulose and
alkylmethylimidazolium ionic liquids can be tuned using different ionic liquids with different
anions and cations, and at different dissolution temperature, concentration of cellulose and
composition of the coagulation bath. Optimal cellulose concentrations in aerogel preparation are
1-2 wt%. In this concentration range the aerogels prepared from imidazolium chloride ionic
liquids have higher surface areas than those obtained from other cellulose dissolving ILs with
lower viscosities and melting points. Reducing dissolution temperature decreased the surface
area of aerogels but increased pore volume and pore size, although more experimental data is
needed in this matter. The same applies to the use of absolute ethanol as coagulant to improve
surface area, pore volume and pore size of aerogels.

The aerogel was loaded with phytol as a model compound, obtaining loads of approximately 50
wt%. These values are much higher than loadings in phytol of SiO, or alginate aerogels
achieved in previous works. The drug loading capacity of the cellulose aerogels was positively
influenced by the pore size and volume. Results of IR spectra showed that the cellulose
aerogels regenerated from different IL has similar interaction with the phytol model compound.
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In this thesis the influence of CO, in different aspects of cellulose processing using ILs has been
thoroughly analysed, obtaining the following conclusions:

Part Il. Property determination of mixtures CO, + lonic Liquids, in the part Il of the thesis:

1. Physical properties of relevancy for biomass processing media CO, + ionic liquids were
determined and modelled: Melting points of different alkylimidazolium ionic liquids with chloride
anions in presence of CO, were experimentally determined by the first melting point method. If
was found that all the ionic liquids presents melting points depressions lower than 10K at
moderated pressures of CO, (around 10 MPa). This is relatively low compared to those
produced by CO, in ionic liquids of other families such as those with alkylimidazolium cation.

2. Parameters of the Group Contribution EoS (GC-Eo0S) developed by Skjold-Jgrgensen were
adjusted for the group 1-alkyl-3-metylimidazolium chloride. Thus now, using this EoS is possible
to predict phase equilibrium of ionic liquids of the alkylimidazolium chloride family without
additional experimental data. Among other data, solubilities of CO, in these ionic liquids can be
estimated.

3. The melting point depression caused by CO, has been calculated using the GC-EoS, and it
can be qualitatively described. Better results are achieved after the correlation of the change in
the pure IL volume during melting

4. The viscosities and densities of mixture CO, + [Amim][CI] with molar fractions up to 0.25 and
temperatures in the range 333-372 K were measured.

5. Densities were used to calculate excess molar values that resulted strongly negative. This
indicates that the CO, + [Amim][CI] mixtures present a highly packed structure and can confirm
the generally accepted theory that CO, is dissolved in the free spaces of ionic liquids and that
the expansion of the ionic liquid inducted by the presence of CO, is very small.

6. Viscosities were correlated as a function of temperature and carbon dioxide molar fractions
with an average relative error of 2.5%. The viscosities of other mixtures CO, + ionic liquids were
also correlated for ionic liquids of other families using literature data.

7. In general [Amim][CI] and the other ionic liquids present a linear decrease of viscosity with
CO; molar fractions up to around 0.5 mol that is more pronounced at lower temperatures, and
can reach between 60-100% viscosity reduction with respect the viscosity of the pure ionic
liquid, making the CO, a promising co-solvent for viscosity reduction in process with ionic
liquids.
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Part Ill. The influence of CO, in reactions systems related with biomass processing, the
conclusions are the following:

1. The influence of CO, in the solvation rate of cellulose in different ionic liquids at lower
pressures was experimentally investigated, obtaining a slight increase in the rate of cellulose
dissolution in different ILs in the presence of CO, somewhat higher at lower temperature of
50°C, reaching 50% of cellulose dissolved in 30 minutes.

2. The synthesis of cellulose acetate in imidazolium chloride ionic liquids was thoroughly
analyzed both by revising literature data as well as by making new experiments. Cellulose
acetate was degree of substitution in general improves with temperature, reaction time and
excess of acylating reagent.

3. A mathematical model describing the reactions was developed. The model describes
experimental data with an average deviation of 14%. To the best of our knowledge is the first
kinetic model proposed to describe the process in literature. The parameters used to describe
the reaction in [Amim][CI] cannot describe the reaction in other ILs of the same family
suggesting an important role of the IL in the reaction.

