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ABSTRACT

In the last years there is a growing interest i@ pinocessing of cellulose and other
biopolymers such as lignin, hemicellulose or chitnorder to use them as a raw
material for obtaining materials, chemicals anddu&ven when cellulose is the most
abundant natural source of carbon, most of it is aurently processed due to the

difficulty of dissolving it.

Traditionally, cellulose is mostly used for papeoguction using highly pollutant

processes with strong acids and bases. In theyéast there is a growing interest in
using cellulose for material processing or as acotor producing chemicals and new
process are under developments. Most of them aedban the fermentation of sugars
from cellulose after an acid or enzymatic pre-tresit to obtain bioethanol, but this

kind of processes present a number of limitations.

In 2002, the pioneer work of Swatloski and co-weskdemonstrated that some ionic
liquids were able to dissolve cellulose in high @amtrations becoming a promising

media for the processing of polymers, which creatéatge interest in industry.

In the chapter 1the state of the art of cellulose processing mcdiquids is analyzed.
In first place an introduction about cellulose, i@hiquids and the mechanism of
dissolving cellulose in these solvents is preseritethe second part, an analysis of the
new technologies developed in the field of biompssessing using ionic liquids is
presented, paying special attention to the pajauittished and the companies involved
on its development. These technologies have beeidedi into six main groups:
dissolution and precipitation of cellulose; biomdsactionation; delignification or
cellulose pretreatment for hydrolysis reactions aorfermentation process for the
production of bioethanol; reactions to obtain kefining products and chemicals;
preparation of cellulose composites and substitutieaction to obtain cellulose
derivatives. lonic liquids have generated a loirtérest as a clean alternative to the
traditional polluting processes, both in industndacademia, owing to their capacity
for dissolving biopolymers. The processes propasedsimple and relatively easy to
implement being somehow limited by the high vistosif the mixture biopolymer/IL

and in some cases with the recoverability and dabyldy of the IL. Since 2005 to the
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present more than 70 patents related to the priogest biomaterials to form different

chemicals and fuels as well as composite mateaiadissubstituted polymers, have been
published. A great number of these patents are dwgecompanies such as BASF and
Eastman Chemical Companies. Nevertheless, none he$et processes is yet

implemented at industrial scale.

The second partof this work is devoted to the determination of/gibal properties of
cellulose dissolving ionic liquids. As ionic liquedare relatively new substances,
physical properties determination and their modgliplay an important role in almost
every research related with ionic liquids, becamsenany cases these properties are

unknown of determined with high uncertainty.

In chapter 2 the densities and viscosities of aqueous mixtuwkegwo cellulose
dissolving ionic liquids, 1-allyl-3-methylimidazeoim chloride [amim][CI] and 1-ethyl-
3-methyl imidazolium acetate [emim][Ac], have beexperimentally determined for
water concentration up to approx. 35% water at gpheric pressure and temperature
range from 298.15 to 373.15 K. These two ionicitiguvere selected because they are
two of the most widely used for cellulose procegsidsing density data molar excess
volumes were calculated, resulting in negative esliliterature viscosity correlations
were modified in order to describe the viscosityadsnction of temperature and water
concentration for both water concentrations loweamt x,,0=0.4 and for all the water
concentration range. These modified equations \apmied to correlate viscosity of
water + ionic liquid viscosity data for other 1-@hH3-methylimidazolium chloride ionic
liquids as well as for ethanol + 1-ethyl-3-methylidazolium acetate from literature

obtaining a good reproducibility of the data.

In thethird part , chapter 3, performed in the laboratories of QUILL in the @ués

University of Belfast (UK), a new approach for imoping cellulose processing using
ionic liquids was undertook. The use of protic @fiquid (PIL) was proposed. This
kind of ILs has the particularities that can beilgascovered by distillation, recovering
the constituting acid and base that can be lated us re-synthetize the PIL. After
testing several acid and base, the optimum PIL gntbose investigated for cellulose
processing was found to be that synthetized by nygixthe strong base 1,4-
diazabicyclo[4.3.0]non-5-ene and methoxyacetic afitbnH][MeOAc]. This PIL
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present a melting point of 30°C and viscositiesdothan those of imidazolium chloride
ILs. This PIL was able to dissolve 10% cellulosemeight at only 40°C in 3 h stirring

and can be used to synthetize cellulose acetate.

In thefourth part of this work, the use of C{as a co-solvent for viscosity reduction in
biomass processing using ionic liquids is analyZemldo so, the selected ionic liquid
was the 1-butyl-3-methylimidazolium chloride [bm{@l]. This ionic liquid has been

widely applied for biomass processing due to itghhsolubility but presents the

inconvenient of its high viscosity and melting goin

In chapter 4, densities and viscosities of the ionic liquid dty-3-methylimidazolium
chloride were determined and other properties ag#ities of CG, and melting points

compiled from literature.

In chapter 5 the influence of C®in several reactions for cellulose processing is
studied. The processes for cellulose processingidered in this chapter were
hydrolysis and synthesis of cellulose acetateirbt place it was proved that Gdid

not cause cellulose precipitation, it was testedkbgping a cellulose solution of
[bmim][CIl] under CQ atmosphere for several days without observingulose
precipitation. Similar results were obtained in fohgsis with and without C®
atmosphere. This can be explained because in tm®lggis process water was used as
a reagent and the reduction of viscosity causeddner is higher than that caused by
CO,. Nevertheless at pressures of Qgher than 45 bar a reduction in the hydrolysis
was observed. The production of cellulose acetats \wighly decreased when
performed under COatmosphere. It was hypothesised that part of ttetykating
reagent (acetic anhydride) could be in the, @@ase. Because under the P-T conditions
used it present a solubility of 70% in mol in £@hase. Nevertheless there are not data
available of the influence of [bmim][CI] in this eijorium. The preliminary
experiments performed in this work are not suffiti® explain the reason why the €0

is decreasing conversion in this reaction.
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OBJECTIVES AND CONTENTS

The objective of this work is to develop solutions for the cumrehallenges of the
biomass processing in ionic liquids media. To dahso following specific objectives

were proposed.

In the first place to make a detailed study of stete of the art in order to understand
the process and identification its main limitatioi® the realization of this objective
was devoted the part 1 (chapter 1) of this workwhich the dissolution process of
cellulose in ionic liquids is studied and the maidustrial processes developed so far

analyzed.

The second objective was to experimentally detezramd model the main properties of
the most frequently used ionic liquids for biomasscessing. One ionic liquid of the
imidazolium chloride family and other of the imiddimm acetate families were
selected. As one of the main limitations of thesaid liquids was their high

hygroscopicity, it was propose to determine thdugrice of water content in their
densities and viscosities as well as to find aeatation for viscosity as a function of

water content that may be of general use. Thisctibgewas worked in chapter 2.

The third objective was to find a solution of ILcyelability and try to dissolve cellulose
under mild conditions. To do so the use of pradtis Was proposed. This objective was
performed in collaboration with the team of proéd8on from the Queen’s University
of Belfast (UK). It is proposed to find a protic Hble to efficiently process cellulose.
Chapter 3 is dedicated to the accomplishment efdhjective.

The last objective was to try to solve one of th@miimitations of the process, the high
viscosity of the ionic liquids, by using carbon xide as a co-solvent. It is well known
that the use of molecular co-solvents can highlgre#se viscosities of ionic liquids.
This fact has widely used in biomass processingh wibnic liquids using
dimethylsulfoxide as a co-solvent. In this worke tiise of carbon dioxide was proposed
instead of using organic solvents. Carbon dioxitldasi a green solvent without
environmental limitations that can dissolved in lhsconcentrations as high as 70% in

mol in some cases and decreasing its viscosity raetting points. C@ has the
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advantage that can be easily separated from the without causing cross-
contamination. To do so the IL [omim][Cl] was s#&xl due to its high capacity for
biomass processing and its high viscosity and nggjtoints.

This objective has been developed in chapter 4and
In chapter 4 the objective was to compile and detez experimentally some main
physical properties of this IL such as melting peinviscosities, densities and €O

solubilities.

In chapter 5 the objective was to analyze the arfie of CQas co-solvent in several

process for cellulose processing: hydrolysis afmtution of cellulose.
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Chapter 1

Chapter 1. Patents Review on
Lignocellulosic Biomass Processing Using
lonic Liquids*

Abstract

With depletion of the resources, biomass beconm@®mising source of chemicals and
fuels, currently obtained from petroleum. Cellulosethe most abundant material
produced in the earth, but most of it is not preeedsdue to the difficulty in dissolving
it. Dissolution of cellulose requires severe terapg@e, non-conventional solvents
and/or extreme acid or basic conditions, and iscgssing is very pollutant. lonic
liquids are presented as clean solvents for caléul@hese are substances composed
entirely of ions that are liquid at room temperatukmong other interesting properties,
ionic liquids are non-volatile and they are goodveots for a number of substances.
Processes for cellulose processing in ionic ligudsve been patented for several
applications, being the most important: pre-treatinier biomass prior to fermentation
for bio-ethanol production, hydrolysis for obtaigirchemicals from biomass and
substitution reaction for obtaining derivativesceflulose and other natural polymers.

*This chapter was published as: C. Jiménez de la&a\. Navarrete, M. D. Bermejo,
M. J. Cocero, Patents Review on Lignocellulosicnisies Processing Using lonic
Liquids, Recent Patents on Engineering, 2012, 453%)181
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1. INTRODUCTION

Nowadays, policies promoting the use of renewabrgies and the rational use of raw
materials are highly demanded. Thus, the developroémew processes based on
renewable raw materials and energy sources as bgimanecessary to support those
requirements.

Lignocellulose is the most abundant vegetal biomlss mainly composed of three
fractions: cellulose (30-60%), hemicellulose (2@4)0and lignin (10-30%), which are
associated with each other.

Lignin is a high molecular weight derivate of tlenorphous heteropolymer
phenylpropane. The main purpose of lignin is tegtructural support to the plant. It is
not soluble in water which makes the degradatidimgafn very tough [1].

- Hemicellulose is a complex carbohydrate structiiae consists of different polymers
of pentoses, hexoses and sugar acids. Its mainamenpis xylan [1].

- Cellulose is the most abundant polysaccharidetare, with an annual production of
75 x10 tons/year [2]. It is constituted HyD-glucose chains, consisting partially of
crystalline and amorphous structures. Breaking issaliving cellulose is relatively
difficult in comparison with other polysaccharidbscause glucose molecules bind
strongly together. It is not soluble in water oheat conventional solvents at room
temperatures. Thus, it is necessary to use stroidgoa basis and/or high temperatures,
what makes cellulose processing extremely pollutigy this reason, currently, only
0.2x10 tons/year are processed [3].

The main industrial application of cellulose is theduction of paper usually from
wood (ca. 150x1Dtons/year). It is used after partial removal oé thon-cellulosic
(lignin, hemicelluloses) constituents from its amg fiber form. Most of the long-
haired cotton fibers (ca. 15x°fbns/year) are used in the manufacture of textlegy

a minor portion of cellulose (ca. 5¥l@ns/year) is used as starting material for the
production of synthetic cellulosic fibers espegiabters and other cellulose derivatives
[3].

Basic chemicals (“building blocks™) such as glucasel lactic, glutaric or succinic
acids etc., can also be obtained from celluloseadher polysaccharides such as starch.
These molecules can be easily transformed into &dgled value compounds [4]. This

is known as biorefining [5].
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Recently, several studies and bibliographic revieesge been published where different
chemicals are prepared from lignin [6] and celleld§] using methods, such as
dissolution, hydrolysis, reaction, gasificationseparation.

Traditional methods for the hydrolysis of cellulom® acid and enzymatic hydrolysis.
Even when these processes have been remarkablpvetpin the last years, they
present serious limitations. Enzymatic hydrolysigxpensive and time consuming, and
sometimes requires biomass pretreatment. Acid Ihy&lsy in turn, is limited by
corrosion problems and it requires of high enecgpte-treatment and/or separation of
the waste produced in the neutralization processes.

In 2002, Swatloski et al [8] proved that cellulosan be dissolved in high
concentrations in a novel kind of solvents calledig¢ liquids. lonic liquids as green
solvents could be the basis on the developmenieaher processes to substitute highly
polluting ones used currently in cellulose (or bgellulosic compounds)
transformation.

In this work, a brief introduction about ionic ligis is made, followed by an exposition
of how the cellulose dissolution process works. irfan part of the work is devoted to
the new technologies that have been developeckifigid of biomass processing using
ionic liquids, paying special attention to the pdgepublished and the companies
involved in its development. These technologieseh&een divided into six main
groups: dissolution and precipitation of cellulobgmass fractionation; delignification
or cellulose pretreatment for hydrolysis reactimmsa fermentation process for the
production of bioethanol; reactions to obtain kefining products and chemicals;
preparation of cellulose composites and substitutieaction to obtain cellulose

derivatives.
2. IONIC LIQUIDS

2.1.Definition and main properties

lonic liquids (ILs) are substances composed emtioélions that are liquid at room
temperature, opposite to what happens to convailtiomorganic molten salts that
require much higher temperatures to be melted.l@Glwamelting points of ionic liquids

are due to the high degree of asymmetry betweaaonsabnd anions, which makes it

difficult to form a solid crystal net [9].
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lonic liquids with different properties can be dyesized by combining different cation
and anions. Thus, they are considered taylor-mabersts. Most widely used cations
are those derived from pyridinium (py) or imidamoh (im) with alkyl substituents, and
specially those with 1-alkyl-3-methyl imidazoliuraniim). Among the most studied
anions are bis(trifluoromethylsulfonylimide) ¢N), triflate (TfO), hexafluorophosphate
(PR), tetratfluoroborate (Bf, alkylsulphates (RSf), nitrate (NQ), acetate (Ac), as
well as Cl, Br and I anions. The structures of these substances cabderved in

figure 1.
e O _9 N
_N__N F3C-S—N=S-CFj 7/ \
N TR 1 T N C
R2 1 O O
imidazolium bis(trifluoromethylsulfonyl)imide dicyamide
R | 0
+ F H 0o
NS Fi | oF R A /
| BN B o—s( -
20N e | TN
= F R .
pyridinium hexafluorophosphate tetrafluoroborate alkylsulphate

Figure 1. Most frequent cations and anions pregeinic liquids.

In recent times ionic liquids have become very papdue to some special properties.
The most remarkable one is their negligible vapasgure. In contrast to the volatile
organic solvents normally used in industry, thepewation of ILs into the atmosphere
is low which decreases the contamination of tharenment. Due to this property they
are usually considered green solvents.

They present a high capacity to dissolve substancasvide range of polarities at high
concentrations (organics, inorganics, polymersuiticlg cellulose etc.). In addition

their solvation properties can be also tuned by d@hpropriate modification of the

cations, anions or both [9].

Other important properties of ionic liquids aredwirange of temperature in the liquid
phase which can improve the control of kineticéiqaid phase reactions; high thermal

and electrical conductivity; wide electrochemicainglow and high electrochemical
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stability against redox reactions [10]. Most ioriquids are non-flammable and
thermally and chemically stable and can be recavanel recycled.

As an inconvenient it can be mentioned that vismssiof ILs are relatively high
compared to those of common organic solvents (oribree orders of magnitude). For
a variety of ILs it has been reported to range fié#nto 1110 mPa at 20-25 °C. The
design of less viscous ILs is still a challengerfamy applications [11].

2.2.Impurities in ionic liquids

It is known that physical and chemical propertiésLs and their catalytic activity can
be significantly influenced by the presence of $raatounts of impurities [12]. The
most frequent impurities found in ionic liquids asater, halides, bases and metals.
Most impurities come from ILs mode of preparatitimys it is extremely important to
monitor the purity of ionic liquids.

Water, on the other hand, can be accumulated inbiL®bsorption of moisture (in
general, ILs are very hygroscopic). Depending aairthtructure, mainly in the anion,
the IL can be miscible or immiscible with water [1131]. Even the water-immiscible
ionic liquids are hygroscopic and are able to dissap to 1% of water [12]. The water
content has a much stronger effect in the physicgberties of the hydrophilic ILs than
in those of the hydrophobic ones [13]. Contamimatd ILs with a molecular solvent
dramatically decrease viscosity and increase déstetal conductivity. Small amounts

of impurities, such as water or chloride, incresigghtly thermal conductivities

2.3.lonic liquids as reaction media

lonic liquids present high potential as reactiondiaeas well as catalysts for some
processes [15-18]. They present advantages as dulylation power that makes it
possible to reduce the size of reactors. As thexgtdoite an ionic media, new reaction
mechanisms, different from those found in molecsla@wents, are presented. Catalysts
soluble in ILs such as transition metals can bbilstad, which increases their useful
life. Transition metal can also be supported inllanusing a molecular solvent as a
reaction media [19]. In fact, the most importanhtcioution of ILs to catalysis is the
enhancement of catalytic performance (activityest@lity or new chemistry) and the
possibility of catalyst separation and recyclingitmynobilization in the IL-phase. Some

of these processes have already been scaled ilpttorgndustrial scale [20, 21].
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Enzymatic reactions can also be performed in IL ime@2. In general, an
over-stabilizing effect on biocatalysts comparedréalitional organic solvents without
affecting the yield of the process has been obsd&].

3. CELLULOSE AND ITS SOLVATION PHENOMENA

3.1.Cellulose structure

Previous to its use most commercial applicatiomglire to dissolve the cellulose. To
understand how this can be done, it is necessaknowv the structure of the solid
cellulose and how it changes when it is dissolwedrbionic liquid.

Cellulose is formed by an interconnected monomet (as every polymer) called
cellobiose. Cellobiose is composed of two glucosdenules that are linked by an
acetal function connecting C4 and C1 carbon at@wang to the acetal bonds of the
oxygen, every second molecule is rotated 180° [Z#E highly stable structure of
cellulose has been explained by the hydrogen btmaisare formed in the molecules

and between chains of molecules.

The degree of polymerization (DP) of cellulose xpressed in terms of glucose units
and it is dependent on the source and treatmetiteopolymer. Several examples are
shown in Table 1.

Table 1. Degree of polymerization of cellulose faifferent sources.

Source DP
Cotton 800 — 10000
Wood 300- 1700
Bacterial 6500-10000
Microcrystalline 150 — 300
Regenerated 250 — 500

The crystal structure of cellulose in nature idutese | (native cellulose). This is a
mixture of two crystalline phases named la andnid #neir proportions depend on the

origin of cellulose [25, 26].

3.2.Main phenomena involved in cellulose dissolution

Currently, the study of the phenomena involved @ludose dissolution is widely
studied in scientific literature [27, 28]. First afl, it is necessary to understand the

28



Chapter 1

influence of thermodynamics, mass and energy teankhitations as well as the
influence of the structure of cellulose on its ploigsinteraction with a given solvent.

* Thermodynamic limitation€Owing to the higher entropy generated, low mdiscu
weight polymers are easy to dissolve. Conversdig, dissolution of cellulose will
become more difficult as the DP is increased. Bessithe highly stable bonds present
in cellulose makes it stiffer decreasing conseduéhée entropy generation for a change
in the conformation of the molecule. Something et#iht occurs when dealing with
ionic polymers where an increased number of iomdrimute to the entropy generation
in the solution [28].

* Mass and energy transtefhe dissolution of a particle formed by a polyrhas to
include a step where the solvent first diffusescbptact inside the polymer and then
takes the molecules out of the particle into tHeesd. During this process, diffusion of
the interacting substances, energy exchanged dumiropg stages and mass transfer
resistances are all involved. Therefore, it wouddnecessary to identify these effects
during a solubility measurement [28].

» Structural and molecular factar€rystallinity, structure of the solvent and pdhar
of the solute-solvent system are, at the same timflagncing the solvation process [27,
28].

3.3.Dissolution of cellulose

When the dissolution of cellulose occurs due termblecular interactions, the solvent
is considered “non-derivatizing”. On the other hamghen these interactions are
accompanied by the formation of unstable etheergst acetal derivatives, the solvent
system is considered “derivatizing” [29]. All thellwlose solvents considered so far
have one thing in common: high polarity.

The following non-derivatizing solvents have beesedi with good results: aqueous
solution of sodium hydroxide (NaOH), cuprammoniumydioxide (Cuam),
cupriethylenediamine hydroxide (Cuen), N,N-dime#tt@tamide/lithium chloride
(DMAJ/LICI), dimethylsulfoxide/tetrabutylammonium uJbride (DMSO/TBAF),
N-methylmorpholine-N-oxide (NMMO) and ILs. Theiraim general effect is to form
competitive hydrogen bonds with cellulose [30-33].

There are several proposals of the main phenonméii@mcing the dilution of cellulose

in non derivatizing solvents which include: the abifity of the solvent to form cyclic
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structures; the role of the chloride ion in bregkintermolecular hydrogen bonds in
cellulose; the apparent coincidence of the amphephature of cellulose and that of its
solvents [24].

Some derivatizing solvents used include: triflueetec acid (TFA), NaOH/Carbon
disulphide (C9, DMSO/paraformaldehyde and N,N-dimethylformami@laitrogen
tetroxide (DMF/NQOg4). During the cellulose dilution they form unstablellglose

intermediates which render side reactions and umeléstructures [29].

4. DISSOLUTION OF CELLULOSE IN IONIC LIQUIDS

Evidence on the dissolution of cellulose with iotiguids is a “hot topic” in the
scientific literature since 2002 when the solupibf cellulose in several ILs was proven
[8]. It has been found that different ionic liquidsn dissolve cellulose in concentrations
around 20%.

While ILs with a weak coordinating anion, such aBs8nd Pk do not dissolve
cellulose, ILs derived from alkylimidazolium chlde [amim][CI] could dissolve up to
25% in mass of cellulose [8]. There is evidenc¢him process of dissolution that bond
formation between ILs and cellulose is catalyzedbbges [24]. NMR studies on the
dissolution mechanism of cellulose inyf@M][CI] indicate that the anion of ILs acts as
a hydrogen bond acceptor which interacts with yardxyl group of cellulose [34, 35].
In fact, ionic liquids able to dissolve high contration of cellulose have been found to
present Kamlet—Taft parameters indicating a highanig. Both 3 hydrogen bond
basicity parameter amt dipolarity parameter with values near to one [36]

Only the ILs that have asymmetric cations dissaekulose [30]. The most important
role in cellulose solubilization was played by theion which was able to accept
hydrogen bonds and which substituents were notybotk hydrophobic. The most
frequently used anions are the following [15, 24]:

» Halide based-ILs, especially with the chloride aniorhe higher the anion
concentration, the better the solubilization. Thtise small size and the strong
electronegativity of the chloride are obvious adages [37]. In addition, ILs with
halide anion are cheap as they are used as startitgyials for obtaining most ILs. On
the other hand, the high melting point of chlorlmlesed ionic liquids (Tm>70°C), the
high viscosity and high hygroscopicity make theintdling difficult [24]. The relatively
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high temperatures (T>80°C) required for dissolvagilulose can result in cellulose
modification by ILs themselves [38].

» Formate based ionic liquids present higher celkidubilities than chloride based
under mild conditions. This result can be explaibgdhe low viscosities of these types
of salts [39]. However formate ILs generally exhilbw thermal stability, due to
decarboxylation [40] and are known to be quite ®asid unsuitable for enzymes [41].

» Acetate-based ILs constitute an interesting alter@eadue to the lower melting
point, lower viscosity and their less toxic androsive character compared to chloride-
based, and higher thermal stability compared tmé&de [41].

* lonic liquids with alkyl-phosphate anions allow tlpeeparation of a 10 wt%
cellulose solutions (at 45 °C for 30 min) with 8iig, or to dissolve 2—4 wt% cellulose
without heating. Also, phosphate-based ILs prebagtt thermal stability in the 260—
290 °C range and low viscosities [40].

Even though little or weak interaction exists bedweation of ILs and cellulose, their
role in the dissolution mechanism should not belewgd [37]. Pinkert et al [42]
proposed that, in order to dissolve cellulose, dhgons of the ionic liquid should be
aromatic heterocycles with a Sp2 nitrogen heteroatthey should have ability to
delocalize the positive charge and to participat@ydrogen bonding and dipolar ring
character. The most successful cations for cekuldssolution are based on the
methylimidazolium (mim) and methylpyridinium (mpgpres, with allyl-, ethyl-, or
butyl- side chains [43]. Even numbers of carbometan the alkyl side chain show high
cellulose dissolution in the series @ G, compared with odd numbers [44[he
maximum dissolution power is reached with thes@e chain and increasing the alkyl
chain leads to a decrease in cellulose solubitimatin addition, it is known that
incorporating hydroxyl groups to the alkyl chairees to enhance cellulose solubility
[44]. This could be due to the additional polaritythe heteroatomic substituents on the
imidazolium ring. Double bond containing side chaiduce the viscosity of the IL
[39] and increase its polarity [44].

This explains why, allyl functionalized imidazoliumhs present superior results in
cellulose solubilization compared to conventiorylamidazolium cation ionic liquids.
Apart from the structure and the properties ofitmec liquid itself, the ability of ILs to
dissolve cellulose depends on the nature of thévenatellulose (its DP and its
crystallinity) on the operating conditions (temgara, reaction time, initial

concentration of cellulose in the IL, activationtvimicrowaves or ultrasounds) and
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presence of impurities, mostly water, that can igantly change the result [15, 42].
Indeed, the use of non-dried ILs can affect theulsibty of cellulose and it was
demonstrated that severely dried ILs are indisgdadar an optimal dissolution [15].
The solution mechanism implies the formation of dogen bonds between the ionic
liquids and the alcohol groups of cellulose, thtigo-solvents able to form hydrogen
bonds with the ionic liquids are added, the soltybibf cellulose in ionic liquids
decreases [42]. This is the reason why precipitatf the cellulose from the ionic
liquid media is produced by mixing the solution lwd dipolar solvent such as water,
acetone or ethanol.

To dissolve cellulose in ionic liquids convectiveating and stirring can be used but
microwave energy and ultrasounds have been suotigsapplied. Microwave energy
takes advantage of high conductivity of ionic lidwo produce a localized heat. Thus, it
is possible to generate heat directly inside thacidiquid without the restrictions
imposed by conductive and convective heat transomsaechanism. On the other hand
morphological changes in cellulose have been obgdewhen applying microwave.
These changes could increase reaction rate oflasdlun ionic liquids [28]. High-
intensity ultrasound has also been explored astmsification technology to reduce
time of the solvation and processing of cellulosenic liquids [45]. Both technologies

are worth to be explored.

5. PROCESSES BASED ON THE SOLUBILIZATION OF POLYMERS I N
IONIC LIQUIDS

The process of dissolution of cellulose in ioniguids was taken up by the research
group of Robin Rogers in the University of Alaba(s) [46]. It was the starting point
of the publication of a number of research artieled patents related to the dissolution
of lignocellulosic materials in ionic liquids. Fro2005 more than 70 patents has been
published proposing different processes for bionpagsessing in ILs.

BASF Company showed an early interest in cellulps®essing using ionic liquids
acquiring the exclusive intellectual rights of fk@cesses developed by the University
of Alabama in the year 2005 [47]. Other companigshsas Weyerhaeuser Company,
Grasim Industries limited, Samsung electronics,ct&ro & Gamble, Se Tylosand

Eastman Chemical Company have also patented pescbased on ionic liquids.
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In this section, first the dissolution and pre@piin processes are presented. Then
lignocellulosic materials fractionation processesobtain mainly cellulose, or as a
pretreatment to enzymatic or fermentation processessummarized. Processes for
obtaining chemicals and biofuels, or other compgssiare later presented. Finally,

different patents for functionalization of celluéoare explained.

