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ABSTRACT 

In this thesis, the synthesis and application of tetraalkylphosphonium-based 
ionic liquids towards the dissolution of cellulose (and lignocellulose) is 
explored. 
 

Ionic liquids were synthesised from trialkylphosphines by quaternisation with 

alkyl halides or dimethylcarbonate and subsequent anion exchange reactions. 

The ionic liquids were used to dissolve lignin, and were found only to dissolve 

cellulose upon addition of a polar aprotic molecular solvent, such as DMSO 

(dimethylsulfoxide). The cellulose dissolution capabilities of a range of these 

phosphonium ionic liquids in combination with DMSO was studied. It was 

found that these organic electrolyte solutions were very effective solvents for 

cellulose, with a high molar dissolution capacity. At the greatest extent, only 

one mole of ionic liquid per glucose units in cellulose is needed to dissolve 

cellulose. The role of the cation and anion in the dissolution process is 

explored, with the aid of solvent parametisation techniques and NMR studies. 

Other solvents, including GVL (gamma-valerolactone), were explored as 

greener replacements for DMSO. 

 

For the shorter chain phosphonium ionic liquids with DMSO and GVL, upper 

critical solution temperature behaviour was observed and explored in more 

detail. In these solutions, cellulose is only soluble at high temperatures, and 

reforms at low temperatures to form a gel with a spherical micro-particle 

morphology. 

 

The phase behaviour of hydrophobic phosphonium ionic liquids, DMSO, and 

water was studied and applied to the recovery of the ionic liquid after cellulose 

dissolution in the electrolyte solutions. Ternary phase diagrams of three of the 

hydrophobic ionic liquids in combination with DMSO and water were 

constructed. 
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Finally, phosphonium ionic liquid and deuterated DMSO electrolytes were 

studied and successfully used for the NMR analysis of high molecular weight 

cellulose materials. 

 

Future work in this area is expected to focus further on the theoretical 

understanding of cellulose dissolution in phosphonium ionic liquid-based 

organic electrolyte solutions - with expanded NMR measurements, and other 

experimental techniques, in tandem with molecular dynamics modelling. 

Additionally, it is expected that techniques for the solution-state NMR of 

cellulose will be applied at extended range of analytes, including but not 

limited to, whole biomass, modified and unmodified nano-celluloses, and high 

molecular weight cellulose derivatives. The thermo-responsive behaviour 

(UCST-type) phase-separation of cellulose will continue to be explored 

especially in its application to new materials, included fibres and shaped 

spherical particles. 
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1 Background 

1.1 Ionic Liquids 

The definition of what constitutes and ionic liquid is largely arbitrary, but in 

general when such terms are used in recent literature it refers simply to a low-

melting-temperature salt. Some define “low-melting” arbitrarily as being 

less than 100 oC[1], while the “IL” classification can be expanded to included 

“RTILs”[1] or room-temperature ionic liquids, where the melting point is below 

room temperature. Synonyms for ionic liquids including “molten salts”, 

“organic salts”, “ionic fluids” and others. However, it should be noted that 

“molten salts” in particular is a well-established term itself referring to 

(usually, but not necessarily) high-melting liquid salts and is the most 

commonly seen term in older literature. 

 

Varieties of what are now known as ionic liquids, have been known for some 

time, however the bulk of research in the “low-melting” side of the field has 

occurred relatively recently. There are a number of unique properties of ionic 

liquids which makes them attractive when compared to molecular solvents 

and materials. However, due to the high number of possible combinations of 

anions and cations, making generalizations about the properties of all ionic 

liquids is inherently difficult.  There are a number of cation and anion 

combinations, and general classes of cations that have been frequently 

studied. Perhaps the archetypal class of ionic liquid cations are those based on 

imidazolium cation (Figure 1) paired with a wide range of anions, including 

halides, carboxylate (such as acetate), triflate or varieties of sulfates or 

phosphates, and many more. Any relatively bulky, organic cation paired with 

an anion that leads to poor lattice packing will result in an “ionic liquid”.[2] 

 

Ionic liquids as a class of solvents have been touted because of their apparently 

low vapour pressure, which is certainly an interesting property when 

compared to volatile molecular solvents – generally, the assumption is that the 

lack of volatility leads to an increase in recyclability and safety (perhaps at an 
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industrial scale) due to losses from evaporation. However, even though many 

ionic liquids certainly do have this property, there are a number of ionic liquids 

structures which are able to be distilled[3,4], even at low temperatures and 

pressures. The issue of ionic liquid and “greenness” is frequently brought up 

in the literature[5]. ILs were frequently referred to as being ‘green’ (in part, due 

to their supposed low volatility) in many early publications[5,6], but the 

legitimacy of this assertion is questionable. For example, ionic liquids, such as 

those based on imidazolium or tetraalkylphosphonium cations with long alkyl 

chains, can be toxic.[7–9] Others can be mostly non-toxic, such as those based 

the cholinium ion[10,11], and some combinations are even suitable for food or 

pharmaceutical[12] applications.  

 

 
 

Figure 1: Structure of typical ionic liquid cations and anions with common abbreviations and 
nomenclature 
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The usage and application of ionic liquids has made its way into many fields. 

Their inherent “tunability”, that is, the large number of potential anion and 

cation combinations means that almost any property that is required for a 

specific task can be achieved. Some of the current applications and fields 

where ionic liquids are applied are outlined in Figure 2, although this is not 

an exhaustive list. 

 
Figure 2: Selected applications of ionic liquids 

 
Perhaps the most exciting application of ionic liquids today is in the biomass, 

bioenergy, and cellulose processing fields, of which the latter is the major focus 

of this thesis. However, it is not ‘pure’ ionic liquids but ‘mixed’ ionic and 

molecular solvent systems which form the bulk of this work. As we will see, the 

combination of these two categories of solvents unlocks interesting new 

properties and applications when compared to purely ionic or molecular 

solvents. 
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1.2 Biomass and Lignocellulose 

 

Wood, and other biomass sources are a complex matrix of components: 

cellulose and hemicellulose, which are carbohydrate polymers; lignin,[13] a 

highly heterogeneous aromatic polymer; minor amounts of small molecular 

weight chemicals (extractives), and pectins. Taken together, this material is 

often called “lignocellulose” or “lignocellulosic biomass”. In simple terms, 

lignin provides the role of a “glue” which binds together cellulose and 

hemicellulose, and appears mostly in the secondary cell wall (Figure 3), 

which forms a large part of the cell wall mass in wood. Cellulose appears 

mostly to form a “skelton” around a hemi-cellulose “matrix” (Figure 3).[13] 

Hemicellulose and lignin are often speculated to be covalently linked as part 

of a “lignin-carbohydrate complex”.[14] 

 

 
 

Figure 3: Simplified Drawing of the Primary and Secondary Cell Wall[15] 
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Cellulose is perhaps the most economically useful of the three major 

constituents of lignocellulose, and is the mostly widely exploited 

commercially. Cellulose is separated from lignocellulosic biomass in a process 

usually knowing as “pulping”[16], and is then process to form cellulose “pulps” 

of different grades, which can be used to make paper, chemical derivatives, 

various materials or regenerated fibres. Cellulose must be separated from the 

lignocellulosic matrix by cleaving lignin-lignin and any possible lignin-

carbohydrate linkages, depolymerising lignin and “freeing” the cellulose. This 

process is usually known as “pulping”.[13] 

 

The Kraft process[13,16] remains the most widely used[17] pulping process, which 

uses sodium hydroxide and hydrogen sulphide. The sulfite process[13,16], which 

uses sulfite salts (with alkali metal carbonates or hydroxides to form the 

counter-anions) is less widely used. Other pulping processes exist, but are not 

commercially exploited to the same degree, such as the Organosolv[18] process, 

which uses aqueous solutions of an organic solvent (such as ethanol) and 

water. Typically,  pulping, a strong electrophile is required to attack the lignin 

ether linkages during the ‘cooking’ stage.[13] Prior to this, the wood may 

undergo a pre-treatment stage, and afterwards, the pulps are usually 

bleached.[13,19] 

 

During the ubiquitous Kraft process, the major by-product is known as black 

liquor.[13] The lignin is typically burnt to provide energy[13] for the Kraft 

cooking stage, and the other components of the liquor are recovered in a 

recovery boiler, and thus the majority of the lignin in wood is treated as a 

waste-stream. The valorisation of lignin[20] to higher-value products, such as 

platform chemicals, polymers and materials is a major focus of research, and 

in particular, it is highly desirable to obtain sulphur-free lignin. Despite this 

fact, and the harsh chemicals used in the process, Kraft pulping remains an 

economically viable and somewhat sustainable technique, being continually 

improved and refined for efficiency over the decades, and has persisted for 

many years. 
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The ‘bio refinery’[21,22] is a much touted concept of a fully integrated refinery, 

analogous to an oil/petroleum refinery; whereby a biomass source, such as 

wood, and other biomass sources, such as switchgrass[23,24] or sugar-cane, are 

converted into fuels, energy, chemicals and materials under a single roof.  