4. Experimentally, new reactions were performed in the IL [Amim][CI], at temperatures from 40
to 80°C covering temperatures lower than those usually studied in the system. It was found that
at 40°C degrees of substituion lower than DS=2 are obtained after 24 h reaction while at 80°C
reaction can be almost complete at 6 h being the last steps if substitution very slow. These
results are consistent with other authors’ observations.

5. The influence of catalyst scandium lll triflate, previously used for acetylating of other
substances in IL was tested for first time for cellulose acetylation. It was found a non signicant
influence.

6. The acetylation reaction was performed under 80 bar pressure of CO,. Analysis indicates
degrees of substitution much higher than the maximum. This suggests that CO, can be
incorporating to the resulting polymer in an unexpected way.

Part IV of the thesis, about producing aerogels from cellulose coagulated from an IL
solution and drying by sc-CO,, the conclusions were:

1. The properties of cellulose aerogels prepared from a solution of microcrystalline cellulose in
alkylmethylimidazolium ionic liquids can be tuned using different anions and cations and as well
different dissolution temperature, concentration of cellulose and composition of coagulation
bath.
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2. Optimal cellulose concentrations in aerogel preparation are 1-2% w/w. Imidazolium chloride
ionic liquids present higher surface areas than other cellulose dissolving ILs with lower
viscosities and melting points

3. The drug loading capacity of the cellulose aerogels was positively influenced by their porosity
properties.

4. Cellulose aerogels produced in this way absorbed more model compound (phytol) than other
aerogels tested in literature, even when some of them presented better porosity properties. This
indicates a positive effect of the material. In general it can be concluded that CO, could be an
interesting co-solvent in cellulose processing in ILs because it can reduce viscosities as much
as 43% without causing cellulose precipitation in imidazolium chloride ILs. Nevertheless, the
effect found in cellulose solvation was very small and the effect on cellulose substitution
reaction was unexpected and further investigation is necessary to identify the resulting polymer.

In relation to the production of aerogels from cellulose dissolved in ionic liquids and dried with
supercritical CO,, it can be concluded that high quality aerogels can be obtained, and that are
promising for the absorption of natural substances such as phytol, but further studies of
absorption and release of different substances must be made.

Future Work

During this doctoral thesis was developed an investigation on ionic liquids for the efficient
dissolution and transformation of lignocellulose into value-added products. This work has
demonstrated a sustainable way of biomass processing for support of the industry in the design
and implementation of a clean chemical process. It is known that high cost and high viscosity of
ILs have been delaying their use in industrial cellulose processing. Carbon dioxide as been
proved to be an alternative solvent for melting point and viscosity reduction with the new
thermodynamic data on ILs field (Imidazolium chloride family) proposed in this work. Thus, now
using this EoS is possible to predict phase equilibrium of ionic liquids of the alkylimidazolium
chloride family without additional experimental data, it would be convenient to generate
additional equilibrium data of other ionic liquids of the same family in order to further validate the
model, and also to extent it to other cellulose dissolving ionic liquids such as the imidazolium
alkyl-phosphate ionic liquids.

The measurement of experimental viscosities of the mixture cellulose + ionic liquid + CO, could
be complementary step for the work on thermophysical properties developed in this thesis.

It has been studied the reaction of cellulose acetylation: degree of substitution (reaction

conversion) and reaction yield. However, substituted positions using NMR analysis and the
influence of CO, on the molecular mass of cellulse esters need to be studied.
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Cellulose aerogels from ionic liquid showd their potential uses in the pharmaceutical or medical
industry thus a study on the influence of the ILs on the porosity and on drug loading capacity
using alkylimidazolium-based ILs is needed.
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Resumen

Estudio de la mejora de procesado de
celulosa en liquidos i6nicos por utilizando
dioxido de carbono
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La capacidad de los liquidos i6nicos de disolver altas concentraciones de celulosa y / o lignina
a temperaturas relativamente bajas los hace disolventes prometedores para el
aprovechamiento de residuos de biomasa lignocellullosica. Se han propuesto muchas
aplicaciones en los Ultimos afios: pre-tratamiento para procesos de fermentacion,
transformaciones quimicas para la obtencidon de quimicos y combustibles y reacciones de
sustitucion para la obtencion de polimeros de celulosa derivada entre otros. El uso de liquidos
iGnicos tiene una serie de ventajas determinadas por la combinacién Unica de sus propiedades.
Los liquidos i6nicos son un grupo de sales que existen como liquidos a temperaturas
relativamente bajas (<100 ° C). Sus propiedades se pueden ajustar por seleccién apropiada de
cation y el anién, y tienen una presion de vapor inconmensurablemente baja que les hace ser
considerados disolventes verdes.

