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Abstract 
 

Fossil fuel recourses are not limitless so alternative renewable recourses 

are needed to fill the void that inevitably will be created once the supplies of 

this recourse start do dwindle. Biomass has the potential to fill this void. 

Today only a small part of the world annual production of biomass is utilized 

by humankind, while the rest is allowed to decay naturally. To utilize this 

renewable recourse in the production of fuel and chemicals, the so called bio-

refineries specialized in fractionation and making use of all component of the 

biomass are needed. Ionic liquids could aid in this task. 

Ionic liquids (ILs) have shown great potential in the field of biomass 

processing in general and in the pretreatment of (ligno)-cellulose in 

particular. However, a few things need to be addressed before any large-scale 

processing can be considered: Finding new routes for IL synthesis that make 

“on-site” production possible; Investigation into the challenges facing IL 

pretreatment of (ligno)-cellulose such as possible depolymerization of 

cellulosic material during the pretreatment and investigating what influence 

different ILs have on the pretreatment of cellulosic material by methods like 

enzymatic hydrolysis.  

This work aims to address these issues and will present a route for IL 

synthesis making use of alcohols and carboxylic acids both commonly found 

in a biorefinery. Some of these ILs have also been tested for their ability of 

dissolve cellulose. Furthermore, this work will address the possibilities but 

also challenges upon IL-mediated (ligno)-cellulose processing. This includes 

investigating several ILs and their efficiency as a pretreatment solvent for 

enzymatic hydrolysis; these studies involve a large variety of different 

cellulosic materials. This work demonstrated that depolymerization during 

the IL pretreatment is a possibility and that this can complicate the recovery 

processes. Furthermore, this work gives guidance into what type of ILs might 

be suited as pretreatment solvents for different cellulosic materials, 

including amorphous and crystalline cellulose, processed and native 

lignocellulose, different types of wood samples and hemicellulose.  
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Ionic liquids 

When the talk turns towards ionic liquids or “ILs”, the question inevitably 

becomes “what is an IL?” That discussion has gone on for a long time and, to 

some extent, is still going on. Many different definitions and suggestions 

have been put forward such as “salts that are liquid at, or close to, room 

temperature” [172] or “a liquid salt consisting of ions and ion pairs” [85]. 

Although this discussion might seem trivial to some, it is important to define 

the term properly in order to know what one talks about. Therefore it is this 

authors intent, in this work, to define an ionic liquid as something that is a 

liquid at its intended process temperature and consists in most part out of 

ions and ion pair(s).  

One of the first applications for an IL (ethyl ammonium nitrate) was its 

use as a proton crystallization agent and electrically conductive solvent, 

published by Paul Walden back in 1914 [136], although ionic liquids as a 

group had been known even before that. The first ILs, however, where hard 

to handle and had a narrow window of applications due to problems with 

high viscosity, reactivity, melting points and moisture sensitivity. However, 

by using different starting materials and more neutral ions, many of these 

problems could be mitigated [177] and in the last two decades the interest 

towards ILs and their applications have grown massively [168].  

ILs are often hailed for their many desirable properties like low vapor 

pressure, high thermal stability, non-flammability and low toxicity, to name 

a few. In spite of such properties, it is important to take into account that 

ILs, as defined previously, are represented by a large group of compounds 

including different combinations of ions, zwitterions and eutectic melts. 

Thus, finding properties that are specific for all these possible ILs will be 

difficult and exceptions to the once already mentioned already exists (Paper 

II). That is why properties like these should be seen as generalizations and 

not a general law. Another definition often mentioned in the context of ILs is 

that they are green solvents. However, this does not always take into account 

the synthesis of the ILs and their precursors that frequently contains multi-

step procedures, resulting in poor atom efficiently and the accumulation of 

hazardous waste.  

From the notion that ILs are green solvents comes a widely spread 

misconception that ILs also are non-toxic. Even though it is safe to say that 

no IL has been fully examined and understood when it comes to its toxicity, 

several studies have shown quite the opposite that some ILs, in fact, are toxic 

in nature and their toxicity might vary noticeably between trophic levels, 
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organisms and environments [166, 79, 56, 55]. This misconception can even 

be downright dangerous for the persons handling ILs since studies have 

indicated that IL may not just be (eco)toxic but toxic for mammals  as well 

[53, 99]. Especially lipophilic ILs has shown the ability for transdermal 

delivery [99, 75]. Some attempts have been made to predict the toxicity of 

ILs [115] and some studies have shown correlations between toxicity and 

definite aspect of the IL structure. Polar functional groups and side chains on 

the cation exhibit less toxicity [166] while longer side chain have shown to 

increase toxicity [166, 115, 30]. The same has been observed upon presence 

of an aromatic ring and an increase in the number of heteroatom inside the 

ring [30]. The toxic effect of anion-exchange has been shown to be 

significant but not systematic [30].Even though toxicity can be minimized by 

manipulating the IL the question is still: How will these changes affect other 

aspects and desired properties of the task-specific IL? 

 Even so, the versatility in their physic-chemical properties renders ILs as 

a very interesting group of solvents for industrial applications. It also follows 

that the low vapor pressure and non-flammable nature often seen in ILs 

make them much safer to handle and greener due to the fact that they are 

reusable and give an almost nonexistent atmospheric emissions - something 

that is not always the case upon use of the solvent and extraction media of 

today. That is why ILs has been explored as alternatives in many areas of 

technologies [136, 149] and many potential applications have already 

emerged. Applications like fuel for rocket engines [147], immobilized 

heterogeneous catalysis [123], lubricants or lubricant additives [84], the 

capturing of greenhouse gases [138, 67] and, of course, the pretreatment of 

biomass in general and as a preparation step before enzymatic hydrolysis in 

particular [157, 32, 23]. 

The generic structure of ILs  

ILs are systems with at the very least two components meaning that there 

are IL systems that include more than two components. This large area 

includes groups like zwitterions [72, 187], doubly charged cations [74] and 

eutectic melts [3], just to name a few.  However, for this work we will focus 

on the two-component combinations, one cation – one anion, since they are 

currently the most interesting ILs used for biomass pretreatment.  

The cation normally found in salts is an inorganic one such as sodium or 

calcium. However, sodium in combination with chloride (NaCl) is usually 

not defined as an IL because it melts at a, normally, process limiting 

temperature of 803 °C rending it unusable as solvent for chemical reactions 

or processing. However, by changing the inorganic cation to a larger, 
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asymmetric organic cation with a delocalized charge, the melting point can 

drop significantly [172]. Modern ILs consists of an organic cation often 

containing a quaternized aromatic or aliphatic amine, although alkylated 

sulfur or phosphorous based ILs do also exists. 

These large alkylated cations are often of a complex nature and, therefore, 

often have long and complicated names. As the debate about what defines an 

IL has gone on for a while, so has the debate on how to name them. So far no 

unified consensus has been reached. Therefore, a nomenclature used by Tom 

Welton et al. will be used throughout this work. Cations will be noted in the 

form of [CnCmX] where “C” will denote different chains and the subscription 

(n,m etc) will denote the number of methylene units plus the terminal 

methyl group of the different chains. “X” will be an abbreviation of the 

cations molecular scaffolding, N for amine, im for imidazolium, pyr for 

pyridinium and so on. The most common cations are introduced in Figure 1.  

Figure 1: A few common cations used in modern ILs. 

Anions found in an IL are of either inorganic or organic nature. 

Historically the anion often included some sort of halogen since it is a group 

well known for its electronegative nature. They were either used as single 

halide ion (with localized charge, Br-, Cl-) or a halogen-containing group that 

helped in delocalization of the negative charge either by distributing the 

charge over the halogens ([BF4]-, [PF6]-) or used as an electron withdrawing 

group in order to enhance the effect of other electronegative atoms (OTf-). 

Nowadays, more and more halogen-free anions start to emerge in part due to 

the increased attention to the toxic effect and environmental burden of 

halogens but also due to their relatively low price. Structures of the most 

common anions can be found in Figure 2. 
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Figure 2: A few common anions used in moderns ILs. 

Needless to say, even when looking at the two-component systems only, 

there still exists a staggering amount of ILs - some easily synthesized and 

some commercially available, and all with different properties suited for 

different application. Some of them have been listed in previous works in 

this field [23, 135].  

Preparation 

Back in time the preparation of an IL was mostly performed by means of 

ion exchange or acid-base neutralization. Again, how you define these terms 

may vary and during the recent decade a multitude of different preparation 

techniques have emerged resulting in even more murkier definitions. 

Nevertheless, as a simplification the author has opted to separate the 

preparation of ILs in two categories: ion exchange and covalent bond 

formation/breaking reactions. The former take advantage of ion exchange 

columns or metathesis applying metal or ammonium salts or Brønsted acids 

and the later includes nucleophilic substitution (or quaternization) reactions, 

anion reactions and acid-base neutralization (Figure 3). Furthermore, even 

though some reaction types can be good to describe, it is also important to 

remember that these types of reactions are fairly simple albeit with their own 

set of challenges. As such, many of the reactions found in the literature can 

be carried out in many different fashions that are not always mentioned in 
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the articles, and the methods can vary between research groups and time. 

This leads to a large variety of different methods used dictated by local 

customs, previous experience and available equipment, and it is difficult to 

predict the advantage of one over the other. Although there are some 

common challenges that will be highlighted and need to be taken in to 

account when making ILs, some are specific for a certain method and some 

are universal for all preparation techniques. Since ILs usually cannot be 

purified by distillation and are generally difficult to purify, one of these 

universal challenges is the ability to make high-purity ILs [155] 

 

Figure 3: An overview of different ways of making ILs.  

Covalent bond formation/breaking reactions 

This is usually the first step upon synthesis of any IL, excluding eutectic 

solvents, since any form of ion exchange demands a salt with the desired 

cation already present. Therefore, the first step is to form that cation. As 

always when it comes to the breaking and formation of covalent bonds, there 

are usually competing side reactions or degradation reactions to consider. 

Consequently, the reactivity of the precursor needs to be taken into account 

in order to minimize side reactions or degradation products. This is usually 

accomplished by using solvents, adding the reactant slowly, or cooling. 
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Nucleophilic substitution reaction 

In the case of making an IL via a fairly simple SN2 reaction in where one 

ion pair is formed, the procedure is a straight-forward one (Figure 3). Any 

substitution reaction needs a nucleophile and an alkylation agent (the 

electrophile) with a good leaving group. However, the creation of a 

quaternary ammonium cation is not always easy, since a good leaving group 

that forms a stable anion needs to be present or the reaction might not work 

at all. When making ILs, the nucleophile is usually a tertiary amine although 

in some cases a sulfide or phosphine [23] is used. In the case of a tertiary 

amine the substitution reaction is referred to as quaternization of the amine. 

The second substrate in the reaction, the alkylation agent, consists of an 

appropriate leaving group and what will later be the side chain of the IL, 

although that is not always the case as we will see later on in Paper I. 

Commonly used alkylation agents are alkyl halides although a substituted 

sulfate, sulfonate, tosylate, phosphate  and carbonate have also been 

used[25, 98, 65]. The reactivity of the alkylation agent will depend on the 

length and complexity of the side chain and the nature of the leaving group. 

When it comes to halogens the most reactive one is iodide followed by 

bromide and chloride. 

A standard way of making this reaction is the simple addition of a suitable 

alkyl halide to a desired amine [173]. Commonly, this is facilitated by slowly 

adding a stoichiometric amount of one of the reactants, usually the 

alkylation agent, to a cooled reaction vessel containing the other reactant, 

usually the nucleophile, with [2] or without [190] the presence of a solvent. 

Sometimes, an excess of the alkylation agent is used in order to drive the 

reaction towards completion [190]. The reaction is then heated at a 

moderate temperature, 50-80 °C, for an extended time varying from 8 h to 7 

days, depending on the reactivity of the reactants. In the case of the shorter-

chain alkyl halides special care needs to be taken due to the volatile nature of 

the alkylation agent [173]. 

Synthesis of an IL might differ from regular nucleophilic substitution 

reactions by different challenges.  One of the main one is that these reactions 

should be carried out under inert atmosphere, not as much for the sake of 

oxygen since ILs are usually not made with easily oxidized ions, but rather to 

exclude moisture from the reaction. Historically, water have always been a 

problem for ILs but even modern ILs are known for their ability to absorb 

water [21, 23]; even ILs known to be water stable have shown to undergo 

side reactions in the presence of water (se chapter “Anion reactions”) [65]. 

Another challenge is that the reaction can be rather sluggish since highly 

substituted nucleophiles are used. However, because purification of ILs is 
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notoriously difficult, care must be taken not to overheat the reaction and 

thereby increase elimination or other competing side-reactions [65]. In some 

cases these reactions are exothermic and, if overheated, they might lead to a 

runaway reaction [65]. Therefore, these reactions should be carried out 

under as mild conditions as possible even if that results in a longer reaction 

time. To combat this problem, solvents are sometime used to better control 

of the reaction, but even here some things needs to be taken in to account: 

the first one is the removal of the solvent and possible water contamination. 

The second one is that ILs are usually made in larger quantities and, as such, 

a technical approach to solvents need to be taken. Low concentration of the 

starting material might lead to large amount of solvents that needs to be 

used and subsequently removed and, in some cases, results in a need for a 

ridiculously large reaction vessel.  Nevertheless, there are ways to improve 

these types of reactions.   

As previously mentioned, the use of solvents can help to decrease the 

reactivity and the formation of hotspots in the reaction; this is usually 

accompanied by the cooling of the reaction and slow addition of reactant. A 

kinetic study in different solvents, followed by a linear solvent energy 

relationship analysis showed that the reaction rate between 1-bromohexane 

and 1-methylimidazole increased in dipolar aprotic solvents [146] in where 

acetone was deemed as one of the best. Many reactions have been carried out 

in solvents of similar polarity, for instance, chloroform [173] or ethyl acetate 

[2] although other solvents like toluene are also used [98]. Also, in many 

cases the IL formed might not be miscible with the solvent (by designee in 

order to aid in the purification process) and efficient stirring is needed in 

order for the reaction to proceed.   

Microwave technology has been used in organic synthesis since the mid-

1980s and is known to speed up conventional reactions [109]. In fact, ionic 

liquid themselves have been used in microwave-assisted chemical reactions 

to improve the temperature rise for non-polar microwave transparent 

solvents [109]. What is true for conventional organic synthesis is also true 

for ILs, and many studies into microwave assisted synthesis have been made 

[98, 65]. Also here the reactions are accelerated but the inability to control 

the reaction, especially the generation of so called hotspots, leads to 

inconsistency in the quality of the IL [101].  

Ultrasound has also been use as the energy source in the creation of 

different 1-alkyl-3-methylimidazolium halide salts from the 1-

methylimidazol and the corresponding alkyl halide [128]. It appears that the 

reaction proceeded faster and at a lower temperature than upon use of 

conventional methods and without the use of any solvents or excess starting 
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materials. It was also stated that the purity of the ILs prepared through 

sonication was better than for those prepared under conventional heating. It 

is been suggested that this is due to the more efficient mixing of the reaction 

resulting in faster reaction time and the prevention of, or at the very least a 

reduction in, hotspots [65].  

Nucleophilic substitution reaction is, perhaps, one of the most common 

type of reaction used in the making of an IL, even more than metathesis 

since metathesis demands an already existing  IL or at least an organic salt 

as a starting material. Therefore, to go into details of all the different 

methods and procedures is a daunting task especially since there already 

exists many excellent works that address this [65, 135, 23, 2]. Consequently, 

in this work only an overview is given and for further information the reader 

is referred to the literature. 

Anion reactions  

Once the first tasks of creating an IL, or at least an organic salt, is done 

then the IL can be further manipulated by either completely changing the 

anion by ion exchange or, in some cases, just changing the structure of the 

anion. This is perhaps one of the lesser known approaches of IL synthesis 

but nevertheless it has its advantages.  

One type of ILs synthesized in this manner is sometime referred to as a 

Lewis acid-based IL. Here a quaternized ammonium halide salt is combined 

with a Lewis acid without the use of a solvent, resulting in an addition 

reaction between the halide and the Lewis acid and, subsequent ionization of 

the Lewis acid (Figure 4). One of the most common ILs of this sort is 1-ethyl-

3-methylimidazolium chloride-aluminium(III)chloride [C2C1im][AlCl4] [176]. 

By changing the ratio between the halide IL and the Lewis acid, different 

types of multi-anion species can be formed [98]. Their physical properties 

have been thoroughly investigated [41]. This type of reaction is water 

sensitive and exothermic, and therefore cooling and caution must be 

exercised when adding the reactants and handling the IL, in order to secure a 

pure product. Even though AlCl3 is the most common Lewis acid used for 

this type of ILs, other Lewis acids like CuCl, SnCl2 or InCl3 [98] have also 

been used.  

 

Figure 4: Ionization of a Lewis acid via a reaction between the halide and a Lewis acid. 
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In the wake of “air and water stable” ILs first coined by Wilkes in 1992 

[177], in reference to 1-ethyl-3-methylimidazolium based ILs, the wide-

spread conception was that these ILs could be used in the open air. This 

resulted in the realization that some anions that originally were considered 

air- and moist-stable, such as [SbF6]-, [PF6]-, [BF4]- and [CnSO4]-, actually 

underwent hydrolysis [65]. The hydrolysis could have severe consequences 

since in some cases the highly toxic and corrosive hydrofluoric acid (HF) was 

formed. However, this reaction can also be used to hydrolyze [MeSO4]- to 

[HSO4]- [25]  and, in the case of [C4C1im][HSO4], this was accomplished with 

almost 100% conversion (Paper V). The hydrolysis takes place by heating 

[C4C1im][MeSO4] to 170-180 °C for the duration of 3 hours in the presence of 

water. The water will constantly evaporate together with methanol formed by 

the reaction, which requires a constant addition of water to push the reaction 

towards completion. The heating source for the reaction was kept at 220 °C 

but the internal reaction temperature was kept between 170-180 °C by the 

constant addition of water. One thing worth mentioning is that the purity of 

the starting IL is of utmost importance since organic compounds can 

decompose at that temperature resulting in a discoloration of the IL. 

