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Solvation Behavior of Cellulose and Xylan in the
MIM/EMIMAC lonic Liquid Solvent System: Parameters
for Small-Scale Solvation

Susanne Bylin,® Carina Olsson,” Gunnar Westman,>® and Hans Theliander *°*

lonic liquid treatment has been reported by several researchers as a
possible step in the process of fractionating lignocellulosic biomass
within the biorefinery concept. However, understanding how solvation
can be achieved and how the feedstock biopolymers are affected is
needed prior to a viable implementation. An effective two-component
solvent system for the wood components cellulose and xylan has been
developed. Furthermore, the solvation of these components in the
system consisting of the ionic liquid (IL) 1-ethyl-3-methylimidazolium
acetate (EMIMAc) in a novel combination with the co-solvent 1-
methylimidazole (MIM) is investigated. Focused beam reflectance
measurement (FBRM) particle characterization in combination with
microscopic analysis and molecular weight determinations (xylan) shows
that cellulose and xylan can be most efficiently solvated using only 3 to
4% IL (n/n anhydro-glucose units and n/n anhydro-xylose units) and 9%
IL, respectively, while still avoiding any significant polymer degradation.
A model for a two-step process of cellulose solvation in the present
system is proposed.
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INTRODUCTION

The Biorefinery

With the global advent of biorefineries, the need has emerged for the development
of new processes and studies of their implications on the physical and chemical
properties of biomass and its components. Biomass of all types (e.g., bagasse, algae, and
wheat) is being considered for this purpose, and depending on their origin and
composition, the products from these biorefineries can be used for material, chemical,
fuel, or energy purposes. Wood, as a globally widespread and renewable biomass
resource, is highly suitable for the biorefinery concept. Because forests and agricultural
crops grow in different soil types under normal circumstances, woody biomass also has
the advantage of not competing with agricultural crops when it comes to land
exploitation. However, the topic is under debate (Elnashaie et al. 2008; Rettenmaier et al.
2010).

The Borregaard Biorefinery in Sarpsborg, Norway, is one example of a currently
operating biorefinery that utilizes wood as feedstock in its process. This biorefinery is a
converted sulfite pulping mill that currently produces lignin, cellulose pulp of various
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qualities, bio-ethanol, vanillin, and some smaller side streams (Redsrud et al. 2012). Liu
et al. recently published a review article on the subject of the woody biorefinery in which
a seven-step process to “incrementally decompose” wood material is suggested: “1) hot-
water extraction, 2) hydrolysis, 3) separation of xylan, sugars, and acetic acid, 4)
fermentation, 5a) pulping of hot-water-extracted wood chips followed by pulping and
paper-making, 5b) the use of extracted wood chips/woody biomass for reconstituted
wood products such as particle board, and 5c) further separation/hydrolysis of the
extracted woody biomass to platform chemicals: aromatics and wood sugars.” To achieve
such selective decomposition in a controlled manner, the separation and solvation
behavior of each component needs to be studied in great detail. Liu’s suggestion is based
on current research in wood pre-treatments being conducted worldwide.

Many proposed methods of pre-treatment to date include mechanical, chemical,
and enzymatic procedures (Brodeur et al. 2011; Liu et al. 2012b). One option for the
chemical pre-treatment of wood or other lignocellulosic biomass is the solvation of
fractions enriched with certain wood components by means of solvent extraction, for
example, using ionic liquids (ILs).

lonic Liquid Solvent Systems

lonic liquids (ILs) are a class of liquids that were first discovered around the turn
of the last century and had a strong renaissance in the early 2000s. The class is defined as
any ionic compound with a melting point below 100 °C. These molten salts can for
example be used as solvents. A more defined sub-class is room-temperature ionic liquids
(RTILs), which are in a liquid state below room temperature (Laus et al. 2005; Linhardt
2005). lonic liquids have been shown to dissolve materials that are otherwise difficult to
dissolve, such as wood and other lignocellulosics, even when using milder conditions
than the traditional method of cooking biomass (Fukaya et al. 2008; Muhammad et al.
2011).

The interest in ILs in the biomass processing field began in 2002, when the neat
imidazolium salt 1-butyl-3-methyl imidazolium chloride (BMIMCI, Fig. 1a) was first
found to dissolve cellulose (Swatloski et al. 2002).
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Fig. 1. Molecular structures of a) the first cellulose-dissolving IL, 1-butyl-3-methyl imidazolium
chloride (BMIMCI); b) the solvent IL of the present study, 1-ethyl-3-methyl imidazolium acetate;
and c) the co-solvent of the present study, 1-methylimidazole (MIM).