En el estado del arte se han revisado y analizado varios aspectos del procesado de celulosa en
liguidos idnicos. Las ventajas y desventajas del uso de liquidos iénicos en la produccion de
derivados de celulosa se discutieron para la esterificacién y eterificacion de celulosa. La
principal limitacion de estos procesos es la alta viscosidad que aumenta cuando se disuelve
celulosa. Se sabe que cuando los liquidos idnicos disuelven pequefias cantidades de
disolventes moleculares su viscosidad se disminuye drasticamente. Sin embargo, el uso de
estos disolventes esta limitado por el hecho de que no causen la precipitacion de celulosa
(como agua o otros disolventes préticos) y que se puede recuperar facilmente.

El diéxido de carbono se presenta como un co-disolvente prometedor para el procesado de
lignocelulosa en liquido i6nico ya que es un gas inerte sin limitacion ambiental que presenta
altas solubilidades en liquidos i6nicos incluso a bajas presiones, y se puede separar facilmente
de la mezcla por despresurizacion. El objetivo de este trabajo es estudiar cémo el CO, puede
mejorar diferentes aspectos del procesado de biomasa utilizando liquidos iénicos. Para lograr
el objetivo de esta tesis varios aspectos se han tenido en cuenta

1) Efecto del CO, en las propiedades de las mezclas CO, + ILs: equilibrio de fases, puntos
de fusion puntos, viscosidades y densidades.

2) Andlisis de la influencia de CO, en procesos de reaccion, especificamente en
reacciones de sustitucion con el fin de producir polimeros derivados de la celulosa. Para
ello la sintesis bien conocida de acetato de celulosa se elige como modelo de reaccion.

3) Estudiar la aplicaciéon de CO, en la recuperacién de materiales valiosos derivados de la
celulosa. Para lograr este objetivo se obtiene la preparacion de aerogeles de celulosa a
partir de los liquidos ibnicos mediante secado supercritico.

Con el fin de alcanzar los objetivos del trabajo se estructura en cuatro partes:

En la primera parte, se revisa el estado de la arte en el Capitulo 1 "Liquido idbnico como medio
de reaccion para la produccion de polimeros derivados de la celulosa a partir de subproductos
de biomasa celulésica" donde los temas del mecanismo de disolucion de la celulosa, el uso de
liquidos i6nicos en el pretratamiento y reacciones de sustitucién se revisan a fondo. Ademas
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otros temas no tan directamente relacionados, como la toxicidad y reciclado de los liquidos
ibnicos se consideran porgue no son importantes para el desarrollo comercial de estos
procesos. Las ventajas y desventajas del uso de liquidos idnicos en la sintesis de derivados de
celulosa se discuten para la esterificacion y eterificacion de celulosa. Sin embargo, los
problemas clave como el alto costo y alta viscosidad de liquidos i6nicos han retrasado su uso
en el procesamiento de celulosa industrial. Ademas, también se requiere mejorar la eficacia del
reciclado y la reutilizacion de los liquidos idnicos para la aplicacion industrial. La mayoria de los
liquidos idnicos utilizados para el procesado de la celulosa presentan toxicidad y ecotoxicidad
baja 0 moderada, pero se deben hacer estudios adicionales debido a posibles trazas residuales
en los materiales y derivados de celulosa regenerada.

En la Parte |l de propiedades de parte de las mezclas de CO, + liquidos iénicos acapaces de
disolver celulosa objetos de estudio. Esta parte consta de dos capitulos:

En el Capitulo 2 "Efecto del CO; en la disminucién del punto de fusién en liquidos i6nicos con
alta temperatura de fusion capaces de disolver celulosa. Modelado con la ecuacién de estado
de contribucién de grupos "el efecto del diéxido de carbono presurizado en la depresion del
punto de fusién (MPD) de algunos liquidos ionicos capaces de disolver biopolimeros se
determina experimentalmente usando el método del primer punto de fusién de la superficie del
solido. Se estudiaron cinco ILs diferentes en contacto con dioxido de carbono usando una celda
visual de alta presion, hasta 10 MPa. Los resultados experimentales se muestran en la tabla 1.