Acid-base neutralization  

These types of ILs are sometimes referred to as protic ILs [62] and are 

made by the addition of a strong acid to a strong base so that complete 

deprotonation/protonation occurs (Figure 3). The IL ethyl 

ammoniumnitrate [C2NH3][NO3], also known as one of the first ILs due to 

its practical application, was made via the neutralization of nitric acid with 

ethylamine [40]. Other monoalkylated ammonium ILs were made in a 

similar fashion using nitric acid [173]. Even aromatic amines such as 1-

methylimidazole has been neutralized using strong acids [71] to make ILs 

such as [C1Him][BF4]. Other ammonium based protic IL have been made in 

much the same fashion [65]. These reactions usually require cooling and are 

carried out in water. Water is later removed via vacuum treatment, but the 

IL usually needs further purification, often by the use of sorbents such as 

active charcoal. Protic ILs have two major advantages when it comes to 

industrial applications. They are cheap and easy to make and in some cases 

they can be purified via distillation. This technique is already used by BASF 

in the BASIL process [65] where 1-methylimidazole is used as an acid 

scavenger to remove HCl from a process by forming 1-methyl-imidazolium 

chloride [C1Him]Cl that can then be easily separated from the product.  
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Ion exchange 

In some cases the desired IL cannot be made directly from non-ionic 

starting materials or, alternatively, it cannot be made in a safe, efficient or 

cheap way. When this is the case the alternative is to make the cation via a 

nucleophilic substitution reaction and then simply exchange the anion in 

order to get the desired IL. This can be done in two main ways: metathesis or 

ion-exchange method (columns) 

Metathesis: metal, ammonium salts and Brønsted acids 

Metathesis is one of the most common ways of making ILs, perhaps 

followed by nucleophilic substitution reaction. Moreover, it is one of the 

simpler techniques to use on a laboratory scale. Like any ion-exchange 

technique, the starting material is an organic halide salt with the desired 

cation already present. The source of the anion, however, might vary. There 

are two main ways of preparing this type of ILs but as always the exact 

procedure might vary between research teams and over time. For 

hydrophobic ILs, water can be used as a solvent [19]. In this case, a 

stoichiometric amount of the starting materials are dissolved in a water 

phase and stirred for a time between 1-24 hours. During this time, the IL 

that is formed will separate from the aquatic phase and form a separate 

phase that can be removed by simple phase separation. The last remaining 

IL can then be extracted from the water phase with the use of a proper water 

immiscible solvent, like dichloromethane. The IL is by no means dry at this 

time but it is easily rendered so by vacuum treatment at elevated 

temperatures. If the IL is hydrophilic a water immiscible solvent is used [27] 

in which a stoichiometric amount of the starting materials are dissolved and 

stirred for up to 24 hours. During this time the byproduct salt (often an 

inorganic halide salt) precipitates and is later filtered away. The filtrate is 

then washed with a small amount of water until no byproduct salt can be 

detected in the water phase. This is usually done by a silver nitrate test. 

However, it should be stated that care must be taken when washing 

hydrophilic ILs with water. If too much water is used or if the IL is very 

miscible with water, the procedure will be less powerful resulting in lower 

yields or higher halide contamination [65]. 

Traditionally the salts used for metathesis are metal salts (Figure 3). One 

of the first papers in this area used silver salts; AgNO2, AgBH4 and 

Ag[MeCO2] [173]. In this work, [C2C1im]I was dissolved in methanol or 

methanol/water and combined with the appropriate silver salt. As the 

reaction proceeded, silver iodine (AgI) precipitated and was subsequently 

removed via filtration, and the solvent was then evaporated. Silver salts are 
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usually preferred since they are easily separated from the IL due to the fact 

that they form water insoluble salts with most halides. In the case of 

hydrophobic ILs, less expensive sodium, lithium and potassium salts can be 

used [19]. Nevertheless, even in the case of hydrophilic ILs there are 

alternatives to the expensive silver salts. ILs previously synthesized with 

silver salts like [C2C1im][BF4] made from [C2C1im]I and Ag[BF4] [173] can 

nowadays be done with the considerably cheaper amine salts (Figure 3) such 

as [NH4][BF4] in an acetone solution [173]. Ultrasound has also been used to 

improve metathesis reaction. The same ILs formed from [NH4][BF4] and 

[NH4][PF6],  in combination with [C4C1im]Cl dissolved in acetone, at room 

temperature has shown less coloration and faster reaction time when treated 

with ultrasound compared to traditional stirring [102]. 

Brønsted acids have also been used in metathesis reactions (Figure 3). 

This is realistic if the anion is basic enough or if the corresponding Brønsted 

acid is strong enough. This is the case of for instance HPF6. The IL 

[C4C1im][PF6] can be prepared from [C4C1im]Cl and HPF6 in a water solution 

[51]. This is a very exothermic reaction and, therefore, the reaction mixture 

has to be cooled and the acid should be added slowly. Since [C4C1im][PF6] 

has a melting point of 60 °C and is hydrophobic, the IL will precipitate out of 

the solution as the reaction proceeds. If the anion is basic enough as the case 

is for hydroxide ILs [cation][OH], then any week acid can be used to 

neutralized the hydroxide resulting in H2O and the desired IL. Examples of 

this is the synthesis of tetraalkylammonium sulfonates that are formed by 

the addition of sulfuric acid to tetraalkylammonium hydroxide [173] or an 

aquatic solution of [(C4)4P][OH] that has been neutralized with different 

amino acids [86, 50]. Something to consider for this type of metathesis 

reaction, however, is that acids added to an IL are not easily removed. 

Therefore exact calculation or precise analytical techniques needs to be 

carried out in order to guaranty the quality and purity of the IL. 

Ion exchange resin 

When it comes to the amount of acid needed for a complete ion exchange 

the use of an ion exchange resin will not bare the similar problems as for the 

use of a Brønsted acid, where a precise amount of acid needs to be added to 

avoid either two types of anions or acid in the IL. For resins, however, an 

excess can be added and then easily removed. It can be applied as a slurry in 

the mixture and subsequently removed through decantation or filtration. 

However, that often leads to poor conversion and, in some cases, crushing of 

the resin due to stirring. Another alternative is to use a column at which 

point the resin remains stationary and the IL/mobile phase can be passed 

through it in the amount and concentration that is found most suited. This 
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solves both problems, first crushing of the resin will not occur since there is 

no stirring. Secondly the column will provide a gradient resulting in an 

increase in conversion as the IL travels through the column (Figure 5). Once 

the ion-exchange has occurred, the column can be regenerated by flashing it 

with a solution of the desired anion in the form of a metallic or 

organometallic salt, for example NaOH, NaMeCO2 or NaMeSO4. 

This technique has been used to prepare an aquatic solution of 

[(C4)4P][OH] by dissolving [(C4)4P]Cl in water and passing it through a 

column of Amberlite IRA400OH resin [50]. A similar column with the same 

type of resin was used to make [C=C2C1im][MeCO2] and [C4C1im][MeCO2] 

from [C=C2C1im]Cl and [C4C1im]Cl, respectively. The column, containing an 

Amberlite IRA400OH resin, was first flashed with a sodium acetate solution 

to load the column with the correct anion (MeCO2
-). After that an aquatic 

solution of [C=C2C1im]Cl and [C4C1im]Cl was passed through the column in 

order to generate the desired product (Paper V). The column was later 

regenerated and reused several times. 

 

 
 

Figure 5: The use of ion exchange columns will result in a gradient effect making sure that the IL always runs 

in to a stationary phase with a higher concentration of the desired anion.  
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Purification 

It is often argued that ILs are alternatives to regular solvents and that they 

have many desirable physical properties compared to these solvents. 

However, today’s commercial ILs often have a purity between 90%-99% 

which is rather poor in comparison to other commercially available solvents. 

Add to this the fact that several studies have shown that even small amounts 

of impurities can have drastic consequences for the physic-chemical 

properties of the IL [58, 155]. In addition, it is easy to see that the purity and 

the ability to purify ILs are of major concern. An example of this is 

[C2C1im][BF4] that was reported in two different papers as pure but where 

the melting point differed with almost 10 °C [155, 19]. Yet another example is 

[C4C1im][PF6] that was reported with a difference in viscosity of 140 cP [155]. 

In some cases the presence of impurities might even be dangerous for 

equipment and personal as is the case of [PF6]- or [BF4]- that underwent 

hydrolysis in the presence of water and formed the highly toxic and corrosive 

hydrofluoric acid (HF) [29]. 

A first thing to consider for the pretreatment of pure ILs is to start with 

pure starting materials and solvents. The precursors often contain water to 

some degree and, in most cases decomposition products and unreacted 

starting materials. This is particularly the case upon use of amines such as 

alkanolamines.  The most common way of purification is distillation from a 

suitable drying agent but in some cases when extra purity is needed, 

prewashing of the starting material can also be carried out [65, 52]. 

One of the best forms of purification is that the desired product can be 

separated from the rest of reaction mixture ensuring that only, at least in 

theory, the desired product is extracted. An example of such purification 

technique is either distillation or crystallization. ILs are well known for the 

low vapor pressure and when heated they often decompose before they 

evaporate. Nevertheless the ability to purify ILs by distillation is not unheard 

of [34, 10, 171]. Another way to purify ILs through distillation is to synthesize 

a volatile intermediate. For example, 1,3-dialkylimidazolium salts have been 

treated with a strong base under high temperature to give a 1,3-substituted 

imidazol-2-ylidene that was distilled off and later treated with a suitable acid 

HX to give the corresponding IL [CnCmim]X [65]. A more common way to 

isolate the product IL is to carry out a crystallization that can be used if the 

IL is solid at room temperature. Most of the halide salts are solid at room 

temperature and can often be crystallized from acetonitrile. If precipitation 

does not occur even at low temperature, some pure halide salt or ethyl 

acetate can be added to aid the crystallization of the IL. However, in some 
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cases neither crystallization nor distillation can be used and the product IL 

cannot be extract from the mixture. If that is the case then the impurities 

need to be extracted. 

The major source of impurities in ILs originates from their preparation 

and they can be divided into three main categories: unreacted starting 

materials and by-products (organic as well as inorganic), decomposition 

products and unwanted solvents [155] (Figure 6). This excludes impurities 

that might already be present in the starting materials and such also need to 

be taken into account [65]. However in the last few years, many detection 

and purification techniques have emerged [58, 155]. It can, of course, be 

argued that in some cases the purity is not important or only important up to 

a certain level and that further purification might be unnecessary. This is 

something that has to be considered on a case by case basis. 

 

 
Figure 6: There are three main sources of impurities commonly found in IL 

Unreacted starting materials and byproducts 

Unreacted starting materials and byproducts are either organic in the 

form of amines, alkyl halides or other alkylation agents to name a few, or 

inorganic such as starting material salts or byproducts from a metathesis 

reactions. To this one should add Brønsted acids that can be either organic 

or inorganic in nature. 

An organic alkyl halide or other alkylation agent usually does not have any 

affinity towards the IL and is easily removed either via liquid-liquid 

extraction using a non-polar solvent like ether [155] or via s simple vacuum 

treatment and mild heating. Amines, or other Lewis bases, however, have a 

higher affinity towards the IL and also higher boiling point that render them 
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more difficult to remove, resulting in the need for harsher conditions and 

increased risk of IL degradation [155]. Even after purification, these starting 

materials are usually not quantitatively removed [155]. In some cases zone 

electrophoresis has been applied to detect, quantify and separate residual 

imidazole contaminants [118].  

Another contaminate in ILs can be the Brønsted acid used for metathesis 

reactions. This can be removed either by water extraction if the IL is 

hydrophobic or, through steam distillation [150, 13]. Although steam 

distillation is a viable technique to remove acid from hydrophilic ILs, it still 

leaves a large amount of contamination [155]. 

Inorganic salts were for a long time thought to be the major source of 

halide contamination in non-halide ILs although recent studies show that 

this halide contamination usually comes from unreacted ILs [Organic 

cation]+ X- instead of inorganic salts M+ X- [150, 20]. In fact, many inorganic 

salts have a limited solubility in dry ILs and can be filtered away. That is not 

to say that inorganic salts pose no problem, especially since ILs usually has 

some amount of water contamination. Traditionally they have been removed 

by water extraction if the IL is hydrophobic or, if the IL is hydrophilic, by 

dissolving the IL in a large amount of a water immiscible organic solvent 

such as dichloromethane in order to either precipitate [155] the inorganic 

salt or wash it out with a small amount of water [65], taking care only to 

wash away the inorganic salt and not the IL. However, as is the case of a 

Brønsted acid in hydrophilic ILs, this technique is doable but it still leaves a 

large amount of contaminants (> 5% residual halide) [155]. It should also be 

stated that the use of silver salts instead of lithium or sodium salts will 

improve both the yield and purity of the IL. This can be seen when 

comparing the preparation of [C4C1im][BF4] from [C4C1im]Cl using AgBF4  

and Na BF4 [155]. One reason for this is that silver halide salts are less 

soluble in water. The same principle was used in a technique where silver 

nitrate was used to precipitate out silver halides from hydrophilic ILs, 

followed by electrochemical removal of the excess silver ions [155]. 

Decomposition products 

Decomposition products that stem from the IL are found when the IL is 

heated either during preparation or drying [155]. Therefore, as mild 

conditions as possible should be used when handling ILs. The two main 

routes of cation decomposition is either via an Hofmann elimination 

reaction or reversed Menschutkin reaction [155, 162] (Figure 7). As both 

these routes of decomposition involve the attack of a nucleophilic component 

it is safe to say that these reactions will occur at lower temperature if a 
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stronger base is present. The alkenes and alkyl halides formed by these 

mechanisms are usually volatile and can be removed by heat and vacuum 

treatment. Another problem usually associated with ILs is discoloration. The 

reason for this is somewhat unclear but it has been speculated that the color 

can be traced back to oxidation products and thermal degradation products 

of the starting material [150, 43] as well as residual impurities in the form of 

e.g. halides or alkenes. The color can be removed using sorbents in the form 

of active    

 

 

Figure 7: Two common ways of IL degradation is Hofmann elimination and reversed Menschutkin reaction.  

charcoal, alumina (acid or neutral) or silica, sometime in solvents like 

acetone or methanol, followed by filtration [65, 155]. However there are 

some concerns that sorbents might still remain in the IL even after filtration 

[65]. However, it appears to be that the discolorations usually are of minor 

quantities not even detectable in IR  or HPLC and have no real effect on the 

ILs performance as a solvent or its physic-chemical properties [155]. 

Nevertheless, for spectral applications this will of course have an effect.   
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Unwanted solvents 

Unwanted solvents stemming from the preparation or other steps are 

usually easily and quantitatively removed under vacuum [155], where water 

is the only exception since it can be somewhat more difficult to remove. 

Some hydrophilic ILs will absorb between 1-3.5 molar equivalents of water 

when allowed to equilibrate with the atmosphere [21]. Moreover, dry 

carbonate ILs release up to 11 kJ/mol of heat when mixed with water [23], 

indicating a strong affinity for water. Therefore, water often needs higher 

temperature, of around 60-80°C, under vacuum and preferably overnight to 

be removed. Nevertheless, the problem of decomposition of the ILs needs to 

be taken into account whenever elevated temperature is used [65]. 

Detection and characterization methods 

In the preparation of an IL, two forms of analytical tests need to be carried 

out. Primarily, the IL needs to be characterized so that its structure and 

physical properties can be established and to make sure that the correct IL 

has been prepared. Secondly, the ILs needs to be tested for impurities and 

contaminants in order to ensure its purity. This includes a wide variety of 

physical properties and analytical techniques and it is not the author’s intent 

to neither list them all or to judge which once are best suited or most 

important. The ones mentioned here are simply the once used by the author 

or are of importance for the scope of this work. 

Characterization of ionic liquids 

Physical properties: One of the major properties that should be taken in 

consideration when handling ILs is, perhaps, its decomposition temperature 

that can be measured by means of Thermogravimetric Analysis (TGA) [129, 

78, 14]. The freezing point can be detected by means of Differential Scanning 

Calorimetry (DSC), although it should be mentioned that a wide variety of 

hysteresis for imidazolium ionic liquids has been reported resulting in some 

inconsistencies when it comes to freezing and melting points [129]. Another 

important property not yet mentioned is the basicity and subsequent Kamal-

Taft parameters of ILs. This plays a major role in the deconstruction of 

cellulose and will therefore be mentioned later on in more detail. 

Structural characterization:  Nuclear magnetic resonance spectroscopy 

(NMR) on nuclei such as 1H, 13C, 31P, 19F, has for a long time been used to 

track a reaction and to help to characterize organic compounds. It can also 

be used to detect organic impurities but only down to certain level. It is not 

easy to establish a strict detection limit for NMR since it is affected not only 
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by the concentration of the impurity but by the concentration of the main 

product as well. However, one estimation made is that 1H-NMR have a 

detection limit of around <3 mol% [155]. That makes NMR a good method to 

both detect and characterize organic impurities like starting materials and 

solvents. Remembering this, some studies have shown that amines like 1-

methylimidazole will have a strong effect on the physical properties of the 

ILs at levels well below for instance the 3% level [155]. Still NMR and, 

especially 1H- and 13C-NMR provide an excellent tool to characterize and 

identify the structure of the organic cation and, in some cases, also the anion 

of ILs. Some more hydrophobic ILs can be dissolved in deuterated 

chloroform but one of the best solvents is deuterated DMSO that will 

dissolve at least most of the imidazolium based ILs. However, if the IL will 

not dissolve or if an NMR spectrum of the neat IL is needed, then a glass 

capillary holding a deuterated solvent can be kept inside the NMR tube to 

facilitate the frequency-to-magnetic-field locking usually needed in the 

experiment.  

Fourier Transform Infrared Spectroscopy (FT-IR) can be used to detect 

and track key bonds or rather bond vibrations of certain groups. One of these 

bond vibrations are represented by the distinct C=O stretching in 

carboxylate salts at 1580–1600 cm-1 that differ from the C=O stretching 

found in carboxylic acids at 1710cm-1. This is useful when following a 

reaction, in order to ensure that you have a carboxylate ion and not the 

corresponding acid (Paper I).  

Detection of impurities 

Perhaps the most common impurities found after the preparation of an IL 

are solvents and unreached starting materials. Usually these are detected by 

NMR and can as earlier mentioned be easily removed by vacuum treatment 

and mild heating, except in the case of  less volatile amines that can be more 

difficult to remove. Excluding this, it can be argued that the major and most 

persistent sources of impurities in today’s ILs are water and halide 

contamination.  

Karl-Fischer titration can be used to detect very small amounts of water 

down to ppm levels. It is also a very desirable method for determining the 

water content in ILs since it is relatively simple to use and demands no 

sample preparation. It is also fast, only a few minutes runtime, and requires 

only a small amount of sample [155]. Even though most conventional ILs can 

be tested, samples containing strong acids or bases as functional groups as 

well as oxidizing and reducing agents will interfere with the Karl-Fischer 

titration and will not be able to give reproducible results [155]. Another 
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method suitable to detect water content for these types of ILs is gas 

chromatography [155]. 

Ion chromatography (IC) can be used to detect and quantify anions in a 

solution down to ppm levels. This can be very useful for halide 

contamination in ILs where impurity levels down to 8 ppm in the IL can be 

detected [179], with particularly chloride being thoroughly studied [7, 8] 

(Paper V). IC can also be used to quantify and confirm an ion-exchange 

reaction, if the retention time of the desired anion can be found and the peak 

measured. Another and perhaps simpler method for detecting chloride 

impurities is the silver nitrate test [98, 27]. Silver chloride has a solubility of 

1.4 mg l-1 in water and, therefore, chloride levels above this can be detected 

in an IL/water solution [27]. Other methods of detecting chloride 

contamination are chloride selective electrode [178], electrospray ionization 

mass spectrometry (ESI-MS) [6] or Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) [119].  