 

Conversion to bio-based fuels[25] and energy has been a huge focus of research 

across the biomass field. Fermentation of lignocellulosic feedstocks is often 

used to produce bioethanol and biomethanol (where the polysaccharides are 

fermented to alcohols), which can be used as fuel sources. Prior to 

fermentation, a pre-treatment method[26] is used to reduce biomass 

recalcitrance, improving accessibility to fermentation bacteria. Ionic liquids 

and/or ionic liquid and molecular solvent mixtures do find uses in this field - 

however, the main topic of the thesis concerns the preservation of the cellulose 

macromolecule, not its deconstruction. Thus, the polymeric cellulose 

backbone can be preserved (with or without further chemical modification) 

and used to make fibres, films or other materials. 

 

The following chapter delves into the structure and chemistry of cellulose in 

more detail, and there I explain why the topic of cellulose solvation is 

important and how it can be utilised. 

1.3 Cellulose: Structure, Morphology and Chemistry 

At the molecular level, cellulose is a polysaccharide homopolymer formed 

from D-anhydroglucopyranose (AGU) units, linked by β(1–4) glycosidic 

bonds, i.e. the 1st carbon on one glucose ring is linked to the fourth carbon on 

the other ring via an acetal linkage.[19] The repeating unit of the polymer is 

cellobiose, a dimer. Each glucopyranose ring adopts a C14 chair conformation 

with all the hydroxyls equatorial and the hydrogens axial. At one end of the 

cellulose chain occurs a hemi-acetal group which may adopt an open-chain 

aldehyde form, which acts as a reducing agent, and hence is termed the 

“reducing end” (RE). The other end lacks such reducing qualities, and is 

termed the “non-reducing end” (NRE).[19] The reducing end may take the 
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alpha and beta anomeric form (Figure 4). Hydroxyls at the C2, C3 and C6 

positions are chemically labile undergoing reactions typical of alcohols.[19] 

Much of cellulose chemistry focuses on the synthesis of cellulose “derivatives” 

by introducing new functionalities onto the C2, C3 and C6 positions.  

 

 
 

Figure 4: Structure of Cellulose, showing non-reducing end, internal unit, reducing end and its alpha 
and beta anomer, as well as an anhydroglucose (AGU) unit and cellobiose (the repeating unit) 

 
A cellulose polymer may differ in length and molecular weights depending 

upon the chemical pre-treatment or source (measured by the DP, degree of 

polymerisation, or number of anhydroglucose units per chain). Natural 

sources of cellulose typically show very high DP’s, with isolated and treated 

cellulose sources shower lower DP’s. Polydispersity is also an important factor 

– most cellulose samples will consist of a distribution of chain 

lengths/molecular weights, some being more polydisperse (i.e. a “broader” 

distribution) or less poly-disperse (i.e. a “narrower” distribution”).[19] An 

overview of typical cellulose types and sources and their DP is given in Table 

1. 
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Table 1: Cellulose Types and Sources and their Degrees of Polymerisation 

Cellulose Type Approximate DP 

Bacterial Cellulose[27] 10,00-15,000 

Native Cotton[28] 12,000 

Cotton Linters[28] 800-1800 

Dissolving Pulp (from Wood)[28] 600-1200 

Microcrystalline Cellulose[28] 100-200 

Data from from[27] and[28]. 

Hydrogen Bonding in Native Cellulose 
 
The C2, c3 and C6 hydroxyls on the cellulose backbone are capable of both 

intra and intermolecular hydrogen bonding, that is, hydrogen bonding 

between anhydroglucose units on the same chain or on an adjacent unit in 

another chain (Figure 5).[19] Intermolecular hydrogen bonding occurs 

between C3 and C6 OH between laterally adjacent AGU’s in different chains, 

and intramolecular hydrogen bonding typically occurs between C2 and C6 OH, 

and C3 and the hemiacetal oxygen; on horizontally adjacent AGU’s on the 

same chain, in native cellulose. The existence of such a hydrogen bonding 

network in cellulose is widely supported by experimental evidence. The 

hydrogen bonding of cellulose causes stiff and rigid polymer chains, leading to 

many of the observed physical properties, including its viscosity in solution, 

crystallinity and it’s propensity to form fibrils, filaments and fibres by 

hydrogen bonding between adjacent cellulose chains, and the resulting 

mechanical fibre strength. 

 
 

Figure 5: Hydrogen Bonding Network in Native Cellulose I 
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Supramolecular Structure 
 
Cellulose exists in nature as a semi-crystalline polymer with amorphous and 

crystalline regions, which is well described by the so called “fringed fibrillar 

model”[29], which is widely accepted as a model for the cellulose suprastructure 

in nature (Figure 6). 

 

 
Figure 6: Fringed Fibrillar Model. Crystalline and Amorphous Regions[29] 

 
A number of crystalline forms, or polymorphs, of cellulose are known, which 

describe the crystalline regions. Each polymorph has a different unit-cell 

representation. Natural cellulose consists of crystalline regions of polymorph 

I, with chains lying in a parallel arrangement in a sheet-like structure. 

Intermolecular hydrogen bonds in Cellulose I are parallel to the pyranose ring. 

Two slightly differing polymorphs, Iα (algae and bacteria) and Iβ (plants) 

exist[30,31], with the major difference being the way the glucose units are 

staggered. Upon dissolution and regeneration with dissolution solvents, the 

cellulose I polymorph irreversibly converts to the cellulose II crystal 

polymorph.[19] Other cellulose polymorphs have been found to exist but are 

less important: cellulose III, after treatment with ammonia or amines, and 

cellulose IV, which is formed after treating cellulose II with hot water.[19] The 

degree of crystallinity of cellulose, and the composition of the cellulose 

crystalline types can be measured with X-ray methods including XRD (X-Ray 

diffraction) or WAXS (Wide Angle X-Ray scattering). XRD patterns can be 

used to quantify the relative amount of crystalline versus amorphous regions 
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in a cellulose sample and the identity of the crystalline region.[32] For example, 

the degree of crystallinity of a cellulose sample may be measured with XRD 

before and treatment or dissolution and regeneration with a solvent. 

Morphologically, native cellulose is based on a system of fibrils and elementary 

fibrils. A bundle of cellulose molecules forms the elementary fibril, a bundle of 

elementary fibrils forms a microfibril[13,19], and so on – with the next levels 

being a macrofibril, then a cellulose fibre, which forms part of the plant cell 

wall (Figure 7). 

 

 
Figure 7: Cellulose fibrillar structure, a) strand of fibre cells b) layer of primary wall and three layers of 
secondary wall C. fragment of middle layer of secondary wall showing macrofibrils(white) cellulose and 
spaces between the macrofibrils (black) d) fragment of macrofibril showing microfibrils (white). e. crystal 
structure of native cellulose I microfibrils[33] 

 

An important point to consider is that cellulose is an amphiphilic polymer 

which has both hydrophobic (non-polar) and hydrophilic (polar) domains.[34–

38]When considering a cellulose sub-unit as a glucopyranose ring, it is clear 

that all 3 available hydroxyls lie in the equatorial direction and thus this plane 

has a hydrophilic character. On the other hand, the axial direction contains 

only C-H bonds, and thus is hydrophobic (Figure 8). The stacking of cellulose 

chains via hydrogen bonding interactions leads to a flat ribbon-like chain with 

two surfaces of differing polarities3.  
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Figure 8: Cellulose Polar and Non-Polar Regions[35] 

 
Taken together, these unique structural properties of cellulose mean that is it 

insoluble in most  organic solvents and in water, due to a complicated balance 

between the strong intermolecular hydrogen bonding (and the resulting 

crystallinity), Van-der-Waals forces, and hydrophobic  interactions. 

Cellulose Derivatives 
 
Converting cellulose to various derivatives is a major commercial activity and 

an important field of study.[28] Typical reactions of the backbone hydroxyls 

include etherification, esterification, acetalisation, and oxidation[19]. Cellulose 

acetates are widely used in and barrier, coating and filtration applications.[13,19] 

Cellulose ethers, such as methyl cellulose find use in the food and consumer 

product industry as a thickeners and in construction materials as an additive, 

amongst other things.[13,19] Another widely used cellulose ether is 

carboxymethylcelluose (CMC),[13,19] which is used as a filler and rheology 

modifier in many foodstuffs, and is also a component of wall-paper paste, for 

example. Reactions can be either homogenous or heterogenous (cellulose in 

the solid phase). Typically, in a lab scale it is easier to conduct homogenous 

reactions - the range of available solvents is large and efficiency may not be a 

factor. An overview of some cellulose reactions types in given in Figure 9. 
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Figure 9: Reactions of Cellulose.[19] Cell: Cellulose backbone 

1.4 Dissolution of Cellulose 

Cellulose is widely used to synthesise functional cellulose derivatives or for the 

spinning of regenerated cellulose fibres. For many of these applications, 

cellulose must first be dissolved to form a homogenous solution.  