Tabla 1. Datos experimentales de temperaturas de fusion a diferentes presiones de CO,

IL Pco2 (bar) Tm (K)

[Amim][CI] vacuum 311.4+1.3
106 £0.5 311.2+0.6
20.3+0.2 309.3+0.1
309+0.2 306.6+0.6

419+14 303.5%+0.6

[Comim][CI] Vacuum 341.1+0.6
123+1 341.3+0.2
20.2+0.3 340.6 £0.1
315+1.1 340.6 £ 0.3
421 +24 339.9+0.2
509+1.1 338.0+1.0

100.7+0.4 329.1+05

[Camim][CI] Vacuum 335.3+2.0
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11.7+0.7 335.2+0.1
21.7+0.1 333.1+0.1
412+1.1 3345%0.5
51.2+1 332.3x0.1
1005+0.4 3253+0.1
[C2OHmMIM][CI] Vacuum 349.3+0.4
11.2+£13 349.5+0.2
20.7+0.4 349.1 0.5
41+04 348504
52.3+0.1 349.1+1.7
10161 3435+0.1
[Cho][DHP] Vacuum 385.4 +0.3
20.3x0.3 361.9+1.7
31+£1.2 360.0+1.2
40905 354.1+0.5
50.1+0.1 352.6+1.0
1006 £0.2 352.2%+0.3

Para correlacionar el MPD de liquidos ionicos de cloruro de imidazolio los pardmetros de la
ecuacion de contribucion de grupos de Estado de Skold Jorgensen se ajustaron utilizando
datos de la literatura de vapor de liquido y coeficiente de actividad y dilucion infinita. De esta
manera se obtuvo una correlacion predictiva para calcular la solubilidad del CO, en diferentes
liguidos iénicos de la familia de cloruro de alquilimidazolio. La Fig. 1 muestra la prediccion de la
solubilidad del CO, en otros liquidos iénicos a base de cloruro de imidazolio tratadas en este
trabajo evaluado a la temperatura de fusion de cada IL. EI modelo predice la solubilidad méas
grande para CO, en [Amim][Cl], y, al mismo tiempo, este es el sistema que muestra la mayor

MPD.
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Fig. 1 Comparacién de la solubilidad predicha de CO2 en los liquidos ibénicos a base de
cloruro de alkylmethylimidazolium utilizados en este trabajo en el punto de fusién de
vacio se indica en la Tabla 7. [C2mim] [CI] (linea continua), [Amim] [CI] (linea
discontinua), [C4mim] [CI] (linea de puntos) y [C20Hmim] [CI] (linea discontinua de
puntos).

En el Capitulo 3 "Determinacion experimental de viscosidades y densidades de diéxido de
carbono + mezclas de cloruro de 1-alil-3-metilimidazolio. Correlacion de la viscosidad " se

presenta el estudio del efecto de CO, de la viscosidad y la densidad del liquido i6nico [Amim]
Cl. Las viscosidades se correlacionan como en funcién de la temperatura y fracciones molares
CO.,. Las viscosidades de otras mezclas CO, + liquidos i6nicos también se correlacionaron
para otros liquidos iénicos. En general [Amim] Cl y los demas liquidos i6nicos presentan una
disminucién linear de la viscosidad con fracciones molares CO, hasta alrededor de 0,5 mol que
mas pronunciada a temperaturas mas bajas y depende de cada liquido i6nico, y pueden
alcanzar reducciones de viscosidad desde 60 hasta 100% con respecto la viscosidad del
liquido iénico puro. Las viscosidades predichas de varias mezclas AmimCl + CO, predichas por
la correlacion de agua se representan en la Fig. 2 como una funcién de la presion y de la
fraccion de CO, molar. Hay que tener en cuenta que las fracciones molares de CO, en el
liquido i6nico que corresponden a una determinada presion y temperatura se calcularon con los
GC-EOS. Las viscosidades se pueden predecir con desviaciones medias de 4 a 13% vy las

desviaciones maximas de 15 a 46%.
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Fig. 2. Viscosidad predicha por la correlacién en funcion de la fraccion molar de CO, y la
presion de CO, para diferentes temperaturas y concentraciones iniciales de agua del
liguido iénico [Amim][Cl]