A contamination of 1-methylimidazole in an IL can be detected by adding 

copper(II)chloride and study the shift in electronic absorption spectra [73]. 

1-methylimidazole levels between 0.2 and 8 mol% can be detected using this 

method [155]. Another method of detecting imidazole is by zone 

electrophoresis [118].   
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Biomass 

Looking at the amount of oil that is used today and predicted to be used in 

the near future, it is clear that the era of cheap oil is coming to a halt [116, 

168]. It is also clear that that an alternative source of raw material is needed 

to fill the demand for energy, fuel and chemicals,and biomass is on its way to 

be a viable  alternative to do just that [68, 159]. Setting aside the economic 

necessity for this shift in raw material sources, using biomass which is a 

carbon neutral and renewable source, the increasing use of global resources 

will have a large environmental impact as well, most notably in the global 

levels of greenhouse gases [168]. The question that needs to be answered, 

however, is: do we have enough biomass to completely substitute crude oil 

and can we do that to a reasonable price and environmental impact? As an 

estimate, between 170-200 x 109 ton of biomass are produced each year and 

if this biomass would consist mostly of wood (calorific value of 15 GJ/t) that 

would give roughly 2550-3000 x 109 GJ of energy produced per year, 

equaling to about 5-8 % of the energy value of the oil consumption in 2010 

[154]. Today only 4% of the annual biomass produced is utilized by mankind 

[108] and out of that only approximately 0.04% is used within non-food 

related areas such as chemical industries [154].   

Biomass can be described as a renewable organic matter that can span a 

vast area of materials that in addition to wood includes, food as well as bi- or 

rest products from these industries, animal waste, aquatic plants or 

municipal and industrial waste [168, 90]. Among these, to date, the most 

frequently used biomasses are plant based biomass that for the largest part 

includes wood and food based plants [90, 168]. 

 

 

Figure 8: The average content of lignocellulose biomass.  
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Biomass is a chemically diversified material unlike crude oil, although the 

ratios and components inside the material can vary a lot depending on what 

biomass is used, what season it is harvested, what part of the “tree” that is 

used and, moreover, from what part of the world it comes from [90, 42, 152]. 

However, in average, biomass consists of approximately 50 wt% cellulose 25 

wt% hemicellulose, 20 wt% lignin and 5 wt% extractives (oil, proteins, 

vitamins, waxes etc) [152, 134, 90, 154] (Figure 8) out of these the largest 

part is represented by carbohydrates (cellulose and hemicellulose) that make 

up about 75% of the total biomass matrix and can be considered the most 

valuable and important material in biomass. Carbohydrates can be processed 

in many different ways and the most common once are regeneration, 

functionalization and deconstructions. These will be discussed later on in 

more detail. However, for now it is worth mentioning that in order for any 

processing to take place the carbohydrates need to be liberated and freed 

from the biomass matrix in some type of hydrolysis / depolymerization 

process. 

The most easily accessible source of carbohydrates comes from sucrose 

and starch that are commonly found in edible biomass or food crops. 

Although the use of edible biomass might, perhaps, help to cut down on 

greenhouse emissions by replacing oil based alternatives, [23] concerns have 

been voiced that the savings made can be diminished by the added 

greenhouse gas released due to land use changes [148]. Also, fertilizers 

should be accounted for as well as all unit-processing steps of modern 

agriculture.  The use of lignocellulose based feedstock’s for carbohydrates, 

however, show much higher CO2 emission savings [23] as well as being more 

cost effective than edible biomass feedstock, in part due to its large 

abundance, low cost and higher production yields [23, 42]. However, unlike 

edible biomass feedstock that can be comparatively easy to process 

lignocelluloses has a much harder and rigorous macrostructure (Figure 9). 

Understanding this structure and its components is the key to understand 

the challenges that need to be met in order to successfully utilize 

lignocellulose as a valuable biomass feedstock. 
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Figure 9: Sources of biomass and the processes required to obtain monomer sugars. Adapted from ref [139]. 

 

Cellulose 
 

Cellulose is the main component of biomass making up roughly 50 % of its 

combined mass. Cellulose is a polymer built up by a chain of monomers 

called glucose. These are linked together via a 1-4-β-glucosidic bond that 

gives cellulose its linear structure that is strengthened even further due to 

intramolecular hydrogen bonds between the individual glucose unites [152].  

These same interactions also occur between the individual cellulose chains in 

the form of intermolecular hydrogen bonds and Van Der Waals interactions 

resulting in larger aggregates of bunched up cellulose chains called micro 

fibrils [152, 162]. When these kinds of packing’s occur in nature it is called 

cellulose I. 

 

In cellulose I each glucose unite inside a crystalline region of this 

microfibril will contain three hydrogen bonds to two adjacent glucose units, 

two intramolecular ones and one intermolecular one. The two intramolecular 

ones will both bind to the same neighboring glucose unite, along the same 

cellulose chain, more precisely O(6) to O(2)H and O(5) to O(3)H (Figure 

10a). The intermolecular bond will be formed to a neighboring cellulose 

molecule inside the same sheet O(3) to O(6)H the sheets, that are stacked in 

an parallel fashion. These are then held together via Van Der Waals 

interactions that contribute greatly to the overall stability of the micro fibril 

(Figure 10b) [152, 23, 169]. However, cellulose I or native cellulose can be 

converted into a non-natural but more thermodynamically stable form of 

cellulose called cellulose II. This will happen when cellulose is swelled or 

dissolved/regenerated [152, 23]. 
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In Cellulose II the intra- and intermolecular hydrogen bonds within the 

sheets will remain the same but the whole crystal symmetry will change since 

the sheets will be packed slightly askew and in an anti-parallel fashion with 

the formation of two additional hydrogen bonds between the sheets, O(2) to 

O(2)H and O(3)H to O(6), respectively (Figure 10c) [152]. 

 

 
Figure 10: (A) Intramolecular hydrogen bonds gives cellulose is rigid structure. (B) in cellulose I 

intermolecular hydrogen bonds inside the same sheets will occur. (C) In cellulose II intermolecular hydrogen 

bonds between the sheets will also occur. Adapted from ref [23] 
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However these interactions do not occur homogeneously throughout the 

microfibrils but, instead, there will be regions of highly ordered packing 

called crystalline region and regions of less ordered packing called 

amorphous region that will vary between different types of wood. That is one 

of the reasons why wood from different type of trees will not always have the 

same mechanical properties like flexibility, toughness or rigidity [23, 169]. 

For cellulose, the mechanical properties of both wood fibers and pulp, will be 

dictated by the degree of polymerization (DP) of the individual cellulose 

fibers and the crystalline index (CI) of the microfibrils.  

 

The degree of polymerization (DP) is the average number of monomers 

that are used to build up the polymer. For cellulose, the degree of 

polymerization might vary between 3000 and 15000 [169], although 

significantly lower DP numbers can be found in commercially available 

micro crystalline cellulose. For industrial use a higher degree of 

polymerization is often more desirable since that will give higher tensile 

strength to the end product [169].   

The crystalline index for cellulose indicates how well ordered the cellulose 

is in the microfibrils or how much crystalline regions it contains compared to 

amorphous regions. The crystalline index for cellulose I (native cellulose) 

ranges from 5o to 90% depending on the source and the methods used for 

measuring [169] while cellulose II possesses a significantly lower index. This 

is of vital importance for cellulose processing since a high level of 

crystallinity will make the wood insoluble in most solvents and, thus, much 

harder to process [152]. 

 

Starch, often found in edible biomass or food, is built up in the same way 

as cellulose is by glucose unites that are linked together by 1-4-glucosidic 

bonds. Although, in contrast to cellulose that possesses a β–configuration at 

its anomeric carbon, starch contains an α–configuration. This gives starch a 

more helix-shaped polymer structure that is linked together with a few 

hydrogen bonds (Figure 11b). Cellulose on the other hand, thanks to its 

intramolecular hydrogen bonds, had a straight polymer structure with a flat 

top and bottom that will allow for hydrogen bonding and Van Der Waals 

interaction between the cellulose fibers and sheets (Figure 11a). This change 

in stereochemistry gives starch a whole new set of chemical and physical 

behavior, while maintaining the same chemical building block as cellulose. 

In many cases starch also displays highly branched character witch results in 

better solubility in most solvents since no aggregation can occur [152]. 
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Figure 11: (a) Cellulose consists of glucose units linked by a 1-4-β glycosidic bond resulting in a flat linear 

macrostructure. (b) Starch has a 1-4-α glycosidic bond resulting in spiral shape macrostructure. Adapted from 

ref [23]. 

Hemicellulose 

Hemicellulose makes up for about 25% of the world’s biomass and has 

many chemical and functional similarities to cellulose. Both are 

polysaccharides that are made up by saccharide monomers linked together 

with a saccharide bond. However, whilst cellulose are straight fibers often 

reaching a DP value over 10000, most hemicelluloses have an average DP 

value of about 200 [152]. Nevertheless in some cases it can be as high as 

3000 [154]. Hemicelluloses are of non-crystalline nature, often extensively 

branched and more soluble in water and are therefore more easily to 

separate from the wood with the help of conventional already existing 

techniques [76]. Also, hemicellulose is a heteropolysaccharide build up by 

both hexose and pentose sugars, namely glucose, mannose, galactose and 

xylose which are the C6 hexose sugars and arabinose the only C5 pentose 

sugar (Figure 12).  
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Figure 12: Monomer sugars found in hemicellulose. 

Due to the branching and the heteropolysaccharide build-up, 

hemicelluloses consist of a number of different hemicellulose 

polysaccharides that can occur. In some cases some of the hydroxyl groups 

along the chain may also be functionalized into other groups like acetyl, 

methyl and galactoronic acid. Any wood type (softwood, hardwood, grass) 

will have a number of different hemicelluloses and the content and 

composition will differ inside the same wood type, not just between species 

but also between the different parts (root, stem, bark)  of the tree [152] as 

well as seasonal growth. As an example, let’s take softwood, its main 

monosaccharide is mannose [23] and its main polysaccharide is 

galactoglucomannan [152]. Galactoglucomannan has a straight backbone 

made up by 1→4 linked β-D-glucopyranose and linked β-D-mannopyranose 

slightly branched with 1→6 linked α-D-galactopyranose and semi-

functionalized by acetyl groups (Figure 13). The ration between the different 

monosaccharide’s galactose:glucose:mannose will differ between 0.1:1:4 and 

1:1:3 inside the same type of hemicellulose [152]. 

 

 

Figure 13: Galactoglucomannan is the main hemicellulose found in softwood 

Lignin 

Even though carbohydrates and the processing of carbohydrates remain 

the main focus for this work, it is still worth mentioning both lignin and 

extractives if for no other reason than just to get an overview of the field of 

lignocellulose. Although understanding lignin is of vital important for 

especially carbohydrate processing, lignin is heavily incorporated into the 
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carbohydrate structure and will have an effect on any carbohydrate 

deconstruction process [23]. 

Lignin main job in a wood structure is to give mechanical strength, water 

proofing and to protect the all carbohydrate cell walls against biological 

attacks by microorganisms and enzymes [154, 159, 23]. Lignin is not a part of 

the growing three structures but rather becomes a part of the wood matrix 

once the growing has stopped [23]. Lignin is an aromatic water-insoluble 

polymer built up by three monomers called synapyl, coniferyl and p-

coumaryl alcohols, although once incorporated into the lignin polymer; they 

are identified by their subunit ring structures and are referred as syringyl, 

guaiacyl and p-hydroxyphenyl, respectively (Figure 14). The most common 

linkage between these subunits is the bond that will account for roughly 50% 

of the linkage and will result in an elongation of the polymer [36]. Other C-C 

and C-O bonds are called cross-link bonds and will occur after the 

lignification progresses and will result in a branching of the polymer. These 

cross-links will form differently depending on the wood type since the lignin 

composition will differ between these wood types. That is why delignification 

is harder for softwood than it is for hardwood or grasses [23].  

 

 
Figure 14: Cellulose, lignin and hemicellulose are arranged in a specific way inside the cell walls of 

lignocellulose. Adapted from ref [1]. 
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Extractives 

Extractives are a collective name for a large group of wood components 

that are soluble in neutral organic solvents or water. These occur only in 

minor fractions and are often extra cellular and low molecular weight 

components of either hydrophobic or hydrophilic nature [152]. This group 

includes compounds like terpenoides, steroids, fats, waxes, salts, enzymes, 

proteins and vitamins, just to name a few [152, 90, 154]. Although, since 

these components can be regarded as no constructive wood constituents 

[152] they will have little effect on the processes of carbohydrates and 

therefore fall outside the scope of this work. However, it should be 

mentioned that extractives and the added-value chemicals that can be 

processed from them is a vital part of any biorefinery [46]. 

Cross fraction linkage 

Linkage cellulose-hemicellulose: It is speculated that hemicellulose 

creates non-covalent bonds with cellulose and act as an amorphous packing 

material to hold the stiff cellulose microfibrils in place. Furthermore, it is 

also suggested that the hydrophilic group’s hemicellulose gain via the 

functionalization of their hydroxyl groups helps them to interact with lignin. 

This essentially gives hemicellulose the role as the glue to aid in the cohesion 

of the three main components of wood [18] (Figure 14). 

Linkage lignin-carbohydrates: Lignin is pretty much entangled with the 

carbohydrate structure, especially hemicelluloses, and thereby forms a 

mechanical bonding between the two components (Figure 14). What is not so 

obvious but still commonly agreed upon is that lignin will form covalent 

bonds or cross-links with the carbohydrates [23, 152] often referred to as 

lignin carbohydrate complex or LCC [152]. It is speculated that these cross-

links even exist between lignin and cellulose [152], although it is far more 

common between lignin and hemicelluloses [152, 140]. In the case of 

ryegrass, it have been shown that this takes place as a radical polymerization 

reaction during lignification [140] which could explain why the cross-link is 

more common between hemicelluloses and lignin than between lignin and 

cellulose. This cross-links are often in the form of either an ether or an ester 

link, although there are some suggestions that even glycosidic links might 

occur but there are less experimental evidence of that [152]. One suggestion 

of an ester bond is the linking between a free benzyl alcohol group in the 

lignin structure and an 4-O-methyl glucuronic acid unit on xylan (Figure 

15a). Another alternative is that the same free benzyl alcohol group can form 

an ether bond in the α-position of an arabinose sub-unit of the same xylan 

chain (Figure 15b). The ester link is easily cleaved by an alkali treatment but 
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the more common ether link is much more stable. These are just two 

examples of cross-links and there are others still [152]. The correlation 

between extensive cross-linked LCC and structure rigidity as well as 

resistance to enzymatic degradation has been established [60]. Therefore, 

chemical hydrolysis is needed in order to obtain an effective deconstruction 

process.  

 

Figure 15: Lignin can link to the hemicellulose xylan via an (A) ester bond or an (B) ether bond. 

 

Macrostructures 

The breakage of chemical bonds is of vital importance when it comes to 

processing of biomass, but in order to do that effectively, the reagent or 

solvent need to reach all the parts of the lignocelluloses structure. As 

previously mentioned lignocelluloses are not a homogenous material and the 

structure may differ between different species and, therefore, makes them 

more or less difficult to process. Biomass, as any living material, is built up 

by cells that can vary in shape, size and function, depending on where they 

are located. Lignocellulose is synthesized by the plants to give the plant a 

wall around these cells in order to protect them and give them a ridged 

support. Once the plant grows and the cells disappear, the lignocellulosic 

material remains, resulting in a porous and light-weight material excellent 

for transporting nutrients and water between the roots and the leaves. 

However, this structure also affects the transportation of chemicals in and 

out of the wood during chemical deconstruction [23].  

There are three main types of lignocelluloses, namely softwood, hardwood 

and grass, each of with different chemical composition (like lignin content or 

hemicelluloses type) and structural buildup (like, pore size or cell wall 
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thickness). They all are promising candidates for biomass processing but 

they also exhibit different challenges when it comes to deconstruction.  

Softwood - examples of softwood trees are pine (Pinus) and spruce 

(Picea), they are one of the major biomass feedstocks in the northern 

hemisphere and the largest source of lumber in the word. The fast growing 

species are excellent for lumber and wood-pulping processing and have a 

very homogenous microstructure due to the abundance of one elongated and 

thick-walled cell type called tracheoids [23]. At the same time they are also 

one of the most difficult lignocelluloses to process due to their high lignin 

content and lignin composition that requires harsher delignification 

conditions compared to hardwood and grass [198].  

Hardwood - in this group, the most promising species for biomass 

processing are willow (Salix), birch (Betula) and poplar (Populus). Both are 

relatively fast-growing crops that give a high biomass yield with relatively 

short harvesting cycles of between 3-5 years [89, 12]. The microstructure of 

hardwood differ from that of softwood in the sense that is not a homogenous 

structure but instead it consists mainly of larger water-conducting pore 

channels surrounded by narrower fibers [26].  

Grass – can be divided in to group’s perennial and annual grass, both of 

which are interesting from a biomass point of view. Examples of perennial 

grass are Miscanthud and Switchgrass and since they can be planted once 

and then harvested multiple times, they demand less maintenance than 

annual grass [143]. Also, they have a higher lignin content are, therefore, 

relatively hard to process. Annual grass are also interesting from a biomass 

processing point of view since they often consist of byproducts from the food 

industry like corn stalks, straw and sugarcane bagassse and are relatively 

easy to deconstruct [23]. The microstructure of grass differ a lot from that of 

tree (softwood and hardwood): it has outer layer of cells with very thick cell 

walls that provide a ridged structure for the plant while the center part is soft 

or, in the case of straw, completely hollow [23].   
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Processing of biomass 

Today, a large part of our energy, liquid fuels and chemicals are stemming 

from non-renewable, often fossil fuels, based raw materials. However, the 

non-renewable recourses will eventually run out and cannot be considered as 

a sustainable source. Exactly when this will happen can be speculated about 

but it is clear that the era of cheap oil will eventually come to a halt [116, 

168]. Therefore, a new recourse for energy, liquid fuels and chemicals needs 

to be found. Not only that, it is commonly believed that the organic carbons 

tied up in fossil fuels has for a long time been excluded from the natural 

carbon cycle and releasing them has resulted in a spike of greenhouse gases. 

Only in the last two centuries the concentration of CO2 in the atmosphere 

has increased from around 275 to 280 ppm and if nothing is done, it is 

predicted to reach 550 ppm in the middle of this century [168]. All this 

combined point to a need for an alternative source of organic carbons, one 

that is renewable. Right now, the only sustainable alternative is plant 

biomass [168]. Only about 4 % of the annual biomass produced is utilized by 

mankind and [108] out of that only 0.04 % is used in non-food areas [155]. 