 

A wide number of solvents have been historically employed for cellulose 

dissolution, from aqueous base solutions (NaOH, LiOH, and organic cation 

hydroxides), aqueous transition-metal amine complexing agents such as cuam 

and cuen, mineral acids, inorganic salt hydrates such as LiClO4·3H2O, 

mixtures of inorganic salts and organic such as LiCl/DMA, ammonia and 

ammonium salts, DMF/N2O4, NMMO and many more (Figure 11). In the past 

decade, research into ionic liquids as direct dissolution solvents for cellulose 

from these solutions has taken off considerably[39].  In general, cellulose can 

play a number of roles in solution which leads to a range of possible cellulose 

solvents with differing dissolution mechanisms. In general, cellulose may: act 

as a base, act as an acid, act a chelating agent, or be converted into a soluble 

derivative (Figure 10). 
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Figure 10: The Role of Cellulose in Solution (adapted from [40]) 

Classifying Cellulose Solvents 
 

Generally, cellulose solvents are classified as either derivatizing (where 

cellulose is converted into a soluble derivative) or non-derivatizing (direct 

solvents). In Figure 11 I have classified the solvents thereafter by their 

primary mechanism of action: complexation or primarily hydrogen breaking 

and forming (where cellulose acts as an acid or a base, i.e. an electron-donor 

interaction). Then, we can identify three classes: ionic solvents, i.e. ionic 

liquids, solvents with neutral species, and mixed solvents i.e. electrolytes, with 

ionic and neutral molecular components. The mixed or electrolyte type 

solvents can be sub classified into aqueous and non-aqueous electrolytes. 
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Figure 11: New classification of solvents based on their primary mechanism of action and composition 
of ionic or neutral molecular components. Reference is made to the subchapters of the introduction 
where the solvents are discussed. Based, in part from[19]  

 
However, only a brief overview of derivatizing solvents will be given in this 

thesis, with regards to the viscose process, and the complexing solvents will 

not be covered at all. During the main bulk of the following Chapter (1.5) I 

discuss in detail the research into direct solvents, their dissolution 

mechanisms and the current state of art in the field, with a focus on mixed 

“electrolyte” systems, based on an ionic component and a neutral molecular 

component. 
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Dissolving Cellulose and Regenerating Fibres 
 

Some of the most well-known methods of solvating cellulose are used to 

dissolve cellulose then “regenerate” cellulose into an anti-solvent, usually 

aqueous solutions, to make regenerated cellulose fibres, for use in textiles and 

other non-woven materials, such as sausage casings. 

 

The viscose process solvates cellulose by chemically modifying “derivatizing” 

to cellulose xanthogenate (Figure 12) with CS2/NaOH.[19] The cellulose 

xanthogenate is then spun into an aqueous and acidic bath where the xanthate 

groups are cleaved and cellulose is reformed.  

 
 

 
Figure 12: Viscose (Xanthogenation) Process 

NMMO and the Lyocell Process 
 

The Lyocell process produces regenerated cellulose fibres by first dissolving 

cellulose pulp in a non-derivatizing solvent, then spinning it into a 

coagulation bath, usually water. The solvent used currently (by Lenzing A.G. 

the only current commercial suppliers of Lyocell fibres, with the trademark 

Tencel) is NMMO, N-methylmorpholine-N-oxide, as an aqueous solution. 

Typically, the aqueous NMMO solution is mixed with the cellulose pulp, the 



Background 

28 

water evaporated and the resulting dope filtered and degassed. The dope is 

extruded into an aqueous coagulation bath through an “air-gap” in a technique 

known as “dry-jet wet spinning”[41,42]. In general, the current process has many 

good qualities, and is said to have “almost quantitative” solvent recovery and 

low pulp losses via degradation. However, there are also some drawbacks to 

the current process, mainly, that NMMO is susceptible to dangerous run-away 

reactions due to its chemical instability[43], especially under high temperature 

conditions. Stabilisers are used to inhibit, as much as possible, these reactions. 

As such, many are looking at new solvent systems, with higher chemical and 

thermal stabilities - mainly ionic liquids - as replacements for NMMO. 1,5-

Diazabicyclo[4.3.0]non-5-eneium ([DBNH][OAc])[4] has been shown to 

produce fibres with exceptional strength and physical characteristics[44], more 

so than other semi-synthetic cellulose fibres. This modified Lyocell process has 

been termed the “Ioncell-F” process[44]. In this process, cellulose is dissolved 

into the non-derivatizing solvent (an ionic liquid) [DBNH][OAc] at elevated 

temperatures then subjected to dry-jet wet spinning, as in the Lyocell process. 

 

 
Figure 13: NMMO.H2O (Monohydrate) 

Dissolution: Thermodynamic Considerations 
 

From a macroscopic, thermodynamic point of view, the dissolution or non-

dissolution of a polymer in a solvent is described by the free energy of mixing, 

ΔGmix. A negative ΔGmix indicates a spontaneous dissolution process. As a 

polymer becomes larger, the entropic term becomes smaller and thus the 

enthalpic contribution becomes more important.[45–48] However, a polymer 

itself upon solvation will always increase its entropy in a good solvent due to 
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the increase in the number of possible states[45–48], whilst the solvent will 

decrease its entropy due to ordering of the solvent molecules.  

 

A ‘good’ cellulose solvent in a thermodynamic sense should be able to match 

the balance of interactions (H-bonding, columbic, van der Waals, and 

dispersion/hydrophobic) present in cellulose and overcome the low entropy 

gain by having favourable interactions between the solvent and the polymer. 

 

Depending on the magnitude and sign of ΔHmix and ΔSmix between the polymer 

and the solvent, we may see an upper critical solution temperature 

(UCST)-type or lower critical solution temperature-type (LCST)[45–

48] phase behaviour where a change in the temperature leads to a negative 

ΔGmix. For example, a polymer in solvent would display a UCST if ΔHmix was 

positive, where ΔSmix is positive (albeit very small), as is the case with polymer 

dissolution[48]. If the change in the –TΔS term is not enough to make ΔGmix 

negative at any temperature, then the solution is likely to be a non-solvent at 

all temperatures. 

 

It should be discussed here that in relation to cellulose, we may only talk about 

a UCST or LCST–type phase transition, as according to the strictest definition 

of the term, the UCST itself is the critical temperature, above which the solvent 

and polymer are miscible in all proportions[48], i.e. the top of the binodal curve 

(Figure 14). This would mean that cellulose would have to be in a liquid state 

as it approaches 100 wt%. Since cellulose does not have a melting point, and 

decomposes at higher temperatures, the LCST or UCST for cellulose in a given 

solvent system can never be determined and the full phase-diagram of solvent 

and polymer cannot be explored. Thus, the phase-behaviour may be consistent 

with a UCST or LCST (i.e. UCST/LCST-type behaviour) even if the critical 

solution temperature can never itself be determined. In the appendix Article 

3, this is reffered to as “thermo-responive phase-separation”. 

 

Dissolving cellulose in aqueous sodium hydroxide solvents is one example of 

a solvent with an LCST-type phase transition and is discussed in relation to 
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the structure of cellulose and the dissolution mechanism in the chapter 

“Aqueous Solvents: LCST-type phase behaviour and the Role of 

Amphiphilicty”. The subject of this work involves an example of a UCST-

type phase transition and is covered in Chapter 4.4 “Thermo-responsive 

phase behaviour of Cellulose”. 

 

 
 

Figure 14: UCST and LCST behaviour of polymer solutions, Mole Fraction of Solvent to Polymer 
(adapted from[49]) 

Kinetic aspects of dissolution are also important. Even though a solvent may 

be thermodynamically suitable, a kinetic barrier may still exist. In this sense 

properties such as solvent viscosity, temperature of dissolution processes and 

time required for dissolution become important parameters to consider.  

1.5 Non-Derivatizing “Direct Dissolution” Solvents 

 
In this thesis, we are mostly concerned with non-derivatizing solvents which 

act primarily (but not exclusively) via a hydrogen-bond breaking and forming 

mechanism (as opposed to complexation). Examples include aqueous 

inorganic bases, inorganic salts and organic solvents, ionic liquids, and 

mixtures of ionic liquids with molecular solvents. 

 

Although there are some differences in the dissolution of cellulose in both 

aqueous and non-aqueous solvents, we will look at both, as there are in fact 
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more commonalities than differences in their mechanisms of actions. In 

particular, the mechanisms of dissolution with aqueous hydroxide bases and 

DMA/LiCl will be discussed as well as the dissolution in ionic liquid and 

molecular solvent mixtures, due to their relevance in the discussion section of 

this thesis. 