5.1.Dissolution and precipitation processes

In 1934, a method for the dissolution of cellulasebenzylpyridinium chloride was
described in patent US 1,943,176. It can be corsidthe precursor of dissolution of
cellulose in ionic liquids [48]. In recent time2003, the University of Alabama,
through Swatloski et al, patented a process obtliisn and precipitation of cellulose
in ionic liquids [46]. In the process the mixtureaellulose and ionic liquid is stirred
until complete dissolution. Microwave radiation danused to ease dissolution process.
Cellulose can be regenerated from the ILs in aewardf structural forms including:
flocks or powders (prepared by bulk quenching)etylfibers, extrudates, and films, by
adding a protic substance, such as water, alcah@thers.

Different patents for the dissolution and precijata of cellulose in ionic liquids have

been developed. These processes are summarizduerpt

Table 2. Patents of processes for cellulose disisml and precipitation in ionic liquids.

Title / Company Conditions/ILs Precipitation shape
Dissolution and processing of Cellulose: 5-35%wt
cellulose using ionic liquids| - H,O< 1% wt
(2003) [46] IL: quaternary ammonium cation

Flocks, powders
tubes, fibers,
extrudates, and films

Method for modifying the Cellulose: 35-50%wt
structure of a cellulose T: 25-120°C
material by treatment with an-  IL: cations: quaternary ammonium, oxonium, -

ionic liquid (2008) [49] sulfonium or phosphonium; anions:
BASF polyatomic anions
Cellulose solutions in lonic| - Cellulose: < 35%wt
Liquids (2008) [50] - T<180°C -

BASF - IL: cations with protonated N, O, S or P
Solubility of cellulose in Cellulose: 1-25%wt
ionic liquids with addition of| - N-comprising base: 6-30% wt

amino bases (2010) [51]|- T< 180°C
BASF - IL: anions: CI", CH;COO or CH;SO3"~
Improved process for |- Demineralization:
dissolving cellulose- - T:25-200°C

containing biomass materigl- IL: organic cation and inorganic (halogen)
in an ionic liquid medium anion. Salt hydrates: ZnChHO. Inorganic
(2011) [52] molten salt hydrate
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Novel compositions and
methods useful for ionic
liquid treatment of biomassg

(2011) [53]

IL+aprotic solvent + biomass

Cellulose 15%wt

Molar ratio ketone: Alcohol: IL (X:Y:Z
X>3; 0.8<Y<1.2; Z=1
IL:[C.omim][Ac], cation;
alkylimidazolium;  anions:
methylsulfate, hydrogensulfate, thiocyan
or halide

1-alkyl-3-

alkylsulfate

ate

Cellulose matrix
encapsulation and method
(2004) [54]

Cellulose:10-25%wt
Weight ratio cellulose :
1000:1- 1:2

Absence of water
Hydrophilic ionic liquid:cation: imi; anions:
halogen, perchlorate, pseudohalogen pCg

active substar

ce

(2005) [55]

hexafluoroantimonate (SBB, nitrite (NG,
sulfate (SQ7)

carboxylate
Polymer dissolution and |- T: 100° C microwave or ultrasonic. Resins and blends
blend formation inionic |- IL: organic cation; anions: halogens, as molded or
liquids hexafluoroarsenate (Ash,| extruded plastic

objects, fibers,
beads, or films

Cellulose: 1-35 %wt

Non-fibrillated

fibers therefrom (2007)
[57] Weyerhaeuser Co.

pseudohalogen or carboxylate.

- H,O > 5%wt fibers
Solvent system based on|- IL + protic solvent. Cation: imi; anions:fibers having a high
molten ionic liquid (2008) halide, perchlorate, pseudohalide, sulfate degree of
[56] BASF (SO%), phosphate (Pg), alkyl-phosphate  crystallinity
or a C1-C6-carboxylate ion. (CI>0.5)
Method for processing |- Cellulose:1-35%wt
cellulose in ionic liquids and- IL: cyclic or acyclic cation; anions: halogen, Fibers and

nonwoven web

A process of manufacturing
low fibrillating cellulosic

Cellulose < 50%wt
Coagulation bath 40%> by weight of a prq
solvent

(=g

c

liquid/cellulose dope and

related products (2008)
[61] Georgia-Pacific

Consumer Products LP

Activated with an acid
IL: imidazolium salt with Cl or Ac anion

fibers (2011) [58] |- T:5- 60°C Fibers
Grasim Industries limited | - IL: heterocyclic ring system with 1 or 2 |N
atoms cation
Method for continuously
preparing cellulose/ionic Fibers
solution (2007) [59]
Celllose hollow fiber M | 1. [Bmim]cl,  [Amim]Cl,  [Hemim]Cl, ]
P m‘;tho | (2008) [6%] [Bmim]OH, [Amim]OH, [Hemim]OH
Inflated fibers of regenerated
cellulose formed from ionic| - Effervescing agent: powdered carbonate salt

Inflated fibers

Production of spherical
particles from solutions
containing a water-misciblg

Pressure: 10-60 bar through the die plate
Cutting: a knife along the nozzle plate swe

eps

(2010) [63] BASF

H,O <20%wt
IL: Symmetrical imidazolium compounds

solvent, according to the |- IL: cations: quaternary ammonium ()R Spheres

method of underwater oxonium, sulfonium or phosphonium (PR

granulation (2009) anions: mono-,di-,tri-,or tetravalent anion

[62] BASF
. Cellulose <50%wt
Process for producing .
c 9 - T 50-150°C

cellulose beads in ionic liquid Spheres
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Method for preparing
cellulose microsphere by
taking ionic liquid as solvent
(2009) [64]

Microsphere

With the subsequent patents published [46]-[644, dhginal process was improved in
different ways. Maase and co-workers [49] descalgocess for modifying cellulosic
material to obtain paper-like products by bringihgn contact with ionic liquid, but
without completely dissolving it, reducing in thigay the amount of ionic liquid
required. In other patent owned by BASF, MaaseZtedmann [50] propose the use of
ionic liquids that can be converted, by additioradfase, into a distillable form, which
makes them easier to separate off. In a third pdbd), the same authors add to the
cellulose —IL mixture a nitrogen-comprising béséncrease the dissolution rate of the
cellulose and to reduce the viscosity and theingefioint of the ionic liquid mixture.

In his patent, O"Connor [52] describes a method @Haws the use of biomass with a
relatively high amount of minerals. Minerals arenowed from biomass before the
addition of the ionic liquid to prevent them to olga the solvent properties of ionic
liquids.

Dible and coworkers [53] proposed a method for cby or recovering ionic liquids.
The solution of IL and biomass or cellulose is mixéth a second solution comprising
ketone and an alcohol solution to form a third 8oly where biomass or cellulose
precipitates or becomes solid and the third satutioes not form a gel or have a
viscous intermediate phase. The second phase nscgipating solution, and the third
solution is a precipitating mixture.

Holbrey et al [54] describe a method for encapswedctive substances such as dyes or
magnetic particles in regenerated cellulose. Tea@oa matrix of regenerated cellulose
prepared from an ionic liquid/cellulose solutiormsxed and homogeneously dispersed
with an encapsulated active substance free of wisltgtrices formed by this process are
capable of release the encapsulated materials fiysidn through the shell to the
surrounding medium at a slow rate.

In another patent, Holbrey and coworkers [55] pegpblend formation from two or
more  polymers such as cellulose, hemicellulose, rchsta poly-2-
hydroxymethylmethacrylate, polyamides or otherscdnsists of mixing at least one

ionic liquid with at least two different polymerioaterials to form a mixture. Then, a
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non-solvent such as water must be added to theumixd remove the ionic liquid from

the resin or blend. Resins or blends have predefaioperties.

Many of the inventions are focussed on the preatipih of cellulose in different shapes
such as fibers [56- 61] or spheres [62-64]:

- Fibers are obtained mainly by spinning the idigjaid/cellulose [56-58] and mixing in

some extension with protic solvents as water. Biloan be continuously obtained by
passing the ionic liquid muddy solution through aesv extruder for continuous

dissolution [59]. Koko [61] proposed the productiohinflated fibers of regenerated
cellulose and other regenerated structures fronc ilouid/cellulose by encapsulating
calcium carbonate or other effervescing agent gemerated cellulose. The calcium
carbonate is used to create carbon dioxide frorhimviibers that modifies the fiber

structure.

- Spheres can be obtained by coagulation of cadulGellulose dissolved in IL contacts
with a second solvent which is miscible with theimliquid but in which cellulose does
not dissolve. The coagulation of the cellulosetstamhen it interacts with the second
solvent obtaining cellulose beads. Solution or @ispn is forced through a die plate,
and it is cut on the opposite side of the nozziepin appropriate portions [62-63]. Lin
et al [64] propose sphere formation by adding immetticles in a low speed stirred
solution. An oil phase and a surface active agemtaglded and cellulose solution is
condensed into spheres by reversed phase suspeastbnprogram temperature

reduction.

5.2. Biomass fractionation

Before processing the different fractions of ligeiglosic, biomass must be separated.
Normally lignin and hemicellulose are removed befoellulose utilization for paper or
other cellulose derivatives production. lonic lidsii present new possibilities in
lignocellulosic materials pretreatment for biomé&s&tionation. Lignin is insoluble in
certain ILs and partially soluble in others. Sorhe that do not dissolve lignin, such as
inorganic molten salt hydrates, are able to dissaellulose from the lignocellulosic
composite material allowing a separation proceSk [6

Several patents that propose the fractionatiorgobtellulose materials by ionic liquids

are listed in table 3.
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Table 3. Patents for the fractionation of ligndaklsic material by using ionic liquid.

Title/ Company Conditions/ ILs
- Lignin material: 2-50%wt
- . - 0
Solvents for use in the treatment of lignin- T.‘ 50_ 200°C
- ) - Time:1-8h
containing materials (2005) [66] i S . o .
IL: cation: aryl organic acid; anions: inorganic |or
organic
- Cellulose: 5-20% wt
- . - 0
Method of pretreating lignocellulose- T.‘ 80_ 150°C
; - Time:0.1-20h
based biomass (2008) [67] . ) . R
X - IL: 5-10 times higher than solid lignin
Samsung electronics .
- Hydrolase or hydrolysis catalyst
- Saccharification: 24-65h
- IL: large cation with N and small anion
- Lignocellulosic:0.1-30% wt
. . . . |- T:20-200°C microwave
Dissolution methods for lignocellulosig
material (2008) [68] - M0 < 1%wt o
- IL: five or six membered heterocyclic ring with 1 |o
more N, O, S atoms cations; anions: halogen,

pseudohalogen or,€C carboxylate.

Fractionation of a lignocellulosic materi
(2005) [69]

T: 120-190°C
Lignocellulosic material < 70%wt j©

Lignocellulosic: 30%wt

Fractionation of lignocellulosic material- T< 140°C;
using ionic liquids (2010) [70] - Time: 1-16 h;
Weyerhaeuser Co - Acid: H,SO,
- IL: imi cations; anion: GCg carboxylate
Method for separating lignin and cellulgse
- HO+ IL

from lignocellulose by using ionic liquid
solvent (2009) [71]

IL: imi cation and halogenated alkane anions

lonic liquid for solubilizing polymers
(2008) [72]
BASF

Solubilized polymers > 35%wt

T2< 180°C, Microwave irradiation
Constituent of lignocellulosic: 50-90%
T: 20-200°C

P: 0.1-100bar

Time: 1 minute-10 days

Base isolating
IL:  polycyclic
tetravalent anion

amidine catio;

mono-,di-,tri-,d

=

lonic liquid systems for the processing
biomass, their components and/or
derivates, and mixtures thereof

(2010) [73]

Biomass dissolved or suspended < 50%wt

T: <150°C

H,0< 1%wt

IL: alkyl-imi cation and halides or carboxylate ang

Upfal et al [66] proposed lignin-cellulose separatby dissolving biomass in IL and

precipitating cellulose by adding water and/or bgdifying pH or temperature. Then,

an aqueous biphase is formed, and cellulose ptat@piwhile lignin remains dissolved

in the ionic liquid. Nevertheless, recycled IL caminated with lignin decreases its

capacity for dissolving cellulose.

To avoid contamination of the IL with lignin, Chadco-workers [67] relate a method

of fractionating lignocellulosic-based biomass kytraction of lignin with a basic
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solvent such as ammonia or sodium hydroxide orrgaroc solvent and extracting the
cellulose and/or hemicellulose by adding an iomgaitl to the remaining biomass after
extracting the lignin. According to the authotse advantage of this method is that the
use of the solvent is more economical because ianicds costs is about 2000 times
more expensive than for example aqueous ammonudi@nl Other advantage is to
improve the recyclability of the IL, that it is nobntaminated with lignin.

Myllymaki & Aksela [68] described a process for shtving natural lignocellusic
materials such as wood or straw in ionic liquidsigied by microwave irradiations
and/or pressure and in absence of water. Cellidaselignocellulosic material can be
separated by precipitation of cellulose addingransolvent.

Edye & Doherty [69] proposed dissolving the lignikdesic material in an IL and
adding a second liquid such as an aqueous hydrewidéion which is immiscible with
the ionic liquid and is also a non-solvent for alese. A biphasic system is formed: an
ionic liquid phase essentially free of lignocellso and a second liquid phase
comprising lignin in solution and cellulose as aeqwitate. The two phases are
separated and precipitated cellulose is recoveasd the separated second liquid phase.
The pH of the separated second liquid phase isdsed until lignin precipitates.

The process patented by Gifford and Severeid [8@kists on using the IL to dissolve
cellulose and hemicellulose and partially dissdigein. Cellulose —enriched fraction is
separated from the mixture and this fraction israbi@rized by a weight percentage of
glucose solid about 10 percent points greater ttlan weight percent glucose
attributable to cellulose and hemicellulose in tignocellulosic material. On the
contrary, Yingchong and coworkers [71] propose sspegy lignin and cellulose by
dissolving lignin in an ionic liquid water solutipwhile cellulose is not dissolved and
can be separated by filtering as a solid phase l@gmih can be precipitated and
recovered and the ionic liquid can be recycled.

D’Andola patented a process that includes: thelsidation of polymers (cellulose and
at least one synthetic polymer), the isolation ellutose from cellulose containing
sources, the obtaining of one constituent of ligilotosic material and a method for
obtaining a base [72]. The main point of this invwamis that the cations of the ILs are
derivated from polycyclic amine bases, which makese ILs advantageously suitable
for solubilizing polymers, specifically polysaccltles and polyurethanes. With this
invention it is also possible to obtain at least atonstituent of a lignocellulose

material, wherein the constituent is solubilizetestvely, or liberated selectively or
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solubilized and liberated selectively from a sdligkd product of the lignocellulose
material. This invention also claims a process dbtaining a base from the liquid
medium, by the use of a solvent for the deprotonatf the ionic liquid, and by
inducing a phase separation to give a phase edriagihdhe base that want to be
obtained. That base is selected from the groupisting of alkali metal and alkaline
earth metal hydroxides.

Rahman developed another method of fractionatimgnbgs [73] by using a media
consisting of biomass, ionic liquid, and a fracdban polymer. The mixture is
monophasic at a temperature and adjusting the t@type a biphasic composition is
provided. A portion of the biomass is fractionatetween each phase of the biphasic

mixture.

5.3. lonic liquids for pre-treatment of biomass befoseigar and fuel production.

Cellulose may be decomposed into sugars that ereeféed to produce bio-ethanol in a
second generation process, or other fermentatiotugts such as lactic acid. Cellulose
hydrolysis in agueous media to produce sugars earalried out both, in the presence
of an acid catalyst (acid hydrolysis) or using lojgzing enzymes, cellulases. Cellulase
hydrolysis [74] is preferred over acid hydrolysis arder to reduce the formation of
undesirable degradation products of glucose thduce glucose yield and inhibit
fermentation and to avoid using of expensive caoresesistant materials.

For hydrolysis to take place both enzymes (celegasnd water must penetrate in the
cellulose crystalline fibrils. Pretreatment methatsease the surface area accessible to
water and cellulases improving hydrolysis kinetarsd conversion of cellulose to
glucose. Pretreatment is one of the most expersdgs in the process of cellulosic
biomass to fermentable sugar conversion, but at®fe pre-treatment can reduce the
use of expensive enzymes and can influence thedoaststream [75].

Pre-treatment methods usually consist of a mechhnice-treatment of milling
followed by a thermal and/or a chemical pretreatnseich as steam explosion, liquid
hot water pretreatments and/or acid or basic @gtrents. The main effects are
dissolving hemicellulose and altering the lignirrusture, providing an improved

accessibility of the cellulose for hydrolytic enzgs[76].
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There are several methods patented as pretreatwfeiidaocellulosic materials before
a fermentation process. They are summarized i tablt is known that, when a pre-
treatment with ionic liquids is carried out, any teral that may inhibit the
saccharification and fermentation process is mipgi The amount of hydrolase or
hydrolysis catalyst necessary is reduced in a 50@teasing reaction rate and thereby
saccharification efficiency, while reaction timediscreased till 70% [67].

Some of the patents claim processes of pretreatofettie biomass previous to an
enzymatic hydrolysis. Other methods propose toctyeerform the hydrolysis of the
biomass to sugars in the ionic liquids. In somahaim, enzymatic process can take

place in the presence of an ionic liquid [77].

Table 4. Summary of patents for pretreatment ahlbss and further production of sugars or

bio-fuels.
Title / Company Conditions /ILs
- =G- 0,
Novel thermophilic IL >_ > 200 Yowt
) - T>=65°C
cellobiohydrolase .
(2011) [77] - pH47-55
- IL: Cation: imi; anions: alkanate, alkylsulfate,

Sandia Corporation methylsulfonate (MeOS{), hydrogensulfate (HOSO

thiocyanate (SCN), halide
- IL and solid biomass contacts under sub- solvating
Pretreatment of solid biomasg  conditions.
material comprising cellulose Dry solid biomass dissolved in IL medium < 10%wt
with ionic liquid medium Control water content and contact T
(2011) [78] - IL: organic cation. IL medium comprises a molien
hydrated salts
- Lignocellulose, 30%wt, is not dissolved in the IL
- T:50-200°C conventional heating or microwave
- Time: 5min-8 h
- H,O <10%wt
- IL: cations: imi, pyrroldinium (pyr) , py, phosphoniu
(P) or ammonium (Nb; anions: halide, acetate,
trifluoroacetate, dicyanamide or carboxylate
- Cellulose concentration: bellow or above the sditybi

Biomass pre-treatment
(2008) [79]

limit.
Saccharifying cellulose - Heating with agitation, microwave irradiation
(2006) [80] - IL: cations: imi, pyrroldinium (pyr), pyridinium {9,

phosphonium (PR) or ammonium (NE); anions: halide|,
Ac, trifluoroacetate, dicyanamide or carboxylate
. i 1° Toisolution ©0-150°C
Use of lignocellulosic solvated in- - H,O and/or N-containing base < 1%wt
ionic liquids for production of IL: cations: imi, py; anions: halogens, phospbate
biofuels (2008) [81] alkylphosphates,  alkenylphosphates ~ and  big(tri-
fluoromethylsulf-ony)imide.

Method for producing glucose b
enzymatic hydrolysis of cellulos
that is obtained from material
containing lingo-cellulose using
an ionic liquid that comprises a

Cellulosic material

H,0 <15%wt

- Precipitated cellulose is washed at 40°C - 95°C
- IL: Polyatomic anions

LD <<
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polyatomic anion (2010) [82]
BASF

Enzymatic hydrolysis of a
cellulose material treated with g
ionic liquid (2010) [83]
BASF

Material containing ligno-cellulose
H,O <15%wt

Enriched cellulose washed at T> 80°C
IL: Polyatomic anions

Thermostable cellulases, and
mutants thereof, capable of
hydrolyzing cellulose in ionic
liquid (2010) [84] Univ
California

IL<=0-20% v/v
TOptimaI >=65°C
IL: cations: imi; anions: alkanate,
methylsulfonate, hydrogensulfate, thiocyanate deali

Method for producing useful
substance from cellulose-
containing material (2011) [85]

IL: 1-ethyl-3-methylimidazolium salt

Method for the hydrolysis of
cellulose raw material
(2010) [86]

THydronsié 20-80°C
Cellulases: 0.1-2% v/v

pH: 3.5t0 8
IL: cations: alkylated imidazolium, pyridiniun
ammonium, and  phosponium; anions: hal

tetrafluoroborate, trifluoromethylsulfonylimide ami

Method for depolymerization
of cellulose
(2011) [87]

Depolymerization:

TO: 50-130°C

Time reaction: 0.25-5h

Acid groups of catalyst: -S@, -OSQH, -POH, -
PO(OH), -PO(OH)}

lon exchange resin:

Surface area: 1-500nfg*

Pore volume:0.002-2 ctg™

Average pore diameter:1-100 nm

lon exchange capacity:1-10 mot g

IL: cations: alkylated imidazolium, pyridiniun
ammonium, and phosponium; anions: organic, inoxg
anions.

alkylsulfate,

=]

=]

ani

Method for controlling rate of
lowering molecular weight of
polysaccharides contained in
cellulosic biomass, and metho

for producing sugar, alcohol, of

organic acid (2011) [88]

IL: Hydrophilic ionic liquid: [Emim][OAc], [Emim][d],
[Emim][DEP]

Conversion Method
(2009) [89]

Cellulose: 5-35%wt

T<150°C;

Acid:0.1 -10 wt%, pKa=2

Weight ratio water:cellulose 1:1 to 1:15

IL: cations: py, pyrr, pyrazinium, imi, pyrazoliun
oxazolium, triazolium, thiazolium,  piperidim,
pyrroldinium, quinolinium and isoquinolium; anior

halide or cyanate anion

>

Method for breaking down
cellulose (2009) [90]
BASF

T Disolution 0 -150°C

Tpegradaiion0-200°C, if ILs have acid function3 T:0-150°C]
Acid: 0.1-50%

H,O: 5-10 %

IL: anions: halides and halogen, carboxylic, ,S080:7,
RaOSQ, RaSQ, PQ*, RaRbPQ

Method for breaking down
cellulose in solution
(2009) [91]

BASF

Polysaccharide: 0.1-50% wt
T Disolution 0 '2000C
T Hydrolysis Room T-200°C

Acid: 0.1 - 50%
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- Hy0:5-10 %

- Degradation with inorganic or organic acids

- IL: Anions: HSQ, HPQ?, H,OPQ,, and HRaPQ

- Polysaccharide: 0.1-50% wt

- T Disolutior 100-110°C

- T Hydrolysi§ 70-140°C

- Acid: 5- 40%

- Hy0: 20%

- IL: cations: imi or py; anions: Gl trifluoroacetate]
tribromoacetate or thiocyanate (SCN)

Biomass hydrolysis
(2011) [92]

Among the patents that propose the utilizatioroofd liquid for cellulose pre-treatment
previous to an enzymatic hydrolysis there are thesoproposed by Cho et al [67],
O’Connor [78], Varanasi and co-workers [79, 80hdaArgyropoulus [81]. They
propose mixing lignocellulosic material with thenio liquid in different ways: not
dissolved in the ionic liquids [78, 79], partiallijssolved [80] or totally dissolved [81].
The contact is reduced to a short but sufficiemtetito disrupt lignin and swell the
biomass structure. Balanslefer et al patented tvairgatment processes for BASF
company: for the hydrolysis of cellulosic materigd&] and lignocellulosic [83]. In both
inventions the material is pre-treated by dissa@vin an ionic liquid containing a
polyatomic anion. These ILs allow treating cell@agith certain water content without
precipitation of cellulose. In addition, corrosipnoblems due to monoatomic anions
such as Cl are avoided. After the pretreatment cellulose obred material is
precipitated, washed and separated from the saolafidL. The enzymatic hydrolysis is
improved with respect to the untreated cellulose.

Sapra et al proposed two patents. In patent USZDIZU®B2 [77] biomass, previously
pretreated with the ionic liquid, is contacting lwé specific polypeptide, that hydrolizes
the cellulose. It is also possible to add one oremihermostable or thermophilic
endoglucanase enzymes. In patent WO2010124266®thass is pretreated with the
ionic liquid [emim][Ac] and then cellulose is hydyaed by adding a thermostable
cellulase unaffected even in the presence of 4% lihe reaction solution, increasing
the yield of the process

Jo et al [85] described a method where celluloggaining material is contacted with
an ionic liquid to permeate the cellulose-contagnmaterial. The solution cellulose-
containing material and IL is contacted with a weke-producing microorganism, such
as recombinant yeast, to simultaneously sacchaniflyferment a carbon source.
Schith et al [86] proposed the contact of cellulegh an ionic liquid and with a solid

acid catalyst such as an acidic ion exchange resiatal oxides, or zeolitic materials.
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DP of depolymerized cellulose ranges from 20 to,1&@d then this cellulose is
subjected to an enzymatic hydrolysis. In patent MIS20015387 [87] Schith and
coworkers described the type of solid catalyst usdébe process.

Tabata and coworkers [88] also proposed a methotbfzering the molecular weight
of polysaccharides contained in a cellulosic bisnaand a method for producing
sugars, alcohols or organic acids. Cellulosic bigsria mixed with ionic liquid under an
atmosphere with a partial pressure ratio diffefiragn air. They propose that when the
process is carried out in an atmosphere with oxyggetial pressure higher than the air,
the rate of lowering MW can be increased. Solid hagdid component are separated
and the solid component is subjected to a glyctisylastep by enzyme treatment.
Among the processes proposing the pretreatmentgticblysis of the lignocellulosic
materials to water soluble sugars in the ionicitiga the one developed by Fanselow et
al [89] that propose adding one mol of water focheanonomer of cellulose and a
certain amount of acids. The process uses ILs atlde or cyanate anions instead of
carboxylates because these last ones do not leadtigfactory hydrolysis, although
they dissolve cellulose. Massonne and co-workergeldped two patents, one
proposing a thermal degradation [90] and other @soym an acid hydrolysis [91]. A
variety of anions can be selected for the thernegraldation but it is important the use
of anions selected from the group consisting of HHPO,>, H,OPQ;, and HRaP®,
because the use of acid ionic liquids decreaseethperature.

In the case of thermal treatment [90], it is pdssthe formation of dehydrocelluloses.
Different energy sources can be applied as X-rdy&yisible light, microwave energy
or ultrasonic energy. In both inventions the additof water may be necessary if the
water content of cellulose used is insufficientdach the desired degree of degradation.
The lower average degradation of cellulose undemtidal reaction condition is getting
when the larger is the ratioadu/Nacia OF Macu/Nwates Where ngy is the mol of
anhydroglucose units of the cellulose. When theatigion occurs with an acid [91], it
is also possible to stop the hydrolysis reactiorenvthe desired degree of degradation
has been reached by scavenging the acid with a base

Raines and Binder in patent US 2011/0065159 [9@p@sed a similar process in which
the biomass hydrolysis is carried out in an iomaid in the presence of catalytic acid
at a temperature sufficiently high to initiate hgiysis. Water is added to the reaction

mixture after initiation of hydrolysis at a contied rate in order to avoid precipitation
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and undesired sugar dehydration products as 5-okydrethylfurfural (5-HMF).
Glucose yield from cellulose hydrolysis using thiscess can be as high as 85%.