It is common knowledge that ILs, including a number of cations and many
different anions, are able to dissolve cellulose as direct solvents. The unique solvation
properties, in combination with a low vapor pressure, make their possible industrial
application of great interest. The most popular cation for cellulose applications is the
imidazolium cation, along with variations of its alkyl substituents. The effect of alkyl
chain length on cellulose solvation ability was acknowledged as early as 2002 by
Swatloski and has since been observed by several groups (Swatloski et al. 2002; Vitz et
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al. 2009). The asymmetrical cation gives these ionic liquids favorable viscosities, an
important feature for a solvent, particularly in polymer applications. The efficiency of the
IL 1-ethyl-3-methyl imidazolium acetate (EMIMAC, Fig. 1b) as a cellulose solvent is
high, and a cellulose pulp loading of up to 20 wt% can be easily dissolved (Kosan et al.
2008). Apart from excellent solvation efficiency, EMIMAC has the advantage of being an
RTIL, which means it has a low vapor pressure, thermal stability, a relatively high
boiling point, and low melting point (Wendler et al. 2012).

Co-solvents may be added to modify solution properties such as viscosity, loading
capacity, and solvent polarity. Appropriate co-solvents can be found by measuring
solvatochromic parameters (Gericke et al. 2011; Gericke et al. 2012; Rinaldi 2011). As
an additive, 1-methylimidazole (MIM, Fig. 1c) has been studied in solutions of BMIMCI
and cellulose and has been found to drastically reduce degree of polymerization (DP) loss
in cotton pulp (Liu et al. 2011). The interaction between cellulose, MIM, and IL is
discussed in this article, but more research needs to be done to understand the effect of
the co-solvent in this case.

Wood Biopolymers

The two most abundant polysaccharides in hardwood are cellulose and xylan
(shown in Fig. 2). Native cellulose has a high DP, which inevitably leads to a decrease in
solubility caused by a decrease in the entropic gain in the solvation process; glucose,
cellobiose, and any oligomer of cellulose up to a DP of about 10 are soluble in simple
solvents. Furthermore, three hydroxyl groups per anhydroglucose unit (AGU) facilitate
complex patterns of hydrogen bonds, both intra- and inter-molecular. To overcome these
bonding interactions, solvents with high hydrogen bonding capacities are necessary.
Water alone cannot dissolve cellulose, despite the fact that pair-wise hydrogen bond
interactions involving water-water, carbohydrate-water, and carbohydrate-carbohydrate
hydrogen bond pairings all are approximately 5 kcal/mol (Lindman et al. 2010). It is
obvious that hydrogen bonding is not the only relevant factor, and other types of
interaction should be taken into consideration. Hydrogen bonds keep the linear cellulose
chains arranged in sheets. Stacking of these sheets into the three-dimensional crystal
structures of the cellulose material involves hydrophobic, or so-called van der Waals,
interactions (O'Sullivan 1997; Vanderhart and Atalla 1984). Recently, a few publications
have brought this matter forth for discussion (Bergenstrahle et al. 2008; Biermann et al.
2001; Cho et al. 2011; Gross and Chu 2010; Lindman 2010; Lindman et al. 2010).
Because cellulose has both hydrophilic and hydrophobic features, i.e., equatorial
hydroxyl groups and axial hydrogen atoms, a good solvent should contain both a
hydrogen bonding moiety and a hydrophobic moiety.

Xylan has long been seen as a by-product of little importance within the
agricultural and forestry sectors. Although difficult to refine, the high content of xylan in
both annual plants and trees has attracted scientific interest due to its potential in a variety
of applications. It has already been shown that xylan can contribute to a range of
properties in certain biomaterials, e.g., in flexible transparent films with interesting gas
barrier properties (Grondahl et al. 2004) and as a component in aerogels for constructing
porous nanofibers (Aaltonen and Jauhiainen 2009). As briefly mentioned, the biorefinery
concept allows xylan to be isolated and either used without further modifications or
hydrolyzed into xylose monomers for other uses. The diversity in substitution of
extracted materials, both in terms of side group composition and the substitution pattern
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of the xylan polymer backbone (Fig. 2b), depends largely on the plant origin, as well as
on the extraction method (Fengel 2011).
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Fig. 2. Chemical structures of a) cellulose and b) xylan. For xylan, R is either a hydrogen or a
substituent; acetyl and 4-O-methylglucuronic acid (MeGIcA) are found in hardwood xylans, while
arabinofuranose is common in xylans from annual plants.