En la Parte 11l de la tesis, se pone el foco en la reaccion de acetilacién de celulosa en liquidos
idnicos de cloruro de imidazolio. Consiste en el capitulo 4 “Analisis de la sintesis de acetato de
celulosa en liquidos i6nicos. Estudio experimental, modelado y | uso de aditivos vy
codisolventes”, donde se analiza la sintesis de acetato de celulosa en liquidos i6nicos. Para
ello, el grado de sustitucién de celulosa acetilada se han medido experimentalmente para 40,
60 y 80°C y tiempos de residencia entre 1 y 24 h en el liquido ibnico AmimCl, que comprende
de este modo un rango de temperatura (inferior a 60°C) poco estudiado en la literatura.
Ademas se investigaron las influencias de aditivos como el escandio Il triflato y el CO,. Se
analizaron también otros factores como la utilizacion de liquidos io6nicos de diferentes
proveedores y el contenido de agua. Un modelo matematico fue desarrollado utilizando datos
de literatura y datos experimentales, obteniendo parametros cinéticos pamaters. En la Fig. 3 se
muestran las predicciones de la evolucién de reaccion durante 60 y 80°C y para 4,5 mol de
reactivo por mol de AGU.

DS vs t (T=60°C) 5% Cellulose, DS vs t (T=80°C) 5% Cellulose,
Ex=4.5 Ex=4.5
—DS —DS6 ——DS3 ——DS2 O This work —DS —DS§ ——DS3 —DS2 O This work
3 o o
o
240 ]
w
0
1
0 T T T T 1
0 6 12 18 24 0 6 12 18 24
t (h) t(h)

Fig. 3 Comparison of DS prediction by the model and experimental data from this work

for reaction at 60 and 80°C
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En la Fig. 4 la influencia de la relacion de anhidrido acético / AGU de acuerdo con el modelo se
muestra y se compara con diferentes datos experimentales.

DS vs mol anhydride/mol AGU

o

2 ;'QV

DS

¢ T=110°C, t= 3h, Cao et al, 2010
O T=100°C, t= 3 h, Wu el al, 2004
A T=80°C, t=4 h, Wu el al, 2004
T=110°C, Model
— T=80°C, Model
0 T=100°C, Model
T T T T 1
0.0 2.0 4.0 6.0 8.0 10.0

mol Anhydryde/mol AGU

Fig. 4 Relacidn entre mol de anhidrido acético / AGU mol y el grado de sustitucion

La Parte 1V de la tesis esta dedicada a la obtenicon de materiales de alto valor a partir de la
celulosa. Consiste en el Capitulo 5 "Aerogeles de celulosa regenerada a partir de celulosa
microcristalina + solucién de liquido iénico: propiedades y estudio de la capacidad de carga de
farmaco” en el que el que se presenta el estudio sobre la influencia de los liquidos i6nicos,
temperatura de disolucion y bafio de coagulacion en el area superficial, el volumen y el tamafio
de poro de los aerogeles de celulosa producidos mediante secado por CO, supercritico. Los
aerogeles de celulosa a partir de soluciones de celulosa en liquidos ibnicos se prepararon con
cinco liquidos ionicos con catibn derivado del alquilmetilimidazolio diferentes. Las
concentraciones de celulosa 6ptimas para la preparacién de aerogel son 1-2% w / w. El aerogel
se carg6 con fitol como un compuesto modelo de la obtencién de cargas de alrededor de 50%
w / w. La capacidad de carga de farmaco de los aerogeles de celulosa fue influenciada
positivamente por sus propiedades de porosidad y resultd ser mucho mejor que los aerogeles
de diferentes materiales probadas en literatura. Las mayores areas superficiales se obtuvieron
usando 1% en peso de celulosa disuelto en [Amim][CI] (434 m? g). Las diferentes condiciones
de coagulacion y secado critica utilizados influyeron en las propiedades de los aerogeles. En
este trabajo propiedades similares se obtuvieron con [AmIm][CI] y [Bmim][CI] para la
concentracion de celulosa de 2% en peso. Los aerogeles preparados con la concentracién mas
baja (0,2%) no se secaron debido al gel de alta fragilidad. Los liquidos i6énicos [EmIm][AC] y
[Emim][DEP] presentan un punto de fusion y viscosidad menores que las de otros derivados de
imidazolio y son capaces de disolver celulosa a temperaturas mas bajas. La solucién 2% en
peso de celulosa en [Emim][DEP] mostr6é resultados diferentes, asi como con diferentes
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condiciones de coagulacion. Los aerogeles preparados con [Emim][Ac] mostraron las mismas
propiedades de [Emim][DEP] en que se disolvié la celulosa a 40°C.