5.4. Cellulose processing in ionic liquid media for @bhing bio-refining products

or chemicals

Cellulose can be further subjected to chemical tr@as (hydrolysis, oxidation,

hydrogenation or gasification) to obtain basic cluats (“building blocks”) that can be
intermediates in the synthesis of more complex tamsgs such as 5-HMF, levulinic or
lactic acids [75].

IL has been proposed as reaction media for obwidifierent valuable chemicals and

fuels from cellulose. Table 5 shows the main poirfithe different patents.

Table 5. Summary of patents for the production@féfining products or chemicals.

Title/ Company Conditions/ ILs Products
Simultaneous catalytic conversion of
cellulose and lignin to a liquid fuel in

an ionic liquid (2011)
[65]

- Addition of acid catalyst
- T>70°C Liquid fuel
- IL: inorganic molten salt hydrated

- Carbohydrate polymer < 30% wt
- Time:0.01-8 h
- T<120°C
. - H,0:2-20 wt% Glucose and 5-
Method for conversion of carbohy_drate_ Catalyst: at least two metal halidesiydroxylmethylf
polymers to value-added chemical
or metal salts, and at least one moreurfural (HMF)
products (2009) [93] )
metal halides.

- IL:[emim][Cl], [bmim][CI],
[emim][Br]
Biocell — three step process for
obtaining a liquid fuel from cellulose| - T pissoution40-120°C Isomers of
consisting mainly of isomers of methyl- P pygrogenation 2-100 bar methylpyran and
pyran and methyl tetrahydropyran | - T nygrogenation 90-180°C. methyl
using N alkyl imidazol chloride as | - IL: Alkyl-imidazolium chloride tetrahydropyran

solvent and catalyst (2010) [94]
Inventus Productos quimicos LDA

- Working fluid contains a gas: NH
Biomass fuel synthesis methods fo CO, or CH,.
increased energy efficiency - T nydrolysis 15°C < Teretreatment Biomass fuel
(2007) [95] - L contain phosphates,
polyammonium sulfonamides
- Polar protic solvent, DMA or N-
methylpyrrolidone +Salt: 0.5 -

15wt%
. . - Catalyst: mineral acid or a metal Furfural, and
Chemical transformation of X
lignocellusic biomass into fuels and halide more than 30%
- IL < 40%wt HMF

chemicals (2009) [96] - T reaction, 50-200°C

- IL: cation: Alkylimidazolium or
alkylpyridinium anion: halide
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- Pyrolytic conditions:
- T:150-300° C

Product preparation and recovery frgm Anaerobically

thermolysis of lignocellulosics in ioni¢ - IL: cation imi and py, anion —Commodity

> halogens, phosphatess, chemicals
liquids (2008) [97] alkylphosphates, alkenylphosphates,
and
bis(trifluoromethylsulfonyl)imide
- T:80-200°C
- Time:30min-4h

- Ratio N-alkylumidazolium sulphate:
N-alkylimidazolium chloride: 1:0.5
- Water: 1-20% mole ionic reaction
phase
- Sulphuric acid:1-30% mole ionic
reaction phase
- Dibutyl ether: 10-100% mole ionic
reaction phase
- Polysaccharide <50% wt
- Acidic heterogeneous catalyst:
- Comprises at least one metal
component of: Ni, Pd, Pt, Co, Rh,
Method for the production of fuels Fe, Ru, Os, Cu, Zn, Mo, W.
from biomass (2009) - Ratio catalyst-biomass: 1:1000 fo
[99] 1:10% wt
- T:180-450°C
- L gquaternary ammonium,
oxonium, sulfonium of
phosphonium cation; mono-,di-,tr]
or tetravalent anion

Production process of furfural from
cellulose using a solvent and cataly$
an imidazolium sulphate chloride in
reaction with simultaneous extractio

with dibutyl ether (2012) [98]

—

Furfural

-

-

Biofuels

Mostly the processes patented consist of dissoltirtey biomass in an IL, and a
subsequent heating for a certain time in the psen catalyst, reagents or additives.
Heinerman [65] proposes a process to produce lifuad by hydrogenation in the
presence of an acid catalyst and/or by increasiademperature to a range from 200°C
to 600°C. In this process, undissolved and dissoligmins are not separated from the
solution and are partially converted into hydrocerd compounds. Zhang et al [93]
describe the process and the catalyst or a sedectmversion of cellulose and other
carbohydrate polymers to value added intermediaté end-use chemicals such as
glucose and 5-HMF. By the appropriate selectionnoked halide catalysts and
adjusting time and temperature, desired product yaaelll can be selectively tuned
achieving yields up to 56% in a single step procesdditional acids to effect
dehydration are not required.

The process Biocell [94] propose obtaining liquidfieel from cellulose in three steps:
(1) cellulose dilution in N-alkyl imidazolium chlole containing an excess of
hydrochloric acid, (2) cellulose hydrolysis intougbse and dehydrating glucose to

isomers of hydroxymethyl pyranone, adding to thactien mixture a water solution
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containing 10% sodium chloride, (3) extracting theith n-butanol, concentrating the
butanol extract by distillation. Residues of N-dilikydazolium chloride are extracted
from the butanol phase by using again a water isolutontaining 10% NaCl. The
almost chloride free butanol concentrate is hydna¢ed with gaseous hydrogen using
Pd or Pt catalysts and isolating the biofuel byiltirsy out the butanol.

Gurin [95] developed a high efficiency method fgnthesizing biomass fuels that uses
ILs in the pretreatment of the biomass and for @neeneration by using a combination
of ILs and carbon dioxide under supercritical cdinds. The process uses an integrated
CO, absorption heat pump and power generation cyae ullizes the IL-biomass
solution as the working fluid of a thermodynamicley

Binder and Ralner developed a method [96] for caimg a carbohydrate to a furan, in
a polar aprotic solvent in the presence of halaléssand optionally in the presence of
an acid catalyst and/or an ionic liquid.

Argyropoulos described a method for pyrolysis digaocellulosic material to form a
recoverable product [97]. The method comprises dbmmbination of lignocellulosic
material with an ionic liquid where lignocellulosimaterial is at least partially
dissolved. The mixture is heated anaerobically, sederal fractions are formed:
distillate fraction, a tar fraction, and a charctran. Sometimes other recoverable
products are also possible, such as levoglucosemewidonic acid, levulinic acid, 5-
HMF, 2-furaldehyde (furfural), 2-methylfurfural,ahols, phenols, aldehydes, organic
acids, furans or catechols.

Recently Correia proposed a method for the prodaoadf furfural from biomass [98]. It
consists on a reaction with simultaneous extractioa reaction medium contains, as a
first solvent and catalyst a mixture of N-alkylummblium sulphate, N-
alkylimidazolium chloride, sulphuric acid and céllse, and as a second solvent
dibutylether. Furfural is separated from the efitease by distillation.

Grosse et al [99] described a process for the mtamtu of fuels from biomass in a
heterogeneously catalyzed reaction using ionic idgju Solution containing the
dissolved starting material in the IL has at leas hydrogen source and is contacted
with, at least, one heterogeneous catalyst. Reaptioduct is separated by distillation /
rectification, a membrane process, an extractiothatk or by displacement of the

reaction product with a suitable anti-solvent.
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5.5.Cellulose and ionic liquids for the formation of eoposites and biopolymers.

There are many patents for the production of comg®snd/or biopolymers through

the use of cellulose and ionic liquids. Table 6vea list of these patents.

Table 6. Patents for the production of composite¥ar biopolymers.

as solid support
matrices (2007)
[100]
University of
Alabama

Title/ Company Conditions/ ILs Composites
lonic liquid
reconsututed. | - Weight ratio regenerated cellulose: First active .
cellulose composites Reconstituted

substance or Second active substance 1000
about 1:2.

IL: hydrophilic ILs, free of water, organic solve
and nitrogen containing bases

-1 tq .
cellulose compositeq
as solid support

nt .
matrices

Polymer derivates
and composites fron
the dissolution of
lignocellulosic in
ionic liquids (2008)

Lignocellulosic: 2-20%wt

T Dissolution 50-150°C
Complete dissolution < 48h
IL: capable to dissolve
lignocellulosics

and/or disper

Membranes, fibers,
nanofibers and other
se nanocomposites

regenerated product
obtained by said

7]

[101]
Method for - Biopolymer: 1-35 wt%,
producing - Tbissolution 30-150°C.
regenerated - H,O< 5%wt bioRc?Ig(ra‘r?eerrsagﬁ(:he
biopolymers and | - Precipitation in a coagulation medium: protic P fgrm of

coagulant + additive for
properties

adjusting specific

carbohydrates, in the
form of fiber,

producing solid
materials on the
basis of synthetic
polymers and/or
biopolymers and us¢
thereof (2009) [103]
BASF

method - IL: cations: quaternary ammonium, oxonium, filament or film
(2010) [102] sulfonium, phosphonium, anions: mono-,di-,tri-jor '
BASF tetravalent
Method for - Chaotropic liquids: -100 to 150°C

T solubilization 0-100°C
Polymer:0.1-10% wt
Cations: noncyclic
compounds

IL: inorganic anions: halides, pseudohali
sulphide, halometallate, cyanometall
carbonylmetallate, haloborate, halophosphate

or heterocyclic oniu

m Regenerated gels

e,
te,

Synthesis of Au, Pd
Pt or Ag nano-or
microcrystals via
reduction of metal

salt by cellulose in

Cellulose+IL+salt

Metal salt: M(NQ)x, MCly, MBry,
M(OAc),, M(TfO),, M(aca), HAuCl,- 3H,0O
Molar ratio cellulose to metal salt: 1:1 to 20:1

Miy,

Nano-or microcrystal

biomass using ionic
liguids (2006) [105]
The Procter &
Gamble

e e 4. | - 2 methods: (i) thermally: reduction of the metal
the ionic liquid 1 salt with cellulose by heating, T2:50-250°C; (ii) of Au, Pd, Ptor Ag
butyl-methyl . - .
o : photoreduction of the metal salt by irradiatipn
imidazolium o
. with light, 200-800nm
chloride (2009) | IL: bmimCl
[104] '
- Dissolution step:
Extraction ) B!opglym(_er: 5h'50%Wt
biopolymers from a| ~ Time: 1min-5
- Mixing step:

Weight ratio IL:biomass 20:1 to 200:1.
T: 20-130°C
Time:10min-24 h

Biopolymer

IL:_cations: mi, py, oxazolium, pyridaziniu:[‘u,

pyramidinium, pyrazinium, ammoniu
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phosponium, pyridinium, 1,2,3-triazolium; 1,2,4-
triazolium;Thiazolium, Quinolinium
isoquinolinium,  piperdinium,  pyrrolidinium
anions: halides, C1-C6 carboxylates, C1-C6 alkyl
sulfates, mono- or di- C1-C10- alkyl
sulfosuccinate.

Most of the processes described in these pate@@103[103] consist mainly on the
dilution or dispersion of cellulose [100], wood[] or other lignocellulosic materials
or biopolymers [102-103], together with an additice active substance. The
precipitation of the dissolved biopolymer is acleid\by addition of an anti-solvent and
it is separated by decantation, centrifugation @ndiltration, obtaining a matrix of
regenerated polymer in which the additive is homegeisly distributed, being possible
to bond to this matrix other polymers or activestahces. Lignocellulosic materials can
be shaped to form fibers, membranes, films or fdata [101-102]. Additive can be a
variety of substances such as a pore-forming ageplasticizer, a bactericide, a cross
linking agent, a hydrophobizing agent, and aniistand/or a coloring agent [102] or
organometallic compounds, nanopatrticles, biomotssutell compartments and cell
aggregates [103].

Among the applications for the product obtained, SBAChemicals, through Champ
[103], proposes producing solid materials based synthetic polymers and/or
biopolymers that are used as support particles sapgort materials used in liquids
fracturing media for borehole stimulation in natugas and mineral oil extraction
technology.

Taubert et al [104] patented a preparation metboddno-or microcrystal of Au, Pd, Pt
or Ag by mixture of cellulose and at least one metdt in the IL [omim][CI] and
thermally inducing a reduction of the metal salthwaellulose at temperatures between
50 to 250°C. It is followed by a photoreductiontieé metal salt by irradiation of the
mixture with light in the visible range. They haseudied the preparation of gold
microcrystals having a plate-like shape. In thact®n cellulose has a double function:
it is the reducing agent and is a template forfdinenation of the metal particles. Thanks
to the high thermal stability of the IL, the reactican be conducted at various
temperatures, which enables tuning of the reacdtiderms of particle size, shapes and
connectivity. The change of the particle shapes lwamttributed to the role of the
cellulose as a template in conjunction with anaffgovided by the ionic liquid. Metal
particle morphologies and sizes mainly depend oa teaction temperature or

irradiation parameters.
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The company P&G through Hecht et al [105] developeaethod for extracting and
separating biopolymers from a biomass comprising iopolymer and additional
materials that are insoluble in certain ionic ldgiiand a method for dissolving
biopolymers such as chitin, chitosan, elastin, laggn, Kkeratin or
polyhydroxyalkanoate, in an ionic liquid. The ambof biopolymer recovered by this
process ranged from 0.1% to 50% by weight of bi@anas

5.6. Functionalization of cellulose

Polymers derived from the functionalization of adke are obtained by reacting totally
or partially the hydroxyl groups (-OH) of cellulosegith various reagents. The

anhydroglucose unit (AGU), which is the fundamemégdeating structure of cellulose,

has three hydroxyl groups that can react to fortergsethers, etc, so the maximum
degree of substitution is 3.

These derivatives can be acetates, carboxymetbylabenzoylates, urethanes
(carbamates), (meth)acrylates, carbonates, sulfstdfonates, phthalates, tritylates,
furorates, maleated esters, or ester resins [4MulGse esters and ethers are the
cellulose derivatives more used. They are useaatirngs, membranes, binders, fillers,
composites, drilling fluids, explosives, opticdhfs, or separation media, as well as in
medical applications (dialysis, tissue and boneiregging, wound dressing, joint

replacement), in the food industry, or for the siorpof heavy metals [42].

Due to the fact that cellulose is insoluble in @mmon solvents, reactions to form
derivatives are usually carried out in heterogesesystems [3]. Nevertheless, cellulose
can be dissolved in ionic liquids and the homogeasea®action of cellulose improves

the reaction rate, and the degree of substitutiodeoivates and the distributions of

functional groups may be controlled [2].

5.6.1. Inventions for cellulose esters production usingadiquids

The conventional processes for the synthesis dfilosk esters use dissolved pulp or
cellulose obtained from the sulfite or the Krafopess with an acid pre-hydrolysis step
to remove hemicelluloses. Common raw materialsna@d pulp or cotton fiber.

Cellulose is reacted with acetic acid and anhydndée presence of sulfuric acid. Then
it is put through a controlled, partial hydroly$ts remove the sulfate and a sufficient

number of acetate groups to give the product tiseetkproperties.
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Different processes for the production of estessficellulose or other polysaccharides
using ionic liquids have been patented [106-114)sibf these patents were developed
by Buchanan and coworkers [107-113] and belongastrBan Chemical Company, but
the processes have not been taken yet to industddé. These patents are summarized
in table Table

Table7. Summary of different inventions for celelester production

Title/Company Conditions/IL Agent
- Poly-oligosaccharides: 0.1-50%wt
- T<200°C
- L cations: guaternary
ammonium, oxonium, sulfoniun
or phosphonium; anions: mon
bi- tri- tetravalent: halides

Method for acylating
cellulose with a specific
degree of

(@]

Acylating reagent: carboxylic
acid

polymerization halogen-compri;ing compounds,
sulfates,  sulfites,  sulfonates,
(2009) [106] phosphates, phosphonates,
BASF phosphonites, phosphinites,
carboxylic  acids, boronates,
silicates
- Cellulose:1- 40wt%
- Catalyst:0.01-30 mole % per AGU- Molar ratio carboxylate aniop
- Interconversion: donor:intermediate IL anion
- T:0to 200°C content 1:1 to 20:1
Reformation of ILs | - P: 100 to 21000 kPa - Intermediate IL carboxylate
(2008) - time:1 min -24h, anion donor 1 to 20 molar
[107] - Esterification: equivalents per alkyl aming
- T:100-180°C formate.
- P:10-1000psi
- time: 10-1000 min
- Water-wet cellulose < 5% - Acylating reagent (carboxyli¢
Cellulose esters and water anz dreg )< 9 4 mo%a:
their production in - Cellulose: 1-40%wt yare...
L i o equivalents/ AGU
carboxylated ionic - T:0-120°C .
I L - Catalyst: AGU < 30% mol
liquids (2008) - Time: 1min-48h - Cellulose:acviatin reagent
0194807. - IL: [emim]Ac, cations: alkyl i ; ylating 9
. P . 90:10-10:90 wt ratio
[108] substituted imi, py, pyrazolium, i : .
. . : ; . . - Catatalyst: protic acids, weak
Eastman Chemical oxazolium, triazolium, thiazolium Lewis acids: <30 mol % oer
Company anions: C1 to C20 carboxylate pr ' °P

AGU

- Carboxylic acid:0.1-25% wt
- Acylating reagent ( 1 or morg
Cl to C20 straight-or

substituted carboxylate.

Cellulose esters and

their broduction in - Cellulose: 5%wt branched- chain alkyl or aryl
P S - Binary component: 0.01 to 100 carboxylic anhydres
halogenated ionic . . X
2 mol% per AGU carboxylic  acid  halides|
liquids (2009) ) ions: _halide: hlorid dik . ”
[109] - IL: anions: halide: chloride, iketene, or acetoacetic aci
. bromide, iodide, fluoride and esters): 0.01-20 molar
Eastman Chemical . .
Company mixtures of two of more thereof equivalents based on the total

amount of cellulose in the
reaction medium.
- DS atleast 1.5
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Production of cellulose

esters in presence of g IL: Halogenated and/or .
co solvent (2009) [110]]  carboxylated - Co-solvents: 0.01-25% wt
Eastman Chemical
Company
Cellulose: 1-40 wt% - Acylating reagent: (C1-C20
Cellulose solutions Contact: straight- or branched-chain
comprising T: 25-150°C alkyl or aryl carboxylic
tetraalkylammonium time: 5min-24h; anhydrides, carboxylic acid
alkylphosphate and Esterification: halides, diketene or
products produced T:20-140°C acetoacetic acid esters): 0.5-
therefrom (2010) [111] time:1min-48h 20 equivalents
Eastman Chemical IL:Tetraalkylammonium - DS:0.1-3
Company alkylphosphate, halogenated DP > 250.
and/or carboxylated
Regioselectively
substituted cellulose
esters produced in a T:20-150°C
Carboxylated ionic IL: cations: Tetraalkylammonium,- Acylating reagent
liquids process and alkylphosphate. + cosolvent:
products produced Ratio cation:anion 1:1 to 1:10 1-40%wt

therefrom (2010) [112]
Eastman Chemical
Company

Treatment of cellulose
esters (2009)
[113]
Eastman Chemical
Company

Cellulose: 1-40%wt
Esterification:

T:0-120C

Time: 1min-48h

IL: halide or carboxylated ILs

Bleaching agent: 0.1- 5 wt%

Starch esterification
method (2007)
[114]

Starch:1- 35% wt

Tdisolution: 0-250°C >:-Esterification
Water <1%wt

IL: cations: five or six-membere
heterocyclic ring, aromatic @
saturated, with heteroatoms: o
or more nitrogen, oxygen (@

sulphur atoms, anions: haloge
pseudohalogen or C1-C
carboxylate

Organic esterifying reagent:
C1-C11 or C1-C6 carboxyli
acid

DS of 1-3.

X4

In general, these processes include the four stepsn in figure 2.

Dissolution of

cellulose in IL

Esterification

Recovery / treatment of IL

Ester recovery

Figure 2. Scheme of the esterification processtiiciliquid media
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1) Dissolution of the polysaccharide in the ioniquld. Different ILs have been

proposed to carry out the process: carboxylated3][1lBalogenated [109] and
tetraalkylammonium alkylphosphate ILs [111] amorigeos, or even using co-solvents
[110]. Some authors mentioned the possibility odiag a certain amount of water to
the mixture or using non-dried cellulose, normaifyto a water content of 5% [106],
[108]. Buchanan and coworkers [108] point a certaiater content enhances the
properties of the reaction media, mainly decreagmgiscosity, nevertheless cellulose
esters, prepared using water-wet cellulose, hase meolecular weight compared to
esters prepared in a dry media. In 2009, BuchanaBu&hanan [110] proposed the
addition of co-solvent that does not cause pregtipih of the cellulose but able to
change the viscosity of the highly viscous cellalesionic liquid solutions at lower
contact temperatures.

2) Esterification is produced by an acylating reagsath as carboxylic acid and
derivates. When using carboxylated ILs, substituern be the anions of the IL, in
which case the IL would be modified containing mtman one kind of ionic liquid.
Buchanan [106] proposes the contact of cellulosth wie carboxylated IL used as
reaction media, and then with, at least, one aogateagent in the presence of a
catalyst. In this way, it is possible to producenixed cellulose ester, with a first and
second pendant acyl groups that are different fsamanother. First pendant acyl group
originates from the ionic liquid and the second originates from acylating reagent. If
one or more ILs with halide anions are used [108,esterification is carried out in the
presence of a binary compound that acts changieaghétwork structure of the ionic
liquid containing the dissolved cellulose esterisTthange in network structure may
lead to the observed surprising and unpredictedarstdges of using the binary
component: it can accelerate the rate of estetificacan serve to improve solution and
product colour, prevents gelation of the esteriioza mixture, provides increased DS
values in relation to the amount of acylating redgamployed, and/or help to decrease
the molecular weight of the cellulose ester product

Acylating agents can be added consecutively iredbfit stages [111]. One benefit of
the invention is that the initial addition of adytey reagent leads to a reduction in
solution viscosity of the contact mixture, what callow a reduction of contact
temperature during subsequent acylating reagernti@ukl Another benefit is that when
one or more acylating reagents are added in adstaddition, one acylating reagent can

be added and allowed to react during the firstestagn a second acylating reagent can
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be added during the second stage, thereby leadingvel cellulose esters with unique
substitution patterns.

When one or more acylating reagents are added @hef @he cellulose was acylated
faster than C2 and C3. The type of ionic liquideaf§ the regioselectivity of the
cellulose ester: when carboxylated ionic liquide autilized the regiselectively
substituted ester is produced where, C6>C2>C3 [1\M\Z]en a tetraalkylammonium
dialkylphosphates is used, the RSD is C6>C3>C2][1Those cellulose esters have
different physical properties relative to conventibesters.

3) Ester recovery. The produced ester is separateddding an excess of a protic

solvent such as water, low alcohol or ketone, inctvlthe acylated cellulose is not
soluble [106]. Acylated cellulose is separatedilisation and/or centrifugation [106].

4) lonic liquid recovery/treatment. If the ionigjliid is not modified it can be recovered

and cleaned by distillation [106]. Buchanan and adwrs [107] developed a patent for
reforming carboxilated ionic liquids modified dugithe process, consisting of putting
in contact a portion of the carboxylic ionic liguwdth an alkyl amine formate ionic
liquid, and all of the anions of the separated aaytated ionic liquid can be converted
substantially to a single type of anion providingeformed ionic liquid. A portion of
this reformed ionic liquid can be contacted withear more carboxylate anion donor
such as carboxylic acids, anhydrides or alkyl caytades under conditions sufficient to
produce an ion exchange and thereby produce aleecyc that can be used for
dissolving more cellulose. The anion exchange @aadzomplished in the presence of
at least one alcohol.

Buchanan and Buchanan also invented a method éalupmg cellulose ester that can
be contacted with at least one bleaching agentrédyce bleached cellulose esters
[113].

These patents are in relation to the one from Mydki and Aksela [116]. They
proposed a method for preparing an organic stastbr eassisted by microwave
irradiation or pressure. The starch is mixed wité ionic liquid as solvent to dissolve
the starch. The presence of auxiliary solventsoesalvents is not necessary, and it is
preferably to carry out the process in absenceatérmv The solution is then mixed with
an organic esterifying reagent and finally the argatarch ester is separated from the
solution by the addition of a non- solvent, as masialcohols, to the reaction medium.
The main advantages of the present invention anéislpossible to achieve a complete

and fast dissolution of starch at temperaturesvib&l@d0°C and in shorter reaction times
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by the use of microwave irradiation or pressura timaconventional methods; 2) native
starch can be employed. The reaction is carriednoatnon-agueous media, therefore a
fast separation is possible. The risk of chain dégtion decreases due to the soft

reaction conditions and it is easy to control ti& D

5.6.2. Inventions for cellulose ether producing using @injuids

The conventional industrial preparation of celle@losthers is carried out under
heterogeneous reaction conditions. It takes plade/® steps. In the first step cellulose
is initially activated with concentrated alkaliligr. Cellulose must be activated to lose
its partially crystalline structure increasing mstway the accessibility of the hydroxyl

groups [115]. In a second step, activated celluipseacted with alkyl halides or epoxy

alkyl compounds at elevated temperature. The m@awlohck of this process is that the
cellulose as well as its reaction intermediates nodiucts never leave their solid form
therefore the product quality strongly dependshenguality of the stirring system and

on the geometry of the reaction vessel [116].

As ionic liquids are able to dissolve celluloseg\ttallow the etherification reaction to

be developed in homogeneous phase, being an imp@tyantage of the process. A

summary of the patents about ether productionasemted in Table 7.

Table 7. Patents of processes of cellulose ethaaymtion.

Title/ Company Conditions/lonic Liquid Agent
Method for - Cellulose: 1 to 35% wt - Etherifying agent: chloroacetic
preparing a - T:0-250°C acid/alkali metal chloroacetate |+
cellulose ether Absence of water and organic bases inorganic base (Li, Na or K
(2007) [116] - IL: bmimClI hydroxide)
- Cellulose dissolved:1-35%wt
- Etherification:
Homogeneous | - T:0-250°C
CSﬁ/nIthesistﬁf ) \'I/'\i/mte: %%%%mum; - Co-solvent or organic solvents:
~€lulose etners | - water. D-covo DMSO, DMF, dimethoxythane
inionic liquids | - Pressure: 0.1- 2 bar and chloroform
(2009) [117] - Melting point:-100 to 200°C
Se Tylose GMBH| - IL: Organic cation and organic or
& Co Kg inorganic anion. (emimAc,

edmimAc,edmimCl)

Patent WO 2005/054298 [116] proposed preparingulosie ether by dissolving
cellulose in the ionic liquid together with an aeiheng agent in the presence of an

inorganic base, without the addition of organicveal or co-solvent. Nevertheless,
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according to Moellmann et al [117], when a basadded it must be neutralized after
the reaction is completed, which produces a corslde amount of salt that must be
removed. In their patent, owned by SE TYLOSE GMBHC%®, they avoid using
organic or inorganic bases by treating the dissblgellulose with an etherification
agent using an organic co-solvent to adjust theogisy of the cellulose solution, the
polarity of the ionic liquids and the miscibilityf @therification agent in ionic liquids.
Catalyst, acids or a moderate amount of water eaadded but it is not necessary. With
both methods it is possible to prepare existing e cellulose ethers controlling the
DS via molar ratio of etherification reagent peydmoglucose unit, reaction time and

temperature.