Xylan is a pentose and therefore lacks the C6 and its hydroxyl group, which has a
large influence on cellulose solubility. On average, seven out of ten C3 positions in xylan
are acetylated in hardwoods. Furthermore, every tenth or so C2 position carries the 4-O-
methyl glucuronic acid (MeGIcA) side group (Aspinall et al. 1954). Softwoods have a
somewhat different ratio of substitution and often include substitution of arabinofuranose
in different ratios. This diversity makes the solubility of the xylan polymer hard to predict
and highly dependent on factors such as pH and the ionic strength of the solvating
system. At the same time, the substitutions in these positions mean that xylan does not
pack into crystal structures in the way cellulose does, and the MeGIcA renders the
polymer quite resistant to alkaline degradation, also called peeling reactions (Wigell et al.
2007). The DP for xylans varies between 100 and 200, as opposed to native cellulose,
which has a DP of approximately 10,000 (Girio et al. 2010; O'Sullivan 1997). The lower
DP makes the positive entropy of mixing easier to overcome by, for example, heating the
xylan sample mixtures.

To successfully implement an IL processing step in a future biorefinery a number
of criteria need to be met; e.g. the cost and simplicity of attaining the ILs, minimizing the
energy demand of the process, and providing high material efficiency. The choice of
MIM as a co-solvent meets the first of these requirements since it is a pre-cursor in the
industrial synthesis of EMIMAC itself, but it also satisfies the latter two. The current
study is aimed at the improved understanding of the parameters that govern the solvation
of the biomass components cellulose and xylan using this new combination of ionic
liquid and co-solvent, with the goal of industrial application. Recovered and regenerated
materials are analyzed in combination with in situ particle monitoring of the process.

Furthermore, the present “parameters for small scale solvation” study highlights
solvation behavior on a small (20-mL glass vial) scale, with a focus on discussing the
mechanisms of solvation in the new solvent system. The effect of fiber length is
examined for the cellulose, and the effects of temperature and solvent concentrations for
both cellulose and xylan. An ongoing experimental study focuses on solvation on a larger
(250-mL glass reactor) scale under selected process conditions and the effect of these
conditions on certain properties of the polymer components.
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EXPERIMENTAL

Materials

Cellulose was obtained as a dissolving pulp from Borregaard AS in Sarpsborg,
Norway. The pulp was pre-treated mechanically by Wiley milling and passed through a
1-mm sieve to ensure adequate and equivalent milling for all samples. Some material was
passed through smaller sieves, giving three cellulose fractions: un-fractionated (< 1 mm),
a large fiber fraction (0.5 mm < d < 1 mm), and a small fiber fraction (d < 0.088 mm).
Sieve dimensions were chosen to provide one fraction representative of a fines population
(d < 0.088 mm), and one for a population of longer fibers (0.5 mm <d < 1 mm). The dry
content of the pulp was determined to be 97%. Beech xylan was purchased from Sigma
Aldrich and was used without further processing. Characterization of the xylan showed a
relative sugar composition of 94% xylose, 2.1% galactose, 2.1% glucose, 0.9%
rhamnose, 0.6% arabinose, and < 0.1% mannose. Klason lignin and acid-soluble lignin
(ASL) were determined to be 5.4% and < 1.0%, respectively. The ash content was found
to be 4.9%. The ionic liquid 1-ethyl-3-methylimidazolium acetate (> 90% purity) and the
co-solvent 1-methylimidazole (> 99% purity) were obtained commercially from BASF
and Sigma-Aldrich, respectively. Both solvents were kept under inert atmospheres and
were used without further processing.

Methods
Solvation experiments

The solvation of both un-fractionated and fractionated cellulose fibers and xylan
was studied for a 3.5 wt% polymer solution on a small scale. The study was performed at
50 °C for un-fractionated and fractionated materials, at 30 °C for the fractionated
material, and at 50 °C and 70 °C for xylan. Temperatures were chosen to represent one
lower, yet easily controlled temperature (30 °C) and one higher, yet still considered low
for industrial application (50 °C), for cellulose. Preliminary testing showed that xylan
was not soluble at 30 °C; hence the two temperatures chosen for solvation of xylan
represents one lower for comparison to cellulose solubility (50 °C), and one higher for
assessment of potential polymer degradation (70 °C). The molar ratio of IL to monomer
(anhydro-glucose unit, AGU, and anhydro-xylose unit, AXU) ranged from 0 to 4
(samples C0O-C4 (Table 1) for cellulose, and from 0 to 21 (samples X0-X21, Table 2) for
xylan.