Tabla 2. Comparacién de la carga de fitol en diferentes arerogeles

Aerogels regenerated: *Specific *Pore *Pore

lonic liquid / wt% surface area, volume . Loading, %L References
2 3 size (nm)

cellulose m-/g (cm’/g)

[AmIim][CI] / 2% 426.3 0.8 9.4 48.7 £ 0.5 This work

[Amim][CI] / 4% 278.4 24 34 52.3+£0.9 This work

[Emim][DEP] / 2% 326.2 1.4 18 55.4+0.3 This work

Silica aerogels 881.5 29 12.9 30.1+0.6 [34]

Alginate aerogels 125.9 0.8 25.5 22.1+0.2 [34]

* Porosimetry before the SC impregnation

Tabla 4 Capacidad de carga de los aerogeles de celulosa impregnada con fitol por CO2
supercritico

Los arerogeles producidos con una concentracion del 2% de celulosa en AmimCI tienen un
area superficial de 426.3 m?/ g y un rendimiento de carga de 48,7 + 0,5% en peso de fitol en
comparacion con los producidos con un 4% de celulosa en AmimCl que tiene 278,4 m? / g
superficie (Tabla 2). Se produjo mayor carga fitol con 52,3 = 0.9wt% en los aerogeles de
celulosa preparadods AmimCI con un 4% de celulosa. Esto podria ser debido a al mayor
volumen de poro y tamafio en comparacion con los aerogeles de celulosa preparados con
AmimCI al 2%, que mejora la penetracion de SC-CO, en la parte interior de los aerogeles de
celulosa Ademas, una mayor area superficial de los aerogeles producidos en Emim[DEP] da
como resultado un contenido de fitol mas alto.

En esta tesis la influencia de CO, en diferentes aspectos del procesado de celulosa usando
liguidos i6nicos se ha analizado, obteniendo las siguientes conclusiones:

Las propiedades fisicas de relevancia para el procesado de biomasa en mezclas CO, + liquidos
ionicos se determinaron y modelaron. Los puntos de fusion de diferentes liquidos ionicos
alquilimidazolio con aniones cloruro en presencia de CO, se determinaron experimentalmente
por el método del primer punto de fusién. Se encontré que todos los liquidos iénicos presentan
disminuciones de puntos de fusion menosres 10K a presiones moderadas de CO, (alrededor
de 10 MPa). Esto es relativamente bajo en comparacion con los producidos por CO; en liquidos
ionicos de otras familias con cationes alquilimidazolio. Se ajustaron parametros de la EOS
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contribucion de grupos (GC-EOS) desarrollada por Skjold-Jgrgensen para liquidos i6nicos de la
famila cloruro de 1-alquil-3-metylimidazolium. Por lo tanto ahora, usando esta EoS es posible
predecir equilibrio de fases de liquidos i6nicos de la familia de cloruro de alquilimidazolio sin
datos experimentales adicionales. Entre otros datos, se pueden estimar solubilidades de CO,
en estos liquidos i6nicos. La depresidn del punto de fusién causado por el CO, se ha calculado
utilizando la GC-EQS, y puede ser descrito cualitativamente. Se obtienen mejores resultados
después de la correlacion de la variacién en el volumen del liquido iénico puro durante la fusién

Se midieron las viscosidades y densidades de la mezcla CO, + [Amim] CI con fracciones
molares de hasta 0,25 y temperaturas en el rango de 333 a 372 K.Las densidades se utilizaron
para calcular los valores molares en exceso que resultaron fuertemente negativos. Esto
confirma la teoria generalmente aceptada de que el CO, se disuelve en los espacios libres de
los liquidos i6nicos y que la expansion del liquido i6nico inducido por la presencia de CO, es
muy pequefia. Las viscosidades se correlacionaron en funcién de la temperatura y de la
fraccion molarf de dioxido de carbono con un error relativo promedio de 2,5%. Las viscosidades
de otras mezclas de CO, + liquidos iénicos también se correlacionaron para liquidos i6nicos de
otras familias usando datos de la literatura. En general [Amim] Cl y los demas liquidos i6nicos
presentan una disminucion lineal de la viscosidad con fracciones molares CO, hasta alrededor
de 0,5 mol que es mas pronunciada a temperaturas mas bajas, y pueden alcanzar reducciones
de la viscosidad desde 60 hasta 100% respecto de la viscosidad del liquido i6nico puro,
haciendo que el CO, de un co-disolvente prometedor para la reduccion de la viscosidad en
proceso con liquidos i6nicos.