Aqueous Solvents: Alkali Hydroxides and Water 
 
Aqueous base solutions have long been known in the cellulose chemistry field 

as mercerization agents and as dissolution solvents. In particular, alkali 

hydroxides such as NaOH and LiOH have been the focus of a lot of research. 

It has been shown[50] that low DP (up to 200) celluloses are able to be dissolved 

in cold NaOH (7-10 wt%) solutions. In these solvents, dissolution strongly 

depends upon the crystallinity, crystal form and molecular weight of the 

cellulose polymer. The sodium-hydroxide, water and cellulose system has 

been well characterised in term of the phase and crystal structure properties. 

In the phase diagram (Figure 15), the triangular small dissolution ‘region’ 

may be seen (Cellulose Q)[51]. Cellulose is soluble within a small region below 

0OC.  

 
 

Figure 15: Phase Diagram, NaOH, Water, Cellulose[51] 
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Various additives have been added to aqueous alkali metal solvents to improve 

dissolution or alter physical characteristics of the solvent system. 

Poly(ethylene)glycol at 1.0 wt.% (PEG) and 9.0 wt.% of NaOH in water was 

used to dissolve cellulose of up to DP=800 to a maximum solubility of 18 wt% 

in solution.[52]  

 

In 2000, Zhou showed that addition of 2-4 wt% urea improved the solubility 

of cellulose in aqueous sodium hydroxide solutions and avoided gel 

formation.[53] Similar observations were also made about the addition of 

thiourea into aqueous sodium hydroxide solutions, with the thiourea said to 

prevent self-association of the cellulose[54] Later, in 2005, further studies 

showed that NaOH (7 wt %) and urea (12 wt %) as well as 4.2 wt% LiOH/12wt% 

urea were non-derivatizing cellulose solvents[55]. In this study, a precooled 

mixture at -10°C combining the solvent and cellulose dissolved within 2 min. 

Under the same conditions, KOH was shown not to be a suitable solvent. A 

mixture of NaOH, urea, and thiourea have also been shown to be cellulose 

solvents.[56] 

Aqueous Solvents: LCST-type phase behaviour and the Role of 
Amphiphilicty  
 

It  been suggested in many recent reviews[35,36] that the solubility or 

insolubility of cellulose is significantly influenced by amphiphilic and 

hydrophobic molecular interactions. As cellulose is an amphiphilic polymer, 

with hydrophobic and hydrophilic domains, dissolution should thus be 

improved in amphiphilic media. Lindman[35,36] suggests that urea, thiourea 

and PEG additives to aqueous hydroxide solutions of cellulose act by reducing 

the hydrophobic interactions. Although it is possible that urea could affect the 

hydrogen bonding system in cellulose, the weight of evidence seems to support 

this theory. For example, in 2012, the interaction of urea with the hydrophobic 

surface of cellulose was suggested on the basis of MD simulations. Isobe et. al. 

in 2013[57] conducted DSC and X-Ray diffraction experiments, and suggest 

that a major factor in the dissolution of cellulose in such solutions is that the 
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entropic effect is weakened due to urea molecules accumulating on the 

hydrophobic surface of cellulose, thus preventing the hydrophobic association 

of the cellulose molecules in solutions. Urea was found not to interact directly 

during the dissolution process[57].  

 

Thermodynamic studies[58] in 2013 demonstrated that the dissolution is an 

enthalpy-driven exothermic process with negative entropy, due to the ordered 

arrangement of the urea (on the nonpolar surface) and NaOH molecules (with 

the hydroxyl groups) in the solution. If the entropy is negative and the 

potential enthalpy of mixing is negative also, then a decrease in temperature 

will lead to a negative ΔGmix at a certain point – and therefore we see a “lower 

critical solution temperature” or (LCST) “type” phase behaviour. It is the 

amphiphilic nature of cellulose that is the cause of the poor entropy gain on 

solvation because it is evident that, in water, the polymer will self-organise due 

to the hydrophobic effect and will not occupy its maximum number of states. 

Similar conclusions were also recently suggested in 2014 by Xiong et. al.[59] on 

the basis of their NMR measurements – which showed that no strong 

interactions between urea and cellulose or NaOH occur and that urea is likely 

to aggregate on the hydrophobic surface. 

Inorganic Salts and Organic Solvents: DMA/LiCl 
 

DMA/LiCL as a solvent system is still used very widely as a solvent for the 

analysis of cellulose, for example, for example by GPC (Gel Permeation 

Chromatography)/SEC (Size exclusion chromatography), light scattering, and 

other methods. It is also commonly used in the lab for homogenous 

derivatization reactions, and was first discovered in 1979 by Charles 

McCormick[60]. It is perhaps one of the best most widely researched examples 

of a mixed solvent system combining an ionic salt and organic solvent. It is 

useful to discuss the wide body of research into this solvent system as in some 

ways, it bears a lot of resemblance to the phosphonium acetate ionic 

liquid/DMSO electrolytes studied in this thesis. 
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Figure 16: DMA (dimethylacetamide) and Lithium Chloride (LiCl) 

 
The mechanism of dissolution of cellulose in DMA/LiCl has been the focus of 

research[61]. NMR spectroscopy has been a valuable tool in providing clues as 

to the mechanism of dissolution in these media, and provides some inspiration 

for the approach used in this thesis. Carbon (13C) NMR has been used to show 

that DMA/LiCl is a non derivatizing salt - in 1982, El-Kafrawy[62] observes six 

resonances in the solution state 13C NMR spectrum corresponding to 6 carbon 

atoms in the cellulose backbone which correspond well to the solid state 

carbon spectrum. The changes in the 13C chemical shifts of DMA with LiCl and 

LiBr were compared with other salt/co-solvent mixtures, with the results 

pointing to the existence of a cellulose–LiCl–DMAc complex; in which the 

lithium cation is strongly bound to the DMA carbonyl oxygen and where the 

chloride anion breaks the hydrogen bonding network[62]. A [DMA+Li]n+ 

macrocation[61] has also been proposed to exist. Lithium salts have been shown 

in the past to coordinate strongly to amides and the carbonyl oxygen through 

spectroscopic studies[63], along with evidence provided by Panar and Beste[64] 

which observed the appearance of new band in the IR spectrum of DMA/LiCl.  

Thorough ESI-MS measurements appear to confirm the existence of such a 

complex with n=1,2 and 3[61].  

 

Solvochromatic techniques (such as Kamlet-Taft solvochromatic 

parametisation, where the hydrogen-bonding acidity, basicity and 

polarizability/dipolarity of the solvent can be characterised based on the 

interactions of the solvent with a set of dye molecules, which can be tracked by 

UV spectroscopy) have also been used to provide evidence for the mechanism 

of dissolution in DMA/LiCl. Based on such techniques, Spange et. al[65] 

conclude that the major basis for dissolution of cellulose is the interaction 

between the Chloride anion and the cellulose hydroxyls, contributing 80% of 
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the dipole-dipole interactions. The authors also suggest that LiCl in DMA 

solution acts as a so-called solvent-separated ion pair [DMA -> Li+ -> DMA 

-> Cl-]n. Solvent parameters have been much-used recently to explain the 

dissolution of cellulose in ionic liquids and electrolyte solutions. The solvent 

DMA/LiCl showed a strong dipolarity, moderate hydrogen donating and high 

hydrogen bond accepting capabilities (π*=0.994 β=1.146 and α=0.571)[65] 

which compares favourably to other cellulose solvents. 

 

Morgenstern et al. conducted 7Li NMR studies which showed that the chemical 

shift of lithium in these solutions is dependent on the cellulose concentration, 

suggesting some kind of interaction between Li+ and the cellulose chain[66]. In 

their mechanism, it is suggested that one DMA molecule in the co-ordinate 

sphere of Li+ is replaced by a cellulose hydroxyl group. However, this assertion 

is disputed[60]. 

 

Striegel et. al[61] in 2003, set out a mechanism of dissolution combining the 

best available evidence so far. In this mechanism, the following are important 

points: the chloride anion disrupts the hydrogen bonding network of cellulose, 

acting as a base and accepting hydrogen bonds from the cellulose hydroxyl 

groups; the lithium Li+ cation complexes with the carbonyl oxygen atoms; a 

[DMA+Li]+ macrocation exists, and interacts weakly with both hydroxyl and 

ring oxygens in cellulose, contributing around 10% of the dipole-dipole 

interactions; and solvent separation ion pairs such as  [DMA ->  Li+ -> DMA -

> Cl-]n are important. The effect of the DMA solvent is also rationalised - polar 

aprotic compounds allow the effective dissolution of polar ions, particular the 

cations; however the polar aprotic component (DMA, with a lack of acidic 

protons) does not hydrogen bond to the anion; which is a hydrogen bond 

acceptor. It was suggested that the Cl- acts as a “naked ion” which is highly 

active as a nucleophilic base. Many of these points will be important when 

discussing the mechanism of dissolution in ionic-liquid based organic 

electrolytes. An updated dissolution mechanism was recently proposed[67] 

based on NMR experiments which bears a lot of resemblance to that of Striegel 

et. al (Figure 17).  
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Figure 17: A recently proposed mechanism of the dissolution of cellulose in LiCl/DMA[67] 

1.6 Ionic Liquids or ‘Molten Salts’ as Direct Dissolution 
Solvents 

 
For the most part, the research community into ionic direct dissolution 

solvents such as ionic liquids has initially been separate from the ‘traditional’ 

cellulose research community where organic and aqueous electrolyte solvents 

system are still used, for example, in cellulose derivatization reactions. A 

rather recent research trend is the combination of ionic liquids with organic 

solvents, which have been called ‘organic electrolyte solutions’. These are 

discussed separately in the following chapter. 