The rest is decomposed through natural pathways. The full potential for 

plant biomass and lignocellulose in particular, has not yet been fully 

explored due to four main reasons:  The availability of cheep petroleum 

based polymers, the lack of environmentally friendly ways of extracting 

cellulose from plant biomass, the difficulty in modifying cellulose and the 

lack of solvent capable of dissolving lignocelluloses [199].  

Lignocelluloses cannot be melted and therefore needs to be dissolved. At 

least partial dissolution is needed, in order to effectively process it. However, 

this is notoriously difficult since its physiochemical, structural and 

compositional structure render it so resistant to pest and pathogens and also 

makes it resistant to chemical and microbial attacks used in the processing 

steps. This is a major barrier that needs to be overcome in order to reach a 

widespread utilization of lignocelluloses [168, 112].  

There are different reasons for processing lignocelluloses that will be 

address in later chapters but, in general, they all require a chemical, if not 

physical, separation of the different components in lignocelluloses and, in 

some cases, also the dissolution of cellulose. This is done in order to process 

it or to improve later processing. In any case, this will reduce the crystallinity 

of cellulose [23] thereby opening it up for de-polymerization [46], 

functionalization or it will allow for the regeneration of cellulose in different 

ways upon precipitation. Any step in a process that is done in order to 
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improve the processing of lignocelluloses can be referred to as a pre-

treatment step.  

There are several strategies for the pre-treatment of lignocelluloses [112, 

159] but the most commonly used ones can be divided in four main 

categories: physical, chemical, physic-chemical, and biological [159] 

although other methods and combinations exists [96]. Physical pre-

treatment involves mechanical grinding, pulverization or ultrasound [46]. 

Although this might be considered as a relatively straight forward approach, 

it often has low performance and is relatively expensive as a pretreatment 

technique [186]. Chemical pretreatment is more selective on what is 

degraded but it often involve harsh chemical conditions that can have an 

effect on downstream biological processes in a biorefinery. These techniques 

involve diluted and concentrated acids, alkaline, oxidation, ozonolysis and 

the organosolv process [46, 159]. Physico-chemical processes consist of a 

combination of the two previous techniques thus combining milder chemical 

conditions but under more extreme operating conditions like elevated 

pressures and temperature. These techniques include liquid hot water 

extraction, steam explosion, ammonia fiber explosion and CO2 explosion 

[46]. Biological pretreatment has the advantage of low energy and chemical 

use but unfortunately this process is relatively slow and harder to control 

[186]. Examples of this are lignin degradation organisms like white and soft 

rot fungi [112]. However, many of the above mentioned techniques demand 

specialized equipment in order to handle the harsh chemical and/or 

operating conditions required. Also, many of these techniques use 

procedures and solvents that cannot be considered green. Consequently, 

there is a need for a cost and energy effective way to process plant biomass in 

[23] general and lignocelluloses in particular.  

Biorefinery 

Biomass as well as petroleum feed stock are a chemical cocktails that need 

to be fractionated and, in most cases modified in order to produce fuels, fine 

chemicals or bulk chemicals. When it comes to petroleum feed stock, the 

processing is traditionally preformed inside an oil refinery. Due to the 

volatile nature of oil, a refinery relies heavily on distillation as its main 

technique for refining making them ill-suited and not easily adaptable for 

refining biomass that to a large extent cannot be distilled. Moreover, the 

relative low thermal stability and high degree of functionality of most 

biomass requires unique reaction conditions often not found in refineries 

designed for petroleum feedstock [77]. Therefore a specialized form of 

refinery “biorefinery” is needed.  
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A bio-refinery can be defined as “a facility that integrates conversion 

processes and equipment to produce fuels, power and chemicals from 

biomass” [154]. Even though a stricter definition of the word can be debated 

the overall goal for a biorefinery is to produce materials and valued-added 

products like fuel, power, material and chemicals from a variety of biomass 

feedstocks [46]. The goal is also to utilize as much of and as many parts of 

the biomass as possible in order to minimize the amount of “waste” 

produced [87]. To do this the idea is to combine many different types of 

technologies from different fields like polymer chemistry, bioengineering 

and agriculture [132]. Consequently, via pre-extraction and by converting 

rest-fractions previously considered as waste-streams to profitable by-

products reduces the overall production cost for a refinery [76].  

However, due to the diverse nature of biomass not all biorefineries will 

look the same. In fact, not only the source and type of biomass feed-stock 

needs to be considered but also things like climate change, seasons, region in 

the world or other factors that can affect the stability of the supply stream of 

any particular biomass feed-stock [42]. Therefore, the choice of biomass 

feedstock depends on its availability in large scale multi production-facility 

[46]. As such there are many possible schemes of large scale biorefineries 

often different depending on the source of the biomass feed-stock (Figure 

16). One of the most promising one is lignocellulosic feedstock (LCF). A 

facility processing lignocellulose has the advantage of accommodating a 

large variety of inexpensive feedstocks like straw, wood and paper-waste. 

Even so, one of the major obstacles for biorefineries today is the diversity in 

the biomass. Therefore, more research into technically and economically 

feasible lignocellulose fractionation techniques is needed [46].  

 

Figure 16: A schematic image of different biomasses feedstock and potential products. Adapted from ref [1]. 
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Even though every biorefinery will have its own unique makeup, there will 

still remain two main approaches to produce value-added products and 

chemicals: via direct or indirect product substitution [46]. Direct product 

substitution involves using a new feedstock to produce the exactly same 

product with the same properties but utilizing a new process. This could be 

accomplished via thermo-chemical techniques by producing syngas that can 

be upgraded via Ficher-Tropsch synthesis or other (catalytic) syngas 

reactions [154]. The benefit of this is that the product already has a market 

and would be easily accepted. The drawback, however, is that the new 

biorefinery process needs to be more cost effective than the already exciting 

petroleum based process [46]. Indirect product substitution involves taking 

advantage of the unique diversity and chemical structures that exists in 

biomass feedstock and creates new products with similar functions as the old 

ones but without copying the exactly same molecular structure [46, 44]. 

Biomass feedstock has many desirable properties that can be valuable such 

as optically active compounds and if the high oxygen content can remain (or 

selectively reduced), the need for cost intensive oxidation processes can be 

avoided [154]. For indirect product substitutions to be successful the product 

needs to be able to perform similar functions as the already exciting one but 

at a lower cost. Alternatively it must possess new desirable properties. The 

risk, however, is that the product will not be accepted by the marketplace 

[46]. Which one of these approaches will be the most successful one remains 

to be seen [154]. 

Even though the concept of an integrated biorefinery is still at its infancy, 

a lot of the processes already exist as individual production lines [154, 134, 

17]. Different applications for exciting products are also emerging. 

Hemicelluloses, for instant, can be used to produce ethanol or polyesters 

[76]. Techniques for recovering lignin can be used to yield aromatic platform 

chemicals [23, 112]. 

Pretreatment and processing of (ligno)-cellulose 

Pretreatment might be a slightly odd word to use since one in fact “treats” 

the material during pretreatment and therefore a better word might be 

“preprocessing treatment”. Nevertheless the difference between 

pretreatment and processing can sometime be hard to distinguish but in 

essence pretreatment refers to an initial step or treatment that will improve 

later steps in the process. This often involves complete dissolution 

(homogeneous) or partial (heterogeneous) dissolution of cellulose in order to 

open up the rigid lignocellulose structure. The most common ways of 

processing lignocellulose in industry today are heterogeneous methods 

[199]. In many cases, like in the often used Kraft-process, this involves 
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stripping or dissolving a large portion of the lignin, hemicelluloses and 

extractives from the cellulose without dissolving the cellulose itself [154]. 

Even though this is not a problem for this particular case, many other 

processes demand or would be significantly improved [112] by the 

pretreatment of cellulose. Cellulose in its native form is tightly packed and 

the internal surfaces are not accessible even for water [194]. Depending on 

the process this might pose a problem. For instance, both acid [106] and 

enzymatic [82] hydrolysis are significantly speeded up if amorphous 

cellulose is used instead of crystalline. This is due to the increased 

accessibility of the reagents to the cellulose surface area. In some cases 

though there is even a need for methods that don’t break apart the cellulose 

structure but keep it intact [158]. Today only a few solvents are able to 

dissolve the crystalline cellulose fibrils on a technical scale namely N-

methylmorpoline-N-oxide (NMMO) [97] and phosphoric acid [193]. 

However, due to the increased interested in biomass and green chemistry 

many other solvents and solvent systems have been suggested and explored 

one of which are ILs.  

Classical methods for (ligno)-cellulose processing 

Today the Kraft-process is the most commonly used method for 

lignocellulose processing and it accounts for 80% of chemical pulping [162]. 

It uses a strong alkali water solution (10 % NaOH) at 7 bars and 170 °C  to 

dissolve the lignin and hemicellulose part and strip it from the cellulose. 

Cellulose is later purified even further by washing, thickening of pulp fibers, 

bleaching and drying. Even though most of the chemicals are recovered and 

reused, this process still generates a lot of waste water that needs to be 

purified even further [154]. The lignin and hemicellulose fractions are 

usually burned to create energy for the process even though hemicelluloses 

have a lower heating value than lignin and instead could be used for the 

production of fuels and value-added chemicals [76]. Even lignin can, 

potential, be used in the production of chemicals [23]. Thus, the Kraft-

process is hard to adapt to the biorefinery concept [154]. Other types of 

processes that use heterogeneous methods of lignocellulose processing are 

the Sulfite process and the Organosolve process [9]. 

The viscose process [110] is by far the most commonly used process for the 

manufacturing of cellulose fibers. It stands for 95% of the annual production 

volume [69]. In this process the pulp is treated with aqueous NaOH and 

reacted with carbon disulfide that creates a liquid derivate called cellulose 

xanthate. The cellulose is then regenerated in the form of long threads by the 

use of aquatic sulfuric acid. The fibers are then washed, bleached and dried. 

This process accumulates roughly 2 tons of waste for every one ton of fibers 
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and it does so by using highly toxic and volatile chemicals [69]. A lot of 

efforts and research have been performed in order to make this process more 

cost efficient and environmentally friendly [69]. Even so this process is not 

in line with the concept of green chemistry.  

The Lyocell process [45] unlike the viscose process dissolves cellulose 

without making a cellulose derivative. In this process the cellulose is 

dissolved in an aquatic solution of N-methylmorpholine-N-oxide (NMMO). 

This process can be considered more environmentally friendly than the 

viscose process [23] due to the fact the chemicals used can be considered 

non-toxic and are quantitatively reused [154]. Even so this process has its 

limitations. The operational window is narrow when it comes to temperature 

and water content. Too much water or to low temperature and the cellulose 

will not dissolve and too high a temperature will have a negative effect on N-

methylmorpholine-N-oxide that is not thermally stable at elevated 

temperatures [111]. N-methylmorpholine-N-oxide has also been used as a 

pretreatment solvent for cellulose meant for the production of biogas [159].  

The cellulose solvent-based lignocellulosics fractionation (CSLF) 

technique [193] is an acid based pre-treatment/separation process that can 

be used to separate and dissolve cellulose, hemicelluloses and lignin without 

making a cellulose derivative. The system includes an organic solvent, water 

and an acid (phosphoric acid) that can be recycled [126]. The benefit is that 

this process is not temperature sensitive and can be run under mild 

conditions. The drawbacks are that the process is expensive and sensitive 

when it comes to the acid concentration [46].  

Also LiCl salt in different solutions like N,N-dimethyl-acetamide (DMAc) 

[111] or 1,3-dimethy-2-imidazolidinone (DMI) [161] have also been used to 

dissolve cellulose. The former requires temperature of around 150 °C in 

order to readily swell and dissolve cellulose [111]. 

However, many of these methods suffer from drawbacks like the need for 

specialized equipment and the need for harsh conditions in order to dissolve 

cellulose. Additionally, many of these methods use toxic, flammable or 

corrosive solvents, release pollutants and accumulate waste [168] that might 

not just be environmentally hazardous but might inhibit fermentation and 

hydrolysis step later on in the process [168].  
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Ionic liquid methods for cellulose processing 

Traditional techniques of dissolving cellulose often demand harsh 

conditions [199] and they often cause serious environmental problems due 

to the fact that the solvents cannot be recovered and reused [190]. The ability 

to minimize waste products by reusing the solvent and by using low or even 

ambient temperatures could significantly lower the energy cost of the 

process [157]. ILs could be used just for this. Preliminary studies have shown 

that the yield of ethanol and acetic acid prepared from pretreated cellulose 

was higher after IL pretreatment than for cellulose pretreated by steam-

explosion or other chemical methods [199, 46]. The reason for this is that 

some ILs have the ability to dissolve cellulose [157, 23, 69]. Additionally, ILs 

are also capable of dissolving a wide range of complex biomass structures 

like wood, silk, straw, wool keratin, natural chitin and suberin from cork 

[154]. The pretreatment using ILs is a direct dissolution process much like 

the Lyocell process and ILs could be used in much the same fashion. Like in 

case of NMMO, in the Lyocell process, the IL can be almost completely 

recovered but in a simpler manner producing less waste water. Moreover, 

the instability shown by NMMO at temperatures needed for the Lyocell 

process (>90 °C) can be addressed by using ILs that are more stable at those 

temperatures [23]. 

IL have for a long time been considered and used as a “green” solvent 

[199]. Since the full toxicity of ILs in general is not fully understood, the 

claim is today unjust [166, 79, 54]. Nevertheless, ILs could be considered 

greener than the volatile organic compounds traditionally used. As such, in 

combination with good solubility of cellulose in ILs (5-20%), competitive 

properties of the regenerated cellulose [23] and stability of the IL/cellulose 

solution renders ILs a desirable group of solvents to use. Additionally, 

compared to current pretreatment techniques, ILs dissolution of 

lignocelluloses as a process is predicted to have a lower energy cost, lower 

equipment cost. The recyclability of ILs is crucial from the economic point of 

view since ILs often are expensive [112]. 

The fact that ILs could dissolve cellulose was first discovered back in 1934 

[159] using pyridine based salts. However novel, this work was regarded to 

have no real practical applications due to the high melting point off the salt 

(118 °C) and the lack of understanding of the salt chemistry at the time. It 

was not until 2002 when the new imidazolium based ILs were discovered 

that the field really took off. It was shown that dialkylated imidazolium 

cations in combination with different anions had the ability to completely 

dissolve and later regenerate cellulose via simple precipitation [158] without 

any change in the degree of polymerization (DP) [100] or chemical structure 
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[32]. Among the ILs tested, [C4C1im]Cl showed most promise by dissolving 

up to 10 wt% of cellulose at 100 °C and 25 wt% using microwave heating. 

Since then a massive amount of research has been conducted in the field 

including patents [23] and comprehensive amount of reviews [23, 157, 162, 

135]. Today ILs designed for cellulose dissolution are commercially available 

from companies like BASF [157].   

It is true that the field of biomass dissolution using ILs started with 

dissolving of cellulose but that is by no mean the limits. ILs has also been 

used in the production of biodiesel [159, 46] and lignocellulose [23, 25] as 

well as cellulose [199, 158, 69] of which the latter two will be reviewed 

further down. 

Cellulose in ionic liquids 

To some extent the homogeneous dissolution of lignocellulose involves the 

dissolution of cellulose since that is the toughest part to dissolve. Perhaps 

that in combination with the historically low value of other lignocellulose 

components is why cellulose in particular has been the main focus of ILs 

studies.  

Perhaps the ILs best known and used for the dissolution of cellulose are 1-

butyl-3-methylimidazolium chloride [C4C1im]Cl, 1-Allyl-3-

methylimidazolium chloride [C=CC1im]Cl, 1-ethyl-3-methylimidazolium 

acetate [C2C1im][MeCO2], 1-butyl-3-methylimidazolium acetate 

[C4C1im][MeCO2] and 1-ethyl-3-methylimidazolium dimethylphosphate 

[C2C1im][Me2PO4] [162]. These represent just a handful of examples and 

even more will be mentioned later on (Table 1). Nevertheless still many other 

systems exist [23, 135, 157]. 
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Abbreviation Structure Group Name 

[C2C1im][ABS]
1 

N
N SO

O

O  

1-ethyl-3-methylimidazolium  

alkylbenzenesulfonate 

[C4Him][HSO4] 
S

O

O

OHON
HN

R

 

n-C4H9 1-butylimidazolium hydrogen 
sulfate 

[C1Him][HSO4] 
CH3 1-methylimidazolium 

hydrogen sulfate 

[C4C1im][HSO4] 
N

N
S

O

O

OHO

 

1-butyl-3-methylimidazolium 
hydrogen sulfate 

[C4C1im][MeSO4] 
N

N
S

O

O

OMeO

 

1-butyl-3-methylimidazolium 
methyl sulfate 

[C2C1im][MeCO2] O

O

N
N

R

 

n-C2H5 
1-ethyl-3-methylimidazolium 
acetate 

[C4C1im][MeCO2] n-C4H9 
1-butyl-3-methylimidazolium 
acetate 

[C4C1im][HCOO] 

O

HO

N
N

 

1-butyl-3-methylimidazolium 
formate 

[(C4)4P][OH] 
OH

P  
Tetrabutylphosphonium 
hydroxide 

[(C4)4N][OH] 
OH

N  
Tetrabutylammonium  
hydroxide 

[C6C1im][OTf] 
N

N S

O

O

CF3O
N

N S

O

O

CF3O

 

1-hexyl-3-methylimidazolium  

trifluoromethanesulfonate 

[C4C1im]Cl 
N

N

R

Cl

 

n-C4H9 

1-butyl-3-methylimidazolium 
chloride 

[C2C1im]Cl n-C2H5 
1-ethyl-3-methylimidazolium 
chloride 
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1 [ABS] Is a commercially available mixture that consist of structural analogues of benzene sulfonates. 