La influencia de CO, en la velocidad de solvatacién de la celulosa en varios liquidos iénicos a
presiones mas bajas se investigd experimentalmente. Se observd un ligero aumento en la
velocidad de disolucién de celulosa en diferentes liquidos idnicos en presencia de CO,, algo
superior a 50°C, alcanzando 50% de celulosa disuelta en 30 minutos.

La sintesis de acetato de celulosa en liquidos i6nicos de cloruro de imidazolio se analiz6 a
fondo tanto mediante la revision de datos de la literatura, como con nuevos experimentos. El
grado de sustitucion de acetato de celulosa en general mejora con la temperatura, tiempo de
reaccion y el exceso de reactivo acilante. Se desarroll6 un modelo matemético que describe las
reacciones. El modelo describe los datos experimentales con una desviacién media del 14%.
Por lo que sabemos es el primer modelo cinético propuesto para describir el proceso en la
literatura. Los parametros utilizados para describir la reaccion de [Amim] Cl no pueden describir
la reaccion en otros liquidos i6nicos de la misma familia que sugieren un importante papel del
IL en la reaccién. Experimentalmente, las nuevas reacciones se realizaron en el IL [Amim] Cl, a
temperaturas de 40 a 80°C que cubren temperaturas mas bajas que las habitualmente
estudiado en el sistema. Se encontré que a 40 ° C los grados de substituion eran inferiores a
DS = 2 después de la reaccién 24 h mientras que en la reaccion 80 ° C puede ser casi
completada en 6 h siendo los ultimos pasos de la sustitucion muy lentos. Estos resultados son
consistentes con las observaciones de otros autores. La influencia del escandio de triflato I,
utilizado anteriormente como catalizador para la acetilacion de otras sustancias en Lls fue
probado por primera vez para la acetilacion de celulosa. Se encontré una ligera influencia
positiva, dificil de discriminar del error experimental. La reaccion de acetilacion se realiz6 a 80
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bar de presién de CO,. Los analisis indican grados de sustitucion mucho mas altos que el
maximo. Esto sugiere que el CO, se puede incorporar al polimero resultante de una manera
inesperada.

Las propiedades de los aerogeles de celulosa preparados a partir de una solucién de celulosa
microcristalina en los liquidos i6nicos alkylmethylimidazolium se pueden sintetizar utilizando
diferentes LIs con diferentes aniones y cationes,diferentes temperaturas de disolucion,
concentraciones de celulosa y composiciones del bafio de coagulacion. Las concentraciones
de celulosa 6ptimas en aerogeles son 1-2% w / w en liquidos idnicos de cloruro de imidazolio.
Presentan areas superficiales mas altas que los precipitados de otros liquidos con viscosidades
y puntos de fusidn menores. La capacidad de carga de farmaco de los aerogeles de celulosa
fue influenciada positivamente por sus propiedades de porosidad. Los aerogeles de celulosa
producidos de esta manera absorben mas compuesto modelo (fitol) que otros aerogeles
probados en la literatura, cuando algunos de ellos presentan mejores propiedades de
porosidad. Esto indica un efecto positivo del material.

En general se puede concluir que el CO, podria ser un interesante co-disolvente en el
procesado de la celulosa en liquidos i6nicos ya que puede reducir viscosidades un 43% sin
causar la precipitacion de celulosa en liquidos id6nicos de cloruro de imidazolio. Sin embargo, el
efecto que se encuentra en la solvatacion de celulosa era muy pequefio y el efecto sobre la
reaccion de sustitucion de celulosa fue inesperado es necesario mayor investigacion acerca del
polimero obtenido. En relacion con la produccion de aerogeles de celulosa disuelta en liquidos
i6nicos y secados con CO, supercritico se puede concluir que se pueden obtener aerogeles de
alta calidad prometedores para la absorcion de sustancias naturales tales como fitol.

Aerogeles de celulosa de liquido i6nico ensefio sus posibles usos en la industria farmacéutica o
médica tanto, se necesita un estudio sobre la influencia de los liquidos iénicos en la porosidad
y en la capacidad de carga de farmaco utilizando liquidos iénicos basados en alquilimidazolio.
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