 
Figure 18: Advances in ionic solvents applied to cellulose dissolution. Molten Salts, to Ionic Liquids to 
"Room Temperature" Ionic Liquids, Phase-Separable and aqueous electrolytes, and Beyond 
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A clear generational line from high melting “molten” salts to low melting “ionic 

liquids” is evident in the early stages of research in the ionic cellulose solvents 

field (Figure 18). However, from the current state of ionic liquids research it 

is clear that many other ionic-liquid direct dissolution solvents - based on a 

wide variety of different cation and anion analogues - have been developed, 

leading to a multitude of branching research streams. Properties such as 

toxicity, cost bio-degradability and recyclability are major limiting factors for 

the commercialisation of ionic liquid-direct dissolution processes and as such 

have been the focus of much research. [68] 

 

‘Molten salts’ for processing cellulose were first demonstrated in a patent by 

Graenacher in 1933.[69] Salts including N-ethylpyridinium chloride ([ePyr]Cl), 

dissolved cellulose and allowed for homogeneous acylation reactions. The 

topic was rediscovered in more recent times where cellulose dissolution was 

demonstrated with imidazolium salts by Swatlowski et al. in 2002.[70]  The 

most effective structure reported was 1-butyl-3-methylimidazolium chloride 

([bmim]Cl), which in contrast to [ePyr]Cl was liquid below 100oC. Fukaya et 

al.[71] introduced the first room temperature ionic liquid (RTIL), including 1-

ethyl-3-methylimidazolium dimethylphosphate ([emim][Me2PO4]) that 

could dissolve cellulose. These structures were demonstrated to have much 

lower viscosity than previously studied ionic liquids, allowing for rapid 

dissolution of cellulose.  One ionic liquid in particular has been promoted by 

BASF as an effective cellulose solvent, 1-ethyl-3-methylimidazolium acetate 

([emim][OAc]),[72] which is also liquid at room temperature and has a 

relatively low viscosity (Figure 18). The significantly lowered melting points 

of RTILs in comparison to the early use of salts for cellulose processing, such 

as [ePyr]Cl used by Graenacher[69] allows lower processing temperature, and 

less chance for thermal degradation of cellulose. 

 

Amino Acid anion ionic liquids have been shown to dissolve cellulose. In 

particular, N,N-diethyl-N-(2-methoxyethyl)-N-methylammonium alanine 

([N221Me][Ala]) has been shown to be an effective cellulose solvent.  However, 

other amino acids anions paired with this cation also dissolve cellulose 
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including [N221Me][Lys], [N221Me][Orn], [N221Me][Thr] and [N221Me][Ile]. An 

interesting point to note is that cellulose dissolves well in [N221Me][Ala], but 

not in [P4441][Ala], which has a much larger cation size.  

 

The need for novel and efficient recycling concepts has led to the development 

of a number of new ionic liquids concepts which may be applied in as 

dissolution solvents for cellulose. ‘Distillable’ ionic liquids (DILs) have been 

formed from the combination of a superbase and carboxylic acid and were first 

used to dissolve cellulose with the work by King et. al.[3] Guanidine based ionic 

carboxylate ionic liquids, such 1,1,3,3-tetramethylguanidinium propionate 

([TMGH][CO2Et]) were shown to dissolve cellulose at 100oC, but were also 

distillable, as a means of purification or recycling. Once a high heat and 

lowered pressured (as little as 0.01 mbar), the acid-base pairs dissociates into 

the neutral species, which may be recovered.[3,4] The range of distillable ionic 

liquids known to dissolve cellulose has also been extended to include a range 

of super bases paired with carboxylate anions, specifically propionic acid such 

as 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), 1,8-diazabicyclo[5.4.0]undec-7-

ene (DBU). The solvent [DBNH][CO2Et] was shown to have as low viscosity as 

solvents such as [emim][OAc] whilst dissolving high molecular weight pre-

hydrolysis kraft pulp (PHK) up to 18 wt%. The neutral bases species could be 

distilled and recovered without a large loss in purity.  
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Figure 19: Interactions contributing to the dissolution of cellulose in ionic liquids 

 

Research into the dissolution mechanism of cellulose in ionic liquids seems to 

agree on the role of the hydrogen-bond basic anion in breaking the cellulose 

hydrogen bonding network, much like other non-derivatizing solvents, and 

has been established through many experimental and computational 

studies[73–76]. Typically, a dissolving ionic liquid should have an anion that is 

strongly basic enough to compete with the hydrogen bonds in cellulose. 

However, views differ on the role of the cation[4,74,77,78], with some suggesting 

no role, and other suggesting some form of hydrogen bonding between the 

cation and cellulose, or other cation-cellulose interactions, such as 

dispersion/hydrophobic interactions. An overview of the interactions 

contributing to the dissolution of cellulose in ionic liquid is given in Figure 

19. 

1.7 Ionic Liquids and Molecular Solvents: “Organic 
Electrolyte Solutions” 

 
Polar aprotic solvents have been added to the most commonly used ionic 

liquids based on the imidazolium cation as ‘co-solvents’, to tailor the viscosity 
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and transport properties of the solutions[79,80]. They are still primarily viewed 

through an ‘ionic liquid’ lens, even though they bear more resemblance to the 

electrolyte solvents that were developed many years before the ionic liquids 

field began.  

 

These mixed ionic-molecular solvent systems are commonly described[79,81,82] 

as being much more effective at dissolving cellulose, in terms of speed and 

kinetics but also in terms of dissolution capacity. The most widely studied 

organic electrolyte solutions for the dissolution of cellulose are those based on 

imidazolium salts. However, recent work - including the work in this thesis - 

has also focused on –onium (phosphonium and ammonium) salts combined 

with organic solvents. 

Imidazolium Electrolytes 
 

Rinaldi et al[79] reported the ‘instantaneous’ dissolution of cellulose in what 

they termed ‘organic electrolyte solutions’, or mixtures of ionic liquids and 

polar aprotic solvents. With a mol fraction of χIL = 0.40m, 10 wt% of Avicel 

was dissolved in under 3 minutes in [bmim]Cl /DMI (1,3-dimethyl-2-

imidazolidinone). When the ionic-liquid component is changed to 

[emim][OAc], the reported dissolution time is ‘instantaneous’. In this study, 

the authors utilised a number of different organic solvents with a range of 

polarities: N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMA), 

Pyrolidinone, δ-Valerolactam, ε-Caprolactam, N-Methyl-2-pyrrolidone 

(NMP), 1,3-Dimethyl-2-imidazolidinone (DMI), 1,3-Dimethyl-3,4,5,6-

tetrahydro-2-pyrimidinone (DMPU), 1,1,3,3-tetramethylurea (TMU), DMSO, 

Sulfolane, Acetylacetone, t-Butanol and t-Pentanol. They found that the 

minimum molar volume of IL required to dissolve cellulose depended strongly 

on the solvent used (Figure 20)  
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Figure 20: Polar Aprotic Solvents combined with DMSO and their minimal molar amounts 
required to dissolve cellulose[79] 

Kamlet-Taft parametisation values were used to explain the effect of the co-

solvent upon the dissolution of cellulose in the organic electrolyte solutions. It 

is explained that the minimum molar fraction of IL in the solution is required 

to bring the beta (hydrogen bond basicity) value of the bulk solution up to a 

level typically required[83] for cellulose dissolution, since the polar aprotic 

solvents are hydrogen-bond donating. The change of KT values with increasing 

DMI concentration showed the so called “levelling effect” of the parameters 

when the polar aprotic component is added. (Figure 21) 

 
 

Figure 21: Addition of [emim][OAc] into DMI and the effect upon the Kamlet-Taft solvent parameters[79] 

 

Responses to the original paper detail differing arguments for the trends in the 

co-solvent dissolution power. Pinkert[84] specifically tries to offer an 

explanation for the difference in dissolving power between TMU in the original 
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study by Rinaldi (xIL=0.59, where xIL is the mole fraction of IL to molecular 

solvent) and DMI (xIL=0.18) which are structurally very similar with similar 

polarities. The proposed explanation is that the solvent dipolarities differ.  The 

N–C bond is rexstricted in DMI, resulting in static nitrogen π-orbitals that are 

ready to hybridize to sp2 orbitals, but in TMU free N–C bond rotation 

decreases the probability of both nitrogen atoms being sp2-hybridized at the 

same time. This utilises Pinkert’s own hypothesis[85] of cellulose dissolution, 

which postulates that polarized solvent molecules assist in dissolving cellulose 

by facilitating the IL ions to position themselves in ordered geometries; 

allowing for more competitive hydrogen bonding. A dissolution mechanism 

was proposed using this model (Figure 22). However, there is a lack of 

experimental evidence to support this model. 