5.6.3. Inventions for cellulose sulphates and sulfonateslypction and other

cellulose derivates using ionic liquids.

Another type of functionalization is the modificati of biopolymers with sulphate or
sulfonate moieties. Sulfonation and sulfation paiducan be used as water—soluble
detergents, emulsifiers and demulsifiers, peneigeaind solubilizing agents, lubricating
additives and rust inhibitors. These materials @wed in household and commercial
detergent applications, food processing, dyes, etism manufacturing, and metal
treating compounds and lubrication agents.

The synthetic sulphated or sulfonated polymers tgpécally produced from petro-
chemical sources via well-known chemical process.lfeing produced from cellulose
first the cellulose pulp, for example Kraft pulpust be oxidized with sodium periodate
for example and then reacted with a sulfonatedeamags sodium bisulphite (NaH§O
to produce sulfonated cellulose. Sulfonation ofd¢bkulose fiber significantly increases
the dry and wet tensile strength as well as thestrength-dry strength ratio, making
this modified cellulose fiber extremely useful invade variety of paper products [118].
Table 8 shows different methods for the productmin cellulose sulphates and

sulfonates by using ionic liquids.
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Table 8. Patents about cellulose sulphates andisatés production by using ILs

Title/Company Conditions/ILs Agent
- Biopolymer: starch, citosin, Chlorosulfonic acid
dextran, gums SOs.pyridine complex,

- — 0
Methods for modifying | 'Il?i(r)r?g tfnr:]?ne_r;:ure 130°C sulphuric acid, sulfamic acid,

biopolymer in ionic liquids| . . . SQO;, and mixtures thereof
(2007) [119] IL.Blo_polym_ers 1'_2 100:1. - Modifying agent: 1-6 moles

- Reaction mixture: .

Procter & Gamble moles of monomer unit of the

- T<=130°C biopolymer
- Time:1 min-12 h with stirring Polymer.

- IL:Quaternary ammonium salt

- Sulfation or sulfonation agent:
- Starting material: cellulose p chlorosulfonic acid,

cellulose ethers SOs.pyridine complex,
- IL: Quaternary ammonium salt  sulphuric acid, sulfamic acid,
S03, and mixtures thereof

Methods for modifying
cellulosic polymers in
ionic liquids (2007) [120]
Procter & Gamble

Preparing low substituted
water-soluble cellulose

sulfate used in biomedicall - Trimethylsilylether of the

" : - Reaction cellulose (TMS cellulose) is
apphcauon for spherical | _ T:25-80C dissolved in DMF.
Zlir:;)ctf\znmecrgltl)l:i)ns% itr)]y - Timet: 0.5-3h - Sulphating agent:  sulfur

9 - IL:bmimCl trioxide, chlorosulfonic acid

ionic liquid and adding
sulfurizing reagent to the
medium (2007) [121]

or Sulforylchlorid

Process for silylating | - Cellulose: 0.1-50% wt. . . ) _
cellulose (2009) [122] | - TysoumoiROOM T —2000C |~ 1aing agent: RxRyRz-Si
BASF - Treacion20-200°C
- Lactam: N-methyl-2-
Method for manufacturing pyrrolidone, [epsilon]-
cellulose derivatives caprolactam, N-methylt
containing amino groups| - Reaction [epsilon]-caprolactam or N
in ionic liquid (2009) - T:10-80°C methyl-2-piperidone.
[123] - IL: cation; imi - Lactam is activated by an
Dow Wolff Cellulosics organic Lewis acid.
GMBH - Molar ratio lactam:Lewis acid
1:0.4-1:2
- The cross linking:
Method for producing | - T<__ 200C. _
- L cations: quaternary
cellulose acetals (2009). . . . . .
[124] ammonium, oxonium - Reacting with a vinyl ether
BASE sulfonium or phosphonium;

anions: mono, bi-  tri
tetravalent

The Company Procter and Gamble has patented tvoegses that describe methods for
sulfation or sulfonation of a cellulose or celldosther [119] or another biopolymer
such as starch, citosin, dextran, gums [120] incidiguid media. In both processes,
first, biopolymer is partially or totally dissolved the ionic liquid and then a sulfation
or sulfonation agent is added, converting biopolynméo a sulphated or sulfonated

biopolymer. The modified biopolymers are separatédthe mixture by adding a
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recovery solvent, such as water, alcohols, etherstone and mixtures thereof. The
recovery solvent and the ionic liquid are then safea by evaporation, distillation or
drying over an absorbent. The ionic liquid recoean be re-used or recycled. The
degree of substitution (DS) in the resulting maaifbiopolymer typically ranges from
about 1 to about 6 moles of sulfate or sulfonateb@h) substituents per mole of
monomer unit of the biopolymer.

Gericke et al [121] related a novel method for prepy low substituted water-soluble
cellulose sulfate (NaCS) for biomedical applicasiofS<0.7). For the preparation
cellulose is dissolved in the ionic liquid and sty is adjusted by addition of an
organic solvent such as DMF, DMSO or DMA. Then wele reacts homogeneously
with the sulphating agent. NaCS is isolated in eciymitation medium consisting of an
alcohol/a water mixture by adding a solution of isod hydroxide in order to
additionally neutralize the product. This inventiatso relates that acylation and
sulfation of cellulose can be carried out parabdgl using as both sulphating and
acylating reagents for example acetic anhydriadkesarfuric acid.

Other similar processes taking advantage of thedgemous media provided by IL for
obtaining substituted derivatives of cellulose hbaeen patented.

- Massonne et al proposed a process for silylatfiglose and derivates [122].

- Meinolf et al [123] developed a process for pdg cellulose polymers substituted
with amino groups by reacting cellulose with adact

- Massonne et al [124] patented the productionetitilose derivatives such as esters,
ethers, or nitrates from acetylated cellulose tteat be used in the textile, the food,
building and lacquer industry. In a first step ttedlulose or polysaccharide is reacting
in a homogeneous solution in IL media with vinyiat The acetylated cellulose can be
cross linking by treating it with acid. The crokisked cellulose obtained by this
process is novel and can lead to the formatiorrnméecular and intramolecular acetal
bondings.

6. CURRENT & FUTURE DEVELOPMENTS

In the last yearshe use of lignocellulosic materials and other blgmers to obtain
different products has increased. It is expected ith the future most of the products
currently obtained from oil are obtained from reable substances.

ILs have generated a lot of interest as a clearmative to the traditional polluting
processes, both in industry and academia, owingh&x capacity for dissolving
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biopolymers . The processes proposed are simplergatlvely easy to implement

being somehow limited by the high viscosity of thixture biopolymer/IL and in some

cases with the recoverability and recyclabilitytiog L.

Since 2005 to the present more than 70 patentiedeia the processing of biomaterials
to form different chemicals and fuels as well asnposite materials and substituted
polymers, have been published. A great number etdahpatents are owned by
companies such as BASF and Eastman Chemical CoewpaNevertheless, none of

these processes is yet implemented at industiade sc

7. LIST OF ABBREVIATION

Abbreviation Name

Ac Acetate

[amim][CI] Alkylimidazolium chloride
RSQ, Alkylsulphates

TN Bis(trifluoromethylsulfonylimide)
CS Carbon disulphide

Cl Crystallinity Index

DP Degree of polymerization
DS Degree of substitution
DMA N,N-dimethylacetamide
DMF Dimethylformamide
DMSO Dimethylsulfoxide

N2O4 Dinitrogen tetroxide
SbRs~ Hexafluoroantimonate
AsFs Hexafluoroarsenate

PR Hexafluorophosphate
HMF Hydroxymethylfurfural

Im Imidazolium

IL lonic Liquid

mim Methylimidazolium
NMMO N-methylmorpholine-N-oxide
Mpy Methylpyridinium

NO, Nitrite
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pyrr Pyrroldinium

SO~ Sulfate

TRS Total reducing sugar

[C2mim][Ac] 1-ethyl-3-methylimidazolium acetate
[Amim][OH], 1-alkyl-3-methylimidazolium hydroxide
[bmim][OH], 1-butyl-3-methylimidazolium hidroxide

[emim] HOSQ] 1-ethyl-3-methylimidazolium hydrogensulfate
[emim][MeOSQ] 1-ethyl-3-methylimidazolium methylsulfate
[emim][SCN] 1-ethyl-3-methylimidazolium thiocyanate
[Hemim][Cl], 1-(2'-hydroxylethyl)-3-methylimidazalm chloride
[Hemim][OH] 1-(2'-hydroxylethyl)-3-methylimidazolim hydroxide
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Chapter 2

Chapter 2. Influence of Water
Concentration in the Viscosities and
Densities of Cellulose Dissolving lonic

Liquids. Correlation of viscosity data*

Abstract

The densities and viscosities of aqueous mixtufesvo cellulose dissolving ionic
liquids: 1-allyl-3-methylimidazolium chloride [amifi€l] and 1-ethyl-3-methyl
imidazolium acetate [emim][Ac] have been experimaéint determined for water
concentration up to approx. 35% water at atmospl@essure and temperature range
from 298.15 to 373.15 K. Molar excess volumes weeulated, resulting in negative
values. Literature viscosity correlations were nfiediin order to describe the viscosity
as a function of temperature and water concentrdto water concentrations lower
than ¥;20=0.4 and for all the water concentration range.s€h@odified equations were
applied to correlate viscosity of water + ionicuid viscosity data for other 1-alkyl-3-
methylimidazolium chloride ionic liquids as well &sr ethanol + 1-ethyl-3-methyl

imidazolium acetate from literature obtaining a goeproducibility of the data.

*This Chapter was published as: C. Jiménez de la&a. R. Zambrano, M. Dolores
Bermejo, A. Martin, J. J. Segovia, M. J. Cocerdluence of water concentration in the
viscosities and densities of cellulose dissolvioigid liquids. Correlation of viscosity
data, The Journal of Chemical Thermodynamics, 91528-16.
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1. INTRODUCTION

It is well known 1-alkyl-3-methylimidazolium (-mimpnic liquids (ILs) with chloride
(Cl) and acetate (Ac) anions are susceptible tgotlie cellulose and other natural
polymers allowing their green processing [1]. Néveless the high viscosity of ionic
liquids in general and of those with a chlorideoanin particular is a limitation for these
processes, and, what it is more, their viscositynigeased when cellulose or other
polymer is dissolved in the IL presenting even newtonian behaviour [2].
Nevertheless, for many of these processes otheeamar solvents are added to the
mixture: i.e. water and sometimes acids for hydiglyprocess are added in amounts
low enough to prevent cellulose precipitation [8}, in higher amounts to finally
precipitate the cellulose or cellulose derived pwys [1]. And it is known that
viscosity of ionic liquids is in general decreassdh increasing concentrations of
molecular solvents such as water or organic sobvihjt

In literature there are several density and visgga$ata of imidazolium chloride ionic
liquids mixtures with water and other molecular veolts such as: densities of
ethanediol + 1-butyl-3-methylimidazolium chlorid€,mimClI) from 298 to 318 K [5].
In the case of water: densities of binary systeratew+ 1-butyl, 1-hexyl and 1-octyl-
3methylimidazolium chloride (£nimCl, GmimCI, GemimCl) were determined in the
temperature range from 298 to 308 K using the tilhgatube densimeter [6]. Rebelo
and co-workers [7] measured the densities and splesalind of @, Cyp and Go-mimCl
ILs in diluted aqueous solutions at temperaturgeamnom 283.15 to 313.15 K to prove
the self-aggregation phenomena of long chainedialidazolium chloride ILs. Gomez
et al [8] determined densities and viscositiemodtures water + ¢ Cs and G -mimCl
ILs at temperatures from 298.15 to 343.15 K. Liuaét[9] studied densities and
viscosities of binary mixtures water + 1-butyl-3ttm@dimidazolium chloride
(CymimCl) at 298 K. Sing & Kumar [10] determined ddies and viscosities of diluted
aqueous solutions imCl and GmimCl in water. Calvar et al [11] studied the
physical properties of the ternary mixture ehanséter + GmimCl. To the best of our
knowledge densities mixtures water + 1-allyl-3-nyéthidazolium chloride (AmimCl)
have only been determined at 298 K, viscositiesewalso determined at this
temperature, decreasing both, densities and viss®swith water concentration [12].

Viscosities of binary mixtures water + AmimCl andhanol + AmimCl were
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determined by Xu et al, observing as wek decrease of viscosities with temperature
and water molecular solvent concentration [13].

In literature several density and viscosity setdaih of binary systems involving ILs of
the 1l-alkyl-3-methylimidazolium acetate (-mimAc)rfdy can be found. Qian et al [14]
determined densities and viscosities of 1-methylamolium acetate IL and its binary
mixtures with alcohols. Araujo et al [15] determdneiscosities of @mimAc with
nucleic acid bases. Quijada et al [16] determineel Yiscosities and densities of
mixtures of water and ethanol with,f@mAc at temperatures from 298 to 343 K.
Romich et al [17] determined viscosities and désibf mixtures water + £himAc at
temperatures from 293 to 353 K at water molar foast higher than 0.34. Fendt et al
[18] determined the viscosities of mixtures ofm@mAc, GmimAc and other acetate
ILs with water and other solvents such as 1,2-eftieh, acetonitrile,
dimethylformamide at 298 K using a concentric ayérs viscometer. Hall et al [19]
determined the densities and viscosities of pusmi@Ac and water + &@nimAc
mixtures with high water compositions.

In this work, the density and dynamic viscositydifferent binary mixtures of water
and the ionic liquids 1-ethyl-3-methylimidazoliuncetate (GmimAc) and 1-allyl-3-
methylimidazolium chloride (AmimCl) at wide temparee and water molar fractions
lower than 0.35 were experimentally determined.nkrthese data, excess molar
volumes were determined. Literature correlationseweodified to calculate viscosity
of the mixtures water + IL as a function of tempera and water concentration for
water molar fractions lower than 0.4 and for ak tater concentration range. These
modified correlations were used to describe theodgsy of binary mixtures of ionic

liquids of the same families with water and withatol.

2. EXPERIMENTAL

2.1. Materials

The ionic liquids used, 1l-ethyl-3-methylimidazoliuacetate (g@mimAc) 95% purity

and l-allyl-3-methylimidazolium chloride (AmimCIP8% purity were purchased by
lolitec. Water ACS reagent was supplied by Sigmdrigh. lonic liquids were treated
by vacuum evaporation to dry them and to removedbilual volatile impurities at 95

°C for at least 48 h. Characteristic of the iomqaids are shown in table 1.
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Table 1. Characteristic of the ionic liquids usedhis work.

IL Source Purity (ww%) Initial water content (wt%)
AmimCl lolitec GmbH >98 0.52
C,mimAc lolitec GmbH >95 0.39

2.2. Methods and Procedures

Mixture of IL and water were prepared by mass usindpigh-precision analytical
balance Sartorius CP 224S with a reproducibilitydf- 10°g. The binary mixture was
completely mixed by using magnetic stirrer and arBon 3210 ultrasonic bath at room
temperature for at least 3h. Karl Fisher titratiwas used for verify water content in
triplicate using KF Mettler Toledo C20 immediatebefore and after density and
viscosity measurementsding significant changes in the water compaositiThus, the
average water concentration between the three mezhsvas used. For samples with
lower than 10% mol in water the results presentedthe average of the measures
obtained with several samplen Anton Paar (model SVM 3000) automated rotational
Stabinger viscometer and vibrating tube densimetes used to carry out the
measurements of viscosity and density of IL + whteary mixtures in a wide range at
atmospheric pressure. With this apparatus, measmsntan be done from 233.15 to
373.15 K in a viscosity range from 0.2 mPa-s t®@0,mPa-s and in a density range
from 0.65 g-crii to 2 g-cnit. The standard uncertainty of the temperature G602 K
(k=1) from (278.15 to 343.15) K. The relative urtaarty of the dynamic viscosity is +
0.5 % (k=1), and the standard uncertainty of thesilg is + 0.0005 g-cii (k=1). The
SVM 3000 Stabinger viscometer has a cylindrical ngetny, and it is based on a
modified Couette principle with a rapidly rotatiogiter tube and an inner measuring
bob that rotates more slowly. The SVM 3000 apparailso has a density measuring
cell that employs the oscillating U-tube principBoth density and viscosity cells are

filled in one cycle, and the measurements areerhwut simultaneously.
3. RESULTS

Results of the viscosity and density ofn@nAc and AmimCI are presented in tables

from 2 to 5.

74



Chapter 2

Table 2. Viscosities of the binary mixtures watet-ethyl-3-methylimidazolium acetate

XH20 0.072 0.102 0.132 0.188 0.266 0.355

St Dev. 0.007 0.010 0.009 0.002 0.009 0.002

T/IK wWmPa:s
298.15 12443 11943 11243 100£2 855 75%2
303.15 92+2 89+2 8412 76x2 66+2 58+1
313.15] 55.4+0.2 53.6+0.2 51.1+0.2 46.7+0.2 41.8#0.2 36.9+0.1
323.15 35.4+0.5 34.5+0.4 33.1+0.4 30.6+0.3 27.7+0.4 24.8+0.3
333.15 24.3+t0.2 23.8+¢0.2 22.9+0.2 21.4+0.2 19.5+0.2 17.7+0.1
343.15[ 17.63+0.06 17.23+0.06 16.73+0.06 15.69+0.05 14.44+0.05 13.19+0.05
353.15[ 13.21+0.08 12.96+0.06 12.58+0.07 11.89+0.07 11.00+0.07 10.11+0.06
363.15[ 10.28+0.04 10.09+0.04 9.82+0.03 9.32+0.03 8.67+0.03 8.00+0.03
373.15] 8.19+0.03 8.07+0.03 7.86+0.03 7.48+0.03 6.98+0.02 6.47+0.02

The standard uncertaditthe temperature is = 0.02 K

Table 3. Densities of the binary mixtures water-ethyl-3-methylimidazolium acetate

XH20
St Dev.

0.072
0.007

0.102
0.010

0.132
0.009

0.188
0.002

0.266
0.009

0.355
0.002

TIK

p/g-cm?®

298.15
303.15
313.15
323.15
333.15
343.15
353.15
363.15
373.15

1.0983+0.00071.0983+0.0009 1.0988+0.0005
1.0953+0.00071.0953+0.0009 1.0958+0.0005
1.0892+0.00061.0892+0.0006 1.0897+0.0005
1.0832+0.00061.0832+0.0010 1.0837+0.0005
1.0772+0.00061.0772+0.0010 1.0777+0.0005
1.0712+0.00061.0713+0.0008 1.0717+0.0005
1.0654+0.00061.0654+0.0011 1.0659+0.0005
1.0595+0.00061.0596+0.0008 1.0600+0.0005
1.0538+0.00061.0539+0.0008 1.0543+0.0005

1.0997+0.0006
1.0966+0.0005
1.0905+0.0005
1.0845+0.0005
1.0785+0.0005
1.0726+0.0005
1.0667+0.0005
1.0608+0.0005
1.0551+0.0005

1.1005+0.0006
1.0975+0.0006
1.0914+0.0005
1.0855+0.0006
1.0795+0.0005
1.0735+0.0005
1.0677+0.0006
1.0618+0.0005
1.0560+0.0005

1.1018%
1.098m5%
1.09285%
1.0868Ih
1.080RIH
1.074805
1.06 855
1.06285%h
1.050D8h

he standard uncertainty of the temperature 192 &

Table 4. Viscosities of the binary mixtures watek-allyl-3-methylimidazolium chloride

XH20 0.045 0.091 0.126 0.152 0.193 0.267 0.335
St Dev. 0.006 0.008 0.001 0.008 0.001 0.001 0.008
T/K WmPa:s

298.15 1884+7 1416+5 1090+4 887+3 6972 427+2 258.7+0.9
303.15 113744 891+3 691+2 580+2 45942 293+1 184.2+0.6
313.15 473+2 392+1 312+1 270+1 221+1 151+1 101.0+0.4
323.15 23248 19643 164+7 14747 12143 86+1 61+1
328.15 16745 14442 12346 108+3 91+3 67.1+0.8 48.6+0.8
333.15 12443 108+1 92+3 84+3 71+1 53.1+0.5 39.3#0.5
343.15 731 64.9+0.5 56.3£1.0 51.7+1.0 45.0+0.5 35.0£0.3 26.840.2
353.15 46.2+0.4 41.8+0.3 36.9+0.4 34.310.4 30.4+0.3 24.3+0.2 19.240.1
363.15 31.240.2 28.6+0.1 25.610.2 24.0+0.2 21.6£0.1 17.70+0.09 14.26+0.07
373.15| 22.21+0.08 20.53+0.07 18.58+0.07 17.60+0.06 15.98+0.06 13.37+0.05 10.98+0.04

he standard uncertainty of the temperagied.02 K
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Table 5. Densities of the binary mixtures water-&ll¥l-3-methylimidazolium chloride

XH20 0.045 0.091 0.126 0.152 0.193 0.267 0.335
St

Dev. 0.006 0.008 0.001 0.008 0.001 0.001 0.008
TIK p/g-cm®

298.15| 1.1459+0.0005 1.1457+0.0005 1.1454+0.0005 1.1453+0.0005 1.1449+0.0005 1.1439+0.0005 1.143@-0.0005
303.15| 1.1430+0.0005 1.1427+0.0005 1.1424+0.0005 1.1423+0.0005 1.1418+0.0005 1.1409+0.0005 1.14010.0005
313.15| 1.1369+0.0005 1.1367+0.0005 1.1366+0.0005 1.1364+0.0005 1.1360+0.0005 1.1351+0.0005 1.1344+0.0005
323.15| 1.1310+0.0006 1.1310+0.0005 1.1307+0.0006 1.1306+0.0006 1.1302+0.0006 1.1295+0.0005 1.1286:0.0006
328.15| 1.1282+0.0006 1.1281+0.0005 1.1281+0.0006 1.1279+0.0006 1.1275+0.0006 1.1267+0.0005 1.1258:0.0006
333.15| 1.1254+0.0006 1.1254+0.0006 1.1252+0.0006 1.1250+0.0006 1.1247+0.0006 1.1240+0.0006 1.123@G-0.0006
343.15| 1.1199+0.0005 1.1198+0.0005 1.1197+0.0006 1.1195+0.0006 1.1191+0.0006 1.1183+0.0005 1.1174+0.0006
353.15| 1.1144+0.0005 1.1143+0.0005 1.1142+0.0006 1.1139+0.0005 1.1136+0.0006 1.1128+0.0006 1.1118-0.0005
363.15| 1.1088+0.0007 1.1089+0.0006 1.1087+0.0005 1.1084+0.0005 1.1080+0.0005 1.1073+0.0006 1.1063:0.0005

373.15| 1.1036+0.0005 1.1035+0.0005 1.1033+0.0005 1.1030+0.0005 1.1027+0.0005 1.1018+0.0005 1.1009:0.0005
he standard uncertainty of the temperature 192 &

It is observed that AmimCI presents viscositiesadtrone order of magnitude higher
than GmimAc. For both ILs viscosities decrease when iasmegy temperature and
water concentration as described in literat{d¢ (8], [9], [13], [14] [16], [18]).

Densities of AmimCI and £nimAc are of the same order of magnitude. In bothid
liquids densities decrease with temperature, bathéencase of AmimCI density slightly
decrease with the molar fraction of water whiletire GmimAc density slightly
increase with water molar fraction.

Comparison of the measured magnitudes with litegatlata are presented in figures
from 1 to 4. In figure 1, experimental and literatwiscosities of the system water +
ComimAc are compared. In general measurements agead agreement with literature
data [16]-[20]. At lower temperatures and waterasoniration discrepancies in viscosity
are higher probably due to the high hygroscopieityhe ILs used and the difficulty in
keeping the water content constant across the mesasnt procedure. In figure 2,
comparison of measured densities of the binaryuraxtvater + @mimAc with those of
literature are shown. Our data are consistent thitse of Quijada et al [16]. Even when
literature data were determined at different wat@rcentration ranges, the data exhibit
the same tendency than the data of Romich et §l Né&vertheless density data of the
pure GmimAc measured by Froba [20] seems slightly higladue than the other data.
In figure 3, experimental viscosities of the systeater + AmimCl are compared to
literature data showing important discrepanciesbé&tber compare the data logarithmic
scale has been used. At 298 K the data presentdtsinvork are slightly higher than
the tendency of the data presented by Wu and c&em®{12]. For other temperatures,
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the data presented in this work present valuesooter of magnitude higher than the

data measured by Xu et al [13]. In figure 4, deesitpresented here for water +
AmimCI mixtures are compared to the data of Wu emavorkers [12] at 298 K. Both

datasets present similar trends, with the excemfdifu’s data at 4,c=0 which present

a value slightly higher [12].

140
w120 <% ¢
& *©
a 100 - <>‘
£ 1 o
= 80 %0
%5 60 A *
(%3]
o AAA A
@ 40 - AL a0 * e
S A A &

©T=298.15 K (This work)
©T=298.15 k (Quijada et al, 2012)
©T=298.15 K (Fendt et al, 2011)
AT=313.15 K (This work)
AT=313.15 K (Quijada et al, 2012)
AT=313.15 K (Romich et al, 2012)
OT=343.15 K (This work)
@T=343.15 K (Quijada et al, 2012)
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Figure 4. Density of binary mixtures Water + AmimCbmparison to literature data [12]

3.1. Excess molar volumes

Excess molar volumes of both water + IL systemsewelculated considering the
density of the pure ionic liquid as the density mwad at the lower water
concentration. To cover all the composition rangerature data were used in this
calculation [12], [17]. Results are shown in figigelt is observed that excess molar
volume is decreasing with increasing water conediotn for both ILs reaching a
minimum for molar fractions of around 0.6-0.7. Essemolar volumes are more
negative for @nimAc. The influence of the temperature in the esamolar volumes is
negligible. Negative molar volumes indicates thaew adding water to the ionic liquid
the molar volumes of both liquids are not additjesd the components of the mixture

are more closely “packed”, and thus the densithigher than the one expected by
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simple addition of molar volumes. The minimum caa @ue to hydrogen bonds
between water molecules and ionic liquids. At higbencentrations of water excess,
molar volumes increase again because of the dasmtiof the ions forming the ionic
liquids [8].

The results for the AmimCl are consistent with tesults obtained by Gomez et al [8]
with other alkylimidazolium chloride ILs, £and GmimCl, that presents minimum of
around -0.6 crimol™ at water concentrations of 0.6 but present vaslightly positives
at high water concentration. For these ionic liguidfluence of the temperature is more
important than for the ILs considered in this work.