Table 1. Total Content of IL in Cellulose Samples C0-C4 Compared to the
Combined IL and MIM Content in Each Sample

Sample ID %IL %IL %IL
(mol IL/mol AGU) (n/n) (wiw) (VIV)
co 0 0 0
C1 2 4 3
Cc2 4 8 5
C3 6 11 8
C4 8 15 11

Number notations in sample names C0-C4 refer to molar amount of IL per AGU.
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Solvation upon IL batch addition was studied using optical microscopy and
focused beam reflectance measurements (FBRM, see Physical characterization section)
after 4 h of stirring at a set temperature, and samples were re-checked after 24 h. Samples
were pre-dispersed in MIM (30 min) in 20-mL screw-cap glass vials prior to IL addition.
Temperature and rpm were controlled throughout the experiments. After solvation, xylan
samples were filtered through a glass filter (Whatman, RGB, 90 mm) using vacuum
filtration, which resulted in residual fractions X0(1)-X21(1). The xylan was thereafter
regenerated in warm EtOH (50 °C). Subsequent filtration resulted in regenerated fractions
X0(2)-X21(2). All xylan fractions were characterized using Klason lignin and ASL
protocols found in the literature (Dence 1992; Theander and Westerlund 1986). High-
performance liquid chromatography (HPLC) and gel-permeation chromatography (GPC)
were performed to determine the relative sugar compositions and molecular weight
distributions using methods and instruments described in the chemical characterization
section.

Table 2. Total Content of IL in Xylan Samples X0-X21 Compared to the
Combined IL and MIM Content in Each Sample

Sample ID %IL %IL %IL
(mol IL/mol AXU) (n/n) (wiw) (VIV)
X0 0 0 0
X3 7 14 10
X6 16 29 21
X9 26 43 33
X12 38 57 46
X15 53 70 61
X18 71 84 78
X21 100 100 100

Number notations in sample names X0-X21 refer to molar amount of IL per AXU.

Physical characterization

For the analysis and characterization of the undissolved particles in the samples,
an in situ FBRM G400 probe with a laser scanning speed of 2 m/s was used (Mettler-
Toledo AutoChem Inc.). The probe was used with the iC FBRM software version 4.2.234
SP1. The FBRM tool has been used previously to monitor real time changes to particle
dimensions in dispersions, verifying phenomena such as flocculation, crystallization, and
dissolution. Moreover, it is widely used in the pharmaceutical and paper-making
industries (Coutant et al. 2010; Liu et al. 2013; Zakrajsek et al. 2009). The technique
measures dynamic changes to an optical chord length distribution (CLD) of solid-liquid
dispersions. The optical chord length is defined as a straight line between any two points
in a particle dispersion perceived by the FBRM-laser as a particle edge. The FBRM
signal is collected over 1324 primary channels over the size range of 1 to 1000 um. The
measurements were performed using the “fine” instrument setting, providing greater
resolution for the first 400 channels (range: 0 to 100 um with 0.25 pm channel widths).
The back-scattered laser signal was displayed using logarithmic channel progression
regrouping the chords over 90 channels and further visualizing these graphically as a
chord length distribution. One should note that qualitative changes occurring to such a
distribution during a measurement are not linearly correlated to the concentration of the
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particles being measured. For instance, a chord of a larger particle is measured more
often than that of a smaller one. This is important to keep in mind when analyzing FBRM
data sets. In these experiments, data were collected every 2 s for 15 min, and a 10-sample
moving average was then used to represent each sample. The measuring and data-
handling principles and techniques are described in full elsewhere (Alfano et al. 1998;
Coutant et al. 2010). All measurements were performed during a constant stirring of 250
rpm.

Further physical particle characterization was performed using optical light
microscopy with a Carl Zeiss Discovery V12 SteREO microscope equipped with a
KL1500 LCD cold light source. Images were recorded using AxioVision Software
AxioVS40 V 4.7.2.0, Version 5.1.2600, Build 2600, SP3.