 
 

Figure 22: Pinkert’s dipolar ordered geometry model of cellulose dissolving, showing TMU[85] 

However, in response, Rinaldi[86] explains that solvents with a high dipole 

moment interact more intensively with ions than those with a low dipole 

moment; and thus, the major factor controlling the trend in minimum xIL 

values (molar volume of xIL) is the dipole moment. In co-solvents with a higher 

dipole moment, the ion pairs are better solvated and therefore said to be 

‘looser’ than in solvents with a smaller dipole moment. A reasonable 

correlation between the dipole moment and the cellulose dissolution power 

was seen, indicating some evidential support for this model. 
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Mixtures of ILs and polar-aprotic solvents have also been used as co-solvents 

for derivatization reactions. In 2009, Gericke et. al[80] utilised [bmim]Cl , 

[amim]Cl and [emim][OAc] /DMF to dissolve cellulose for sulfonation 

derivatization reactions. Gericke et. al.[80] also published work in 2011 dealing 

with a mixture of imidazolium ionic liquids and polar aprotic solvents for the 

specific purpose of reducing the viscosity of cellulose/IL solutions and to 

facilitate the miscibility of cellulose/IL solutions with hydrophobic reagents. 

Solvents such as ACN, DMSO, DMF, DMA, DCM, Pyridine, and Chloroform 

were added to mixtures of [amim]Cl, [bmim]Cl and [emim][OAc]. However, it 

is important to note that the co-solvents were added after cellulose dissolution 

in the ionic liquid and thus cannot be said to take part in the dissolution 

process itself. They concluded, on the basis of Kamlet-Taft solvent 

parametisation methods, that appropriate co-solvents should have ENT values 

(normalized empirical polarity) > 0.3, very low “acidity” (α < 0.5), and 

relatively high “basicity” (β ≥ 0.4). DMSO was used as an additive and co-

solvent in the electrospinning of cellulose[87] along with DMA and DMF - 

demonstrating the possibility of the mixing of polar-aprotic solvents with ionic 

liquids without any effect upon dissolved cellulose whilst decreasing viscosity 

of the solvent/polymer mixture. In this case, 2.5 wt% cellulose was dissolved 

in 10 wt% [emim][OAc] and 90% DMSO. Hardelin[88] explains that the 

difference in molecular structure of the co-solvents and the interactions 

between the co-solvent and ionic liquid can explain the difference in 

dissolution power of the co-solvents.  

 

Le et. al.[89] further worked with the solvent [emim][OAc]/DMSO.  Conducting 

detailed dissolution studies, they found that the minimal amount of 

[emim][OAc] molecules needed to dissolve cellulose is 2.5–3 moles per 

anhydroglucose unit. They propose a “rule of thumb” for these solvent systems 

in that around 3 moles of ionic liquid per hydroxyl is the maximum possible 

dissolution ratio. This proportion allowed calculation of the maximal cellulose 

concentration soluble in EmimAc–DMSO at any composition which was found 

to be around 25–27 wt%, which matches somewhat their experimental 
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dissolution measurements and the results seen in this study.[89] A “phase 

diagram” of the maximum amount of cellulose that represents the amount of 

cellulose possible to dissolve in the [emim][OAc]/DMSO was presented 

(Figure 23). However, these assertions are challenged later in this thesis. 

 

Figure 23: [emim][OAc]/DMSO – Phase Diagram[89] 

Xu et. al[90] studied a mixture of the ionic liquid [bmim][OAc] with DMA, DMF 

and DMSO. The cellulose solubility in these electrolyte solutions followed the 

order: [bmim][OAc]/DMSO(15.0 wt%) > [bmim][OAc]/DMF (12.5 

wt%) > [bmim][ OAc]/DMA (5.5 wt%) where the ratio of co-solvent to IL 

was 2.54:1. Temperature effects are notable: at 25oC, 15 wt% MCC was soluble 

in [bmim][OAc]/DMSO, whereas the same solution dissolved 21 wt% when 

the temperature was increased to 65oC. Conductivity measurements in this 

study allowed the authors to conclude that the enhanced dissolution of 

cellulose is mostly due to the increase in “free” [OAc]− anions from the 

dissociated IL owing to the preferential solvation of [bmim]+ by the aprotic 

polar solvents. The effect of DMSO concentration upon cellulose dissolution 

capacity at 25oC was investigated (Figure 24). It was found that the solubility 

of cellulose increased with increasing DMSO concentration in the molar ratio 

range from 0 to 2.54, then decreased after this maximum point with increasing 

DMSO concentration. 
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Figure 24: Effect of DMSO concentration of dissolved cellulose in [bmim][OAc]/DMSO at 25oC[90] 

Detailed rheological measurements of [emim][OAc]/DMSO mixtures were 

conducted by Lv et. al.[91] The solvent was shown to act like a so-called “θ 

solvent” for cellulose (a thermodynamically good solvent), with 

thermodynamic properties of the IL-DMSO mixture being similar to those of 

the neat ILs. The presence of DMSO did not affect the conformation of 

cellulose in the solutions. 

 

Polarised-light microscopy has been used as a method of determining cellulose 

solubility limits by Andanson et. al.[82] DMSO was used as a co-solvent in 

conjuction with [bmim][OAc] and it was found that addition of such a co-

solvent enhances the solvent power of the ionic liquid by decreasing the time 

needed for dissolution.  Addition of DMSO as a co-solvent allowed a much 

faster dissolution of cellulose – up to 10 wt% within 15 minutes at 45 °C. They 

also found that increasing the concentration of DMSO allowed dissolution at 

decreasing temperatures - increasing the concentration of DMSO from 

xDMSO = 0.25 to xDMSO = 0.50 or 28 wt%, between 5 and 10 wt% of cellulose at 

temperatures could be dissolved close to 60 °C, in less than 30 min. With a 

DMSO concentration of xDMSO = 0.75 (54 wt%), cellulose was dissolved as low 

as 45 °C (15 min). The mass transport properties (viscosity and ionic 

conductivity) were measured and simulations were carried out in order to 

explain the effect of DMSO on the dissolutions of cellulose. The results of the 

mass transport studies allowed the authors showed, logically, that 

conductivity increases and viscosity decreases with increasing amounts of the 
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polar aprotic co-solvent. Using this data, a Walden plot (Figure 12) was 

established. On the basis of the data, it would seem that addition of DMSO to 

[bmim][OAc] did not increase the ionicity of the system but rather simply 

accelerated mass transport, the increased in conductivity is ascribed to the 

decrease in viscosity. They conclude that DMSO does not induce cation-anion 

dissociation in the ionic liquid.[82] However, the study by Andanson et. al 

contrast with the study in this thesis, and as shown by other recent calorimetry 

results by Rinaldi et. al[92], it is likely that there is a thermodynamic effect of 

molecular co-solvent upon the enthalpy of dissolution, not simply a kinetic 

one. The results in this study seem to suggest that an ion-pair dissociation 

model is more appropriate to explain the results of the dissolution studies in 

phosphonium ionic liquid “organic electrolyte solutions”. 

Computational Studies on Imidazolium IL organic electrolytes 
 
In addition to practical studies carried out upon cellulose dissolution in 

imidazolium-based ionic liquid electrolytes, the mechanism of dissolution in 

these solutions has been the focus of computational MD simulations[81,93]. 

 

Huo et. al.[93] performed molecular dynamics simulations on the interfaces 

between an Iβ cellulose crystal in the ILs [bmim]Cl, [emim]Cl, and [omim]Cl, 

as well as mixed solvent systems [bmim]Cl/water and [bmim]Cl/DMSO. 

Major conclusions from these simulations were that interactions between the 

anions and cellulose are significantly stronger than the cellulose–cation and 

cellulose–solvent interactions. The simulations also go on to show that the 

interaction between Cl– ions and cellulose is enhanced in the presence of 

DMSO, even though the number of Cl– ions decreases. In fact, the number of 

chloride ions in contact with cellulose was shown not to cause the co-/anti-

solvent effect, but rather stronger interaction energy between the cellulose 

solute and IL anions.  