In the case of @nimAc, more negative excess molar volumes wereimédausing the
data of Romich et al [17] (-1.6 émol™ at x1,6=0.58) than those obtained by Hall et al
[19] (approx -1 crimol™ at x4,6=0.8) for GmimAc. Nevertheless, this last work only
performs experimental measurements for the pureadd in the range of water
concentrations higher than 0.7. In literature, esiand negative molar volumes have
been described. Mokhtarani et al [21] found positivolar volumes for pyridinium
based ILs. Rodriguez & Brennecke [22] found negatdeviation for @mim
Ethylsulphate, except at T> 338 K and high waterteot that were slightly positive and
Comim Trifluoroacetate and for Mim Triflate positive deviations except for T<
288.15 K at high water concentrations that wereatieg. Qian et g14] found negative
excess volumes up to -1 dmol* for methanol in mixtures alcohols + mimAc, for
methanol, ethanol and 1-propanol and slightly peesifor 1-butanol at very low IL
concentration. Thus excess molar volumes are ldogaalcohols able to form stronger
hydrogen bonds with the IL, forming a better pagkibarger excess volumes op®H
ComimAc than those of 0 + AmimCI indicate better packing of water with
ComimAc. Less negative and positive molar volumestgpecal of less hydrophilic or

hydrophobic ILs.
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calculated using experimental and literature dat2]] [17]

3.2. Viscosity correlation

Several equations have been considered in this teackrrelate viscosities of the water
+ ILs mixtures as a function of temperature andewabmposition. In first place the
expression proposed by Seddon et al [4] for a nunobemolecular solvents + ILs
mixtures (presented in eq. 1) was used.

M= Hs €XPEXes | a) 1)
Where |is is the viscosity of the pure IL,cx is the molar fraction of the molecular
solvent anda is a constant with different values for each ILhisI expression was
proposed for a constant temperature of 293 K. I8 thork, the first term was
substituted by the well known exponential type d¢iguatypical for describing the
viscosity dependence with temperature.

Y= exp%+ B)

Wherepu is the viscosity of the pure IL, T is the temparatin K, andA andB are

(2)

constant dependent on the IL. Thus, substitutiegeth 2 into eq. 1, eq. 3 is obtained.
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U= exp(TAK) +B)- expt X0/ C) 3)

An addition temperature dependent parameter hasib&educed in the equation (3) in

order to improve the description of the experimevéidue, obtaining eq.4:

— A XHZO
H= eXpW +B)- eXF{C-I-D-T(K)j 4)

WhereA, B, CandD are empirical parameters depending on the IL. &@lpggameters

have been adjusted by minimization of the objedtinetion presented in eq.4.

:uexp - :ucalc J (5)
luexp

Parameters, as well as values of the objectivetiomare presented in table 6.

Obj = z[

Table 6. Parameters fitted to the correlationsdalfculating the viscosities of the aqueous

mixtures of AmimCl and£8imAc

E A X
= ex ++B)-exp——H20 _
H=€ p% T )-e '€C+ D-Tj
Rangg<0.4

IL C ,mimAc AmimClI

A 4192 -8280 -15113 6844

B -9.192 9.540 17.64 -15.357

C 0.973 2.53 0.784 0.367

D -5.22.10° -1.01-1CG -3.10-10° -1.76 - 10

E 0 2063000 3636000 0
Av. Dev. 6.7% 1.6% 2.6% 13%
Max. Dev. 17% 7.0% 10.2% 33%

E A X X
In =% - +—=+B)+X,,5-In + L THO . BT +C
H=X_ % T ) X200 L0 (x_+F) (5 )
Valid for all the concentration range

IL C ,mimAc AmimCl

A -8280 -15113

B -0.0119 0.0174

C 7.3 -3.51

D -1.01- 10 -3.103-10

E 2063000 3636000

F 0.1382 0.221
Av. Dev. 3.9% 2.3%
Max. Dev. 33% 7.3%
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With this equation a good description of the vistyoor water concentration up to 40%
mol (the range studied in this work) is achieve@vertheless at higher water
concentrations the behaviour is not lineal withevatoncentration and a more complex
equation must be used. For thenfinAc the average relative deviation is of visopsit
prediction in the range studied were of 6.7%, bélmgmaximum deviation of 17% for
T=373.15 K and 35.5% mol & compared to the experimental data presentedisn th
work.

In the case of AmimCI, the better fitting achieueging eq. 4 gives an average relative
deviation of 13% and a maximum relative deviatiér88% at T=373.15 K and 33.5%
H,O compared to the experimental data presentedsnbrk. It is observed that large
deviations are presented at low and high wateremnations. The predictions obtained
are not good. It is due to the deviation from gtnailine from the Inu vs 1/T at low
water concentrations. To solve this problem a mcatibn was proposed in eq. 4, in
such a way that the term describing thetlof the “pure” ionic liquid” will consist of a
cuadratic expression and not a linear one, obtgig. 6, in which an additional
parameter E is introduced.

,u:exp{T—Ez +?A+ B)- ex CTEO-T] (6)

The equation was fitted to the experimental dasgmted in this work using the
expression presented in eq.5 as objective functidre optimized parameters are
presented also in table 6 for both water + IL gysteWith the modified equation,
prediction of the viscosity could be done with aerage relative deviation of 2.6% and
a maximum relative deviation of 10.2% correspondimg T=298.15 K and 26.7% mol
H.O for the system O + AmimCI. For the system J@ + GmimAc the average
relative deviation was of 1.6% and a maximum déwmatvas of 7.0% for 35.4% mol
H,O and 298 K. The predictions together with the expental data are presented in
figures 6 and 7.
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Figure 6. Experimental viscosities of the systex® H C;mimAc (data from this work, Quijada
et al [16], Romich et al [17] and Fendt et al [)8nd those calculated with equation 6.
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equation 6.

The correlation presented is only valid for wateolan fractions lower than 0.4. In

figure 6 the whole water concentration range hanlepresented in order to show that

at water molar fractions higher than 0.4 the shaffghe predicted curve is very different

from the tendency of the experimental data. Inatempt to find an expression to

calculate viscosity of the mixture,8 + IL in the whole range of concentrations, the

well known method of Grunberg and Nissan [23], [@f@sented for binary mixtures in

ed. 7 has been used.

In z=x-In f4 + X006 1N Lo X X0 Gy (7)

83



Chapter 2

Where x and X0 are the molar fraction of water and Iuy0 and . are the
viscosities of the pure compounds ang & constant parameter. The first part of this
equation (shown in eq. 8) is considered as a kfndeal viscosity by Hall et al [19] for
mixtures ILs + water.

N =X 1IN Ly + X0 IN L0 8)

The comparison of ideal viscosities with experinaénwiscosities in all the
concentration range is shown in figure 8 (a) andfdb aqueous mixtures of AmimCl
and GmimAc respectively in thin straight lines. Viscgsif the pure ILs @nimAc and
AmimCI, was calculated with eq. 6 using the pagters from table 6. For the system
H,O + AmimCl, it is observed that at low water corications there is a linear relation
between Inu and X420, the shape of the curve is curving at high watercentrations.
What it is more, the slopes of the experimentahdat more different from the ideal
ones when the temperature is increasing. In the cithe system }© + GmimAc, the
system is highly non-ideal as it can be observdajure 8 (b), I vs X420 is only lineal

up X420 around 0.5, and the slopes are much lower thardéed ones even at low

temperatures.

(a) AT=298.15 K (Wu et al, 2010) AT=298.15 K (This work)
@T=303.15 K (This work) =T=313.15 K (This work)
©T=323.15 K (This work) 0OT=328.15 K (This work)
AT=333.15 K (This work) X T=343.15 K (This work)
XT=353.15 K (This work) 0T=363.15 K (This work)
+T=373.15 K (This work)
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(b)
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Figure 8. Comparison of the experimental data pnése in this work and taken from literature
(symbols) [12], [16], [17] with the ideal viscosifgr the binary systems (thin straight lines),
and the viscosity calculated by the Grunberg arssain modified equation (thick grey line): a)

H,O + AmimClI; b) HO + C;mimAc.

Following equation 7, the non-idealities can becdbsd by using a term exclusively
dependant of the product of molar fractions of baimponents, but a good description
was not achieved in this way. The deviation from igheality was highly dependent on
water molar fraction and on temperature. Thus,xgmession of the type shown in eq. 9
was used to fit the viscosities of water + IL mipein all the concentration range.

In IUZXIL.(TE2+-¢+B)'+XHZO'|n ﬂHzo"'())(;LLl):_HZFO)' CT +D) )
WhereA, B, C, D, EandF are empirical parameters which optimized valuesliated

in table 7 for both water + IL systems. With thiguation a good description of the
viscosity as a function of temperature and watelamfoaction was achieved for all the
water concentration range as it can be observdjume 8. Equation was calculating
with an average relative deviation of 2.3% for #ystem HO + AmimCI being the
maximum deviation of 7.3% for 33.5% water at 363while for the system D +
ComimAc, the average relative deviation with respée experimental data was of
3.9% and the maximum deviation was of 33% for 74r8&b H,O at 333.15 K. For the
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system HO + GmimAc, data presented in this work as well asditigre data [16], [17]
has been used to fit the parameters, while forsgrggem HO + AmimCl, only the
experimental data presented here have been usgedh® parameters because the other
data set were not consistent with our data. Neebky#is in the figure 8 data for the
system HO + AmimCl, the data of Wu et al [12] were plotiedorder to check that the
equation is able to follow the tendency of the ddthigher water concentrations.

Eg. 6 and 9 were used to correlate the viscosity agiieous mixtures of
alkylimidazolium chloride ILs (gnimCl, GmimCl and GmimCI) and of the system
Ethanol + GmimAc using literature data [8], [16], [25]. Forethonic liquid GmimCl
parameters for water concentration lower than 408bwas not performed because of
the lack of consistent data of the system in litee Viscosities for the pure,@imCI
were correlated using data from Seddon et al [@gtimized parameters as well as

maximum and average deviations of these binargsystre shown in table 7.

Table 7. Parameters fitted to the correlationsdalculating the viscosities of the aqueous
mixtures of HO + C,;, Cs and GmimCI and Ethanol + @nimAc using literature data [8], [16],

[25]
E A X
=ex +—+ B)-exp—HX
H p{?2 T ) C+DT
Range X,0<0.4
H,O + . . Ethanol +
IL CmimCl H,0O + CimimCl H,O + CsmimCl ComimAc
A -19875 -16573 -8277
B 24.58 19.51 9.54
C 0.489 0.542 1.053
D -2.005- 10 -2.29-10 -4.35-10°
E 4612000 4091000 2063000
Av. Dev 8.8% 10% 2.6%
Max 26% 30% 10%
E A X X
In = . +—+B)+X.,.--In + AL 7H20 . BT +C
H=X % T ) X207 IN Lhiso (x_+F) (5 )
Valid for all the concentration range
A -11070 -19875 -16570 -8277
B 10.51 24.58 19.51 9.54
C 0.00525 0.001234 -0.0208 0.01177
D -0.2343 2.16 11.02 -2.06
E 3246000 4612000 4090000 2063000
F 0.111 0.121 0.0499 0.372
Av. Dev. 4.9% 13% 23% 3.4%
Max 22% 70% 76% 9.4%
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Good description of the viscosity of the mixtures achieved with average deviations
lower than 15% except in the case of the systei® H GmimCl, where average
deviations were as high as 23 %. Thus, the modi@gqdations can satisfactorily
represent the viscosities of aqueous systems imgplnic liquids of the 1-alkyl-3-
methylimidazolium chloride families and acetatenadl as when the co-solvent used is
a polar organic solvent such as ethanol. In figuthe ideal viscosities as well as the
prediction of the modified Grunberg and Nissan équatogether with literature data
are shown for the above mentioned systems. It $&mied that the non-ideality in the
viscosity of the mixtures ¥ + Gmim is increasing with higher number of carbon in
the alkyl chain (n), as the viscosity of the regtem is becoming more different than
those indicated by ideal viscosity. In the caséhefsystem Ethanol +,@imAc, it can
be observed in figure 9 (c) that when ethanol eduss a co-solvent a behaviour more
similar to the ideal is obtained and a larger daeseein viscosity for the same molar

fraction of co-solvent, compared to the systes®@ H GmimAc shown in figure 8 (b).

+T=298.15 K (Gomez et al, 2006) +T=298.15 K (Gomez et al, 2006)
=T=313.15 K (Gomez et al, 2006) =T=313.15 K (Gomez et al, 2006)
OT=328.15 K (Gomez et al, 2006) OT= 328.15 K (Gomez et al, 2006)
XT=343.15 K(Gomez et al, 2006) X T=343.15 K (Gomez et al, 2006)
10 +
.8
(2]
© 6
o
!
E
= 2
0
-2 T T T T 1 -2 ! ! ! ! '
0.0 0.2 04 06 0.8 1.0 00 02 04 06 08 10
Xh20 Xp20
(a) Viscosity HO + GmimCl (b) Viscosity HO + GmimClI
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OT= 328.15 K (Gomez et al, 2006) 0T=328.15 K (Quijada et al, 2012)
X T=343.15 K (Gémez et al, 2006) XT=343.15K (Quijada et al, 2012)
10 6 |
% 8 7
g 6 o 4
£ £ 33
24 3
£ 2] 22
1 .
0 - 0 |
'2 T T T T 1 _1 ; ; . . I
00 0.2 0-‘)‘( 06 08 10 00 02 04 06 08 1.0
H20 XEthanJ
(c) Viscosity HO + GmimCl (d) Viscosity Ethanol + gnimAc

Figure 9. Comparison of the literature data [8] gJL(symbols) with the ideal viscosity for the
binary systems (thin straight lines), and the ety calculated by the Grunberg and Nissan
modified equation (thick grey line): a)@ + CsmimClI; b) HO + CsmimClI; c) HO +
CymimCl; d) Ethanol + GmimAc.

4. CONCLUSIONS

Densities and viscosities of the system@®H- 1-allyl-3-methyilimidazolium chloride
and HO +1-ethyl-3-methylimidazolium acetate were expemtally determined in the
temperature range from 298.15 to 373.15 K and fatewmolar fractions lower than
0.35.

Viscosities and densities of the systea©OH-1-ethyl-3-methylimidazolium acetate were
consistent with existent literature data. Data bk tsystem KD + 1-allyl-3-
methyilimidazolium chloride, present inconsistescwith the scarce literature data
existent.

Excess molar volumes of the mixtures were calaujatibtaining negative values, being
more negative for the system,® +1-ethyl-3-methylimidazolium acetate, what
indicates a strongly packed structure attributetthéoformation of hydrogen bonds.

Literature equations has been modified in orderoioelate the viscosity data a function
of temperature and water molar fraction, for botiter molar fractions lower than 0.4
and for all the water concentration ranges. Nagetogarithm of viscosities of pure

ionic liquids has been correlated as a cuadrati@on instead of the traditional lineal
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equations. Seddon and Grunberg and Nissan equatieres modified to describe the
highly no ideal viscosity behaviour as well as tdmperature dependence, obtaining an
average deviations lower than 15% in the viscositynost systems considered. The
equation has been extended successfully to desthibeviscosity of other aqueous
imidazolium chloride binary systems as well as lhe system ethanol + 1-ethyl-3-

methylimidazolium acetate using literature data.
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Chapter 3.New Protic lonic Liquid for
Cellulose Dissolution under Mild
Conditions*

Abstract

A new protic ionic liquid effective for dissolutiof cellulose under mild
conditions has been developed. This ionic liquid whtained as room temperature
ionic liquid in one-pot procedure by mixing the ostg base 1,4-
diazabicyclo[4.3.0]non-5-ene and methoxyacetic .atisl able to dissolve up to 10
wt% of cellulose at just 40 °C in 3h with stirrindpegradation neither of the ionic
liquid nor cellulose was detected after the dissouprocess. Besides this kind of
lonic Liquids can be recovered with a high puritydan a high yield easily by
distillation.

* This chapter was done in collaboration with Neéhkova, H. Q. N. Guaratnate, and
K. Seddon from The QUILL Research Centre from Tire@'s University of Belfast,
Northern Ireland (UK)
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1. INTRODUCTION

Lignocellulosic biomass is a promising source adroicals and biofuels. Cellulose
is the most abundant organic biopolymer on thetE@dit It consists of3-(1>4)-
linked anhydroglucose units. In addition, celluldses a highly crystalline structure
due to there is many intermolecular hydrogen boativeen adjacent cellulose
chains. These bonds and the crystalline structuakenit insoluble in water and
difficult to dissolve in other conventional solventThus, for the processing of
lignocellulosic biomass for producing materials,elfu and chemicals highly
pollutant or energy intensive processes are cuyresed. Therefore it is necessary
to investigate new solvents for biomass dissolutisith some specific
characteristics such as good solvation power, lascosity for promoting the
dissolution process due to the higher mobility leé fons and able to reduce the
crystallinity of the cellulose during the dissotuti process and to be regenerated
without neither degradation nor derivation of thepolymer and involving less
energy costs [2].

lonic liquids are organic salts composed entiretyians that are liquid at room
temperature. They are presented as clean solveintgrdae to their negligible vapour
pressure. It is possible to tune their physic-cloainiproperties such as polarity,
viscosity, density and melting point by choosin§fedent cations and anions. In 2002
the use of ionic liquids for the dissolution angeaeeration of polysaccharides was re-
published [3]. They have produced a lot of interbstausethey can offer new
possibilities for the treatment and functionaliaatiof cellulose in a homogeneous
media [4].Thus, more than 70 process for cellulose procedsasgoeen patented from
2005 [5] and more than 60 different ionic liquidave been proved to be able to
dissolve cellulose [6], [7].

In the dissolution process the influence of theocain the cellulose solubility is
less important than the anion but it cannot be ewgtl [2]. Chloride, acetate or
alkyphosphate anions are the most common in tlese liquids.Most of the used
ionic liquids arebased on the extensively used imidazolium and pytch cations.
1-alkyl-3-methylimidazolium salts are suggestedoéo so far the most promising
ILs for the modification of cellulose. 1-butyl-3nmgtimidazolium chloride
[omim][CIl] was able to dissolve up to 25 wt% of loédse under microwave

irradiation [3], but this ionic liquid has some dtaacks such as its high toxicity,

96



Chapter 3

non-biodegradability and the necessity of high terafure because of its high
melting temperature (80°C) and viscosity [7]. 1yEBrmethylimidazolium
acetate[emim][Ac], is considered one of the mogicieht solvent for cellulose
dissolution, it can be defined as non-toxic, normesive and even biodegradable
[8] but it is not possible to recover them withialg higher than 95% [9]. Zhao et al
found that the ionic liquid 1-ethyl-3-methylimidadmim propionate has a higher
solvation power than acetate, and was able to lgssp to 18 wt% of cellulose at
100 °C while [emim][Ac] dissolved 16 wt% [10]. Thissolution of cellulose under
mild conditions was already carried out with theni@ liquid N-ethyl-N"-
methylimidazoliumdimethylphosphonate {@im][(MeO),P0O;]), that is able to
dissolve up to 10 wt% of cellulose at 45 °C in 3@ mith stirring [11].

Other not imidazolium not pyridinium based ioniqquids investigated for
lignocellulosic biomass treatment were summarizgdMang et al [6].Quaternary
ammonium based ionic liquids such as N,N-dimethyteomium acetate was able to
dissolve up to 2 wt% of cellulose at temperatunescul00 °C [10].N,N,Ntriethyl-
3,6,9-trioxadecylammonium acetate [Me(QEBN][Ac] and N,N,N-triethyl-3,6-
dioxaheptylammonium [Me(OE£t3N][Ac] were able to dissolve up to 10 wt% of
cellulose at 110 °C, [12]. The ionic liquid syniketd by Bicak [13], 2-hydroxy
ethylammoniumformate, also shows some dissolutiilityg and dispersions up to 30%
of cellulose content can be prepared but no cleartiens are obtained even when
stirred for 24 h. Phosphonium salts like tetralpitgsphoniumformate [B#P][Fm]
were able to dissolve 6 wt% cellulose at 110 °C.

The purity of the ionic liquid is very importantrfthe dissolution process due to the
presence of impurities, such as water or halidéecttellulose solubility. Water
has a negative influence in the aggregation ofpiblgmer chains, decreasing the
accessibility of the polymer and therefore itsrdtgt If a commercial process for
cellulose treatment with ionic liquids warttsbe implement it is necessary to make it
environmental and economically sustainable. A sdlweith a high solvation power,
able to dissolve cellulose at low temperatures\aiti the capacity to be recycled with
a high yield and purity needs to be developed.
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In this chapterthe processing of biomass in a new kind of iorgailil is presented.
The work of Alistair King et al [9] has been takas reference. They developed the
concept of distillable Acid-Base Conjugate loniguiids. These ionic liquids were
reported to totally dissolve up to 10 wt% cellulaste105 °C during 20 h with
recyclability up to 99 % by distillation afterwardé\chinivu et al [14] also
demonstrated that some protic ionic liquids, pregay a facile procedure and that
can be recycled easily, were able to extract lamgeunts of lignin from biomass
and later to be recovered as pure PILs with a yikide to 100%.

The new ionic liquid prepared by the conjugation tbe strong base 1,5-
diazabyciclo[4.3.0]-non-5ene,;812N,, (DBN), with the acid methoxyacetic acid,
(MeOACc), with a molar ratio of acid:base 1:1 was studiedwdis able to dissolve
cellulose under milder conditions, at only 40 °C3im without degradation. The

reversible formation of this ionic liquid [dbnH][M®AC] is presented in scheme 1.

® H

Hy H\/ Ha
C\N/C\ o] C—\ -~

c
/N7 e 0
H,C [ 2 4 HaCO —  HC [
N N HsCO
o\, CHa oH o\, CH: o
N SN

(0]

Scheme 1. Reversible formation of [dbnH][MeOAc]
2. EXPERIMENTAL
2.1. Materials

1,4-diazabicyclo[4.3.0]non-5-ene (DBN) (98 % pyritmethoxyacetic acid (98 %
purity), cellulose acetate, acetic anhydride (>9p@#ity), phenyl isocyanate (>98%
purity) and THF HPLC grade (>99.9 %) were purchdsgdigma Aldrich, methanol
(>99.8% purity) was purchased by Panreac and DM&@as purchased by VWR. All
of them were used as received. Powder cellulose avsize of 2Qum was purchased

from Sigma Aldrich and it was dried overnight at“@before used.
2.2. Characterization methods

NMR spectra were carried out on a Bruker 400MHzcspeneter at 60 °C with 16

scans forH NMR and up to 1024 scans folC NMR using as external reference, for
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lock purpose, a capillary with a mixture of DMSO#®MSO (0.9:0.1). The
thermogravimetric analysis (TGA) was made with aATé&quipment Q5000 V3.10
Build 258 increasing 10.00 K/min from 273.15 to 7ZIAX. Differential scanning
calorimetry (DSC) was performed in a DSC Q2000 YZuild 116 with scanning rate
for both heating and cooling of 10.00 K/min in themperature range 183.15K to
343.15 K. IR data were recorded in the liquid statea Perking- Elmer Spectrum 100
FT-IR using 10 scans and a wave number from 43G0® cm

The viscosity of the pure ionic liquid and the $mns of cellulose were measured with
Rheological Viscosimeter Bohlin Gemini from 298 &€ 385 K at interval of 5 K and
the density of the ionic liquid was with a densierd¥etler Toledo DM40 from 293 K
to 303 K at interval of 5 K and from 303 K to 363aKinterval of 10 K. Water content
of the ionic liquid was determined with Karl Fisher

GPC analysis were performed in a Waters HPLC IRalet 2414 was used. A Shodex
KF — 802.5 column and Shodex KF-G pre-column weyedu Pure THF at 1 mL/min
was used as mobile phase. The column oven tempenatas 30 °C. Low molecular
weight polystyrene 250 to 70000 Da was used asredtstandard.

2.3. Preparation of the lonic Liquid

This ionic liquid [dbnH][MeOAc] was easily synthesd by the transfer proton
from the acid to the base. The purity of the [ddM#OAc] was determined via
NMR analysis. Figure 1 shows thid NMR spectra of the neat acid and base and
the ionic liquid synthetized.

A big batch of [dbnH][MeOAc] was prepared in a 18Q round flask by adding 1
equivalent of methoxyacetic acid to neat DBN in tpartions. The flask was cool
down in ice while the acid was added. The moleoratcid: base (1:1) was
confirmed by analyzing the integrated areas of gmak in the chemical shift. The

same batch was used for doing all the dissolutxpeements.

2.4. Cellulose Dissolution and Precipitation experiments

All the samples were prepared by adding a knownuainof cellulose to 1 g of ionic
liquid as shown in table 2. The cellulose dissolwethe ionic liquid was precipitated in

a 5-fold amount of MilliQ-water. The solution wasntrifuged at 4400 rpm for 10
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minutes, the supernatant was recovered and thejpated cellulose was filtered under
vacuum and washed with 200 mL of water. The recaVexolid was dried at 70 °C

overnight.
2.5. Cellulose molecular weight determination

Original crystralline powder cellulose, and celkdorecovered from the ionic liquid
dbn:methoxyethanoic acid (1:1 and 1:2), [emim][Aad [bmim][CI] were derived into
cellulose tricarbanilate using phenyl isocyanateesgent [18]. 0.005 g of cellulose
were swollen by 1 mL DMSO for 10 minutes. Then Ml of phenyl isocyanate was
added to the solution. The reaction was carried fout24h at 70°C with stirring.
Reaction was stopped and 0.1 mL of dry methanoladaed in order to react with the
excess of reagent. Cellulose tricarbanilate wasipitated by adding 10-fold amount of
a solution of methanol: water of 70 %. Solution washed 3 times with the methanol
solution and 3 times with water. Solid was dried amalysed by GPC. Samples were

dissolved in THF in a concentration of 1% wt.
2.6. Cellulose functionalization to obtain cellulose aede

Functionalization of cellulose with acetate wasriedr out following Fidale et al
procedure [17]. 5 wt% of cellulose was dissolvefdionH][MeOAc] at 40 °C for 3 h at
high speed stirring and 4 mol acetic anhydride/m@l were added and let react for
24 h at 40°C. Afterwards cellulose acetate wasipitated by adding 1:5 ml of water
and the solid was washed with 200 mL of MilliQ-watéltered under vacuum and
dried at 70 °C overnight. The DS was determinedpaoing the IR spectra of pure
cellulose triacetate purchases by Sigma and ussthadard with the cellulose acetate
obtained by first dissolving cellulose in [dbnH][K&c]. The DS was obtained by
comparing the size of the area of the new peak7&7 cni corresponding to the group
C=0 of the acetate group, with the area of the médke cellulose acetate provided by
Sigma Aldrich with a DS=2.46 ( X=0.82) and usedtandard , as shown in eq. (1):

x=""A 082 (1)
AA.C. -
DS=3-X (2)
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Where, A is the Area of the FT-IR spectra at 1737 cm-1. Shieindex P is referred to
the solid product of reaction, C to the cellulosd &.C. to the pure cellulose acetate. X
is the reaction conversion. As in each AGU unitéhere three OH positions that can be

substituted by and Acetyl group the maximum degfesibstitution is 3.
3. RESULTS AND DISCUSSION
3.1. Other protic lonic Liquids synthetized

In order to carry out this research different gradinic liquids were synthetized. To
do so strong and not big bases (although some bassser were also tested) were
mixed with different acids in a ratio 1:1. Onceytheere prepared only those that
were liquids were taken into account atl NMR was run in order to establish
what could be its dissolution capacity. If the protwas shiftedthe dissolution of
cellulose was tested, and in some cases also wa®land glucose dissolution.
Table 1 showed a list with all ionic liquids thaére synthetized even when not all

of them were successful for our proposal.