Chemical characterization

According to the literature protocol for Klason lignin determination (Theander
and Westerlund 1986), milled (if particle d > 0.5 mm), pre-dried, and weighed samples (d
< 0.5 mm, 105 °C, 12 h, 200 mg) were added to glass beakers (150 mL). Concentrated
sulfuric acid (72% wi/w, 3 mL) was then added; after careful stirring, the samples were
allowed to impregnate under vacuum for 15 min. Beakers were transferred to a heat-
regulated water bath (30 °C), where they were stirred every 20 min for a period of 1 h.
For complete hydrolysis of the sugar polymers, the samples were then autoclaved at 125
°C for 1 h. Thereafter, samples were diluted with de-ionized water (84 g), and un-
hydrolyzed material was filtered off as Klason lignin on a pre-weighed glass filter
(Whatman, GF/A, 24 mm). After reaching room temperature (ca. 30 min), the filtrates
were diluted in volumetric flasks (100 mL). A portion of the samples (5 mL) was further
transferred to a new volumetric flask (50 mL), and a fucose standard (2 mL, 200 mg/L)
was added to each sample before it was diluted up to 50 mL, and a final fucose
concentration of 8 mg/L. Samples were further analyzed directly for ASL and filtered
using a hydrophilic syringe filter (Acrodisc LC, d=13 mm, 0.45-um PVDF membrane)
before the relative sugar composition was determined.

ASL was determined using UV absorbance measurements with an absorptivity
coefficient according to a protocol by Dence (Dence 1992). Measurements were
performed in triplicate on a Specord 205 (Analytic Jena) at 205 nm.

Relative sugar composition was determined by chromatographic separation using
high-performance anion exchange chromatography with pulse amperometric detection
(HPAEC-PAD) and a gold reference electrode. The analysis was performed on a Dionex
ISC5000 instrument with a Dionex AS-AP autosampler, using Dionex CarboPac PA1l
columns (guard column 2 x 50 mm, pre-column 2 x 50 mm, and separation column 2 x
250 mm) and an AgCI reference electrode for pH calibration. A four-step instrument
method was used, as follows: 1) column equilibration (10 min, 60% [200mM NaOH];
40% [200mM NaOH, 170mM NaOAc]); 2) transition to H,O (2 min, 100%); 3) sample
injection; and 4) sample separation (25 min, 100% H,0). The flow was constant at 0.260
mL/min. Data analysis was performed using Chromeleon 7 Chromatography Data
System software, version 7.1.0.898.

Polymer degradation was assessed using molecular weight determinations by gel
permeation chromatography (GPC). Analyses were performed using a PL-GPC 50 Plus
integrated instrument system coupled with RI and UV detectors and equipped with a PL-
AS RT auto-sampler for injections (Polymer Laboratories, Varian Inc.). Chromatographic
separations were achieved using two PolarGel-M columns and a guard column (300 x 7.5
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mm, 50 x 7.5 mm). Samples were pre-dissolved in the mobile phase (DMSO/LIBr,
10mM) and filtered through a syringe filter (GHP Acrodisc, d=13 mm, 0.2-um GHP
membrane) prior to analysis. Isocratic separation was performed with a flow rate of 0.5
mL/min. Data analysis was performed using Cirrus GPC software version 3.2. A 10-point
calibration curve with Pullulan standards was used to determine molecular weights and
DPs (708, 375, 200, 107, 47.1, 21.1, 11.1, 5.9, 0.667, and 0.180 kDa, Polysaccharide
Calibrations Kit, PL2090-0100, Varian).

RESULTS AND DISCUSSION

Cellulose Solvation Experiments

Solvation of cellulose visually appeared to be complete within seconds. However,
the first analyses were not performed until after 4 h to ensure no further solvation would
occur. Figure 3 shows the fractionated materials after 4 h of dissolution for samples CO
through C4. Initially, no clear difference in solvation state regarding fiber length could be
detected; however, when held up against the light, sample C2 with the longer fiber
fraction was slightly less transparent than the C2 sample with the shorter fiber length.
Entanglement of the fibers in the zero samples was also noted, as sedimentation of the
long fiber fraction did not occur to the same degree as it did with the short fiber fraction.

Fig. 3. Samples C0-C4 after 4 h of dissolution for the small fiber fraction (d < 0.088 mm) on the
left and the large fiber fraction (0.5 mm < d <1 mm) on the right (magnetic stir bars are visible in
the clearer samples)

For all fractions, the greatest change in chord length distribution was found
between samples C1 and C2 (Table 1), indicating that most of the cellulose fibers were
solvated at this increase in IL concentration (Fig. 4b-f). This finding was also
substantiated by the much higher apparent viscosity of sample C2 compared to that of C1
and CO, which is characteristic of polymer solutions. Furthermore, when applying a
square-weighting filter to the FBRM data, a distribution maximum at ca. 25 to 30 pm—
equivalent to that of a single fiber width—became apparent, making it possible to
enhance the changes that occurred specifically related to this population (Fig. 4a).
However, to avoid missing any potentially important data, the data set was analyzed
without the use of weighting filters.