  

Zhao et. al. studied the effect of the polar aprotic solvent DMSO and DMF 

upon the dissolution of cellulose in [bmim][OAc]. Main conclusions regarding 
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the mechanism of dissolution in these solutions were that the aprotic solvents 

(DMSO and DMF) partially break down the ionic pair of [bmim][OAc] by 

solvation of the cation and anion. However, no preferential solvation was 

observed.[81] The co-solvent was shown to only have an indirect effect on the 

solubility of cellulose by influencing the interaction between [OAc]− and 

cellulose, due to the increased anionic dissociation in the electrolyte solution. 

The effect of the co-solvent ratio on cellulose dissolution was also studied 

(Figure 25). 

 

Figure 25: Simulated interaction energy of [OAc]- and cellulose and experimental solubility as a 
function of DMSO concentration at 298 K[81] 

 

The results show that the interaction energy increases to a maximum (-

2400KJ/mol where the ratio of DMSO to IL was 2.54:1), which coincides with 

maximum experimental cellulose dissolution point (which the authors term 

the best molar ratio); after this point, the interaction energies fall. At the best 

molar ratio the solvation of ions by the solvent is at an equilibrium allowing 

the largest number of free [OAc]- anions to bind to cellulose (Figure 24). 

Thus, the conclusions from such theoretical/computational results align with 

the experimental observations from some previous authors who noted 

maximum dissolution capacities at specific concentrations. 
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Onium-based Organic Electrolyte Solutions 
 

For most cases, Phosphonium and Ammonium salts of the same cation chain 

length and anion type can be thought of as structurally and chemically 

equivalent. However, there are notable differences such as thermal stability 

which must be taken into consideration. Onium cations have increased 

thermal stability when compared to other common ionic liquid cations[94] and 

increased chemical stability due to the lack of acidic protons on the cation. 

 

 
 

Figure 26: tetrabutylammonium flouride and DMSO 

 

Tetra-n-butylammonium fluoride (TBAF or [N4444]F) in DMSO is a much 

researched[95] and perhaps the first example of an onium organic electrolyte 

used to dissolve cellulose. The solvent system was first discovered in 2000 by 

Heinze. et. al[96] where DMSO containing  10-20 wt% TBAF dissolved up to 

DP=650 cellulose in 15 minutes at room temperature. In actuality, the fluoride 

salt is used as a trihydrate [N4444]F.3H20 due to limitations within the 

preparation of the salt – upon removal of water E2 elmination[97] occurs 

forming a [F---H---F]- species[98], which was shown not to dissolve cellulose in 

combination with DMSO.  However, anhydrous [N4444]F may be prepared[99] 

by reacting tetrabutylammonium cyanide with hexafluorobenzene in dry 

DMSO, which was shown to dissolve cellulose and have increased stability.[97] 

Of the possible halide anions, only fluoride in combination with [N4444]+ salt 

dissolves cellulose, as when the halide is changed, dissolution does not 

occur[100]. 
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This solvent system finds a particular niche as a useful solvent for cellulose 

derivatization reactions, however, due to the toxic fluoride species and 

hazardous preparation materials (such as HF) this solvent system could be 

superseeded by more recently researched onium organic electrolyte solutions 

containing halide or acetate anions. Transesterification reactions, in 

particular, have been a major application of these direct dissolution 

solvents[96]. Carboxymethylation reactions of cellulose dissolved in 

[N4444]F/DMSO solutions have also been reported.[101] 

 

Studies on the mechanism of dissolution of these solutions lead to largely the 

same conclusions as other cellulose direct dissolution solvents[102]. The 

strongly electronegative flouride anions are highly effective in breaking the 

cellulose hydrogen bonding network by acting as hydrogen-bond acceptors for 

the cellulose hydroxyl groups. The so called poly-electrolyte effect was also 

found to be of importance, as the cellulose polymer chains are rendered with 

an effective negative charge, contributing to the break-up of the cellulose 

fibrils.[102] The role of the cation has also been hypothesised and it was 

concluded that the use of a bulky counter cation to F− allows for a better 

dissociation of the F− from the ion pair in the DMSO solutions. 

 

Quaternary ammonium chlorides of some structures in their neat state and in 

solutions with some polar aprotic solvents dissolve cellulose[103]. Interestingly, 

dissolution has only been reported to occur in the neat electrolytes when the 

4th alkyl chain length was > 7, with both [N2227]Cl and [N2228]Cl dissolving up 

to 15 wt% cellulose (MCC) at 120oC. Similar reports of a minimum chain length 

(or substituent bulkiness) for tetraalkylammonium based hydroxide solvents 

(see next Chapter “Aqueous Onium Hydroxide Solvents”) have also 

been reported. Pyridine, DMF, and 1,3-dimethyl-2-imidazolidinone (DMI) 

were also used in addition to DMA. DMA/[N2228]Cl and pyridine/[N2228]Cl  

were determined to dissolve cellulose without any pre-treatment with 2 hours 

at 60oC. Previously, research into ammonium structures for the dissolution of 

cellulose was limited, however, in 2009 ammonium formate was found to 

dissolve cellulose in the neat state and using small amounts of formic acid as 
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a co-solvent.[104] Tetrabutylammonium acetate [N4444][OAc], DMSO with the 

addition of a crown ether has also recently been shown to dissolve 

cellulose,[105] (8 wt% MCC, 40oC in 5 minutes). However, the crown ether was 

added mainly to complex K+ cation impurities which the authors hypothesise 

interfere with the dissolution.  

Aqueous onium hydroxide solvents 
 
Combinations of onium, mainly ammonium derivative hydroxides and water 

have been known for many decades already. Some recent publications, 

however, have “rediscovered” this class of direct dissolution solvents. These 

solvents have been known since at least 1936, with the work of Lieser[19], who 

showed that various aqueous solutions of tetraalkylammonium hydroxides 

with sufficiently large substituents act as solvents for cellulose, if the base 

concentration exceeds a limiting value, which decreases with increasing molar 

mass of the substituents.[19] The tetraethylammonium hydroxide, [N2222]OH , 

was discovered in 1954 by Krässig[106] to be a solvent for cellulose. In 1957, 

Strepikheev demonstrated a further 3 ammonium hydroxide bases in aqueous 

solutions which dissolved relatively pure cellulose (DP=860 sulfite cellulose) 

- dimethylphenylbenzylammonium hydroxide, triethylbenzylammonium 

hydroxide and triethylfurylammonium hydroxide.[107] However, 

tetraethylammonium hydroxide, [N2222]OH was found not to be an effective 

solvent, merely swelling cellulose, in contrast to Krassig in 1954. Recent 

studies by Ohno et. al.[108] suggest that the Krassig study is likely inaccurate, 

as it was also found to be a non-solvent for cellulose. 

 

Strepikheev et. al[107] speculates that the mechanism of dissolution is via a 

hydrate complex between cellulose hydroxyl groups, water, and the polar 

dipole of the hydroxide salt; whereby the bulky cation acts as ‘spacer’ to 

promote separation of the cellulose chains.[107] Pasteka et. al in 1984[19] expand 

on this idea with the solvent triethylbenzylammonium hydroxide/H2O and its 

interactions with the crystalline regions of cellulose. They suggest that the 

polar regions of the salt contribute to the breakup of the hydrogen bonding 
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network whilst the non-polar regions penetrate between the cellulose chains 

in the sheet lattice.  

 

This idea has some credibility, as it is somewhat similar to recent molecular 

simulations on imidazolium ionic solvents whereby the bulky cations[109] were 

shown to intercalate in between cellulose fibrils and via electrostatic forces 

‘push’ the cellulose chains apart, thus facilitate the peeling of the cellulose 

fibrils and allowing the dissolution of the separated fibrils by the action of the 

basic anions[109]. 

 
 

Figure 27: Tetrabutylphosphonium hydroxide in water 

 

Abe et. al[110] demonstrated a concept whereby the phosphonium hydroxide 

salt [P4444]OH dissolved 20 wt% of cellulose in a 40 wt% solution in water at 

25oC. Dissolution of cellulose took place only within a defined water 

composition range of between 60 and 30 wt%. A likely dissolution mechanism 

would include breakup of the hydrogen bonding by hydrated hydroxide anions 

(as in aqueous alkali hydroxide solutions) followed by stabilisation of the 

hydrophobic surface by the onium cations. In this sense, the onium cations 

may take the place and role of additives such as urea or PEG. It is clear that 

more research is needed to elucidate the mechanism of dissolution, in 

particular, the influence of the cation when compared to alkali metal 

hydroxides.  

 

A structural ammonium analogue [N4444]OH was shown by Ema et. al.[111] to 

act in a similar way, dissolving cellulose at 40 wt% [N4444]OH in water. In a 

similar way to the organic electrolyte solution based on onium cations, 
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addition of alkali metal salts were seen to disrupt cellulose dissolution in these 

solutions. Strepikheev et. al[107] also acknowledged the ability of alkali metal 

salts KOH and NaOH to reduce the amount of  cellulose dissolved in 

ammonium hydroxides solvents[107]. 