Table 1.Description of different protic ionic ligis synthetized. Acidic Olgroton shift
was obtained byH NMR.

BASE (pKj) ACID (pK ) pAr(i)i?(i?] (s)r:ft Biomass dissolution
Meggli::o;c.:S?cid 10.9 to 12.7 Cellobioggilﬁgizose, NOT
I\gﬁitgzﬁae:tg%n‘gic 10.6to 134 Cellobiose, Glucose
Dim?;iif{gﬂeg?me Et?ﬁg;i:%cid 11.8t014.1 Cellobiose, Glucose
i SOLID Will check in the future
Kany SOLID Will check in the future
Diethylamine Me(tgli?fsi?g')%id 10.9 to 10.26 Will check in the future
(PK=11.02) '\g‘;tgcz’geztg%“f)'c 10.6109.4 |  Will check in the future
g @ | soup Will check in the future
Dipropylamine Me(tgli?fsi?g')%id 10.9t0 9.8 Will check in the future
(PK,=11) '\g‘;tgcz’geztg%“f)'c SOLID Will check in the future
Ethanoic Acid
(pK=4.7) SOLID Will check in the future
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Methanoic Acid
Dimethylethanolamine (pKz=3.8) SOLID Will check in the future
(PKs=9.23) Methoxyacetic acic
(pKz=3.54) 10.6 t0 8.8 NOT cellulose
Methanoic Acid
(pKz=3.8) 10.9t0 15.16 Will check in the future
Imidazole (pK,=7) Me_thoxyethanoic _ _
acid (K,=3.54) SOLID Will check in the future
Ethanoic Acid
(pK=4.7) 11.8to 14.85 NOT cellulose
- Methanoic Acid
1-Methylimidazole (pK,=3.8) 10.9 to 15.96 NOT cellulose
Methoxyethanoic
(PKa=6.95) acid (p¥a=3.54) 10.6 to0 15.90 Cellobiose
Ethanoic Acid
(pK=4.7) 11.8t0 14.92 NOT cellulose
1-Butylimidazole Methanoic Acid
(pKz=3.8) 10.9 to 15.96 NOT cellulose
Methoxyethanoic
(PKa=7.09) acid (p¥a=3.54) 10.6 to 14.18 NOT cellulose
Ethanoic Acid
(pK=4.7) 11.8to 14.67 NOT cellulose
Methanoic Acid
(pKz=3.8) 10.9t0 15.13 NOT cellulose
.- Methoxyethanoic
Pyridine (pKa=5.7) acid (p¥a=3.54) 10.6 to 14.03 NOT cellulose
Ethanoic Acid
(pK=4.7) 11.81t0 13.35 NOT cellulose
. . Methoxyethanoic
Triethylamine (pK,=9.99) acid (p¥a=3.54) 10.6t0 12.76 Cellobiose
Tripropylamine Methoxyethanoic
(pK,=10.65) acid (K,=3.54) 2 phases Not cellulose
Tributylamine Methoxyethanoic
(pK,=10.89) acid (K,=3.54) 2 phases Not cellulose

Many experiments were run without success and & aecided to come back and
try to improve the distillable acid base of Alist&ing [9]. The use of strong bases
such as 1,1,3,3-tetramethylguaninide (TMG), 1,8zBimcyclo[5.4.0Jundec-7-ene
(DBU), and 1,5-diazabyciclo[4.3.0]-non-5ene (DBNasvdescribed in two patents,
WO02011161326 [15] and WO2008043837 [16], but nohghem claimed the
dissolution of cellulose at temperatures belowG0IA this work [tmgH][MeOAc]
[dbuH][MeOAC] 1,1,3,3-tetrtylguanidinium
methoxyacetate was liquid at room temperatureas wery viscous and it was able
to dissolve up to 10% cellulose at 60°C in 5h andD&C in less than 2h. The ionic

and were also tested.

liquid [dbuH][MeOAc] was also liquid at room tempgure, was very viscous and
was able of dissolved up to 10%wt of celluloseQ#C7in 5h.
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3.2. Acid character and Purity of the lonic liquid

The acid character of the ionic liquid is very imjaoit in the dissolution process of

cellulose. In this work, this acidity was deterndrigy running'H NMR to the neat acid

and to the ionic liquid. Th&H NMR plots are shown in figure 1 a) and c) respety.

It is observed that the acidic proton shift from6ppm in the neat acid form to 11.82

ppm in the ionic liquid.

(@)

(b)

(€)

B0 110 9 8 7 6 5 i 3 2 ‘ 0
Chemical Shift (ppm)

Figure 1'H-NMR spectrads,=2.5 ppm) of: (a) [dbnH][MeOAc], (b) 1,5-
Diazabicyclo(4.3.0)non-5-ene (dbn), (c) methoxyiacatid (MeOAC)

In addition, the ionic liquid was characterised ppton and carbon nuclear magnetic

resonance 'H and *C NMR), viscosity, density, Fourier transform infed
spectroscopy (FT-IR), TGA and DSC.

The thermal stability of this new ionic liquid, sk in figure 2, is worse than in aprotic

ionic liquid, as indicated by the thermogravimetagalysis (TGA) which shows a

decomposition temperature at 5% weight loss ofi861
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Figure2. TGA Analysis of the ionic liquid

The melting point of the ionic liquid 1,5-diazabyciclo[4.3.0]-non-5ene
methoxyacetat¢dbnH][MeOAc] (see figure 3), determined by DSC384 K. The
asymmetry structure of the anion methoxyacetateues/this low melting point.
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Figure 3. DSC curve of the ionic liquid from -183 K till 343.15 K
The water content of the ionic liquid is 0.34 wtlkowas neither dried nor purified. In
order to be sure the amount of water in the iomjuaidl was constant all the samples

were prepared under nitrogen atmosphere.
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The viscosityof the ionic liquid at 303.15 K is 18%a-s and decreases to 19mP:s at
353.15°C, values similar to [emim][Ac], 180 mPa& 293.15 K and 17 mPa-s at
353.15 K, but much lower than [bmim][CI] 142 mPats353.15 K [4], as shown in

figure 4. In this way the lower viscosity favoumr®per stirring of the solution.

220000 1.18
200000 ° —sa— v [dbnH][MeOAc]
» 180000 A - v[dbnH]MeOAq] 5wioe | 117
Dg 160000 . --@- v[dbnH][MeAc] 10 wt% | 1.16 ‘g
Z 140000 B --5- d[dbnH][MeOAC] [ 115 >
> 120000 \ = 15 =
'3 100000 \ =
S ° [EN - 1.14 @
& 80000 g o
> 60000 ., - 1.13 ©
N [
[} .~
40000 .- . ey
20000 .. ‘.
.- -0 9-a.
0 et #0111

280 300 320 340 360 380
Temperatute / K

Figure 4. Viscosity (v) and density (d) of the plaienH][MeOAc] and viscosity (v) of
solutions of [dbnH][MeOAc]with different concentrans of cellulose disolved

3.3. Dissolution of cellulose in the ionic liquid

Different dissolution experiments are summarizethbie 2.

Table 2.Characteristics of the different experirsesftsolubility.

IL Cellulose | Cellulose | Temperature | Time

Observations
(9) (9) (Wt%) (°C) (h)
1 0.02 2 40 0.7 Well stirring
1 0.05 5 40 1 Well stirring

As cellulose was dissolved,
1 0.08 8 40 2 viscosity increased and it was
more difficult to stir the solution

As cellulose was dissolved,
1 0.1 10 40 3 viscosity increased and it was
more difficult to stir the solution
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It was observed that as cellulose is dissolvech@ ibnic liquid the viscosity of the
solution increases, as it is shown in figure 4, difitcult solution stirring.

lonic liquid with a 2:1 (DBN:MeOAc) molar equivalea mixture were also prepared
and a 5 wt% of cellulose was dissolved at 40 °@ss than 1h. The molar ratio 1:2
(DBN:MeOAc) was not good for cellulose dissolutidfigure 5 shows a comparative
study of theH-NMR spectra of the pure ionic liquid preparedhnt molar ratio of 1:1
(DBN:MeOAc) and the spectra of a 5 wt% cellulos¢ha ionic liquid prepared with a
2:1 (DBN:MeOAc) molar ratio and there are some geann the proton shift.

@)

(b)

_

I

Wonoon 0w 81§ s
Chemical Shift (ppm)

Figure 5'H-NMR spectradso,=2.5 ppm) of: (a) [dbnH][MeOAc] 1:1, (b) [dbnH][MeOAcR:1

with 5 wt% dissolved cellulose.

In order to know if the ionic liquid suffers someabmposition during the dissolution
processH and**C NMR were carried out to the pure ionic liquid andhe ionic liquid
with cellulose dissolved. Figures 6 and 7 showsiectra for neat ionic liquid and ionic
liquid with 2 wt% cellulose dissolved and there wasg any change in the spectrums. In
both, chemical shift and integration peak ratio sreconcordanceThere is only a
different in the broad of the peak that is produtdhe interactions between the ionic

liquid and the cellulose.
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(@)
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Figure 6:H-NMR spectradson=2.5 ppm) of: (a) pure [dbnH][MeOAc], (b)
[dbnH][MeOAc] with 2 wt% dissolved cellulose.
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L | |
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. L
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Figure 7°C-NMR spectrads,,=39.52 ppm) of: (a) pure [dbnH][MeOAc], (b)
[dbnH][MeOAc] with 2 wt% dissolved cellulose.

Cellulose dissolution process was followed by IRalgsing samples of different
amounts of dissolved cellulose in the ionic ligumdfigure 8 the evolution in the range
of the IR spectra between 3400-3200 ppm, wherepdak of the OH is detected, is
presented. When the amount of dissolved cellulosgreases the transmittance
decreases showing and increment of the OH presanthd dissolution.
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Figure 8. IR spectra of the ionic liquid [dbnH][NIRAc] pure and with different amounts of
dissolved cellulose.

Cellulose dissolution was also followed visuallyigife 9 presents different

photographs of the pure ionic liquid with dispersetiulose and with the completely
dissolution of cellulose is achieved.

Figure 9.a) Pure ionic liquid [dbnH][MeOAc], b) lada Liquid with different concentrations of
dispersed cellulose after 10 minutes of dissolytmlifferent concentrations of dissolved

cellulose in [dbnH][MeOACc]
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IR spectra of the recovered precipitated cellulage the original microcrystalline
cellulose were recorded in order to compare. Tlspgetra are shown in figure 10 and
the peaks of both samples seem to be the same.

100
90 ;\3
80 o
o
c
70 8
e
: 60 2
--------- Powder cellulose 4 ©
H 50 l_
Recovered cellulose
40

5000 4000 3000 2000 1000 0
Wavelength / (cr)

FigurelO. IR analysis of the microcrystalline c@le purchases by Sigma Aldrich, and the

recovered cellulose after been dissolved in [dbMgPAC]

The effect of the dissolution process in the mdiEcweight of the cellulose was also
studied. The results are summarized in table 3.

Table 3. GPC data from pure powder cellulose anthfcellulose recovery after being
dissolved in the ionic liquids [dbnH][MeOAc], [emjfAc] and [bmim][CI].

Sample Elution Volume MP
Pure cellulose 6.053 77387
[dbnH][MeOACc] 6.057 76361
[bmim][CI] 6.061 75568
[emim][Ac] 6.061 75492

The molecular weight of precipitated cellulose I#lig decreases in all the cases and
these decreases are not significant. Accordingeanalysis performed this dissolution
process does not cause any important change ulassl structure.

3.4. Functionalization of cellulose to obtain cellulosacetate

Cellulose acetate with a degree of substitution)(BfS1.89 at 40°C in 24 h reaction

timewas reached. These spectra of the obtainedlas#l acetate and the commercial

109



Chapter 3

one are represented in figure 11 where it can bénduished that the peak of the OH
coming from the cellulose disappear and a new fr@ak the functional group C=0 of
the cellulose acetate at 1737 tappear.

————— Powder Cellulose
Cellulose acetate Sigma Aldrich

Transmitance

4500 4000 3500 3000 2500 2000 1500 1000 500 0
Wave number / (cm?)

Figure 11.IR of the powder cellulose, cellulosetateepurchased by Sigma Adrich and the
cellulose acetate obtained in the homogeneous njedrdi][MeOH] (24h, 40 °C, 4 mol
acetic anhydride/mol AGU)

4. CONCLUSIONS

A new protic ionic liquid [dbnH][MeOAc] for the puomssing of cellulose was
developed. The main advantages of these kind oifslkiseir easy recyclability by
distillation and subsequent mixing of the composemthout further purification

making the final process more economical and subée. This ionic liquid

improves the performance of other ionic liquid ellalose processing due to it is
possible to dissolve cellulose under mild condsiaump to 10 %wt at 40 °C in 3 h,
cellulose can be recovered in a high yield withowtlecular changes and it is

also possible to carry out acetylation reactions.
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Chapter 4. Properties of [omim][ClI].
Densities, viscosities and phase
equilibria.

Abstract

In this work a summaryof some properties of theddiguidmainly used in this work,
1-butyl-3-methylimidazolium chloride [bmim][Cl], ar presented: density, viscosity,
melting point, and C® solubility. Density and viscosity were experiméiyta
determined at different temperatures and atmosplpeassure, compared to literature
data and correlated. Density and viscosity decckasth temperature as happens with
all the ionic liquid found in literature. Data dfe solubility of CQ in [bmim][CI] were
collected from literature. It was also found thdte t Skjold-Jgrgensen Group
Contribution EoS has available parameters for tharacteristic group of this ionic

liquid.
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1. INTRODUCTION

Since Swatlosky et al [1] took up the use of lohiguids (ILs) for cellulose
dissolution,and found that 1-butyl-3-methylimidamaichloride [bmim][CI] was able
to dissolve up to 25% cellulose, the propertiefoofim][Cl] has been widely studied. It
has been chosen in this study due to it is onlaefost viscous ionic liquids using for
processing cellulose. In the NIST lonic Liquidst&Base [2] there are plenty of
experimental data of pure [bmim][CIl] and mixturestaining this ionic liquid. In table

1 the viscosity of [bmim][CI] and other ILs are cpared and even at 5 °C higher than

the other ILs, viscosity of [bmim][Cl] is 10 timdsgher.

Table 1. Viscosities at room temperature of fourwidely used for cellulose processing

IL Temperature / K | Viscosity / mPa-s Reference
[emim][Ac] 298.15 124 This work
[emim][DEP] 298.15 321 Normazlaret al (2014) [3]
[amim][CI] 298.15 1884 This work
[bmim][CI] 303.15 11000 Seddon (2002) [4]

As it has been already said, this IL is very viamd besides it has a high melting

point. Some normal melting point data [5-10] arevsh in table 2.

Table 2. Melting Point of [bmim][CI]

Reference Temperature/ K
Wilkes at al (1982) [5] 340.1+2.0
Domanska, Mazurowka (2004) [6] 341.9+0.5
Guan et al (2006) [7] 340.1+2.0
Alves et al (2010) [8] 338.1+1.0
Morais et al (2013) [9] 3419+16
Kick et al (2013) [10] 342.9+0.5

To the best of my knowledge the only available adt&0, solubilty in [bmim][CI] or
in any other ionic liquid (IL) of the imidazoliumhtoride family were determined by
Jang et al. (2010) [11]. In this work the autharsesstigated the solubility of carbon

dioxide in [bmim][CI] with a variable volume celhia temperature range from 353.15
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to 373.15K and at pressure up to 40MPa, and thegigied solubility lower than 30%
molar. Using these data Lopes et al [12] adjus@@rpeters for using the the Group
Contribution Equation of State (GC-E0S) of Skjotgensen for predicting GO
solubility in imidazolium chloride ionic liquids asvell as phase equilibria of
imidazolium chloride ionic liquids with other substes.

In this chapter a compilation of different propestof the [bmim][Cl] necessary for the
realization of this thesis has been carried out.ddoso a bibliographical search was
performed. In addition, densities up to 383.15 Kl atiscosities up to 373.15 K of

[bmim][CI] were experimentally determined.
2. MATERIALS AND METHODS
2.1. Materials

For density and viscosity measurement [bmim][Clihna purity of 95% was purchased
by Sigma Aldrich and it was dried at 95 °C for 48la vacuum heater before use.
Water content of IL was determined by Karl-Fischigration using a Mettler Toledo

C20 coulometric KF titrator.
2.2. Viscosity and Density determination

An Anton Paar (model SVM 3000) automated rotatiohbinger viscometer-
densimeter was used to measure density and vigcosifbmim][CI] in a wide
temperature range up to 373.15 K at atmospherisspre. The SVM 3000 Stabinger
viscometer has a cylindrical geometry, and it isdagaon a modified Couette principle
with a rapidly rotating outer tube and an inner suegng bob that rotates more slowly.
The SVM 3000 apparatus also has a density measceihthat employs the oscillating
U-tube principle. Both density and viscosity cedlse filled in one cycle, and the
measurements are carried out simultaneously. Wighapparatus measurements can be
done from 233.15 to 373.15 K in a viscosity ranganf 0.2 mPa-s to 20,000 mPa:-s and
in a density range from 0.65 g-¢rto 2 g-cnt. The temperature uncertainty is + 0.02 K
from (278.15 to 343.15) K. The relative uncertainfythe dynamic viscosity is £ 0.35
119



Chapter 4

%, and the standard uncertainty of the density @005 g-cit. Every measure at
each temperature was made in triplicate.

Densitity of [bomim][CI] at temperatures higher tha3¥3.15 K were measured using a
vibrant tube Anton Paar DMA 602. Measured paramsetare T, P (atmospheric) and
(period of vibration).The basis of a vibrating tube densimeter is that rdsonance
frequency of a body immersed in a fluid dependsiterdensity. The vibrating tube
densimeter is a device consisting mainly of a thih tube filled with the liquid which
density we want to determine. The tube is surredrigy mineral oil bath, Julabo F 25,
whose purpose is merely to keep constant its testyrer. A Pt100 temperature meter is
placed in the curved part of the "U" (where theorssice frequency is precisely
measured) and a temperature controller, Julaboirti&grated in the above mentioned
thermal bath keeps the temperature constant. Terrdete the density of the ionic
liquid is necessary to measure the response adghgpment in two different conditions,

density of air and decane were measured and ussdragard.

Calculation of Uncertainty

In this work, the calibration method for the vibngt tube densimeter developed by
Lagouretteet al [13] and modified by Comufas gfild] was used. In this method, the

density of one fluid depends on the oscillationigebes is described in equation (1):
p(T,P) = A(T)z*(T,P) — B(T,P) 1)

Where A and B are calibration constants that aleutaied with equations (2) and (3),
respectively, and it is necessary to get two seti&ta, in our case air (compound 1) and
decane (compound 2), a fluid of known density, ®tetmine the characteristic
parameters of the apparatus.

A= 52 (2)

2
T1—12

B=15%2—p (3)

Equations of uncertainty of the vibrating tube dewter can be calculated from
Segovia et al [15] due to it follows the law abpagation of uncertainty described in
JCGM 100: 2008 [16]. Density of air and decane @altained from the program

120



Chapter 4

REFPROP from NIST [17] and these values have aocadsd uncertainty(p), which
depends on uncertainty of REFPROP and uncertafrigngperature.
The uncertainty of the Stabinger densimeter - visgter measurements was provided

by the apparatus.

3. RESULTS AND DISCUSSION

3.1. Densities

Densities of the same IL from the same batch wezasured two following days with
Anton Paar (model SVM 3000) Stabinger densimeteceuneter in order to check its
reproducibility and if the measured are affectedwater content. In both cases water
content was measured with KF before and after cagrgut the measurement. All data
are shown in table 3.

During the measurement of the first day the amofimtater practically did not increase
after the measurementz¢ iniia=1758 ppm and o fina=1763.8 ppm. But the second
day the amount of water increased after the meamnts were carried out:¥0 initia=
1689.5 ppm and %o finam 3855.77 ppm. At observed in table 2 both measenésn
were very similar, thus the water increase in gn@e was thought to produce during

the extraction of the sample from the Stabinger.

Table 3. Experimental measure of density of [omBtj]ft different temperatures at
atmospheric pressure with the Stabinger. Tempegatacertainty 0.02 K. Standard uncertainty
of the density is +0.0005 g-c

Specific density/ g/cm
Temperature/ K Day 1 Day 2
373.15 1.0407 1.0418
363.15 1.0459 1.0473
353.15 1.0511 1.0530
343.15 1.0565 1.0589
333.15 1.0621
323.15 1.0678
318.15 1.0706
313.15 1.0734
308.15 1.0762
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Results of density measurement using the vibratilg densimeter are presented in
table 4. It is observed that, at common temperafureasurements are consistent with

those made using the Stabinger.

Table 4. Experimental measure of density of [omBtj]ft different temperatures at

Atmospheric Pressure with the vibrating tube dees#m Temperature uncertainty is 0.02 K.

Specific density/
Temperature/ K glen?
VibrantTube
383.15 1.0354+ 0.0098
373.15 1.0410 £ 0.0098
363.15 1.0462 + 0.0085
353.15 1.0522 + 0.0098

Figure 1shows the experimental data compared f@braphy data. Experimental data
obtained in this work are similar to other authatata: Mc Dowell et al [18], Machida
et al [19], He at al [20] and Huddleston et al [2T]Jhe measurements of Govinda et al
[22] and Kavitha et al [23] substantially differofn our data. Differences could be
attributed to differences on the amount of watehicW significantly decrease the
density of [bmim][CI] [24].

1.09
OMachida (2011)
1.08 & ©Mc Dowell (2014)
@) @@ OThis work
5 107 QQ ©® xHe (2014)
= O @Govinda (2011)
E‘ 1.06 om ©<>O ¢ Huddleston (2001
2 OKavitha (2014
= O @ avitha (2014)
o 1.05 @@
L]
1.04 =
O
1.03

280 300 320 340 360 380 400
Temperature / K

Figure 1. Comparison of experimental density ofifoifCl] obtained in this work and

bibliography data.
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3.2.Viscosity
Viscosities of [bmim][Cl] obtained from Stabingerseometer at temperatures from
308.15 up to 373.15 K are summarized in table 5.

Table 5. Viscosity of pure [bmim][Cl] measured wiéth Stabinger densimeter-viscometer at

atmospheric pressure and up to 373.15 K. Tempegatocertainty 0.02 K.

T/K W mPa-s T/ K W mPa-s

373.15| 56.71+0.2 323.15] 1194.80 +4.18

363.15| 88.98 +0.31 318.15| 1873.67 +6.56

353.15| 149.16 + 0.52 | 313.15| 3052.43 + 10.6§

343.15| 270.07+ 0.95| | 308.15| 5194.23 + 18.1§

333.15| 536.78 + 1.88

As it is shown in figure 2, our data are consistertl the data obtained by Seddon et al
[4] and at high temperatures withdata from Fendtl §25]. As it happened with density
values, results from Govinda et al [22] and Kavidtal [23] were not in consonance
with our results, and again it is attributed to ttentent of water that can affect

significantly the viscosity in this IL [24].

1200(
&
2 10000 ©Seddon (2002)
% 8000 OThis work
; 6000 X Fendt (2011)
D O OGovinda (2011)
8 4000 g AKavitha (2014)
2
2000 O
A O O & &
O LWV W NN | L[] AT XX

280 300 320 340 360 380 400
Temperature / K

Figure 2. Comparison of viscosity of [omim][Cl] @med in this work using a Stabinger

viscosimeter-densimeter and bibliography data.
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3.3.Solubility of CQ in [bmim][CI]

The solubility of [omim][CI] measured by Jang é{¥2] and that predicted by the GC
EoS are plotted and compared in Figure 3.

16 ]
...... 353 K GC Y
14 - = 363K GC m ¢ /
— 373 KGC /7
12 ¢ Jang (2010) 353 K [ .
8 10 B Jang (2010)363K m
s ® Jang (2010) 373 K .
E 8
2 6
o g
o 4
2
0
0 0.1 0.2 0.3 0.4 0.5

X molCG,/mol IL

Figure 3. Comparison of solubilities of [bmim][Cht 353 K, 363 K and 373 K of our
experimental data and data from Jang et al [3] afada obtained by the group contribution

correlation adjusted by Lopes et al [12]

The solubility of CQin [bmim][Cl] is lower than in other lonic LiquidsThese data

would be used in Chapter 5.
4. CONCLUSIONS

Main properties of [bmim][CI] were compiled and peated. The melting point of this
ionic liquid is around 340.8 K and G®as a solubility up to 40.6 % mol at 373.15 K
and 36.94 MPa.

Densities and viscosities of pure [bmim][Cl] wepgerimentally determined. Density
and viscosity decrease with increasing temperafisreexpected and the determined
values are consistent with most literature datacdSity varies from 5194 mPa-s at
308.15 K to 56.7 mPa-s at 373.15 K and density ftob762 g/crm at 308.15K and
1.0354 g/cm at 383.15K.
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Chapter 5. Analysis of the influence of
CO, use as a co-solvent for viscosity
reduction in cellulose processing using
[bmim][CI]

Abstract

In this chapter the use of GQs a co-solvent for viscosity reduction in biomass
processing using ionic liquids is analyzed. To dptke ionic liquid selected was the 1-
butyl-3-methylimidazolium chloride [bmim][CI]. Thisonic liquid has been widely
applied for biomass processing due to its highksbiy but present the inconvenient of
its high viscosity and melting point.

The processes for cellulose processing considerékis chapter were: hydrolysis and
synthesis of cellulose acetate.

In first place it was proved that G@vas not causing cellulose precipitation of cekalp
by keeping a cellulose solution of [bmim][CI] undé, atmosphere for several days
without observing cellulose precipitation.

No difference was found in hydrolysis with and witth CQ atmosphere. This can be
explained because in the hydrolysis process watesed as a reagent and the reduction
of viscosity caused by water is higher than thatsed by C@ Nevertheless at
pressures of CE£higher than 40 bar a reduction in the hydrolysedywas observed.
The production of cellulose acetate is highly dasesl when performed under £0O
atmosphere. It was hypothesised that part of tle¢ykting reagent (acetic anhydride)
could be in the C®phase. Because, under the P-T conditions usegkefients a
solubility of 70% in mol in C@ phase. Nevertheless there are not data availélhe o
influence of [bmim][Cl] in this equilibrium. Whenxgeriments in a volume variable
cell were performed in order to completely dissalve CQ phase in the ionic liquid
phase the cellulose conversion to acetate was lewar. The preliminary experiments
performed this work are not sufficient to explame reason why the GQOs decreasing

conversion in this reaction.
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1. INTRODUCTION

Due to the depletion of fossil fuels, cellulose @wine other polysaccharides are used
as renewable sources of valuable chemicals andygn@ellulose is the most abundant
natural source of organic carbon. But its curradustrial use is reduced due to that it is
not possible to treat cellulose using classicavesdis. Thus, ionic liquids (ILs) able to
dissolve cellulose and other biopolymers becamali@nnative for cellulose treatment
since 2002, when Swatlosky et al took the use oicitiquid for cellulose dissolution
up [1].

This discovery has opened new perspectives forulosk valorization: cellulose
processing pretreatments before a fermentatiomoyneatic process [2], [3], hydrolysis
to produce biofuels and chemicals [4] or productmnbiopolymers derived from
cellulose such as cellulose acetate [5]-[8].