A difference in number of chords could be detected for the large versus the small
fractions in the C1 samples. In these samples, the larger fraction is less dissolved at both
temperatures studied (samples C1, Fig. 4c-f). This indicates a slight dependence of the
amount of dissolved material on fiber length and that this dependence increases at the
higher of the two temperatures.
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Computer simulations have revealed that imidazole has a tendency to interact
with glucose, primarily by means of hydrophobic stacking in an aqueous solution, and
primarily on the H1-H3-H5-side of the glucose ring. In addition to hydrophobic stacking,
the imidazole molecule might also act as a hydrogen bond acceptor (Chen et al. 2012,
Youngs et al. 2007). Moreover, 1-methylimidazole is expected to exhibit analogous
cellulose interactions. In addition, imidazolium-based cations have been found to interact
with cellulose in a similar way. The imidazolium cation ring shows a weak affinity to the
saccharide ring when cellulose is in the microfibril, but not in the solvated state. This can
be explained by the presence of the many, much stronger interactions of the chloride
counter ion with cellulose hydroxyl groups in the solvated state. Such interactions would
effectively screen the cellulose, similarly to a hydration shell, and thereby block the much
weaker interactions between the glucose ring and the imidazolium ring (Cho et al. 2011).
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Fig. 4. Graphs a) and b) display square-weighted and un-weighted chord length distributions of
un-fractionated cellulose fibers for IL concentrations C0-C4, respectively (molar amount of IL per
AGU, see Table 1). Graphs c-f display un-weighted FBRM data for fractions 1 and 2 (e,f and c,d,
respectively) at 30 °C and at 50 °C (c,e and d,f, respectively) for samples C0-C4. The small
distribution seen in d) at about 9 um is an artifact caused by a particle stuck on the probe window.
All horizontal axes are in um, and diameters [d] are in mm.

Because the molecular structure of MIM (Fig. 1c) is similar to that of the
imidazolium cation and also to imidazole, it is therefore likely that these moieties interact
with the cellulose structure in similar ways. This notion is further substantiated by other
research groups, who have also demonstrated that the cation most likely interacts with the
cellulose through hydrophobic interactions in spite of its ionic character (Liu et al. 20123;
Remsing et al. 2010). Because MIM by itself does not dissolve cellulose, the acetate
anion is likely involved in overcoming the energy barrier for solubilization of the
cellulose polymer. Liu et al. have shown that the anion stabilizes the cellulose gauche-
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trans (gt) conformation of the C6-hydroxyl of cellulose Il, as opposed to the trans-gauche
(tg) found primarily in cellulose IB, or the gauche-gauche (gg) found primarily in
cellulose I11. They and others have further shown that the cation could in fact diffuse
even into cellulose crystalline regions (Liu et al. 2012a; Rabideau et al. 2013).

Our study shows that in the present solvent system, three to four acetate ions are
required per AGU for complete solvation. This is slightly more than one acetate ion per
hydroxyl group present in the cellulose, indicating that all C6 hydroxyls likely need to be
in a gt conformation to achieve solvation. This is in strong agreement with NMR-studies
that have shown glucose hydroxyl-anion hydrogen bonding ratios of 1:1 and molecular
dynamics simulations showing a predominant ratio being 4:5 (Youngs et al. 2007). In
combination with the fast solvation of cellulose when EMIMAC is added, it is clear that
the anions have little hindrance in reaching all free cellulose hydroxyls, even those
further inside the microfibrils.