Table 1: A list of sample ILs for lignocellulose processing mentioned in this work  

  

    

Abbreviation Structure  Group Name 

[C4C1im]Br 
N

N Br

 

1-butyl-3-methylimidazolium 
bromide 

[C=C2C1im]Cl 
N

N Cl

 

1-Allyl-3-methylimidazolium 
chloride 

[C4C1C1im]Cl 
N

N Cl

 

1-butyl-2,3-
dimethylimidazolium  
chloride 

[C4C1im][BF4] 
N

N

F

B

F

FF

 

1-butyl-3-methylimidazolium 
tetrafluoroborate 

[C4C1im][PF6] 
N

N
P

F

F

F

F

F

F
 

1-butyl-3-methylimidazolium 
hexafluorophosphate 

[C4C1im][Et2PO4] 
N

N P

O

O

OEt

OEt

 

1-butyl-3-methylimidazolium 
diethyl phosphate 

[C4C1im][SCN] 
N

N S C N
 

1-butyl-3-methylimidazolium 
thiocyanate 

[C2C1im][H2PO4] 
N

N P

O

OH

OHO

 

1-ethyl-3-methylimidazolium 
dihydrogen phosphate 

[C2C1im][Me2PO4] 

N
N

R

P

O

OMe

OMeO

 

n-C2H5 1-ethyl-3-methylimidazolium 
dimethyl phosphate 

[C1C1im][Me2PO4] 
CH3 

1-methyl-3-
methylimidazolium dimethyl 
phosphate 

[C1Him]Cl 
N

HN Cl

 
1-methylimidazolium 
chloride 
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These studies typically report parameters such as the dissolution 

temperature and the dissolution capacity. These parameters can, of course, 

vary a lot but a temperature of around 80-120 °C is often used. Although 

extreme cases do exists like in the case of 1-ethyl-3methylimidazolium 

phosphonate [C2C1im][H2PO4] is able to dissolve cellulose at room 

temperature [4]. The tests are often carried out for around 12-24 hours. Yet 

again, the cellulose load might vary a lot, depending on the study but, in 

general, a decent IL should be able to dissolve around 10 wt% cellulose and 

one of the largest amounts reported is 39 wt% [135]. However, it is 

important to know that different types of cellulose with variations in the 

degree of polymerization (DP) and crystalline index (CI) will play an 

important role when it comes to the solubility of the cellulose [157].  

Nevertheless, not all ILs are capable of dissolving cellulose and it is 

evident that the most common ILs used for dissolution of cellulose possess 

either an imidazolium or pyridinium based cation combined with an anion 

that has basic characteristics [157]. In fact, it is commonly agreed upon that 

the basicity of the anion is the most important factor when it comes to an ILs 

ability to dissolve cellulose [23, 113, 142, 48]. Several studies have shown 

that the same cation coupled to different anions leads to different dissolution 

ability of cellulose (Figure 17) [158, 157]. 

 Figure 17: Anions used to dissolve cellulose in a descending order of capacity for [C4C1im] cation. 

Other studies have also shown that the more basic [C2C1im][MeCO2] 

possesses two times higher capacity for dissolving wood than [C4C1im]Cl 

under the same conditions [112]. Unfortunately, this high basicity that allows 

the IL to dissolve cellulose will also make the IL very hydroscopic [23]. 

Water have a negative effect on an ILs ability to dissolve cellulose. Amounts 

even as low as 2-5 wt% will has a negative effect or even completely inhibit 

the dissolution of lignocelluloses [33]. Even though basicity is the most 

important property, in cases when it comes to ILs that already have a 

sufficient basicity, the lower viscosity will increase the solvent capacity as is 

the case of the low viscosity IL [C2C1im][H2PO4] [4].  

Microwave heating have also been used in order to improve cellulose 

solubility in ILs [158, 156]. In fact, in the case of [C4C1im]Cl the cellulose 

possible to dissolve could be increased 150%  [158]. Even in the case of pure 

wood (southern yellow pine and red oak), in [C2C1im][MeCO2] the 

dissolution time could be significantly shortened by applying pulses of 
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microwave [156]. When using microwaves in combination to ILs, care must 

be taken so that degradation of the IL does not occur. 

Ultrasound, however, is much safer for the IL and it can also be used to 

improve cellulose dissolution in ILs [156, 122]. Also here the dissolution time 

for pure wood (southern yellow pine and red oak) in [C2C1im][MeCO2] could 

be significantly shortened by first subjecting the IL/wood sample for 

sonication for 1 hour at 40 °C, followed by regular heating in an oil bath 

[156].  In an another case, an ultrasonic horn was used in pulses of 1 min 

sonication followed by 1 min pause to test the solubility of different cellulose 

samples in [C4C1im]Cl and [C=CC1im]Cl [122]. Surprisingly as much as 27 

wt% of Microcrystalline cellulose was  dissolved in just 22 min.  

In some cases different solvent systems including an IL and another 

organic solvent like 1,3-Dimethyl-2-imidazolidinone (DMI), 

Dimethylsulfoxide (DMSO) and N,N-Dimethylformamide (DMF) can be 

used as a cellulose solvent mixture [23]. Consequently, 1-butyl-2,3-

dimethylimidazolium chloride [C4C1C1im]Cl dissolved in DMI, at a molar 

fraction of 0.4, was capable of dissolving 10 wt% of microcrystalline cellulose 

in 3 min at 100 °C. When the IL of choice was [C2C1im][MeCO2], the 

cellulose was dissolved immediately [142]. Another study used a 

combination of ammonia and [C2C1im][MeCO2] in order to dissolve rise 

straw. This solvent system demonstrated a cellulose recovery higher than 

both the individual ammonia and the IL solvents system [130]. Recently it 

was also found that aqueous solution of organic hydroxide salt can be used 

do dissolve cellulose [5]. Tetrabutylammonium hydroxide [(C4)4N][OH] and 

tetrabutylphosphonium hydroxide [(C4)4P][OH] containing 40-50 wt% of 

water was able to dissolve 15 %wt cellulose in 5 min at room temperature. 

This is contrary to the believes that water will inhibit the solubility of 

cellulose in ILs. However, in this case the water is necessary since the 

reactive nature of the hydroxide ion would decompose the IL if it was dried. 

Nevertheless, it should be mentioned that inorganic hydroxides have also 

been used to dissolve cellulose [80] but at lower temperatures (4 °C) and at a 

narrower concentration window.    

Lignocellulose in ionic liquids 

In order to get that pure cellulose it first needs to be separated from 

different lignocelluloses (Figure 18).  An example of this is the hydrolysis of 

lignocelluloses in to sugar monomers. In both cases ILs can be used to either 

help to extract different wood fractions from the solid wood structure or be 

used as a pretreatment step in order to improve later processing steps. 
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Figure 18: Wood cells being dissolved in an IL. Adapted from ref [1] 

Lignocelluloses consist for the most part of cellulose, hemicelluloses and 

lignin (plus a small part of extractives). The previous chapter looked at the 

dissolution of cellulose and it is, therefore, natural to have a look at the 

dissolution of hemicelluloses and lignin. However, it is important to note 

that pure lignin and hemicelluloses structures differ from the structures 

found in lignocelluloses. Most pretreatment techniques used alter the 

chemical makeup of hemicelluloses and lignin upon fragmentation, 

functionalization or chemical transformation [32]. Therefore, the behavior 

and scientific results acquired from extracted lignin and hemicelluloses may 

not necessarily be transferable to native samples. This is not the case for 

cellulose that normally is purified without dissolution and chemical 

alteration thus leaving the cellulose macro structure intact. It can therefore 

be argued that it is more interesting to study the lignocelluloses macro-

structure with all components intact rather than to study the individual 

components of extracted lignin and hemicelluloses separately.  

The different types of lignocelluloses that are used will have a large impact 

on the solvent capability of the IL. In general, the more native the sample is, 

the harder it is to dissolve. Thus, pure cellulose samples are usually the 

easiest to dissolve in large quantities. When it comes to native samples then 

other factors like density, lignin content and lignin composition and not just 

DP and CI will play a roll. Several studies have shown that the conversion 

from cellulose I into cellulose II during lignocellulose pretreatment occurred 

fastest for switchgrass (grass) than eucalyptus (hardwood), followed by pine 

(softwood) [23]. This was further supported in a study involving the 

pretreatment hardwood and softwood under the same conditions [156]. It 

has been suggested that the reason for this is that even though hardwood has 

a higher density than softwood, softwood has higher lignin content. This 

lignin will bind to the hemicelluloses making a more robust structure that is 
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less accessible for pretreatment [157, 23]. Furthermore, the high guaiacyl to 

syringyl ratio in softwood lignin is also considered to be a reason for its 

resistance to delignification [23]. In any case, in a study involving 

[C=CC1im]Cl it was argued that the density will play a larger roll and that 

hardwood is tougher to dissolve than softwood [113]. 

Hemicelluloses bears similarities to cellulose but its chain structure is 

much shorter and less rigid. Therefore, there are no expected differences 

between the dissolution of hemicelluloses and cellulose [111] and most of the 

ILs capable of dissolving cellulose are also capable of dissolving 

hemicelluloses. In fact, hemicelluloses will depolymerize during IL 

pretreatment [11]. This is due to the nature of the anion; if it is basic, like 

[MeCO2]-, the depolymerization stay at oligomer levels [11] and is not unlike 

other alkaline deconstruction methods used on hemicelluloses. If the anion 

is acidic, like [HSO4]-, then the depolymerization can go all the way down to 

furfural [25], similar to acid catalyzed hydrolysis. In reality, hemicellulose is 

easily solvable in aqueous alkaline solution [157, 76], warm DMSO (90°C) 

[157] or IL water solution [25]. Even pure water at elevated temperatures has 

been used to extract hemicelluloses from lignocelluloses (200-230 °C for 

hardwoods and 150-170 °C for sugar cane bagasse [76]). Thus, the problem 

with hemicelluloses is not as much to dissolve them but to actually manage 

to recover them again [117].  

As a conclusion, there are many ILs capable of dissolving cellulose. Many 

of them, including the well-known [C4C1im]Cl and [C2C1im][MeCO2], have 

been tested and proven capable of dissolving lignocelluloses. Also, as was the 

case for cellulose, [C2C1im][MeCO2] proved to be more effective than 

[C4C1im]Cl. A large screening study involving 21 different ILs, two types of 

cellulose, hardwood and softwood samples managed to establish a link 

between the solubility of cellulose and the solubility or at least swelling of 

lignocellulose [189]. This discovery was further strengthened by a study 

linking the solubility of lignocellulose to the basicity of the ILs anion [24]. It 

has also been argued that the viscosity plays a role in the dissolution of 

lignocellulose, as was the case when [C=CC1im]Cl was compared to 

[C4C1im]Cl. However, it was also argued that the increased solubility might 

results from π-π interactions between the side chain and the lignin [91]. This 

was just a brief glance at the field and many comprehensive and excellent 

works are available that will review this in greater detail [117, 23, 162].  
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Recently, however, a new approach in to lignocellulose pretreatment using 

ILs has been suggested: Generally, there exists more ILs capable of 

dissolving lignin and hemicelluloses than there are ILs capable of dissolving 

cellulose. So, instead of the traditional homogeneous method of 

lignocelluloses pretreatment, it has been suggested and shown that some ILs 

have the capability to selectively dissolve the lignin and hemicelluloses part 

of lignocelluloses leaving the cellulose part intact [23, 25, 57]. Among these, 

the best ones seem to be ILs that include the sulfate or sulfonate anion [23, 

25, 163] like 1-butyl-3-methylimidazolium hydrogensulfate [C4C1im][HSO4].  

Sulfonate ILs have also shown their ability to cause a more pronounced 

depolymerization effect on lignin than aqueous auto-catalyzed pretreatment 

[163]. In this study [C2C1im][ABS] ([ABS]- Is a commercially available 

mixture) managed to extract over 93% of lignin from lignocelluloses. Further 

studies showed the large effect different anions have on the degree of 

polymerization of lignin during pretreatment (Figure 19) [57]. The cation, 

however, did not play a significant role. It should also be mentioned that ILs 

with a moderate to high basicity exhibit a high solubility of extracted lignin 

[23].  

 Figure 19: Anions ability to fragment and reduce the molecular weight of lignin in a descending order using 

the same cation. 

Anyways, the lignin in itself needs to be considered a valuable recourse 

and should be recovered in a usable form. This can be accomplished e.g. by 

using water or different organic/water solvent system possibly with the 

addition of acids [156]. 

In summary, the effectiveness of a pretreatment method needs to be 

judged on the outcome of the product from the process it is intended for. As 

such, the heterogeneous pretreatment of lignocelluloses might not have the 

same outcome as the regular homogeneous method when it comes to areas 

like enzymatic hydrolysis (Paper V). It can anyhow be applied as a 

pretreatment for woodchips in order to reduce the energy input during 

grinding [22]. Even in the presence of water [163] or in some cases water is 

even required for the IL to work properly [25]. Both methods have their pros 

and cons and have the potential to be well suited in the biorefinery concept. 
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Analysis 

One of the major reasons for the pretreatment of (ligno)-cellulose is to 

open up its crystalline structure and turn it in to a more amorphous nature; 

this is done by first dissolving cellulose followed by precipitation. Therefore, 

in order to determine the success of the pretreatment it is important to either 

determine the complete dissolution of the cellulose or, to determine the 

amorphous nature of the precipitated cellulose.  There are a many different 

analytical techniques for measuring this.   

When (ligno)-cellulose is dissolved, the cellulose will transform from 

native version of cellulose I to the more thermodynamically stable cellulose 

II. Thus it will form a more amorphous and open structure compared to the 

highly crystalline structure of native cellulose [93, 28]. Many methods can be 

used measure these changes in the macro-molecular structure of (ligno)-

cellulose. Methods like X-ray diffraction (XRD) [91, 31], Fourier Transform 

Infrared spectroscopy (FT-IR) spectroscopy [197, 182], Nuclear Magnetic 

Resonance spectroscopy (NMR) [125, 131], Thermo Gravimetric Analysis 

(TGA) [182, 158], Size Exclusion Chromatography (SEC) [158], Scanning 

Electron Microscope (SEM) [182, 158] and Different Scanning Calorimetry 

(DSC) [158] are common. However, the time and temperature needed for the 

dissolution of cellulose I will depend on the complexity of the (ligno)-

cellulose sample [28] as well as the IL.  If the pre-treatment time is to short 

or the temperature to low, both cellulose I and cellulose II might coexists in 

the sample [28].  

Another way of determining the dissolution of cellulose is to observe it in-

situ by using non-invasive methods. This can be done by visual detection by 

means of a microscope [189] (Paper I) or by using light-scattering or 

absorption intensity techniques [189, 59]. Light scattering is normally a good 

technique for measuring particle size. However, due to the non-spherical 

nature of cellulose and the erratic nature of its dissolution, process the 

absolute particle size is not easy determined [189]. To do so would require 

specialized equipment [189] and even then a specific size distribution is 

required. Also, when using optical measuring techniques, it is important to 

remember the misleading effect that might occur if the refractive index of the 

sample and solute is not sufficiently different (Paper II).    

Lastly, it is worth mentioning that chemical changes in the lignin and 

hemicelluloses structure can also be detected using NMR [23]. Additionally, 

the fragmentation of lignin can be detected using size exclusion 

chromatography (SEC) [57] and even smaller lignin model compounds can 

be detected using different HPLC techniques [23]. 
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Lignocellulose recovery 

Once the (ligno)-cellulose has been pretreated, it needs to be recovered 

and further processed. This can be done in a few different ways but in the 

case of lignocellulose the first step is to separate the three major components 

cellulose, hemicelluloses and lignin.  

Hemicellulose, as mentioned earlier, is easily dissolved in aqueous 

alkaline solution [157, 76], warm DMSO (90°C) [157], IL water solution [25] 

or even super heated water (150-230 °C) [76]. Also, due to its comparatively 

fragile nature, it is best preserved and separated by pre-extraction [23]. Even 

so, once it has been extracted, it can be successful precipitated using ethanol 

[157]. 

Cellulose is usually recovered first after pretreatment by the means of 

filtration. In the case of homogeneous pretreatment, the cellulose first needs 

to be precipitated and this is done by adding an antisolvent during vigorous 

stirring. The antisolvent is usually a protic organic solvent like ethanol [130] 

or an organic/water solvent mixture like acetone/water [156]. Once the 

cellulose is in a solid form, it is filtrated and washed. In the case of 

heterogeneous pretreatment, the cellulose was never dissolved in the first 

place and therefore only needs to be filtrated and washed with a suitable 

solvent like an mild alkaline water solution [163], water solution [23, 25] or 

methanol [25].  (Figure 20) 

Lignin recovery is in principle independent of the pretreatment method. 

This is done by adding a copious amount of water [25, 23]. Alternatively, the 

pH of the water solution can be dropped in order to fully protonate the lignin 

and thereby lowering its solubility [156, 163]. However, if an acid IL like an 

IL with [HSO4]- anion is used, there is no need for the additional acid [25]. 

In the case when an organic/water solution was used to precipitate and wash 

the cellulose, the organic solvent could be evaporated resulting in a 

precipitation of the lignin in the remaining water/IL phase. This has been 

accomplished using an aceton/water mixture after a pretreatment of 

lignocelluloses samples using [C2C1im][MeCO2] [156]. If an organic solvent 

like methanol was used to precipitate and wash the cellulose the, methanol 

could then be evaporated and water added to precipitate the lignin [25]. 

(Figure 20) 
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Figure 20: A scheme of regeneration techniques for both hetero- and homogeneous dissolution of 

lignocelluloses. Adapted from ref [23] 

Once the different components of lignocelluloses have been separated, the 

cellulose can be further processed. This can perhaps be divided into two 

categories, 1: Modification of the cellulose in order to reform or functionalize 

the macro-structure of cellulose while keeping it more or less intact. 2: 

Deconstruction of cellulose into smaller molecules that then can be used as 

bulk product for other processes. 

Modification of cellulose 

Once the cellulose has been dissolved it can be precipitated again using an 

anti-solvent. This anti-solvent can either be water [159, 197], water/organic 

solvent mixture like acetone [156], supercritical CO2 [159] or protic organic 

solvents like alcohols [159, 32]. The choice of the anti-solvent does not 

appear to have any effect on the regenerated cellulose [32, 168]. 

Interestingly, the crystallinity of the cellulose can also be manipulated by 

changing the regeneration conditions [199]. During the precipitation process 

the cellulose can be reshaped in to any desirable shape like monoliths, films 

or fibers [159, 23]. It has been shown that ILs like [C4C1im]Cl and 

[C2C1][MeCO2] can be used to perform wet-spinning much like the Lycocell 

process [69]. These fibers also show competitive physical properties after 

regeneration [95].  

ILs can also be used to create composite materials by incorporate other 

materials into the regenerated cellulose structure. This is done by either 

dissolving or suspending the desired material in the IL/cellulose mixture and 

upon precipitation the material is equally distributed over the cellulose 

structure. This technique has been used to create inexpensive sensor probe 

for NOx [70] and Hg(II) [137] or to incorporate nanoparticles of gold [107] 

and TiO2 [121] on to a cellulose support structure. Cellulose nanoparticles 

incorporated with calcium silicate used in the pharmaceutical industry for 
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drug delivery and bone tissue engineering have also been made in the same 

way with the assistant of microwave irradiation [83]. 