For all these processes the high viscosity of ¢timéciliquids has become a challenge.
What it is more, when the biopolymer is dissolvetbiit, viscosity of the mixture
increases and even non-newtonian behaviours wesengd [9]. It is known that the
use of molecular co-solvents can highly reduceogsyg of ionic liquids [10], [11]. In
the case of cellulose processing caution must kentdhat the co-solvent is not
producing the precipitation of the biopolymer. Trhest frequently used co-solvents in
cellulose processing with ionic liquids are dimésjfoxide (DMSO) and
dimethylformamide (DMF) [9], [12]-[14].

In this work the use of COas a co-solvent for viscosity reduction of IL needs
proposed. C@is an inert gas without environmental limitatidhat can be dissolved in
ILs in concentrations as high as 70-80% in mol umdederate pressures [15]-[17]. It is
known that it is able to reduce the melting po[a&]-[22] as well as the viscosity of the
ionic liquids [23]-[26]. Even when cellulose is siidved into it the viscosity can be
reduced as much as 80% at 80°C in the case of [pAGi{25]. In most cases, ionic
liquid cannot be dissolved in GQR7]-[29]. Thus, after the process, €€buld be easily
separated of the ionic liquid and recovered by elegurization.
1-butyl-3-methylimidazolium chloride [bmim][ClI] ia very viscous IL able to dissolve
up to 25% of cellulose [1]. It is known that €@t 150 bar can decrease the melting
point of [bmim][CI] in 10°C, much less than in thase of other ionic liquids [19]. The
recent measurements of melting point depressionced by CQ performed by Lopes

et al [22] confirmed that for this family of ILséhmelting point depression induced by
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CO, was of the order the magnitude of 10°C under H0®MbCQ. Lopes et al [26] also
observed 60-100% viscosity reduction with respleetuiscosity of the pure ionic liquid
when it is mixture with C@molar fractions up to around 0.5 mol. What it isre Qi et

al proved that the viscosity reduction induced bylenular solvents, included sc-@O
can improve the transformation of fructose to S5+oytmethylfurfural [30].

There is a lot of literature data of cellulose digsg in ILs. In general it is a slow
process [1], [31]-[32]. FitzPatrick et al [33] stad the effect of low pressures of €O
which produces an increment up to 75% in the digsmi of up to 4% of cellulose in
[emim][Ac]. Iguchi et al [25] observed that G@an be added to solutions with up to
1.2% cellulose in [bmim][Ac], without producing thprecipitation of cellulose. On the
other hand, other authors have observed thatda® precipitate the cellulose dissolved
in [emim][Ac] from concentrations of 5-6% wt to 109 due to the formation of the
zwitterion compound 1-butyl-3-methylimidazolium-arboxylate. In this case a bond
between the acetate anion and the @@t breaks the bonds between cellulose and IL is
formed and produces its precipitation [34]- [35].

Acidic hydrolysis in IL has been widely studied aibing good results [2], [4], [37]-
[40]. It has been proved that the use of ILs inseethe acid hydrolysis yield and
selectivity. For example De la Rosa et al [37]doded that a very high selectivity to
glucose + cellobiose can be obtained by this metBoah et al [39] suggested that
pretreatment led to effective disruption of usefellulose for subsequent enzyme
hydrolysis as evidenced by high glucose convergieldl of 95.2 %, that is an increase
in glucose content from 80-83.3% to 91.6-92.8 % andecrease in the degree of
polymerization from 974 to 511. This is due to tha IL pretreatment produces an
increase in the surface area accessible to watecatulases. Amarasekara et al [41]
demonstrated that Bronsted acidic ionic liquids aféective in dissolution and
hydrolysis of cellulose under mild reaction tempar@s in a single operation without
any pretreatment. Rinaldi et al [42] proposedutase hydrolysis by use of acid resins
such as Amberlyst 15 DRY in [bomim][CI] obtainingugbse as the major product.

The functionalization of cellulose for producinghet high value products has been
thoroughly studied for different authors and maagepts have been developed [43]. In
literature there are a number of examples of prooli®f cellulose ester and ethers in
ILs [5]- [8]. In special a lot of data exist on tpeoduction of cellulose acetate, mainly
in [omim][CI] and other imidazolium ILs with chlae anions [5], [8], [44], [45]-[50].

It is known that reaction can be completed withegrde of substitution of 2.5-3 in a
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time between 2-8 h at temperatures of 80-110°C rakpeg on the IL, the acetylation
reagent and its excess. Authors as Ignatyev et4@9] €ombined hydrolysis and
acetylation processes for synthesizing glucose estiining the high yield when the

hydrolysis was carried out using a ratio IL:Celk#cacid catalyst 1:0.05:0.001 in mass.

In this work, the influence of CQOn several cellulose processing reactions is gting
be experimentally studied. In first place it wayad that CQ was not causing
cellulose precipitation of cellulose. Based on #oprevious works, different
experiments of cellulose hydrolysis were performesihg different amount of GO
which besides of decreasing viscosity, presentseakwacid character what could
enhances the hydrolysis reaction. To do so theofis acid resin has been chosen
instead of the use on an acid, because it can Ioe easily separated and reused. These
experiments were similar to those presented by|&imd al [42] in order to compare.
Similar results were obtained in hydrolysis withdamithout CQ atmosphere. In the
case of the cellulose acetate production is higelgreased when performed under,CO

atmosphere.

2. EXPERIMENTAL

2.1. Materials

The IL used was 1-butyl-3-methylimidazolium chlajdbmim][CI], (> 95% purity)
purchased from sigma Aldrich and produced by BASior to its first used was dried
in the rotary evaporator to eliminate volatile imgas and before each experiment it
was dried in a vacuum oven at 100 °C for 24 h.wWhter content was measured with a
Karl Fisher Mettler Toledo C20 and it was underd0%wt. Cellulose used in all the
experiments was micro-crystalline cellulose witpaaticle size of between 20 and 137
pum, purchased from VWR. It was dried at 90°C in &uen heater before use.
Amberlyst 15DRY , acetic anhydride (> 99% purity@ne purchased by sigma Aldrich.
Reagents for DNS analysis, 3,5-dinitrosalicylicda¢t 98% purity), sodium hydroxide
(>98 % purity) and potassium sodium tartrate bstdaate (>99 % purity) were also
purchased by Sigma Aldrich and used as receivetulGse acetate was supplied by
Sigma Aldrich and it was used as standard. Carlmnd® (99.5% purity) was supplied
by Carburos Metalicos (Spain) and was used withather purification.
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2.2. Precipitation

A solution of 5% cellulose was prepared and placed vial inside a high pressure
visual cell (SITEC 740.2120) with an inner volumie2® mL, and kept at 80°C and
under 60 bar of C&for 5 days.

2.3. Hydrolysis Experiments

The experiments were carried out in a stainless seactor of 35 mL designed in our
laboratory situated on a magnetic stirrer hot platee scheme of the experimental set
up is shown in Figure 1. Temperature was measurgdarhermocouple provided by
RS Amidata with a precision of + 0.1 K. Pressureswaeasured with a pressure
transducer supplied by Gems with a range of 0-180 Reactor was heating using 2
wall heaters with a power of 100 W each, which wawatrolled by a PID controller

connected with the thermocouple. The system wadatesbwith glasswool and foil.

l@

Figure 1. Apparatus set up used for carrying ot tlydrolysis of cellulose.

A ratio of cellulose: Amberlyst 15DRY 5:1 was s#t according to Rinaldi et al [42]
The samples were prepared in a nitrogen filled g@loex. The reactor was filled with 1
g of 1-butyl-3-methylimidazolium chloride, 0.05 ¢ eellulose, 0.001 g Amberlyst and
20 uL of water. Vaccum was made in the reactor and thexas heated till the desired
temperature and stabilized for 20-30 minutes. Avwkmaamount of C@ was then
charged into the reactor through a reservoir tartkthe stirrer was turn on with a speed

of 250 rpm and reaction was carried out for 5 heAthat time, the reactor was slowly
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depressurized till atmospheric pressure. Thendhetor was opened and 5 mL of water
was added to the solution in order to precipithterion-reacted cellulose. The solution
was centrifuged at 8000 rpm for 10 minutes in ordeseparate the solid and liquid
phases. Supernatant was kept for further analygissalid was washed and dried, in
order to know the amount of unreacted cellulosen&@xperiments were repeated

several times at similar conditions to ascertagréproducibility of the measurements.

Total reducing sugars were analyzed by DNS metBiddlS reagent was prepared by
dissolving 10g/L of 3,5-Dinitrosalicylic acid, 18lgof sodium hydroxide and 300 g/L
of potassium sodium tartrate. 1 mL of sample wastuneé with 1 mL of water. The
solution was kept at 95 °C for 10 minutes thenaswooled down in ice and mixed with
10 mL of water. After that, the solution was analyat a wave length of 540 nm in a

Shimadzu Espectrophotometer UV-2550. Glucose wed as standard.

2.4. Acetylation Experiments

10 g of ionic liquid [omim][CI] and 0.5 g of mycrogstalline cellulose were mixed for
cellulose dissolution. In all the experiments aceinhydride was used as acetylation
reagent in a ratio 4.5:1 of Anhydroglucose Units Géllulose (AGU). The acetic
anhydride was added after the total dissolutioncelfulose. After a fixed time of
reaction, the reaction is stopped by adding tosiblation milliQ water while stirring.
Thus, the solid was precipitated in this momentlidSevas separated from by
centrifugation and later washed with water by diion under vacuum. The recovered
solid was dried at 90 °C overnight. The degresutiistitution was determined by FT-
IR.
Different experiments were carried out in differemgh pressure equipment and
conventional devices.
- Device (A). Reactions without GQvere carried out in an open beaker, 100 mL.
- Device (B). Stainless steel reactor. This reacts dvolume of 330 mL and it is
able to work at temperatures and pressures asdsgh/3 K and 10 MPa. In
these experiments the cellulose is dissolved u@i{®r atmosphere and when
considered it is dissolved, (3 h) the acetic anidgdis added by pumping a
known volume using a HPLC pump. In this way the,@Odissolved in the IL
media at the beginning of the reaction. In someearents to add the acetic

anhydride the reactor was depressurized, openecdohed with a pipette, and

134



Chaper 5

later close again and pressurized. In these expatsnthe C@is not dissolved
in the solution in the beginning of the reactiomt the volume of acetic
anhydride is added with a higher precision. Watas wumped after the reaction
is finished in order to stop the reaction and pi&ie the products.

- Device (C). Variable volume high pressure visudl (RITEC 740.2120) with
an inner volume of 25 mL. In the experiment perfedmin the device the
volume of the visual cell is reduce to avoid théseence of a gaseous phase.
Thus, all the CQis dissolved in the liquid phase.

2.5. Determination of the degree of substitutibg FTIR analysis

The degree of substitution was determined by FTHIRis known that the peak
corresponding to OH bond appears at 3327 .cBuring the acetylating reaction this
peak is reduced while a new peak corresponding=® Bond appears at 1737 ¢d7,
48]. This can be observed in figure 2. The degfesubstitution was obtained using the
same method described in chapter by comparingitleecd the area of the new peak
with the area of the peak of the cellulose acegpatwided by Sigma area of the new
peak with the area of the peak of the cellulosdadeeprovided by Sigma Aldrich
(DS=2.46; X=0.82) and used as standard , as showq.i(1):

X = A A .0.82 (1)
AA.C. - Ab
DS=3-X 2)

Where, A is the Area of the FT-IR spectra at 1737 crihe subindex P is referred to
the solid product of reaction, C to the cellulosd &.C. to the pure cellulose acetate. X
is the reaction conversion. As in each AGU unite¢here three OH positions that can be
substituted by and Acetyl group maximum Degree abstution (DS) of 3 could be
achieved, thus DS is three times the conversior2)]eq
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Figure 2. FTIR Spectra of cellulose and acetateadiulose

The FTIR spectra of cellulose, ionic liquid andlalelse esters were recorded on a
Fourier Transform infrared instrument (Bruker Riath-ATR) equipped with software
of OPUS Optik GmBH in the range from 400 to 4400’ avhwavelength.

3. RESULTS
3.1. Precipitation

After 5 days under a pressure of £60 bar, no precipitation was observed in a
solution of 5% cellulose in [bmim][ClI]. In figure the vial containing the solution and

the aspect of the solution in the visual cell uq@tssure can be observed.

Figure 3. Solution of 5% cellulose under a PCO2420 for 5 days.
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3.2. Hydrolysis

The different hydrolysis experiments, carried au8@ °C and 100 °C at different @O
pressures from 1 to 45 bar are listed in tabled.@atted in Figure 4. The solubility of
CO, estimated at these conditions using the Group riborion EoS [22] is also listed
in table 1. It is observed that up to pressureg¢mobar both conversion and yield of
reducing sugars determined by DNS analysis seefrs e influenced by the presence
of CO,, while at pressures of 45 bar (when the maximuncentration of C@reach a
value of 23%) it seems that a slight reduction biottcellulose conversions and in

reducing sugars yield is produced.

Table 1. Hydrolysis experiments at about 80°C dffdrént CQ pressures at a reaction time of

t=5h
Cellulose Reducing Sugars| Max
T (°C) P (bar) _ )
Conversion (%) Yield (%) Xco2
80 1 84% 56.2% 0.0074
81 2.8 82.7% 53.9% 0.0202
83 9.3 77.8% 59.2% 0.06113
84 10.1 85.6% 57.1% 0.0651
80 15.4 85.2% 56.5% 0.1007
81 448 65% 39.6% 0.2317
100%
90%
o OO
80% n
70% O
0,
- 60% "A A A
2 50%
p
40% A
30% A Total Reducing Sugars Yield
20% .
0% OCellulose conversion
10%
0%
0 10 20 30 40 50

P CO, (bar)

Figure 4. Cellulose conversion and yield of redigcsugars as a function of GQressure
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In order to go deep on this phenomena, experimgndifferent times were performed
keeping a constant temperature of 80 °C and aangtessure of 45 bar. These results
are listed in table 2. It is observed that thedy®fl reducing sugars is increasing rapidly
from 2 to 3 h of reaction time and keeping constanincrease again from 24% to

almost 40%.

Table 2. Hydrolysis experiments at about 80°C agsyF5 bar

Time (h) Xco, | Cellulose Conversion (%)| Reducing Sugars Yield (%

1 18.60% 13.2% 4.8%

2 16.26% 17.1% 6.6%

3 8.47% 34.06% 21.3%
3 18.93% 46.3% 23.9%
3 24.85% 34.44% 25.0%
4 57.59% 39% 24.4%
5 30.35% 64.7% 39.6%

It is observed that when the reaction is proceettiegcolor of the final solution (after
precipitation of unreacted cellulose) showed a msgjvely darker color, as shown in

figure 5.

Figure 5. Final solutions of hydrolysis after prgitation of unreacted cellulose at 80°C,

Pco=45 bar and different reaction times.

Further hydrolysis experiments were performed d&°CQ reaction time 5 hours and
different CQ pressures up to 15 bar (see Table 3). Celluloseersions of about 95%
with reducing sugars yields of around 70% wereiabtawith independence of the €O
pressure. Nevertheless, these results cannot Isedeoed totally reliable because at 100
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°C the solution became black, which provide someré¢o the DNS method, which is a

colorimetric analysis.

Table 3. Hydrolysis experiments at 100° C and wdiffe P-o,. Reaction time 5 h

, Cellulose Reducing Max
T(C) | P (bar) | time (h) _ _
Conversion (%) | Sugars Yield (%) Xcoz
104 15 5 94.4% 70.3% 0.0707
100 10.2 5 96.0% 83.1% 0.0523
100 5.3 5 97.0% 69.0% 0.0281
100 11 2 97.6% 70.7% 0.0060

In general not significant differences were ap@tsd when C@was added to the
system. The amount of TRS and the amount of tram&fd cellulose did not change
when CQ is presented, except for a reduction in the caigarand yield at 45 bar.
This can be explained because an amount of wat0 aig/g [omim][CI] was added to
the mixture, this means that together with theinabghumidity of the IL (0.24% ww),
the final content of water in the [bomim]Cl is 2.2%what means almost a 18% in mol.
Viscosities at different temperatures at 0% and 188bin water are listed in table 4
and they were calculated according to the cormslapresented in chapter 2 for
viscosities in mixtures ¥ + [bmim][CI]. It is observed that the viscosities
[bmim][CI] are much lower at high temperatures,itgb from hydrolysis, and what it is
more, at these temperatures the viscosity reductosed by a molecular solvent passes
from 1/6 of the value of viscosity of the dry IL2&°C to only 1/3 at 80-100°C.

In the case of C@ in the best case, the maximum solubility of G€©23% (estimated
with the GC EoS) and in most of the experimentewser than 10%. What it is more, as
the dissolution kinetics of GOn the IL is quite slow, it is possible that tlmaximum
concentration is only reached at the end of thedb the experiment. This causes that
the effect of reduction in viscosity induced by 8®much lower than that produced by

the presence of water or the temperature increase.
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Table 4. Viscosities of [omim][Cl] dry and with 18&ol H,O according to the correlation
developed in chapter 2.

H,O mol 0% | 18%
T (K) KL (mPa-s)

298 19864.2 3315.3
313 3868.9 818.5
328 1011.9 259.8
343 335.8 100.9
353 181.2 59.4
373 64.2 24.3

This effect is not explaining why the conversion oéllulose is reduced at
concentrations of COof 23 %mol. It is known that at moderate pH ancaqueous
media CQ can be found in aqueous media as HC@ even as a C&'. It may be
hypothesized that the GOs causing a kind of buffer effect in hydrolysisedum,
moderating the acidity and reducing the hydrolyats.

3.3. Synthesis of cellulose acetate

The acetylation experiments performed are sumnuhrize table 5. Looking at
experiments 1 and 2 it is observed that when theti@ is performed without GO
DS=3 (that is, total conversion) was achieved Im 8nder a pressure of 50 bar of GO
degree of substitution of only DS= 1.94 was acldevAccording to the results
presented by Heinze and coworkers [44], [45], [46]the same IL ([omim][Cl]), at
80°C and with a molar ration 5:1 of acetic anhyetddGU, DS=2.7 could be achieved
in only 2 h while at molar rations 3:1 conversiansre reduced to 1.7. Reaction times
much longer that those needed in our experimerderu@Q atmosphere. However, no
experiments at lower reaction time without £&mosphere could be performed in this
work in order to compare. Nevertheless other asthgport experiments at 8 h, T=80°C
and molar ration 4.5:1 in other imidazolium chleritLs. ie. Possidonio et al [8] using
1-allyl-3-butylimidazolium chloride obtained a DS22and Wu et al [50] with a molar
ratio of 5 obtained a DS=2.49 in 8 h using Amim@daneeded 23 h to obtain a
DS=2.74, results that are more in agreement withesperimental data. In general,
observing the literature data, it is found that lehthe results found in the same
laboratory with the same IL are consistent, whempmaring results of different authors
and different ILs of the same imidazolium Cl famiery different results were

obtained.
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Several experiments were performed at 30 bar @gnd 7) and 50 bar (exp. 2,4 and 5)
of CQ,, dissolving the cellulose under g@mosphere. This means that when the acetic
anhydride was added and the reaction time stadedotint the C@ was already
dissolved in the solution. Comparable DS betweefd Gand 1.94 were obtained.
Nevertheless, the addition of acetic anhydride pa$ormed with a pump and it was
considered that the precision of the volume addedldc be lower. It is known,
according to literature data that acetylating reage strongly affected by the molar
ratio Acetic anhydride: AGU. For example in expegimh 6 the cellulose was dissolved
without CQ, and pressurized with GQlfter adding the acetic anhydride with a pipette.
In exp 6 the ratio was more precise but the comwensas lower than in exp 3-5 where
the reagent was added with a pump.

It is known that acetic anhydride can be solublete¥0% mol in the C@at the
conditions used in the experiments [51], but theme not experimental data about the
influence of the IL in this equilibria. In order ttetermine if this assumption was right
other experiment was developed adding an exceszetic anhydride equal to the
solubility of acetic anhydride in GCat that conditions to compense possible-lost. This
experiment was not satisfactory because solutisorbe black and any conclusion was

not achieved.

Another experiment at a higher pressure of 10(ahdrlonger reaction time, Exp 8, was
carried out at in a variable volume equilibriumlcahd a DS of 0.88 was achieved. The
initial objective of this experiment was decreasihg volume of the cell up to a value
where the entire gas phase was dissolved in tlid|ighus ensuring that all the GO

phase was dissolved in the IL phase. By that timepiston of the cell broke down and
it was also not possible to solve this challengenduthe realization of this thesis, and
the experiment with performed in two phases mebas the dissolution of the reagent
in the gas phase can be still considered the reaisive lower conversion. Other reason
could be that C®is producing a different effect in the reactionevdrtheless, the

preliminary experiments performed this work are sofficient to explain the reason

why the CQ is decreasing conversion in this reaction.
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Table 5. Experiments of synthesis of celluloseadeetsing acetic anhydryde as acylating
agent. T=80°C, Ratio mol acetic anhydryde/mol AGL5=4

. Cel Dissolution time Pco2 Acetl_c
Exp | Device Conditions h) (bar) DS Anhy_d_rlde
Addition
1 A 80°C, 6 h, no C® 8 0 2.46 |Pipette
2 B 80°C, 1 h, Bo;= 35 bar 8 50 1.94 |Pipette
3 B 80°C, 1 h, Po;=30 bar 7 30 1.11 |Pump
4 B 80°C, 2 h, Py;=22.7 bar 8 46.6 0.98 | Pump
5 B 80°C, 1 h, Po;=55 bar 7 50 1.16 |Pump
6 B 80°C, 5 h, no C® 8 50 0.74 |Pipette
7 B 80°C, 15 h, PC&46 bar 8 31 0.49 |Pump
8 C 80°C,5h, no C® 20 100 0.88 |Pump

4. CONCLUSIONS

Several experiments were performed in order to lchiécCO, can improve the

processing of cellulose in the ionic liquid [bmiG]].

It was found that C&did not cause cellulose precipitation in [bmim][CI

No appreciable effect of GQvas found in cellulose hydrolysis.

CO, decreased the degree of substitution of cellulasetate synthethyzed in
[bmim][CI]. When the reaction was carried out withd@ O, a degree of substitution of
2.49 was achieved in 8 h, while 1.94- 0.49 wel@eaed at 80°C in 7-20h and €O

pressures between 30-100 bar.
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1.

CONCLUSIONS

In this work the main problems associated withutefle processing in ionic liquids

were identified and some solutions to these problemre proposed.

The main aspects of cellulose processing with ibgigds were studied and the
main process developed so far thoroughly analyltegas found that the high
hygroscopicity of ionic liquids for cellulose praseng, the high viscosity and
the difficulty to be recycled were the main probtemissociated to cellulose

processing and some solutions to these problenes pveposed.

The influence of water content in densities anctasggties of two of the most
characteristic ionic liquids used for cellulose gassing 1-allyl-3-
methyilimidazolium chloride and 1-ethyl-3-methyligaizolium acetate were
experimentally determined in the temperature rdnga 298.15 to 373.15 K, at
atmospheric pressure and for water molar fractiower than 0.35.

Viscosity of 1-ethyl-3-methylimidazolium acetatecdease with water content at
298.15 K from 124 to 75 mPa-s and at 373.15 frob9 8 6.47 mPa-s, and
densityslightly increase with water molar fracti@at 298.15 K from 1.0983 to
1.1018 g/cm and at 373.15 K from 1.0538 to 1.0571 giciiscosities and
densities of the system ,8 +1-ethyl-3-methylimidazolium acetate were
consistent with existent literature data. In thesecaof 1-allyl-3-
methyilimidazolium chloride, viscosity decreaseshwivater at 298.15 K from
1884 to 258.7 mPa-s and at 373.15 K from 22.210@8L mPa-s. Density
slightly decreasat 373.15 from 1.1459 to 1.1430 gfcand at 373.15 K from
1.1036 to 1.1009 g/cin Data of this system @ + 1-allyl-3-
methyilimidazolium chloride, present inconsistescigith the scarce literature
data existent.

Excess molar volumes of the mixtures were calcdlatbtaining negative
values, being more negative for the systes® H1-ethyl-3-methylimidazolium
acetate, what indicates a strongly packed structtirduted to the formation of
hydrogen bonds.

Seddon and Grunberg and Nissan equations were igwbdid describe the

highly no ideal viscosity behaviour as well as teenperature dependence.
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Logarithm of viscosities of pure ionic liquids hasen correlated as a quadratic
equation instead of the traditional lineal equaionThe equation has been
extended successfully to describe the viscosityptber agueous imidazolium
chloride binary systems as well as to the systemmanei + 1-ethyl-3-
methylimidazolium acetate using literature dataawting an average deviations

lower than 15% in the viscosity in most systemssadered.

* In chapter 3, protic ILs were proposed as a salutay recyclability of ILs. A
new protic IL for cellulose processing at mild caimhs was developed. This ,
new protic ionic liquid[dbnH][MeOAc] was able to dissolvepuo 10% wt of
cellulose in 3h at 40 °C. Cellulose can be recaldrg precipitation without
observed any change neither in its structure natsidepolymerisation degree.
Besides it is possible to obtain cellulose acetatk a degree of substitution of
1.9at40°Cin 24 h.

* As a solution to the high viscosity of ionic ligsith cellulose processing the use
of CO, as a co-solvent is proposed. To do so, the infleeaf CQ was
experimentally studied in several celluloses modifon processes. The IL 1-
butyl-3-methylimidazolium chloride [bmim][Cl] waskected because of it has
a high capacity for dissolving cellulose and alsgpartant challenges such as
high viscosities and melting points. It was coesidl that the effect on
viscosity reduction would be especially remarkaldeng this IL. The viscosity
of this IL at 293. 15 K is 41000 mPa-s, while oghhrs, also used in biomass
processing present less viscosity, [amim][CIl] 18&#®a-s at 298.15 K and
[emim][Ac] 124 mPa-s at 298.15 K

* Most important physical properties of 1-butyl-3-imgimidazolium chloride
[bmim][CI] were compiled and experimentally deten@d. The melting point is
around 340.6 K, and experimental viscosity and ilgendecrease with
temperature increased and measured values werkarstmibibliography data.
Viscosity varies from 5194.23 mPa-s at 308.15 & 56.71 mPa-s at 383.15 K
and density ranges between 1.0762 §/an308.15K and 1.0354 g/émat
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383.15K. According to literature, it presents sditibs of CO, between 30-40%

mol at moderate pressures.

* The influence of CQfor cellulose processing using ionic liquids waslgsed
in two process involving cellulose and [bmim][CHydrolysis and acetylation
reaction.

o It was determined that cellulose precipitation isa@ution of 5 % of
cellulose in [bmim][CI] was not induced by pressud CQ up to 60
bar.

o The presence of GOdid not improve hydrolysis of cellulose using
Amberlyst as acid. What it is more, in a range leetw 1-15 bar the
cellulose conversion was about 85 % but at 45tdeareased till 65 %.

o The presence of CQdecreased the production of cellulose acetate in
[bmim][CI] using acetic anhydride as an acetylatieggent. A degree of
substitution of only 1.16 was achieved in 7 h atb@® and 80 °C. This
might be caused by the high solubility of acetibyairide in CQ, 70%
mol at 80 °C and 40 bar, which may separate thgerga in different
phases, or it could be due to £€© producing a different effect in the
reaction. But these assumptions could not be prosgadng the

realization of this thesis.