VVetting/
Swelling

EMIMAc

------ Hydrogen bonding

' Cellulose monomer (sheet 2) Hydrophobic interactions

O MIM EMIMY Weakened hydrogen bonding

A Acetate anion Weakened hydrophobic interactions

Fig. 5. Schematic representation of a possible route to solvation of cellulose in MIM/EMIMAC:
Cellulose inter-sheet bonding is weakened as MIM solvent molecules form hydrophobic
interactions with the cellulose chains. This would simultaneously weaken C6-OH — C3-OH
hydrogen bonds, thereby giving the C6-OH a higher degree of rotational freedom. When EMIMACc
is added, the gauche-trans conformation is stabilized throughout the chain. This gives rise to
conformational changes that solvate the cellulose chains. The relatively strong cellulose-acetate
interactions proceed to keep the cellulose chains solvated, even with continued addition of co-
solvent. For clarity, only inter-chain C6-OH — C2-OH and C6-OH — OAc moieties and hydrogen
bonds are depicted.
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It is plausible that the extra acetate ions are required to stabilize the solvated state
of the chains by means of hydrogen bonding interactions to C2- and C3-hydroxyls. These
anion interactions would be comparable to the chloride ion interactions mentioned earlier
(Cho et al. 2011). A schematic illustration for a proposed route to solvation (based on the
above discussions) is presented in Fig. 5. An initial pre-“swelling/wetting” of the
cellulose takes places in MIM, where the van der Waals forces between the cellulose
sheets are first weakened. The importance of overcoming these inter-sheet hydrophobic
interactions to efficiently dissolve cellulose has recently been stressed by several
researchers (Gross and Chu 2010; Lindman et al. 2010).

A weaker cellulose sheet-packing would add rotational freedom to the C6
hydroxyl group that is involved in intermolecular bonding to the C3 hydroxyl group of
the neighboring chain in cellulose I. Moreover, the C6 hydroxyl is less sterically hindered
than the C2 and C3 hydroxyls, even though these are in equatorial positions. Therefore, it
most likely interacts more strongly with the bulkier acetate anion than with, for example,
the previously mentioned chloride anion. Once the energy barrier to the gt conformation
is lowered, the acetate ion is assumed to stabilize the C6 hydroxyl in this position along
the polymer chain, thereby facilitating the conformational changes required for solvation
to proceed. This process would be further aided by the aforementioned extra acetate-
hydroxyl interactions and a gain in entropy as the many non-specific MIM-cellulose
interactions are lost when the acetate ions are introduced to the mix. The relatively strong
bond of the acetate anion to the hydroxyl groups of 14 kcal/mol (Liu et al. 2010) is
assumed to keep the anion associated to the cellulose chain, even if additional co-solvent
is later added, thus keeping the cellulose in solution.

Solvation in the present system proceeds through a ballooning mechanism
observed from 2 mol % of IL per AGU (Fig. 6, column C2). The phenomenon has
previously been reported to occur during solvation in cold alkali (NaOH), NMMO
(Lyocell process), and IL/DMSO systems (Cuissinat et al. 2008). The exact origin of the
ballooning effect is not yet fully understood.

The micrographs in Fig. 6 further substantiate the significant change in fiber
properties between samples C1 and C2 recorded by the FBRM. Moreover, upon the
addition of small amounts of IL (C1), the fibers were less solvated at the higher
temperature (Fig. 4c-f). This result was only detectable with the use of the in situ FBRM
probe. To make similar detections by microscopic means, a huge data set would have to
be sampled and analyzed, and image analysis software would likely be needed. The
temperature effect was noticeable in both fractions, but was more pronounced in the long
fiber fraction (Fig. 4c,d). Most likely this is an entropic effect and is probably caused by
cellulose aggregation. It is believed that cellulose can adopt conformations that create
surfaces of different hydrophobicities at different temperatures (Medronho et al. 2012).
Therefore, cellulose would decrease or increase the net strength of the inter-sheet
hydrophobic interactions depending on the temperature in the chemical surrounding.

Generally, as temperature increases, so does the internal energy of the polymer.
This would weaken any bonding interactions of the cellulose, a phenomenon that
counteracts the mentioned entropic effect on the route toward solvation. In the current
solvent system, entropic effects thus dominate the solvation behavior under set
conditions.
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Fig. 6. Micrographs show solvation in samples C1-C4 (from left to right) for material that is 1) un-
fractionated at 50 °C, 2) fractionated with d < 0.088 mm at 30 °C, 3) fractionated with d < 0.088
mm at 50 °C, 4) fractionated with 0.5 <d <1 mm at 30 °C, and 5) fractionated with 0.5 <d <1
mm at 50 °C, according to row numbering. The width of one micrograph is roughly 460 pum.

Xylan Solvation Experiments

Xylan solvation was observed to be slower than cellulose solvation. However,
xylan samples appeared to be solvated after 4 h. In early attempts, ordinary stir bars were
used during the solvation, but these proved inadequate for keeping the xylan particles
sufficiently dispersed during the process. This led to large, sticky aggregates clumping
together at the bottom of the vial. The problem was solved using cross-shaped stir bars
that allowed for less sedimentation, even with dense particles. This problem highlights
the importance of mixing and thus providing sufficient solvent/solute interaction
interfaces during solvation. This is particularly true for working with polymers, where
solvation is often slow. In contrast to all other samples, X9 was found to give the best
solvation both at 50 °C and 70 °C, indicating an optimum solvation media at 26% ionic
(n/n) (Fig. 7) and 9 moles of IL per AXU.