In some cases the chemical structure of cellulose needs to be modified into 

different cellulose derivatives. Perhaps the most useful one is cellulose 

acetate that is used in synthetic fibers, photographic films and as 

components of adhesives. Subsequently, there has been a lot of studies about 

the acetylation of cellulose in ILs [181, 162, 37]. ILs has also been used to 

create other cellulose derivatives via sulfation, sulfonation, 

carboxymethylation, eterification, carbanilation, silylation, tosylation, 

tiritylation, phthalation and succinylation [37, 162].  

De-polymerization 

The depolymerization of cellulose involves breaking it down to its more 

basic components which is the first step towards the production of biofuels 

and chemicals [162, 159]. Perhaps the most important today is ethanol that 

is made via the fermentation of monomer sugars by yeast and 

microorganisms [159]. These monomer sugars are the main building blocks 

of cellulose. The problem is that cellulose in its native form is very 

inaccessible making it hard for different hydrolyzing agent to access the β-

1,4-glycosidic bond [195]. Therefore, the first step is to disrupt the crystaline 

structure of cellulose making it more amorphous and more accessible for 

hydrolysis [195, 112, 159]. The hydrolysis can be accomplice either via 

chemical hydrolysis involving acids or metal catalyzed or biological 

hydrolysis using different enzymes in order to break down the cellulose 

polymer. Chemical hydrolysis is often faster than biological hydrolysis 

although biological hydrolysis is much more selective. 

Chemical hydrolysis 

A form of chemical hydrolysis, the so-called acid catalyzed hydrolysis, is 

classically performed using strong acids like sulfuric acid [160]. However, 

having the cellulose dissolved in a solution during hydrolysis will increase 

the accessibility of the β-1,4-glycosidic bond and will allow milder 

conditions. Therefore, the acid catalyzed hydrolysis of cellulose in ILs has 

been examined [168]. Nevertheless, when adding an acid to a solution 

containing a base it is important to remember that a more stable base will 

always form. This is not a problem since the acid hydrolysis in ILs demands 

the presence of a strong acid in order to work properly [23]. 

One of the larger studies regarding the acid catalysis was done using 

[C4C1im]Cl with added sulfuric acid at 100-150 °C [151]. The study revealed 
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that even though almost complete dissolution was achieved, the monomer 

sugar yield was very low. This was thought to be because of the lack of water 

in the reaction mixture. When water was added the yield improved with 

moderate water addition but when more water was added the yield went 

down again most likely because the inhibition effect water have on cellulose 

solubility in ILs. This process was later improved when dissolving the 

carbohydrate part of corn stove in [C2C1im]Cl catalyzed by HCl [17] at 105°C. 

In this method water was added in small portions throughout the process in 

order to keep the hydrolysis going on while not inhibiting the cellulose 

solubility of the IL. In the end, a glucose yield of nearly 90% was achieved. 

This was further optimized to almost 100% glucose yield using pure cellulose 

[124]. Many factors like acid strength and concentration, temperature and 

water content play a role in the acid catalyzed depolymerization of cellulose 

in ILs [112]. Protic ILs have also been used both as an acid catalyst [168] in 

[C4C1im]Cl and also without the use of any catalyst [168, 159] although with 

little success. 

Although HMF in some cases is considered a by-product in glucose 

production, it is a valuable product and studies in conversion of glucose to 

HMF in ILs have also been performed [23]. The production of HMF in the 

presence of water will ultimately lead to the formation of levulinic and 

formic acids. However, ILs can be used both to dissolve sugars and provide a 

water free environment. High HMF yields where reported for a study 

involving fructose dissolved in [C1Him]Cl [23]. 

The HMF yield can be further improved by adding a wide variety of metal 

catalysts [23, 159, 164]. Among these the most effective was CrCl2 that 

showed improved selectivity compared to other protic or metal catalysts. It 

was suggested that the reason for this was that CrCl2 aided the sugar 

isomerisation while the IL provided a water free environment that stabilized 

the HMF production. However, due to the toxic nature of CrCl2, studies in 

the feasibility of using FeCl2 have also been performed [164]. 

Enzymatic hydrolysis 

Enzymatic hydrolysis is often slower than chemical hydrolysis and the 

initial cost is usually higher [162] These processes are, however, much more 

selective and the process can be carried out under ambient conditions. There 

are many different enzymes that can be used in enzymatic hydrolysis and 

often there is not just one but several different enzymes that work together to 

achieve hydrolysis. Commonly these enzymes are called hydrolase and 

cellulase. Enzymatic hydrolysis without pretreatment is generally not that 

effective with a maximum theoretical yield often not more than 20% [168]. 
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For pretreated cellulose, however, the rate of hydrolysis will go up by a factor 

of 3-30, compared to crystalline or native cellulose [159]. This is due to the 

more accessible surface area of the cellulose and an increase in the number 

of binding sites for the enzymes [159]. Therefore, the enzymatic hydrolysis of 

cellulose will greatly increase with the pretreatment and subsequent 

conversion from crystalline to amorphous cellulose [159, 168, 154, 23]. This 

is a task well suited for IL. 

A study compared diluted sulfuric acid and [C2C1im][MeCO2] as a 

pretreatment solvent for switchgrass at 160 °C. It was found that the 

enzymatic hydrolysis was substantially better for samples pretreated with IL 

then for those pretreated with acid [104]. The reason for this was thought to 

be improved lignin removal and an increased ratio of amorphous cellulose. 

Nevertheless, it should be stated that the IL was pretreated for a longer time, 

3 hours compared to 20 min in the case of the acid. Another study, however, 

showed that concentrated phosphoric acid was more efficient than 

[C4C1im]Cl, both for pure cellulose and corn stover [144]. Even so, ILs have 

proven to be an effective pretreatment technique prior to enzymatic 

hydrolysis of cellulose resulting in a more complete conversion of sugar at a 

faster rate [159]. In fact, it has been claimed that the initial rate of hydrolysis 

was 50 times higher for cellulose regenerated from [C4C1im]Cl compared to 

untreated cellulose [112]. 

It is well established that the increased rate and yield of hydrolysis is 

linked to the reduced crystalinity of the cellulose [23, 159]. However, it has 

also been established that the rate of the hydrolysis is tied to the rate of 

delignification as well [23]. One of the functions of lignin is to protect 

carbohydrate cell walls from attacks by microorganisms [23, 154, 159]. This 

effectively inhibits the enzymes by physically prevents it from accessing the 

cellulose [159, 112]. Not only that, modified lignin that has been removed 

from the lignocelluloses but that still is present in the process, will also 

inhibit the enzymes by binding to it [23]. Therefore, the sole purpose of 

pretreatment should not only be focused on decreasing the cellulose 

crystalinity but on lignin removal as well. This opens up the field for 

heterogeneous dissolving ILs like [C4C1im][HSO4] and [C2C1im][ABS] that 

are excellent at extracting lignin from lignocelluloses [25, 163]. However, it is 

not only lignin that causes an inhibiting effect on the process, ILs themselves 

are also known to have a negative effect on  enzyme activity, even at very low 

concentrations [154, 159, 168]. 

An inhibition study into the effect different ILs have on the activity of 

cellulase [38] revealed that only 10 %(v/v) of IL in a water solution will 

decrease the cellulase activity by 70-85%,  depending on what IL was used. 
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Furthermore, it was noted that the cation had little effect on the enzyme 

activity but the anion on the other hand did [196]. It was also determined 

that the cellulase activity in four different ILs increased in the following 

order (Figure 21). 

Figure 21: The cellulase activity in different ILs in a descending order. 

It was further speculated that the viscosity had the largest negative effect 

on cellulose activity, followed by ion strength and pH. Anyway, this was only 

the case if the anion ion concentration was kept unaltered. The negative 

effects of viscosity and ionic strength [112] have also been confirmed by 

other studies. Interestingly, it was also observed that even though it is 

commonly know that IL has a negative effect on enzyme activity, the effect is 

only inhibitory and they do not irreversibly deactivate them [38]. 

There are ways of stabilizing the enzymes in the presence of ILs. 

Poly(ethylene glycol) or PEG has be used to create a support for the enzyme 

and in the presence of [C4C1im]Cl, the enzyme displayed an increased 

stability and activity compared to an enzyme not supported by PEG [167]. It 

has also been suggested that more enzyme friendly ILs can be used [159, 

196]. This can be accomplished e.g. by adding different poly glycol chains on 

to the cation [196] (Figure 22).  

 
Figure 22: Imidazolium based IL designed to be more enzyme friendly.  

Nevertheless the overall inhibiting effect ILs have on enzyme activity still 

suggest that a thorough washing of the cellulose pulp and subsequent 

removal of the IL is preferable. Furthermore it should be stated that sugar 

removal from the IL can be a potential challenge. 
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Dissolution mechanism 

As understood, cellulose is hard to dissolve. Even so, it is not completely 

insoluble and different solvents system do exists capable of dissolving 

cellulose [66, 184, 185, 114]. 

Speculations into why certain solvents are capable of dissolving cellulose 

and others are not have been the focus on many works, some of which will be 

addressed here. It is a commonly suggested that in order for a solvent to 

dissolve cellulose it needs to be able to cleave the intermolecular hydrogen 

bonds that tie together the individual cellulose polymers [192, 23, 159]. 

However, that is not the only property needed for a solvent. This is obvious 

when comparing the cellulose solubility data from organic hydroxide salt [5] 

with that from inorganic hydroxide salts [80]. This indicates that there are 

other factors that determine the solubility of cellulose as well one, being 

hydrophobic interaction [111]. It has been shown that cellulose consists of 

both hydrophobic and hydrophilic parts [16, 183] and that cellulose in fact 

can be considered to be amphiphilic [111]. This indicates that co-solvents 

with have the ability to weaken the hydrophobic interactions in cellulose or 

amphiphilic solvents, like ILs, should preferably be used to increase the 

chance of dissolving cellulose [111]. 

Many ILs do have the ability to dissolve cellulose and it have been 

confirmed both by means of NMR [141, 23, 168], molecular dynamic studies 

[113, 63] and simulation studies [188] that the anion interacts with the 

hydroxyl groups on cellulose by forming strong hydrogen bonds between 

them. This effectively cleaves the intermolecular bonds that exists between 

the individual cellulose molecules and is believed to be the major 

contributing factor to enable cellulose dissolution in ILs [191]. It has also 

been observed, using the same techniques, that these hydrogen bonding 

interactions don’t just occur between cellulose and the anion but between the 

cation as well [191, 188, 113, 112]. Especially the acidic C2 proton on the 

imidazolium ring likes to interact with the less stericly hindered hydroxide 

groups of cellulose. Furthermore, it has also been noted that protic cations 

and hydroxide, or other hydrogen bond acidic groups anywhere on the IL, 

will lower (or in some cases completely inhibit) the solubility of cellulose [23, 

36]. The reason for this could be that these groups will interact with the 

hydrogen bond basidic groups on the IL attributed with the solubility of 

cellulose and thereby interfere with its interactions with the hydroxide 

groups on the cellulose.  
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The influence of the anion 

The power of an IL in cleaving the intermolecular hydrogen bonds is 

linked to its basicity. A strong basicity will result in strong hydrogen bond 

interaction with the hydrogen on the hydroxide groups of cellulose. This 

basicity, in turn, is primarily influenced by the anion [2]. As such, the anions 

role in an ILs ability to dissolve cellulose is very important. There is a clear 

correlation between cellulose solubility of an IL and the anion basicity [142, 

48, 4, 24, 23]. This is further supported by screening studies [180, 182] and 

computer modeling [113]. One of the anions with the highest basicity is 

[MeCO2]- with a Kammel-Taft β value of 1.2. This anion combined with the 

cation [C2C1im]+ renders the IL [C2C1im][MeCO2] that is known to be one of 

the best ILs around for dissolving cellulose [24] (Figure 23). 

 
Figure 23: The Kamlet-Taft beta value (a measurement of the ILs basicity) correlated to the cellulose 

solubility of different ILs.  Adapted from ref [23] 

Then, anions with weak hydrogen bond basicity such as the large non-

coordinated anions [BF4]- and [PF6]-, are unsuited for both cellulose and 

lignin dissolution [168]. The lack of cellulose solubility is mainly attributed 

to its weak hydrogen bond basicity [133] and the size of the anion also is a 

factor to take in to account. This can be seen when comparing the cellulose 

solubility in four ILs featuring the same cation [112]. It can be clearly seen 

that the larger ions will have a diminishing ability to dissolve cellulose. This 

could be attributed to the delocalized charge or to lower anion concentration. 

Also, even in the cases when the basicity and the molecular weight of the 

anion is roughly the same, there can still be differences in cellulose solubility 

as is the case for Br- that dissolves cellulose and [HSO4]- that does not [135]. 
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It is suggested that there are secondary effects like geometric shape and size, 

not just the bacisity that will play a role in whether an IL is able to dissolve 

cellulose or not.  

The influence of the cation 

Even though the anion will have the greatest effect on an ILs ability to 

dissolve cellulose it is still clear that the role of the cation is not insignificant. 

When comparing different anions all with a carboxylate anion (formate and 

acetate) and different cations it can clearly be seen that other factors than 

anion basicity plays a role in cellulose solubility (Table 2).  

 

 

Ionic liquid Solubility 
(wt%) 

Comment 

[C2C1im][MeCO2] 15 Highest solubility 

[C8C1im][MeCO2] <1 Long alkyl chain reduces solubility 

[C1(OC2)2C2im][MeCO2] 12 Influence of glycol chain 

[C1(OC2)4C2im][MeCO2] 10 Influence of lengthening glycol chain 

[C1(OC2)7C2im][MeCO2] 3 Influence of lengthening glycol chain 

[H(OC2)2C1im][MeCO2]  5 Influence of -OH group on alkyl chain 

[(C1OC2OC2)C2C2C2N][MeCO2] 10 Influence of changing cation core 

[(C1OC2)C1C1NH][MeCO2] <0.5 Influence of substituting an alkyl group 
with H 

[(HOC2)C1C1NH][MeCO2] <0.5 Influence of N-H group and OH group 
on alkyl chain 

[C4C1im][HCOO] 8 Influence of changing cation core 

[P4444][HCOO] 6 Influence of changing cation core 

[N4444][HCOO] 1.5 Influence of changing cation core 

Table 2: A list of different cations, all with a carboxylate anion, and there cellulose solubility. Adapted from 

ref [23]. 
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Although other cations have been tested for cellulose solubility, none have 

been as thoroughly investigated as the alkylated imidazolium cations. 

Molecular modeling and computer simulation studies into [C1C1im]Cl [188] 

and [C2C1im][MeCO2] [113], respectively, have shown that the imidazolium 

cation correlates to the glucose ring of cellulose through hydrophobic 

interaction and that cation is likely found either under or on top of the 

glucose ring [188]. Furthermore, a study into interaction between aromatic 

groups and carbohydrates has shown that given the right circumstances 

insistent intra molecular interactions involving extended hydrophobic 

contact and significant electron overlapping can occur [165]. Imidazolium 

has been proven to be a good cation scaffolding for cellulose dissolution. 

However, the cellulose solubility is still strongly affected by the different 

functional groups and side chains attach to the ring. 

Often 1-methylimidazol is used as the scaffolding and then alkylated in the 

N3 position to form the cation. Although metylation on the C2 position has 

in some cases been carried out in order to improve IL stability, it also 

resulted in reduced cellulose solubility [15]. The most favorable side chain 

seems to be ethyl or butyl and there have been some speculation into an 

“odd-even” effect when it comes to short chained versions (<C5) [39]. It was 

shown that ILs with side chains that have an even number of carbon (ethyl- 

and butyl-) dissolve cellulose better than those with an odd number (methyl-

, propyl- and pentyl-). Once the chain length reaches six carbons, the 

cellulose solubility went down. This is in agreement with other studies 

showing that longer side chains like hexyl- and octyl- [168] or, in some cases, 

even longer [196] results in reduced cellulose solubility. This is further 

supported by COSMO-RS studies showing that ILs should not have long 

aliphatic side chains [23]. It was argued that the reason for this could be due 

to lower anion concentration or increased viscosity [196].  

It has also been argued that alkenyl and alkynyl side chains are worse at 

dissolving cellulose than alkyl [15]. This is a bit surprising since the IL 

[C=C2C1im]Cl is comparatively good at dissolving cellulose even though it 

includes an alkyl group with odd number carbons. This shows that even 

though some patterns can be recognized when it comes to IL configuration 

and cellulose solubility, caution needs to be taken when extrapolating these 

results to other ILs. 

The effect of entropy on dissolution 

Another thing that needs to be mentioned is that the dissolution of any 

solute like, cellulose, in a solution is affected by entropy as well [120, 23]. 

The presence of a solute has a negative effect on the solvents entropy since 
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the solvent needs to accommodate the solute by ordering itself around it. 

Normally this is compensated by the increased entropy of the solute since it 

will gain rotational and vibrational degrees of freedom (DoF) [120]. The 

entropy is also affected by the molecular weight of the solute, smaller 

molecules can easier dissolve than large ones due to the fact that increased 

molecular weight results in less molecules and, subsequently, a weaker 

entropic driving force towards dissolution is enforced [120]. However, since 

cellulose can be considered as a large and ridged molecule, it will have a hard 

time to compensate for the loss of solvent entropy [23] (Figure 24) this 

would account for its insolubility in solvents like water [63]. ILs, like 

[C4C1im]Cl, however, has a much smaller reduction in solvent entropy than 

water when it comes to dissolving cellulose and can, therefore, better 

compensate for the small entropy gained [64]. This results in a lower 

potential energy for the dissociated state of cellulose in ILs, something that is 

not the case for cellulose in water [63]. 

 

 
Figure 24: Different factors that will improve the overall entropy of a system.  

Lignin dissolution mechanisms   

As previously stated, ILs that are capable of dissolving cellulose are also 

often capable to dissolve lignocellulose lignin. Even so, the solvent properties 

for effectively dissolving lignin are slightly different. A high basicity of the 

anion is well known as a major criteria to effectively dissolve cellulose but, in 

case of lignin it looks like the mid-range basic anions are the best (Figure 

25). This includes anions like trifluoromethanesulfonate (OTf-), methyl 

sulfate (MeSO4
-), hydrogen sulfate (HSO4

-) and halides (Cl-, Br- etc). 

However, it is worth noting that acetate (MeCO2
-) is known for its high 
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bacisity and is also good upon lignin dissolution. Even though the exact 

mechanics behind the anion role in dissolving/extracting lignin is not 

completely understood, some speculation exists into the role of the cation. 

Theoretical modeling has shown that cations based on imidazole are 

particularly well suited for dissolving lignin since the cation can favorably 

interact with aromatic phenyl rings of lignin [81]. Furthermore, it has been 

suggested that π-π interactions between the IL and the lignin also will 

influence solubility [91, 117]. This would explain why [C=C2C1im]Cl was 

better than both [C4C1im]Cl and [C2C1im]Cl in dissolving wood chips from a 

different lignocelluloses [189] since it is the only cation with exhibits π-

electrons both in the imidazoluim ring and on the side chain. 