1. FUTURE WORK

* To experimentally determine the viscosity of diéfiet cellulose dissolving ionic
liquids with water, carbon dioxide and co-solveatsl made a comparison of

the viscosity reduction by using water or £43 co-solvents.

* To complete the study of the PIL developed in cha@ [dbnH][MeOAc in
order to prove the high yield recovery and its majree of reciclability. Also
new applications of [dbnH][MeOAc] would need to @posed. For example
the use of this IL for other biomass processes ligaocellulosic material
pretreatment, and, for example, the study the ddalubof CO, in
[dbnH][MeOAc].
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e« To develop a high pressure equilibrium cell to expentally determine the
solubility of CQ, and other gases in ILs. During the realizatiortho$ thesis
solubility measurements were carried out in an ldgium cell, based on the
determination of pressure decreases by gas dissgluthich was designed and
constructed by our group but results were neitbpraducible nor in accordance
with the obtained by Jang et al. New pressure \®sgere constructed and a
new calibration method of the volume of the £dded should be developed in

order to complete the development of this equipment

« In order to better understand the possible effé@cetic anhydride dissolution
into CQ, phase more experiments need to be done in a hiegsyme variable

volume equilibrium cell where all the reagent aramn unique phase.

* To further investigate the use of the ionic ligimim][CI] in cellulose
dissolution with and without COatmosphere. During the realization of this
thesis it was observed that in different kind dfudese dissolution experiments
(cotton, pellets, powder) a kind of "coat" of ILoand the cellulose was formed
preventing its dissolution in the IL. The same rapyd when dissolution
experiments were carried out in device B (descrihathapter 5). A much faster
dissolution of cellulose was under g&tmosphere (sometimes in less than 1 h).
Nevertheless, even when this phenomenon was duadlia observed, a
quantitative determination was not successful dutine realization of this

thesis.

* To further validate FTIR method of determining D$ ceellulose acetate
comparing to other widely spread quantitative mesheuch as titration diH

NMR for obtaining the degree of substitution.

* To develop a more detailed analysis method of camg@e obtained during
hydrolysis or by cellulose degradation after itsgipitation from the IL. During
the realization of this work, HPLC analysis witHfeient columns was tested
but the results were not neither reproducible or cansistent. It would be

interesting to continue this study.
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Resumen

1. INTRODUCCION

Debido al agotamiento de las fuentes de energimlast petroleo principalmente, se ha
empezado a considerar la biomasa como una matara prometedora para la
produccion de productos quimicos y combustibles apteriormente se obtenian del
petréleo. La lignocelulosa es la biomasa vegetal aluindante y estd compuesta de tres
fracciones: celulosa (30-60%), hemicelulosa (20-49%gnina (10-30%).

La celulosa es el polisacarido mas abundante, namproduccién anual de of 75 X10
toneladas/afidEsta constituida por cadenas [g®-glucosa que forman una estructura
cristalina debido a los puentes de hidrégeno indéFaulares que se crean entre cadenas
contiguas de celulosa. El procesado y la disoludéncelulosa son procesos mas
complicado que en el caso de otros polisacaridagugaas moléculas de glucosa estan
enlazadas fuertemente unas a otras. No es solublge@a ni en otros disolventes
convencionales a temperatura ambiente, sino quee@ssario utilizar bases o acidos
fuertes y/o altas temperaturas, lo que hace qos psbcesos sean contaminantes, y que

se hayan investigado nuevos procesos Yy tratamiatieraativos.

En el afio 2002 Swatloski retom¢ la utilizacion idgiidos ionicos (LIs) como solventes
limpios para el tratamiento de biomasa, ya que arapaces de disolver altas

concentraciones de celulosa.

Los liquidos i6nicos son sustancias compuestasusixaeimente por iones que son
liquidos a temperatura ambiente. Son muy asimétrico/oluminosos, por lo que
presentan fuerzas atractivas mas débiles que I|es s@nvencionales. Se han
considerado solventes “verdes” debido a su bajsigrede vapor y a su reciclabilidad.
Poseen muy buenas propiedades: alto calor especificpoder disolvente, elevada
conductividad ionica, estabilidad electroquimimnte a reacciones redox y la mayoria
son no inflamables y son térmica y quimicamentabéss. Eligiendo el anion y el
cation apropiados se puede obtener un liquido @oan unas propiedades especificas.
Los liquidos i6nicos son un buen medio de reacgidambién pueden actuar como
catalizadores en algunos procesos. Presentanaugralio de solvatacion lo que hace

gue sea posible una reduccion del tamafio de lotores.
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En general los liquidos iGnicos son viscosos, yisgosidad se incrementa aun mas
cuando se disuelve celulosa en él. Se sabe g &leuC@ como co-solvente ayuda a
disminuir la viscosidad de la solucién ya que s¢@naeel movimiento de los iones y la

transferencia de materia, y también disminuye at@de fusion del liquido idnico.

Durante el proceso de disolucién el liquido i6réompite con los puentes de hidrogeno
intermoleculares y separa las cadenas del polihesogrupos OHde la celulosa crean

un complejo donor-aceptor de enlaces de hidrégencel liquido idénico cargado.

En el proceso de disolucion ambos, cation y aniagygn un papel importante. Los
cationes tienen la habilidad de deslocalizar lgagositiva, participan en los enlaces de
hidrégeno y el anidn a su vez actia como un acej#oH que interactiia con los

grupos hidroxilo de la celulosa.
2. OBJETIVOS

El objetivo de este trabajo mejorar el tratamiento de celubmsanedio liquido iGnico
solventando alguno de los principales problemasocemla elevada viscosidad. Para

llevar a cabo esta tarea se han propuesto loesigsi objetivos parciales:

e Estudio detallado del estado del arte para entdondgrocesos e identificar las
principales limitaciones. Revision de los procegasatamientos de celulosa en

medio liquido i6nico patentados. Este objetivo esadrollé en el Capitulo 1.

* Medida experimental y modelado de algunas propesifidicas de los liquidos
ibnicos mas usados para el tratamiento de bionfasaha seleccionado un
liquido i6nico de la familia de los cloruros de dazolio y otro de la familia de
acetato de imidazolio. Una de las principales heidines de los liquidos i6nicos
es que son muy higroscopicos por lo que se estuldianfluencia del contenido
de agua en la viscosidad y densidad de esos dadd&ionicos y se buscara
una correlacién para determinar la viscosidad egifun del contenido de agua.

Este objetivo se trabajé en el Capitulo 2.

* Bulsqueda de un nuevo liquido idnico prético cagazdisolver celulosa en
condiciones suaves y gue sea facil de reciclae &sjetivo fue llevado a cabo

en colaboracién con el grupo del Profesor Kennetts&ldon en el Queen’s
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University lonic Liquid Laboratory (QUILL) en la Uversidad de Queen’s en

Belfast (UK) y se explica en el capitulo 3.

Desarrollo de un método para solventar uno de fiasipales limitaciones del
proceso, la elevada viscosidad de los liquidosc@ami Se propone el uso de
diéxido de carbono como co-solvente en lugar delkstes organicos. ElI GO
es un solvente verde, capaz de disolverse eneaz cbncentraciones de hasta un
70 % mol disminuyendo la viscosidad y el punto @&dn de algunos liquidos
iGnicos. Ademas puede separarse facilmente dehldejar residuos. El liquido
ionico seleccionado es el [bomim][Cl] ya que se Bendstrado que tiene una alta
capacidad de tratamiento de biomasa y ademas possgevado punto de fusion
y s mucho mas viscoso que la mayoria de los liigadtos para procesar
biomasa. Este objetivo se llevé a cabo en los Glagid y 5 y se divide en dos
objetivos parciales:

o En el Capitulo 4 se realizdé una revision bibliom@fy la determinacion
experimental de algunas propiedades fisicas deinii@l] como el
punto de fusion, la viscosidad, la densidad y sttlanl de CQ en él.

o En el Capitulo 5 se analizé la influencia del Q@ilizado como co-
solvente en un proceso de hidrolisis y en otroaiilacion de celulosa
en [bmim][ClI].
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3. RESULTADOS Y DISCUSION

CAPITULO 1. REVISION DE PATENTES DEL PROCESADO DE BIOMASA
LIGNOCELULOSICA USANDO LIQUIDOS IONICOS.

En este capitulo se realizé una revision biblidgeatie las patentes desarrolladas para
diversos procesos en los que se utilizan liquidogos en el tratamiento de biomasa.
En primer lugar se realizé una introduccion sobsedonceptos de celulosa y liquidos
ionicos asi como del mecanismo de disolucion aelidosa en los liquidos idnicos. En
segundo lugar se llevé a cabo un analisis de legasutecnologias desarrolladas para
procesar biomasa en liquidos ibnicos, prestand@cedpatencion a las patentes
publicadas por empresas involucradas en la implemale estos procesos.

Estas tecnologias se han dividido en 6 grupos ipates: disolucion y precipitacion de
celulosa; fraccionamiento de biomasa, deslignifmac pretratamiento de celulosa
para reacciones de hidrélisis o procesos de feaungmt para la produccién de
bioetanol; reacciones para la obtencion de produd® bio-refineria y quimicos;
preparacion de composites de celulosa y reaccmmasistitucion para la obtencion de

compuestos derivados de celulosa.

Los liquidos iénicos han generado mucho interésocoma alternativa limpia a los
procesos tradicionales mas contaminantes queantitizsolventes organicos y acidos o
bases fuertes.

Los procesos patentados son simples y relativanféaniles de implementar, aunque
presentan algunas limitaciones como son la elevadaosidad de la mezcla
biopolimero/Ll y la capacidad de recuperaciongrataje del LI. Desde el afio 2005 se
han publicado mas de 70 patentes sobre el procestmie biomateriales para producir
diferentes productos quimicos, combustibles, caitg® y polimeros derivados de la
celulosa.Un gran numero de estas patentes son propiedad A&F B/ Eastman

Chemical Companies, aunque aun ninguno de estaegw® ha sido desarrollado a

escala industrial.
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CAPITULO 2. INFLUENCIA DE LA CONCENTRACION DE AGUA EN LAS
VISCOSIDADES Y DENSIDADES DE LIQUIDOS IONICOS QUE DISUELVEN
CELULOSA. CORRELACION DE LOS DATOS DE VISCOSIDAD.

En colaboracion con el grupo TERMOCAL de la Esculgldngenierias Industriales se
ha utilizado un viscosimetro-densimetro Stabingaa pmedir experimentalmente la
densidad y la viscosidad de diferentes mezclas sasuale dos liquidos iénicos
ampliamente estudiados en el tratamiento de biomasaruro de 1-alil-3-
metilimidazolio [amim][CI] + agua Yy acetato deefil-3-metilimidazolio [emim][Ac] +
agua. Las medidas se han llevado a cabo con doacemes de agua de hasta un 35%
mol a presion atmosférica y en un rango de temperade 298.15 a 373.15. Los

resultados obtenidos se muestran en el conjurfigui@s 1.
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Figura 1. Medida de viscosidad y densidad a diasriemperaturas de distintas mezclas

[emim][Ac] — agua y [amim][CI] — agua.
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Los volumenes de exceso se calcularon a travégsdeatos de densidad y resultaron
valores negativos, esto se explica porque los veh@s molares de ambos liquidos no
son aditivos. Los componentes estan mas empaqgsetpdo lo que la densidad es
mayor de la esperada. El acetato de 1-etilo-3mmtifizolio presenta valores mas
negativos, la estructura esta mas fuertemente arefatp, lo que puede atribuirse a la

formacion de puentes de hidrogeno.

En este capitulo también se ha propuesto unalacide para ¥,0<0.4 y otra para todo

el rango de concentraciones que relaciona la vd@dscon la temperatura y con la
concentracion de agua. Las viscosidades logarignded liquido ionico puro han sido
correlacionadas con ecuaciones cuadraticas en hgdmeales. Las ecuaciones de
Seddon y Grunberg y Nissan se han modificado pasxribir el comportamiento
altamente no lineal y la dependencia de la temperaEsta ecuacién se ha utilizado
también satisfactoriamente para describir la visemsde otras soluciones acuosas de
cloruros de imidazolio y agua asi como los delesist etanol + acetato de 1-etil-
3metilimidazolio. De esta forma se han obtenidosidesones medias menores del 15%
en la viscosidad de la mayoria de los sistemasegian considerado.

CAPITULO 3. USO DE LIQUIDOS IONICOS PROTICOS EN EL PROCESADO
DE BIOMASA.

Este trabajo fue llevado a cabo en Queen’s Untydmsiic Liquid Laboratory (QUILL)
Research Center en la Universidad de Queen ensBalK).

Se estudio el uso de liquidos iGnicos proéticos (ld&ra disolver biomasa. Se probaron
distintas mezclas de acidos y bases para obtendguwido i6nico proético que fuese
liquido a temperatura ambiente y que fuese capatisidéver celulosa. El LIP 6ptimo
gue se consiguio fue el obtenido mezclando la hesee 1,4-diazabicyclo[4.3.0]non-5-
ene, DBN (pka=12.7) y el acido metoxiacético Medpi€_=3.54). Este liquido idnico,
[dbnH][MeOACc] fue facilmente sintetizado transfim@o un proton del acido a la
base. La pureza del [dbnH][MeOAc] fue determinadar mnalisis NMR
(Resonancia Magnética Nuclear). La figura 2 muestraspectraH NMR del

acido, la base y el liquido i6nico sintetizado.

164



Resumen

® H:
(@) H o H
SN e, o)
HQG\J% fle Haco\)\
2
H, N7 0@
H, ?2
(b) P ' "SCH,
H,C
N
2
A 1
c o)
() ug:a\/”\
OH

T T VR R T R T T R T N N
Chemical Shift (ppm)

Figura 2. EspectrdH-NMR @s=2.5 ppm) de: (a) [dbnH][MeOAc], (b) 1,5-
Diazabicyclo(4.3.0)non-5-ene (dbn), (c) Acido migivético (MeOAC)

Este liquido i6nico fue capaz de disolver 10 % esopde celulosa a 40 °C en 4 horas
con agitacion obteniéndose una solucion perfecttanelara. Se estudié también la
precipitacion de la celulosa disuelta y se obse® es posible recuperar celulosa sin
gue esta sufra ningln cambio significativo ni erestnuctura atdmica ni en su grado de
polimerizacion. En este liquido idnico es posildgdr a cabo reacciones de acetilacion,
y obtener acetato de celulosa con un grado deustiéti de 1.9 en 24 h a 40 °C y con

un ratio de 4 mol anhidrido acético/ mol AGU.

Se determind también la viscosidad del [dbnH][MeDpwro y con celulosa disuelta,
(ver figura 3). La viscosidad del LI puro es simi¢ala del [emim][Ac] 189.2 mPa:s a
303.15 K y la viscosidad de la solucion con un MW¢4e celulosa disuelta aumenta
hasta los 89540 mPa:-s.
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Figura 3. Viscosidad (v) y densidad (d) del LI@{ubnH][MeOACc] y viscosidad (v) de

soluciones de [dbnH][MeOAc] con diferentes conceaitones de celulosa disuelta.

CAPITULO 4. PROPIEDADES DEL LIQUIDO IONICO [bmim][C 1].
DENSIDAD, VISCOSIDAD Y EQUILIBRIO DE FASES.

En colaboracion con el grupo TERMOCAL de la Escukddngenieros Industriales se
determinaron experimentalmente dos propiedadeBaqiedlo idnico cloruro de 1-butil-

3-metilimidazolio [bmim][CI] a presion atmosférida, densidad de 308.15 a 383.15K y
la viscosidad de 308.15 a 373.15 K. Los datos sechatrastado con los obtenidos en

literatura y los resultados se muestran en el gdgpkiguras 4.
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Figure 4. Comparacién de los valores experimentdieslensidad y viscosidad de [bmim][ClI]

obtenidos en este trabajo y los obtenidos de ljbdifia.
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También se ha llevado a cabo una recopilacion desdabliograficos de puntos de
fusién y de solubilidad de G@&n [bmim][Cl]. El punto de fusién de este liquidnico
esta entorno a las 340.8 K y es capaz de disohstahun 40.6% mol de G@ 373.15 K

y 36.94 MPa, valores menores a los obtenidos ams tijuidos idnicos.

CAPITULO 5. ANALISIS DE LA INFLUENCIA DEL CO , USADO COMO CO-
SOLVENTE PARA REDUCIR LA VISCOSIDAD DEL PROCESADO D E
CELULOSA EN [bmim][CI]

En este capitulo se ha analizado la influenciaCi®l en las reacciones de hidrdlisis y
sintesis de acetato de celulosa en [bmim][ClI].

En primer lugar se ha probado que el,@0 causa la precipitacion de celulosa, para
ello se ha dejado una solucién de celulosa diseeltipomim][CI] en una atmdsfera de
CO;, a presidn de 60 bar varios dias sin observargginioambio.

En el caso de las reacciones de hidrdlisis, sevidsan resultados similares trabajando
en presencia y ausencia de £8sto puede deberse a que el agua que se utiima c
reactivo a su vez provoque una disminucion dedaogidad mayor que el propio €0
En la tabla 1 se muestran los resultados obteniegigués de 5h.

Tabla 1. Experimento de hidrdlisis llevados a calt0 °C a diferentes presiones de,CO

durante 5h.
Cellulose Reducing Sugars| Max
T (°C) P (bar) _ ,
Conversion (%) Yield (%) Xco2
80 1 84% 56.2% 0.0074
81 2.8 82.7% 53.9% 0.0202
83 9.3 77.8% 59.2% 0.0613
84 10.1 85.6% 57.1% 0.0651
80 154 85.2% 56.5% 0.1007
81 44.8 65% 39.6% 0.2317

La produccion de acetato de celulosa disminuyo duae llevo a cabo en atmésfera de
CQ.. Todos los experimentos llevados a cabo condujgramgrado de sustitucién (GS)
menor, obteniéndose valores de 1.94, 1.1 6 0.4fiefre los 2.49 obtenido cuando se

trabajé en ausencia de este co-solvente. El agariente, anhidrido acético, podria
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pasar a la fase del GOya que en las condiciones usadas en estos exeads) la
solubilidad del anhidrido acético en el £€5 del 70% en mol. Pero los experimentos
llevados a cabo en este trabajo no son suficigraes explicar la razén por la que el

CO; provoca una disminucion del grado de conversiola deaccion.
4. CONCLUSIONES

A continuacién se presentan las conclusiones mésarges del presente trabajo de
tesis doctoral en el que los principales problerassciados con el procesado de
celulosa en medio liquido i6énico han sido idergifios y se han propuesto algunas

soluciones.

e Se han estudiado los principales aspectos del gmdoede celulosa en medio
liquido i6nico y se han analizado los principalesocpsos que se han
desarrollado en este tema. Se ha determinado guerilacipales problemas
asociados son que la elevada higroscopicidad dekpo, la elevada viscosidad
y también la dificultad para recuperar el liquidoico puro y reciclarlo.

* Se ha determinado experimentalmente la influeneiacantenido de agua en la
viscosidad de dos de los liquidos iGnicos mas taniaticos en el tratamiento de
celulosa con liquidos i6nicos, cloruro de l-alil&itimidazolio y acetato de 1-
etil-3-metilimidazolio en un rango de temperatudes 298.15 a 373.15 K, a
presiéon atmosférica y para fracciones molares da agenores de 0.35.

La viscosidad del acetato de 1-etil-3-metilimidazolisminuye con el contenido
de agua a 298.15 K baja de 124 a 75 mPa-s y3al3de 8.19 a 6.47 mPa-s.
La densidad aumenta ligeramente con la fraccioramidé agua a 298.15 K
desde 1.0983 a 1.1018 gftsna 373.15 K desde 1.0538 a 1.0571 d/dnos
valores de viscosidad y densidad obtenidos sonistenges con los datos
experimentales existentes. En el caso del clorerd-dlil-3metilimidazolio, la
viscosidad también disminuye con el contenido dexag 298.15 K desde 22.21
a 10.98 mPa-s y la densidad, al contrario de losggedia con el otro liquido
i6nico, disminuye ligeramente, a 298.15 K de 191451.1430 g/cthy a
373.15 K de 1.1036 a 1.1009 gftrhos datos presentan inconsistencias con los

escasos datos presentes en bibliografia.
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Se han obtenido volimenes molares de exceso neggtse han correlacionado
ademas datos bibliograficos de agua + cloruro-digudilo-3-metilimidazolio y

de etanol + acetato de 1-etil-3metilimidazolio.sLdatos se ajustan y
reproducen bien datos de otros liquidos ionicosrobhdo desviaciones medias

menores de un 15% en la mayoria de los casos.

En el capitulo 3 se propuso la utilizacion de ligsi idnicos proticos para el
tratamiento de celulosa debido principalmente aesiclabilidad. Se consiguid
sintetizar un nuevo liquido i6nico proético capaz pecesar celulosa en
condiciones suavefdbnH][MeOAc] es capaz de disolver hasta un 10%svt d
celulosa en 3h a 40 °C. La celulosa puede ser ee@d@ por precipitacion
sin que se produzca ningln cambio ni en su estaictuen su grado de
polimerizacion. Ademas también es posible sintetizatato de celulosa con

un grado de sustitucion de 1.9@&°C en 24 h.

Se propuso el uso de @@omo co-solvente como solucién a la elevada
viscosidad de los liquidos i6nicos utilizados etralamiento de celulosa. Para
ello se estudié experimentalmente la influencia@@} en diversos tratamientos
de celulosa. Se eligi6 como LI el cloruro de 14p8tmetilimidazolio
[bmim][CI] porque ya se ha demostrado su capacpaa disolver celulosa y
porque presenta elevada viscosidad y punto derfugar tanto se considero que
una reduccion de viscosidad seria mas apreciablestn liquido i6nico. La
viscosidad del [bomim][CI] a 303.15 K es de 11000an®’mientras que otros
liquidos id6nicos, también usados en el tratamiehtocelulosa son menos
viscosos: el cloruro de 1-alil-3metilimidazolio [anj[Cl] y el acetato de 1-etil-
3metilimidazolio [emim][Ac], ambos estudiados encapitulo 2, presentan una
viscosidad a 298.15 K de 1884 mPa-s y de 124 nm€spsctivamente.

Las principales propiedades fisicas del cloruro ldeutil-3-metilimidazolio

[bmim][CI], se recopilaron de bibliografia y se wdiiron experimentalmente.
Este liquido idnico presenta un punto de fusiorudes 340.6 K y los valores
experimentales de viscosidad y densidad disminali@umentar la temperatura
y eran similares a los obtenidos por otros autoBes.obtuvieron valores de
viscosidad que variaban desde los 5194.23 mP208.45 K hasta los 56.71
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mPa-s a 383.15 K. La densidad oscilaba entre 2.g7@&7 a 308.15 K vy
1.0354 g/cma 383.15 K.

e Se analiz6 la influencia del uso de £€@mo co-solvente en dos procesos de

tratamiento de celulosa en [bmim][Cl]. Se analipaas procesos de hidrolisis y

acetilacion:

o0 Se determind que el GMo inducia la precipitacion de una solucion de

5%wt de celulosa en una atmdsfera de @®hasta 60 bar.

La presencia de Cho mejoro el proceso de hidrodlisis utilizando masi
Amberlyst como acido. Se obtuvieron valores siraalle conversion de
celulosa y de produccion de azucares totales rédsidrabajando en
ausencia y en atmosfera de £0De hecho en el rango entre 1 y 15 bar la
conversion de celulosa es del 85% y a 45 bar lzgghun 65 %.

La produccion de acetato de celulosa en cloruro ldeutil-3-
metilimidazolio utilizando anhidrido acético coneactivo acetilante se
ve perjudicada por la presencia de Ca@bteniéndose tan solo grados de
sustituciéon de 1.17 en 7 h trabajando a 80 °C \b&0 Esto puede
deberse a la solubilidad del anhidrido acético &, C70% mol a 80 °C

y 40 bar, lo que hace puede hacer que el reaactivthstribuya entre las
diferentes fases, otra hipotesis es que el @@duzca otro efecto en la
reaccion. Aun asi, los experimentos llevados a eabesta tesis no son
suficientes para explicar la razén por la que el, Gnpeora la

conversion de esta reaccion.
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TRABAJO FUTURO

Determinar experimentalmente la viscosidad de othogido i6nicos
utilizados en el tratamiento de biomasa con ag@,ydotros co-solventes y
realizar un estudio comparativo de la reducciéniseosidad producida por el

agua y por el C®

Completar el estudio del liquido ionico obtenido eh capitulo 3,

[dbnH][MeOAc] para comprobar el alto rendimiento deeuperacién y su
grado de reciclabilidad. También es necesario amml estudio de este
liquido i6nico y su aplicacion en otros procesomacel pretratamiento de

material lignoceluldsico y, por ejemplo, estudasoblubilidad del Cgen él.

Desarrollar una celda de equilibrio a alta prespara poder determinar
experimentalmente la solubilidad del €® de otros gases en diferentes
liqguidos i6nicos. Durante la realizacion de estsistese llevaron a cabo
medidas de solubilidad de G@n [bmim][Cl], en una celda de equilibrio de
volumen constante, basadas en la determinacioa disthinucion de presion
causada por la disolucion del gas en el LI. Laaeld equilibrio de volumen
constante fue diseflada y construida en nuestrogrem los resultados no se
han mostrado porque no eran ni reproducibles m @@ orden de los
obtenidos por Jang et al. Se disefid otro recipieméds sencillo, pero es
necesario desarrollar un nuevo método de calibmatias exacto del método

de adicion de C@®ya que era uno de los principales problemas guggesan.

Para entender mejor el posible efecto de la digimude parte de anhidrido
acético en el COseria necesario estudiar la reaccion en una astadn una

celda de equilibrio de volumen variable.

Continuar el estudio del uso de [bmim][Cl] y otrguidos idnicos en
procesos de disolucion de biomasa en ausencigsesencia de CODurante
la realizacion de esta tesis se llevaron a catmvatifes tipos de experimentos
de disolucién de celulosa (pastillas, algodény@ol) y en muchos casos se

formaba una capa de liquido i6nico alrededor deelalosa impidiendo su
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disolucién en el liquido i6nico. Este fendmeno $&sewpvd también en los
experimentos de disolucion llevados a cabo en ataép B (descrito en el
capitulo 5), donde se consiguieron disoluciones rapidas (en algunos casos
en menos de 1h). Este fendmeno no pudo cuantéigargue no conseguimos

reproducibilidad.

Para validar el método FTIR de determinacién dabgrde sustitucion del
acetato de celulosa deberia haberse comparaddrogmueétodos cuantitativos

muy extendidos como son la titracién o'el NMR.

Determinar de forma mas detallada los compuestdsnmlos durante el

proceso de hidrolisis. Durante la realizacion de &sbajo se llevaron a cabo
diferentes analisis de HPLC con diferentes columpeas los resultados

obtenidos no eran ni reproducibles ni consisterifedria que continuar con
este estudio.
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