As mentioned in the introduction, the diversity of xylans makes the solubility of
the polymer difficult to predict, and factors of importance are the substitution pattern and
DP of the xylan, as well as pH and ionic strength of the solvating media. An optimum of
these factors is evidently found in the X9 sample treatment for the xylan used. Solubility
increased vastly upon raising the temperature without causing any significant
degradation. Almost all molecular weight values fell within the standard deviation (1.5
kDa) of the reference xylan. The only samples that diverged from this behavior were
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found in the regenerated samples X6(2) at both temperatures, which fell just below the
standard deviation limit. The undissolved sample, X6(1), treated at 50 °C, showed a
lower amount of xylan than the other samples. These results could indicate a slight
degradation in the X6 sample treatment. However, further experiments need to be
performed to establish this.
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Fig. 7. The bars display the amount of regenerated material after xylan solvation at 50 °C and at
70 °C for samples X0-X21 (Table 1). Line plots display Mw for residual* and regenerated
materials of the same. Untreated xylan had an Mw of ca. 21 kDa (standard deviation of 1.5 kDa).

The high dependence of xylan solvation on temperature is as expected because the
lower DP and lack of crystal packing of xylans as compared to cellulose mean that the
entropic resistance to solvation is much smaller. Furthermore, because MIM is a
relatively hydrophobic liquid, solubility of the xylan should initially increase as the
concentration of the highly polar organic molten salt (IL) is increased. This is precisely
what is observed in the data set for the 50 °C samples (dark bar diagram in Fig. 7). After
a concentration of 9 mol % IL in the sample is reached, the solubility is again reduced
upon further addition of IL.

It should be noted that the apparent viscosities of the samples also increase as the
more viscous IL is added, and this likely affects the solubility to some extent because
solvent/solute transport becomes more hindered. However, when samples were rechecked
after 24 h (prior to regeneration), no clear changes in solvation state were detected.

Xylan was furthermore observed to form aggregates under certain conditions (Fig.
8a, X12-X21). The aggregates were formed at higher concentrations of ionic liquid (i.e.,
higher ionic strength) and could thus be partly attributed to the polymer “salting-out” of
the solution.

Salting-out can be expected to be less pronounced at higher temperatures, where
solvent capacity is higher, and thus the involvement of a salting out mechanism agrees
with the data presented. Consequently, and because degradation in all the xylan samples
was low, solvation is largely attributed to the chemical and physical behavior of the
polymer in the solvent system. Because solubility was controlled by varying the MIM-to-
EMIMAC ratio, it is plausible that similar solvation optima can also be established for
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other xylans, for example, those isolated from biorefinery feedstock at different points in
the process.
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Fig. 8. FBRM data from both temperature series are displayed in graph a) for 50 °C and in b) for
70 °C. The micrograph in a) shows xylan aggregation in sample X21 at 50 °C, and that in b)
reveals nearly complete solvation in sample X3 at 70 °C.

CONCLUSIONS

1.

The developed solvent system of co-solvent MIM and ionic liquid EMIMAC is highly
effective for cellulose and xylan solvation on a small scale. Both cellulose and xylan
tend to aggregate in certain co-solvent/solvent mixtures where solubility is poor.

The solvation of cellulose in the solvent system is highly dependent on the EMIMACc-
to-AGU ratio. When cellulose solubility is low in the system, solubility is further
decreased as fiber length is increased. The effect is more pronounced at 50 °C than at
30 °C.

Slightly more than three acetate ions per AGU are required to solvate cellulose in the
present system. This translates to an IL concentration of 6 to 8 mol % in MIM or 3 to
4 mol % IL per AGU.

Xylan solubility is greatly influenced by the temperature in the system. A temperature
of 70 °C always gives a higher solubility compared to 50 °C. For experiments
performed at 70 °C, a solubility plateau is reached at 3 mol % IL per AXU. A
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concentration of 26 mol % of IL in MIM, equal to 9 mol % IL per AXU, most
efficiently solvates the beech xylan at 50 °C.

5. FBRM probe technology can be used as an efficient tool for in situ monitoring of the
solvation of both cellulose and xylan. The FBRM can detect variations in solubility
with temperature in solvent mixtures of poor cellulose solubility that are difficult to
detect with other methods.
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