 
Figure 25: The Kamlet-Taft beta value (a measurement of the ILs basicity) correlated to the lignin solubility 

of different ILs. Adapted from ref [23].  
 
Solubility predictions 

The ability to predict what ILs dissolves cellulose and which does not 

would be of outmost interest. Therefore, there are different empirical and 

semi-empirical measuring techniques and polarity scales that can predict 

and explain the solubility of cellulose and other biopolymers in a solution. 

Some of these have been used in order to explain the solubility of cellulose 

and other biopolymers in ILs like COSMO-RS, Hansen solubility parameters 

and Kamlet-Taft solvent parameters [23].Perhaps the most frequently used 

ones of these are the Kamlet-Taft solvent parameters [153] or more precise 

its β-value. Kamlet-Taft uses different dyes that interacts with the solvent 

these interactions can then be detected and measured using Ultraviolet-
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visible spectroscopy (UV-Vis). The parameters gathered are the β-value that 

is a measure of the solvents hydrogen bond basicity, α-value that measures 

hydrogen bond acidity and π*-value that measures interactions through 

dipolarity and polarisability. Papers exist that list these parameters for a 

wide variety of ILs [2]. However, as has been stated throughout this chapter, 

caution must be taken when drawing conclusions from these values since 

there are more factors than just basicity in play when it comes to cellulose 

solubility in ILs.  

Lastly, when it comes to Kamlet-Taft solvent parameters, it is important to 

know that they are only applicable to pure solutions even though they have 

been applied to IL solvent mixtures [23]. The reason is that the composition 

of the local environment for the solute might be very different from that in 

the bulk solution.  

Challenges 

That there are challenges when it comes to the dissolution of cellulose 

using IL cannot be denied. Nevertheless, it is also important to remember 

the drawbacks of the conventional methods upon dissolving of cellulose. 

Often several different solvents are needed under extreme conditions, 

resulting in dangerous environments and high energy costs. Furthermore, 

these solvents are often non-reusable, toxic and have limiting solvent 

capabilities. They may also give rise to uncontrollable side reactions and 

show signs of instability during cellulose processing [159]. 

Nevertheless, ILs also have their limitations, one of them being the 

limiting amount of knowledge when it comes to their toxicity and the long-

term environmental impact they may have [166, 79, 56, 54]. This is a 

problem facing any new field and it will take time to completely evaluate this. 

Anyways, to date some ILs commonly used for cellulose dissolution like 

[C2C1im][MeCO2] are considered non-toxic and non-irritant. Even though a 

lot of the potential risk for environmental pollution can be minimized by the 

fact that many ILs are non-volatile the toxicity inside the process itself needs 

to be addressed. The processing of (ligno)-cellulose to a large extant involves 

depolymerization of cellulose and that, in turn, can be performed in various 

ways. If enzymatic processes are chosen, it has been shown that 0.25% of 

[MeCO2]- and 1% of Cl- will be enough to inhibit yeast and enzyme activity, 

respectively [23]. A thorough washing of the pulp is therefore needed after 

the pretreatment in order to avoid toxicity problem further down the 

process.  
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Other drawbacks facing ILs are related to the slow rate of dissolution 

[142], especially in the context of particle size. Larger particles of 

lignocellulose will be harder to dissolve than fine ones and, at a particle size 

over 0.5 mm significant reduction in solubility could occur [23]. In studies 

involving chipped lignocellulose, complete dissolution was never 

accomplished within a reasonable timeframe, even at harsh conditions (100 

°C) [23]. It should be mentioned that other studies have reported no 

difference in solubility between particle sizes of the same feedstock [175]. 

Also, by pre-soaking pine wood chips with different ILs the power 

consumption during grinding could be reduced by up to 75% [22].  

Another factor that needs to be taken into account is viscosity. ILs, in 

general, often have a high viscosity and this has always been a point of 

concern for industrial applications. Therefore, ILs with a comparatively low 

viscosity are more desirable [95, 49, 48, 4, 69]. Lower viscosity will result in 

better cellulose pretreatment due to improved solubility [4, 95, 69], better 

formability of the regenerated cellulose [95] and more manageable cellulose 

solutions [95, 69]. The viscosity of the IL/cellulose solution is heavily 

dependent on the concentration of cellulose [190] although the viscosity can 

be improved by increasing the process temperature [69, 190]. 

These are just a few of the problems that arise when considering using IL 

for cellulose processing; some of them might be avoidable through the use of 

different ILs or new innovative processes. But two major challenges that 

need to be considered before any large scale processing can be considered is 

the recycling of the IL and the stability of the IL/cellulose mixture.  

Ionic liquid recycling 

ILs as a pretreatment method has a relatively low equipment and energy 

cost compared to other methods [112]. However, the cost of the IL itself is 

often high [159]. In general, ILs are about 5-20 times more expensive than 

the ordinary solvents, in a laboratory scale, and in order to be cost effective 

they need to be reused 10-20 times or more [136]. Therefore, before any 

large scale process can be considered, cheaper ILs need to be developed [23]. 

Therefore, the ability to recycle and reuse the ILs several times is of vital 

important, not only from an “green chemistry” point of view but from a cost 

point of view as well [17]. Luckily, when it comes to biomass pretreatment, 

ILs can be comparatively easily to recycle [112, 168]. Previous studies have 

shown some ILs being recycled up to five or six [112] times without a decline 

in efficiency. In another case, an IL was recycled 20 times with only a 8 % 

decrease in cellulose recovery (74% down from 82%) [130]. However, this 
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was not a pure IL but a solvent system of ammonia and [C2C1im][MeCO2]. 

Moreover, even though the ammonia helped in the recycling and purification 

of the process the use of ammonia as a eco-friendly solvent needs to be 

considered.  

In order to reuse the IL it first needs to be purified and that often involves 

the removal of the antisolvent. Although many studies have shown that 

different antisolvents or solvent systems can be used [47, 23], one should 

remember that water gives a higher biomass regeneration yields compared to 

methanol [103]. Regardless of the antisolvent used, it can be removed in 

different ways including sating out, reverse osmosis, flash distillation or 

evaporation/distillation [199, 32, 159].  

The influence of impurities 

Antisolvant removal, particularly water, can also cause problems. Water 

will severely inhibit the solubility of cellulose in most ILs [23, 33]. 

Unfortunately, the high basicity of many ILs will also render them very 

hydrophilic and ILs commonly used to dissolve biomass will tie up around 1-

3,5 water molecules per anion (or cation) when allowed to be equilibrated in 

air [21] (Figure 26). It was also shown that dry carbonate ILs release up to 11 

KJ/mol of heat when mixed with water [23] indicating the strong affinity to 

water this particular ILs has. Therefore, the ability to cost and energy 

efficiently separate the IL from water will be one of the mayor problems to 

address before any large scale processing can be considered [182]. Currently, 

this is the focus of a lot of research [25].  

Water can accumulate in the system from sources like air, antisolvents 

and lignocelluloses. Antisolvents that are commonly used like methanol, 

ethanol or acetones are often polar and will accumulate water themselves if 

given the chance. Biomass will have a water content up to 50% when fresh 

and around 5-10 wt% if allowed to air-dry [23]. This means that unless 

energy demanding drying steps a taken in the process, water will accumulate 

in the IL up to a point where the process is no longer working properly. 

However, an IL can be designed to be less hydrophilic on its own. Cations 

with short side chains and hydrophilic groups dissolve better in water [65, 

27]. Thus, longer side chains can be used although that will affect the 

solubility of the cellulose [39, 168]. Ultimately it is the anion that will have 

the largest effect on the hydrophilisity of the IL [127] and that is 

unfortunately strongly tied the solubility of cellulose [21]. Nevertheless, it 

should be stated that higher water content (around 5-20 %wt) can be 

tolerated if the cellulose concentration is lowered (to 2 wt%) [154].  
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Figure 26: The correlation between an ILs Kamlet-Taft beta value and the molar equivalent of water it will 

accumulate when allowed to be equilibrated in air. Adapted from ref [21]  

Water contamination is not the only problem that needs to be considered 

when reusing ILs. Recycling of the IL will inevitably lead to an accumulation 

of other impurities then water. It has been shown that the effectiveness of 

the IL pretreatment will change as the IL is recycled several times [103]. It 

was suggested that this is most likely due to the accumulation of wood 

components, like lignin, in the IL. Hemicelluloses are also such a potential 

problem since they will depolymerize during IL pretreatment [11, 23] due to 

the often basic nature of the IL [11]. This will result in an accumulation of 

sugar monomers and oligomers in the IL that are not easily precipitated in 

the washing step. It is also important to note that some impurities may have 

an effect on cellulose degradation [168, 58] and should therefore also be 

removed. All this indicates that a more thorough IL purification step than 

just anti-solvent removal might be needed. 

Decomposition and degradation  

The degradation and decomposition routs of IL alone have already been 

addressed. However, there are additional items that should be considered 

when dealing with ILs in the context of (ligno)-cellulose processing.  
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It has been found that the basicity of the anion has an effect on the 

thermostability of the IL [145]. This is particularly problematic from an IL 

processing point since ILs that are good at dissolving cellulose also have a 

high basicity as stated earlier. Furthermore it has also been reported that ILs 

in general have a lower decomposition temperature than commonly belived 

and one should take into account the long-term decomposition that can 

occur at lower temperatures [174]. Reduced thermostability of the IL has 

also been detected with the addition of additives especially cellulose [174]. It 

has also been argued that thermostability of the cellulose/IL mixture will 

decrease when using recycled IL compeered to fresh one [58]. 

Even so, ILs are considered a mild way of pretreating cellulose through a 

direct dissolution process without modifying the cellulose. However ILs 

cannot be considered as a completely inert solvent since some reaction 

between the cellulose and the IL will inevitably occur.  

 
Figure 27: A carbene formed in the presence of a base reacts with the reducing end of cellulose. 

It has been shown that a carbon-carbon bond between the C2 carbon of 

imidazolium and the reducing end of cellulose might happen [157, 35] 

(Figure 27). The proton in the C2 position has a pKa of 22-24 [58] and can 

be considered acidic under certain conditions especially in the presence of a 

base. It is know that this reaction is favored under basic conditions [35] 

which could be a potential problem due to the fact that the anions with high 

basicity are often used to improve cellulose solubility. Another problem is 

the presence of different imidazolium derivatives that can act as a catalytic 

base. As was stated earlier, residual starting materials like 1-methylimidazole 

are not always easy to remove and even if they were successfully removed, 

imidazolium derivatives can still be formed through reversed Menscutkin 
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reactions [155]. However it should be pointed out that these experiments 

were conducted using glucose molecules, not cellulose thereby, substantially 

increasing the amount of reducing ends that could react. Other groups 

conducting studies of different (ligno)-celluloses over a long time or with the 

use of auxiliary bases reported no such products even when looking for them 

[157].  

Although it is not only the cation that sometime reacts with the cellulose, 

there are examples of anion reactions as well. It was reported that a small 

amount of acetylated cellulose was detected after being pretreated with 

[C2C1im][MeCO2] [88] without any acetylation agent. Accidental acetylation 

has been previously reported [94]. This time, however, it was suggested that 

the acetylation took place via an anhydride intermediate that in turn was 

formed through a dehydration reaction of the acetate anion (Figure 28). The 

proton source for dehydration was thought to be the acidic C2 proton of the 

cation [88]. 

 
Figure 28: A suggestion for the course taken in the unwanted acetylating of cellulose in and acetate IL.  

As shown above, the basic nature of the anion can sometimes cause 

problems by reacting with the cellulose. In addition, it was observed that the 

furfurals content after pretreatment was significantly higher in [HSO4]- ILs 

than in [MeSO4]- ILs and not detected at all for [MeCO2]-. It was argued that 

the conversion of hemicelluloses to furfural was tied to the acidity of the IL 

[25], resulting in less hemicelluloses recovery for the more acidic ILs. Even 

though no significant difference in glucose or HMF could be detected in the 

washing liquid, it cannot be ruled out that cellulose hydrolysis might occur 

more easily in acidic ILs.   
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As we have seen impurities inside the IL/cellulose mixture can cause 

problems. Also, small quantities of acids at high temperature might result in 

unwanted hydrolysis of the cellulose [105, 170]. Impurities might even affect 

the overall thermo-stability of the IL [174]. These impurities might be 

precent in the IL or cellulose right from the start or, they might form during 

the pretreatment and accumulate in the process. Regardless, the degradation 

of the cellulose and the decomposition of the IL should be closely monitored 

especially since the IL needs to be reused several times, possibly leading to 

an accumulation of impurities that might in the end effect the effectiveness 

of the process. 
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Aim 

One of goal for a sustainable use of renewable resource is to examine the 

feasibility of incorporating ionic liquids in to the biorefinery concept. 

Different avenues have been examined with focus on dissolving (ligno)-

cellulose materials using ionic liquids mainly for the purpose of 

pretreatment. More precisely the pretreatment of (ligno)-cellulose materials 

followed by enzymatic hydrolysis. Furthermore, new synthetic pathways of 

synthesizing ionic liquid also needs to be examined, pathways that, to a large 

extent, will make use of chemicals commonly found and produced in a 

biorefinery. Thus, allowing for on-site production of ionic liquid that can be 

used for different processes including pretreatment of (ligno)-cellulose. 

Therefore, the specific objectives for this study were: 

To investigate the possibility of using a selection of alcohols and 

carboxylic acids (both products usually found in a biorefinery) to 

synthesize ionic liquids and to test their ability to dissolve cellulose. 

To review the field of cellulose´s solubility in ionic liquids including what 

have been done, how dose cellulose dissolve in ionic liquids and what are 

the challenges facing ionic liquids in the field of dissolving cellulose. 

To investigate the effect of ionic liquid pretreatment on different types of 

(ligno)-cellulose and lignocellulose derivatives in order to improve 

enzymatic hydrolysis. This involved: 

# checking for potential de-polymerization in the pretreatment of 

(ligno)-cellulose. 

# investigating ionic liquids ability to dissolve a set of lignocellulose 

commonly found in cellulose processing today including 

thermochemically pretreated samples. Also including, examining the 

feasibility of a combined ionic liquid pretreatment step and enzymatic 

hydrolysis. 

# examining a larger set of (ligno)-cellulose samples, chosen to best 

represent the field, for their receptiveness to pretreatment with 

different ionic liquid. These ionic liquids should represent different 

aspects like, but not limited to, homogenous vs. heterogeneous 

dissolution. 
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Results and discussion  
 

Paper I: Halogen-free ionic liquids and their utilization as 
cellulose solvents 

It was obvious in our group that if ILs were to be a viable part of any bio-

refinery concept, then the ILs should be made on-site using, to a large part, 

chemicals made available through said concept. Today most of the ILs used 

for lignocellulose processing are ammonium based ones and, particularly, 

imidazolium based. These ILs are made via alkylation of imidazole using a 

good alkylation agent such as an alkyl halide. Halides, are a good leaving 

group and as such the first alkylation, and subsequent formation of the IL, is 

often initially made using alkylhalides. Even if another anion is desired then 

the halide can be switched later on by using different ion exchange 

techniques. Nevertheless, from the process point of view this still requires 

alkyl halides. The problem is that alkyl halides are not easily made in a 

biorefinery. In fact they stem from petroleum cracking and are produced 

with the use of halogen gas and hydrohalide acids. Such processes are 

hazardous, resulting in pollution and cannot be considered sustainable and 

will therefore not be a desirable product in a biorefinery. Therefore, we saw 

the need for a new synthetic route to alkylate ammonium compounds. An ILs 

ability to dissolve cellulose is largely dictated by the basicity of the anion and 

as such anions like halides, carboxylates and phosphates have proven to be 

good at dissolving cellulose. With all this in mind we designed a method 

using an amine, a carboxylic acid and an alcohol to make different 

carboxylate-based ILs of different alkylated amines (Figure 29). This method 

will also allow us to make a wide verity of ILs by using different carboxylic 

acids and alcohols that are common products in a biorefinery. 

 

Figure 29: An overview of the method used it shows the different starting materials and the resulting ILs. 

Adapted from ref [61]. 

We also decided to check a few of the ILs made for their cellulose 

dissolution capability. The ones chosen were [C2C1im][MeCO2], 

[C=C2C1im][HCO2], [C1C1im][MeCO2] and [C=C2C1im][MeCO2] in the article 
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they are referred to as EMIM OAc, AMIM Fo, MMIM OAc and AMIM OAC, 

respectively.  

To summarize the results, we found that our ILs were able to dissolve 20 

wt% cellulose or at least loosen up the cellulose structure. This because 

neither visual microscopy nor UV-Vis could conclusively prove if the 

cellulose was complete dissolved or not. When examining the UV-Vis 

spectrum at 600 nm (Figure 30), we would expect no decrease in 

transmittance if the cellulose was completely dissolved and that the signal 

would go back to the baseline. As we can see this is not the case. Anyways, we 

can see that, at lower concentrations of cellulose, the signal is still going 

down even after 24 hours at 50 °C. We can also see that the rate of 

dissolution decreases at higher concentrations, this being something that 

would be expected as the IL gets more and more saturated by cellulose.  

 

Figure 30: Cellulose solubility of 4 different ILs. The 5 spikes indicate the addition of 4 wt% cellulose 

resulting in a cellulose concentration of 4 wt% after 0 min, 8 wt% after 24h, 12 wt% after 48h, 16 wt% after 

72h and 20 wt% after 96h. Adapted from ref [61]. 

At some point in the process the dissolved cellulose needs to be recovered 

for further processing or as a finished product. However, the recovery of the 

cellulose at concentrations of 20 wt% was not without problems. Water was 

used as the anti-solvent and when it was added to the IL/cellulose mixture 

the cellulose did not cleanly precipitate but rather instantly solidified 

trapping IL. Even after rigorous washing and drying, the cellulose recovery 



 

73 

was 128% ± 8 wt% which is a clear indication that some of the IL was still 

trapped inside the cellulose. 

Discussion: 

Even though this method for making ILs has potential, it still needs a lot 

of development. Many aspects like, for instance, catalyzing the reaction was 

not systematically explored. The yields for the syntheses could probably also 

be improved if a way to extract the water from the reaction could be found. 

The purification methods used for this reaction were also too complicated 

and not suited for a large scale process. However, if this reaction could be 

improved and the reaction temperature could be lowed that might very well 

results in less degradation products. Lastly, it should also be mentioned that 

from the process point of view there will always be a balance between the 

cost of purifying the IL and the purity needed. This means that in some cases 

a completely pure IL might not be needed in the industrial scale. 

In order to determine more conclusively if or to what extent the cellulose 

was dissolved other techniques can be used. For instant; the crystallinity of 

the regenerated cellulose could be examined in order to see the amount of 

cellulose II vs. cellulose I. This can be done using NMR or X-ray diffraction.  

It was clear that even if up to 20 wt% of cellulose could be dissolved, the 

cellulose recovery was problematic. 
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Paper II: Challenges and Perspectives of Ionic Liquids vs. 
Traditional Solvents for Cellulose Processing 

We decided that an investigation and review into the field of cellulose 

processing was needed. The focus was put on different applications for 

dissolving cellulose using IL and the specific challenges that arise. We found 

that a lot of research had already been done and that many potential 

applications in reconstruction, functionalization and depolymerization had 

already been developed. However, it was also observed that the field is still at 

its infancy and that no large scale applications can be considered just yet. 

There are/where still a lot of challenges to overcome such as viscosity, cost of 

the IL and unwanted side reactions. Additionally, some effort in the 

unraveling the mechanisms behind why ILs dissolve cellulose was also made 

resulting in the understanding that high basicity of the IL is a prerequisite 

for good cellulose solubility although there are additional factor to consider. 

This thesis is an extension of the work described in Paper II and as such 

much of the insight gained in to cellulose solubility in ILs had already been 

presented in this work. 

Additionally, after reviewing the field and in combination with the 

experiences gained in Paper I, we also speculated on the question if cellulose 

can be considered dissolved or dispersed specifically when using optical 

absorption or light scattering techniques. Detection, using these techniques, 

will only occur if there is a difference in optical density (i.e. refractive index) 

between the different materials. Reviewing the literature showed that 

cellulose has a refractive index close to that of many ILs. This is not to say 

that these techniques cannot be used in checking the solubility of cellulose in 

IL but rather that care should be taken when using them. Also, additional 

techniques can be used to verify the solubility. The technique used is of 

course depending on the aim of the work or process. If the cellulose will be 

used for wet spinning then it will be important to verify the solubility 

window. On the other hand, if the cellulose is to be used for enzymatic 

hydrolysis then checking the cellulose crystallinity might be enough.  

Discussion: 

The insight gained in this paper has helped to shape the focus of the rest 

of this work. Although the focus was initially on the solubility of cellulose, it 

quickly broadened to include lignocelluloses. This is due to the fact that most 

of the cellulose processed in a biorefinery is bound to be lignocelluloses 

based. Additionally, one of largest field in current biomass processing is 

production of biofuels including ethanol via fermentation of sugar.  Sugars 
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are easily accessible from food-based crops but that will directly compete 

with food production and has the potential to indirectly effect CO2 emission 

throw land use changes. Thus, one of the major potentials for ILs in 

biorefining is the pretreatment of lignocelluloses based feedstocks in order to 

improve the enzymatic hydrolysis of cellulose to sugars.  
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Paper III: Ionic liquid fractionation of wood biomass for 
fermentable monosaccharides. 

ILs are often used to dissolve cellulose; either as a pretreatment step for 

depolymerization or as a solvent for further modification of cellulose. 

Modification often involves either reshaping cellulose into different forms 

and in some cases even making composite materials or the functionalization 

of cellulose into different cellulose derivatives like cellulose acetate. 

Depolymerization involves the hydrolysis of cellulose into smaller 

compounds, often monomer sugars, although in some cases further 

hydrolysis is also desired. In both cases, however, the premature degradation 

of cellulose is not desirable even in the case of depolymerization since the 

separation of sugar and ILs is challenging. This study was devoted to wood 

fractionation studies. 

Three ILs [C2C1im]Cl, [C2C1im][MeCO2] and [C4C1im]Cl were investigated. 

The first two ([C2C1im]Cl and [C2C1im][MeCO2]) were used for two 

lignocelluloses samples of softwood (Scots pine and Norway spruce). On the 

contrary, the latter two ([C2C1im][MeCO2] and [C4C1im]Cl) were used for 

cellulose of different origin. In the former case with softwood, harsh pre-

treatment conditions (80-150 °C for 0-72 h) were applied and in the latter 

case only milder conditions (80°C for [C4C1im]Cl and 30 °C for 

[C2C1im][MeCO2]) were applied. After pretreatment, the (ligno)-cellulose 

was precipitated and the subsequent liquid phase containing IL and washing 

solvents was collected and the anti-solvent was removed by evaporation. The 

remaining IL containing solutes was then diluted and run on a HPLC.  

In summary, a few interesting results were obtained. First, for 

[C2C1im][MeCO2] the retention time for an IL/water/sugar mixture was 

longer than that of a IL/water mixture only. This resulted in a similar 

retention time for both the sugars and the IL and in some cases even peak 

overlapping occurred. Secondly; HPLC data obtained from the pretreatment 

of softwood did result in peaks corresponding to the sugars arabinose, 

xylose, fructose, galactose and glucose. This indicates that some 

fragmentation of carbohydrates did occur. Thirdly; HPLC data obtained 

from a variety of cellulose samples showed only small amounts of sucrose, 

xylose, galactose and arabinose. No considerable differences could be 

detected between the different cellulose samples. Lastly; Due to background 

noise and peak overlapping, no sugar concentrations could be established. 

However, the sugar peaks after [C2C1im][MeCO2] pretreatment were more 

pronounced than in case of [C4C1im]Cl. The reason for this could be a higher 

amount of sugar degradation in [C4C1im]Cl  due to harsher pretreatment 
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temperature (80 °C vs 30 °C) or that [C2C1im][MeCO2] is more efficient in 

fragmenting hemicelluloses.  

Discussion: 

This study shows that, indeed, hydrolysis/depolymerization occurs during 

IL pretreatment of (ligno)-cellulose. However, the nature of the sugars 

detected indicates that mostly hemicelluloses are chopped and that in the 

case where different cellulose samples were used, no glucose at all was 

detected. However, in the softwood study some glucose was detected but this 

can be explained by the fact that the main hemicellulose of softwood is 

galactoglucomanan and it is build up by galactose, glucose and mannose 

sugar monomers. This would explain the presence of glucose in the softwood 

study. Furthermore, the more pronounced peaks detected after 

[C2C1im][MeCO2] pretreatment compared to [C4C1im]Cl could indicate that 

[C2C1im][MeCO2] would be better at fragmenting carbohydrates. This can be 

explain by the fact that [MeCO2]- has a higher basicity than Cl- and the fact 

that [C2C1im][MeCO2] has both a smaller cation and a larger anion compared 

to [C4C1im]Cl. This would result in higher anion concentration in 

[C2C1im][MeCO2] and an overall more alkaline environment similar to the 

alkaline treatment used today to fractionate hemicelluloses. Lastly; the 

higher retention time found for [C2C1im][MeCO2] in the presence of sugars 

seems to indicate that the IL forms a complex with the sugar thereby 

increasing its affinity for the stationary phase. The existence of a complex 

would render separation of the two components more difficult.  
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Paper IV: Enzymatic hydrolysis of Norway spruce and 
sugarcane bagasse after treatment with 1-allyl-3-
methylimidazolium formate. 

One of the potential uses for lignocellulose is the conversion of cellulose to 

biofuels and other platform chemicals. To do this the cellulose first needs to 

be depolymerized to monomeric sugars; this can be done through acidic or 

enzymatic hydrolysis. The later is considered to be the most promising 

method for acquiring high yield of sugars. Results from previous studies 

(Paper I) showed that among the onse tested [C=C2im][HCO2] was one of the 

most promising ILs for dissolving cellulose. Therefore we decided to test this 

IL further as a solvent in the pretreatment of Norway spruce (softwood) and 

sugarcane bagasse (agricultural residues).  Furthermore, both native and 

thermochemical pretreated lignocellulose samples were tested and under 

different conditions.  

In summary the results showed that both the sugar yield and the glucose 

production rate were significantly improved for IL pretreated (ligno)-

cellulose compared to non-pretreated (ligno)-cellulose or (ligno)-cellulose 

pretreated with deionized water (DW). The highest sugar yields were 

detected when already thermochemically pretreated lignocellulose samples 

were further pretreated with IL indicating that the most efficient 

pretreatment occurred when the two techniques were combined. All sugar 

yields and an overview of the pretreatment performed are presented in Table 

3 in Paper IV. 

Discussion: 

It is interesting that the IL pretreatment seemed to have a greater effect 

on Norway spruce then on sugarcane bagasse. For thermochemically 

pretreated spruce, the sugar yield went up by 250 % (from 7.6 g/L to 18.7 

g/L) while thermochemically pretreated bagasse only went up 170 % (from 

11.9 to 19.9). It should however be pointed out that bagasse had the highest 

sugar yield after IL pretreatment but it also had a higher sugar yield for the 

DW pretreated reference sample. This would suggest that the 

thermochemical pretreatment was more effective for bagasse than for 

spruce. This would make sense since the thermochemical pretreatment will 

remove hemicelluloses but leave the lignin more or less intact. Softwood 

(spruce) has a greater amount of lignin and a more complex lignin structure 

then bagasse which makes it more difficult to process and less affected by 

conventional pretreatments. ILs, however, have the ability to dissolve 
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cellulose and also to some extant dissolve the complex lignin structure 

thereby making it very effective as a pretreatment solvent for spruce.  

The effectiveness of IL pretreatment can also be detected for native 

Norway spruce where the sugar yields for IL pretreated samples went up 

around 5-6 times depending on the pretreatment temperature. However for 

IL pretreated native sugarcane bagasse the results were much more 

unexpected. The sugar yields were relatively low (7.2 g/L after 2 h IL 

pretreatment at 120 °C) compared to thermochemically pretreatment 

bagasse (11.9 g/L). Furthermore the effectiveness of the pretreatment was 

also much more dependent on the temperature compared to spruce. The 

main difference between native sugarcane bagasse and thermochemical 

pretreatment bagasse is that in the later most of the hemicelluloses have 

essentially been removed. This would suggest that the hemicelluloses have 

an inhibiting effect on the enzymatic hydrolysis. More precisely, xylan (the 

main hemicelluloses in bagasse) has this effect since it was not noted for 

native spruce whose main hemicellulose is mannan. Xylan is heavily 

acetylated and is known to be problematic during enzymatic hydrolysis. This 

could perhaps also explain the high temperature dependency observed for 

the IL pretreatment of native bagasse (Figure 31). It is known that 

hemicelluloses will depolymerize in the presence of IL and therefore it is not 

unlikely that the higher temperature used in the pretreatment will result in a 

higher degree of depolymerization. These monomers or oligomers will then, 

to some extent, be washed away with the IL before the enzymatic hydrolysis 

takes place thus reducing the amount of xylan and xylan derivative persent 

during the hydrolysis.  
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Figure 31: Native sugarcane bagasse pretreated with [C=C2C1im][HCO2] at different temperatures and 

durations. Also included for comparing is an untreaded sample 

What might also be worth noticing is that acetyl groups can be hydrolyzed 

to acids in the presence of water and if that were to happen then that would 

have a noticeable negative effect on IL pretreatment since cellulose solubility 

for an IL is decreased or in some cases completely inhibited by the presence 

of acidic hydrogen bonding groups. 

IL pretreatment of lignocellulose samples using [C=C2C1im][HCO2] was a 

success and supported our previous results that this IL is effective in 

dissolving cellulose. This was expected since formate ([HCO2]-) has a 

relatively highest basicity compared to other anions. Furthermore it has also 

been shown that [C=C2C1im]Cl is better at dissolving different lignocellulose 

woodchips than both [C4C1im]Cl and [C2C1im]Cl [189]. The reason for this 

could be that π-π interactions between the IL and the lignin will improve 

lignin solubility [91] or the fact that [C=C2C1im]Cl has substantially lower 

viscosity than [C4C1im]Cl [190]. Although it should be noted that more 

discoloration were detected for [C=C2C1im][HCO2] than for 

[C4C1im][MeCO2] and [C2C1im][MeCO2] when exposed to elevated 

temperature (> 70 C°) for an extended amount of  time (> 12 h). This would 

indicate that more degradation takes place in [C=C2C1im][HCO2], perhaps 

through a reversed Menschutkin reaction. Nevertheless our study concluded 

that [C=C2C1im][HCO2] was still very effective as a pretreatment solvent for 

lignocellulose samples even at lower temperature (45 °C). 

  

0 

1 

2 

3 

4 

5 

6 

7 

8 

0 6 12 18 24 30 36 42 48 54 60 66 72 

G
lu

co
se

 (
g
/L

) 

Time (h) 

120 °C for 2h 

100 °C for 2h 

80 °C for 2h 

45 °C for 48h 

Untreated 

 



 

81 

Paper V: Evaluation of four different ionic liquids for 
pretreatment of lignocellulosic biomass 

There are several ILs used for the pretreatment of (ligno)-cellulose many 

of them with their own set of pros and cons. Some ILs degrade faster than 

others and some pretreatments are more complicated than others due to 

reasons like water sensitivity. Furthermore it is also safe to say that some 

variation does occur between different (ligno)-cellulose samples and that 

maybe not all ILs are suited for all types of (ligno)-celluloses. The aim of this 

study was thus to compare different types of ILs with respect to their 

efficiency in pretreatment of (ligno)-cellulose for enzymatic hydrolysis. This 

included comparing homogeneous and heterogeneous lignocellulose-

dissolving ILs. The aim was also to compare these ILs against a large set of 

(ligno)-cellulosic samples in order to get a good spread between cellulosic 

and hemicellulosic substrates with different properties. Therefore seven 

different (ligno)-cellulosic samples were chosen and pretreated with four 

different ILs. After pretreatment the samples were subjected to enzymatic 

hydrolysis and the resulting glucose formation was analyzed after 2 h, 48 h 

and 72 h, respectively. 

In summary, the results show that the most effective pretreatment was 

obtained by using the two [MeCO2]-based ILs, with no significant difference 

between [C=C2C1im][MeCO2] and [C4C1im][MeCO2]. Furthermore, the 

pretreatment of spruce and aspen resulted in a significant increase in sugar 

yields for all ILs included in the study. However, only the homogeneous 

dissolving ILs had an effect on the crystalline cellulose samples, and no 

significant effect at all on the amorphous cellulose samples was found for 

any of the four ILs.  

Discussion:  

When comparing homogeneous vs. heterogeneous dissolution of cellulose 

as a pretreatment for enzymatic hydrolysis, it is obvious that homogeneous 

pretreatment is significantly better. In fact for many of the cellulosic samples 

the heterogeneous pretreatment does not differ significantly from results 

obtained without any pretreatment. This is to be expected for the substrates 

that do not contain lignin (cotton, Sigmacell and amorphous cellulose) since 

[C4C1im][HSO4] does not dissolve cellulose. However, it does indeed dissolve 

lignin and when comparing both the glucose production rate (Figure 1 in 

Paper V) and the glucose yield (Figure 2 in Paper V) for the lignocellulosic 

substrates (spruce and aspen) it can be seen that for aspen there is a 

significant improvement compared to the non-pretreated substrate, while no 

significant improvement can be detected for spruce. The reason for this can 
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be that spruce, or softwood in general, has a higher content of lignin and 

more complex lignin structure than hardwood (aspen). It has been suggested 

that this could be the reason for the resistance of softwood to delignification 

[23]. This would suggest that heterogeneous pretreatment of softwood might 

not be that effective and that homogeneous pretreatment is preferred.    

What was also observed in this study was the poor sugar yields from the 

two hemicellulosic substrates. When filtering the water/IL mixture it was 

observed that the filter got clogged up after only after a few ml and this could 

indicate that we had oligomers or monomer sugars in the washing liquid that 

were never properly centrifuged down during the washing step. This is 

further supported by a study showing that a [MeCO2]--basedIL will hydrolyze 

hemicellulose down to oligomeric sugars [11]. Hydrolysis of hemicellulose 

have also been observed for more acidic [HSO4]- ILs [25] but this time the 

end product was mostly furfural. In the latter case it was argued that the 

hydrolysis was linked to the acidity of the IL. This would suggest that 

perhaps a less acidic anion like [MeSO4]- could be used for heterogeneous 

pretreatment in order to reduce the hydrolysis of hemicellulose. It should be 

remembered, however, that [MeSO4]- itself will hydrolyze to [HSO4]- in the 

presence of water and elevated temperatures. 

Lastly, this study could not detect any significant difference between 

[C=C2C1im][MeCO2] and [C4C1im][MeCO2]. This would indicate that 

[C=C2C1im][MeCO2] have no advantage over [C4C1im][MeCO2] when it 

comes to (ligno)-cellulose pretreatment for enzymatic hydrolysis. Although, 

it was also observed that [C=C2C1im][MeCO2] showed more discoloration 

than [C4C1im][MeCO2] during prolong exposure to elevated temperatures 

(>75 °C). Taken in to account the high basicity of the anion [145] it is 

possible that [C=C2C1im][MeCO2] can degrades through a reversed 

Menschutkin reaction [155]. Furthermore a possible reason for the 

seemingly faster degradation in [C=C2C1im][MeCO2] compared to 

[C4C1im][MeCO2] could be that, in addition, to the regular nukleofilic attack 

on the α carbon an allyl group can be vulnerable to an attack on the γ carbon 

as well (Figure 32). This would make [C=C2C1im][MeCO2] less suited then 

[C4C1im][MeCO2] for homogenous (ligno)-cellulose pretreatment. However, 

if a less nucleofilic anion could be used the allyl group would pose less of a 

problem and since it have been previously suggested that π-π interactions 

can help lignin dissolution [91] perhaps [C=C2C1im][HSO4] could be a 

suitable IL for heterogeneous pretreatment of lignocellulose. 
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Figure 32: A possible variation to the reversed Menschutkin reaction that would result in faster 

degradation of 1-allyl-3-methylimidazolium compare to 1-butyl-3-methylimidazolium. 
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Concluding remark – Future outlook 

ILs are not yet ready for large scale industrial application when it comes to 

cellulose processing. However, in order for the biorefinery concept to be 

successful, it needs to meet with two criteria’s; Firstly, the biomass process 

needs to be efficient and cost effective enough to compete with current 

alternatives. Secondly it needs to create a new product that fills a niche or 

produce exciting products with a higher quality. In order to achieve this, all 

fractions of the biomass need to be used  

A techno-economic analysis modeling for ionic liquid deconstruction has 

determent that among the variables investigated, the most important factor 

is IL price > biomass load > recycling rate [92]. This would suggest that a 

cheap, low viscose ILs able to dissolve a large amount of biomass in a short 

period of time is needed.  

There have been many suggestions for how the processing of 

lignocellulose using IL could look like. Two suggestions adapted from 

Welton et.al [23] are presented here. The first process describes the 

homogeneous dissolution of cellulose (Figure 33). The second one describes 

the Heterogeneous dissolution of lignocellulose e.g. cellulose is never 

dissolved only hemicellulose and lignin (Figure 34). 
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Figure 33: A scheme of the dissolution process a homogeneous dissolution process of cellulose. Adapted 

from ref [23]. 
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Figure 34: A scheme of the ionosolve process a heterogeneous dissolution process of cellulose. Adapted from 

ref [23]. 
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