1.8 Ionic Liquid-Based Solvents: the “Recyclability 
Gap” 

 

Ionic liquids and mixed ionic liquid-molecular solvent solutions have one 

particular bottle-neck: recyclability. Ionic liquids are often expensive, 

sometimes toxic, and many cannot easily be distilled. In the following 

examples: cellulose dissolution/regeneration and biomass fractionation with 

ionic liquids, water is used as a precipitating “anti-solvent”. Currently, the only 

way to remove ionic liquids such as [emim][OAc] from water is by an energy-

intensive distillation step. Additionally, [emim][OAc] undergoes thermal 

decomposition and side reactions with cellulose substrates, leading to further 

losses[112]. Since such ionic liquids are typically expensive, such losses may be 

quite un-economical. It is clear that ionic-liquid based bio-refinery process will 

only be economically viable once this recyclability and cost problem is 

overcome[113]. 

 

Hence, a major focus of the field has been the development of new systems 

involving ionic liquids that are truly recyclable. Examples include distillable 

ionic liquids “DILs”[3,114], based on acid-superbase pairs which dissociate 

under heat and slightly reduced pressure, gas “switchable” ionic liquids 

“SILs”[115] whereby a molecular acidic gas such as CO2 or SO2 converts a 

neutral species into an ionic liquid, and back again once the gas is removed, or 

‘phase-separable’ ionic liquids, where the ionic liquid component can be 

phase-separated from anti-solvents such as water, which is the focus of this 

research. As of writing, these are the main new approaches for ionic liquid 

recycling – however, there is certainly room for new and innovative recycling 

techniques. On the other hand, some researchers have focused on getting 



 

53 

around the recyclability problem by lowering the cost of the ionic liquid[116], 

meaning that losses are more economically acceptable.  

 

 
Figure 28: The Concept of Ionic Liquid Recycling in Cellulose Dissolution-Regeneration. 
White=Cellulose, Orange = ionic liquid, yellow=mixture of ionic liquid/water, blue=water or aqueous 
phase 
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2 Aims and Overview 

The recyclability and reactivity problem of previous generations of “ionic-

liquid based” cellulose solutions meant that a new research gap had been 

emerging around the time this research started, in 2011. The initial idea was 

to develop a new generation of solvents systems for cellulose dissolution which 

could be applied in a cellulose fibre spinning process, with a secondary 

application in lignocellulose fractionation or complete dissolution of biomass. 

Phosphonium ionic liquids were an interesting candidate for further study, for 

various reasons. They were potentially chemically and thermally stable, (and 

thus less likely to react with cellulose) when compared to imidazolium ionic 

liquids, due to the lack of acidic protons on the cation. In addition, initial 

studies showed that some structures were phase-separable from water, which 

was seen to be a fascinating way to solve the recyclability problem, as water is 

typically used as a cellulose precipitating anti-solvent. 

 

One of the first aims of the research was to evaluate the ability of phosphonium 

ionic liquids (with both acetate and chloride anions) to dissolve cellulose, 

lignin, and hemicellulose both with and without added « co-solvents ». The 

main co-solvent of interest would be DMSO, as previous research had shown 

it to be a very effective co-solvent for cellulose dissolution. This was initially in 

Publication 1. In particular, for one ionic liquid, [P8881][OAc] along with 

DMSO, a pseudo-phase diagram of the cellulose dissolution capability was 

planned and presented. Studies on the dissolution of cellulose in various ionic 

liquids and electrolyte solutions were planned, and a wide range of ionic 

liquids and co-solvents were studied. Dissolution of cellulose, and 

corresponding dissolution “phase-diagrams” with DMSO, water and both 

[P8888][OAc] and [P14888][OAc] was presented in Publication 3.  

 

An exploration of the chemistry and dissolution mechanism of cellulose 

dissolution was a key aim. It was sought to combine the understanding from 

the cellulose phase diagrams, solvent parametisation (via the Kamlet-Taft 
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methodology), NMR studies and computations to give a more complete 

understanding of the underlying chemistry. The role of the cation, the role of 

the co-solvent, and the reason for the lack of dissolution in the neat state (the 

“co-solvent effect”) were some of the most interesting questions to investigate. 

These topics are discussed in publications 1, 3 and 4. 

 

Second, the hydrophobicity and phase-separability of some of these 

phosphonium salts was of major interest. The aim was to study the phase-

behaviour with water and a co-solvent, DMSO, as a simulation of a real system 

that could be used, for example, in the Lyocell process. Phase diagrams 

(ternary plots) of these systems would be constructed. The phase-equilibria 

and ternary phase diagram of [P8881][OAc], DMSO and water was studied 

with 1H NMR spectroscopy and is presented in Publication 1. The phase 

equilibria and diagrams of [P14888][OAc], [P8888][OAc] were to be studied with 

a more accurate technique, gas chromatography. This work is presented in 

Publication 4. 

 

A tertiary aim was to replace the co-solvent DMSO with a greener alternative 

(due to the biological solvent or permeator nature of DMSO). We aimed to test 

a number of new co-solvents, in particular GVL, as a replacement. The use of 

GVL and some of these co-solvents is presented in Publication 3. During the 

course of these investigations, it was noticed that certain solutions of cellulose, 

ionic liquids and co-solvents displayed a unique effect – they displayed an 

upper critical solution temperature (or UCST) type phase transition, where 

only high temperatures produced cellulose solutions, whilst cooling the 

solutions lead to interesting properties. The aim was to study this interesting 

property by a combination of rheology, calorimetry, microscopy and other 

methods. Publication 3 explores this UCST-type phase transition and its 

applications towards producing cellulose based materials. 
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3 Experimental & Methods 

In this section, important experimental methods used in this thesis will be 
summarised and the main points reported. More extensive experimental 
details are to be found in the attached articles. 

3.1 Synthesis of Phosphonium Ionic Liquids 

Phosphine Quaternisation Reactions (General Method) 
 
A trialkyl phosphine is charged, under an inert atmosphere, into a purged 3 

necked round bottom flask with a balloon capped condenser and septum on 

the side neck. The corresponding alkyl chloride, 1.01 molar equivalent, is 

introduced in small portions through the septum whilst stirring, with the 

temperature of the mixture being monitored with a thermometer. The 

temperature of the reaction mixture is increased to 145 ºC and stirred for 16 

hours. Excess reactants and any small-molecular weight by-products are 

removed under high vacuum at ca. 90oC, producing a light yellow, highly 

viscous liquid. 

Silver Acetate Synthesis (General Method) 
 
The chloride ionic liquid ([PRRRR]Cl) is first dissolved in isopropanol (between 

5 and 10 ml per ml of IL) in a conical flask. AgOAc (1 eq) is added to the flask. 

The flask is purged with argon, covered with tinfoil to prevent decomposition 

of AgCl and the mixture is left to stir at room temperature for 16 hr. The 

precipitate is filtered through celite and the filtrate is then evaporated on a 

rotary evaporator. The crude products were allowed to sit for a further day 

open to the atmosphere and light. At this point typically a fine precipitate can 

appear associated with decomposition of residual silver. These mixtures were 

then dissolved in methanol (10 ml per ml of IL) and again filtered through 

celite and evaporated in a rotary evaporator. The mixture is then dried in a 

high-vacuum rotary evaporator and the product(s) are recovered as light 
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yellow-orange viscous liquids or crystalline solids (in the case of shorter alkyl-

chain structures). 

Potassium Acetate Synthesis (General Method) 
 
Potassium acetate (1.05 equivalent) is added to a solution of phosphonium 

chloride (1 eq) in isopropanol (IPA, 10 x v/w). The solution is stirred for 2 

hours at 80 °C and then for a further 18 hours at room temperature. The 

solution is cooled to 4 °C (in a refrigerator), filtered through celite, and the 

filtrate was evaporated to dryness. Acetone is added (5 x v/w) and the 

homogenized solution is again cooled to 4 °C, to precipitate excess potassium 

salts. The solution is filtered through celite, and the filtrate evaporated and 

dried on a high vacuum rotary evaporator. 

Potassium Hydroxide Synthesis 
 
[PRRRR]Cl is charged into a round-bottomed flask, with a large excess of methyl 

acetate and isopropanol. Potassium hydroxide is first dissolved in iso-

propanol, and the equivalent of 1 Mole of KOH is added slowly, in aliquots of 

10 ml. The mixture is stirred and after chilling in an ice bath, filtered through 

celite. The filtrate solvent is evaporated using a rotary evaporator and the 

product is thereafter dissolved into cold acetone (10 ml). The product mixture 

is stirred over an ice bath, and solution filtered through celite to remove 

further salt precipitate. The solvent is evaporated at reduced pressure and the 

product transferred to a high-vacuum rotary evaporator, for 24 hr at 70 oC. 

The product is then obtained as a light-yellow viscous liquid. 

Dimethyl carbonate Synthesis (General Method) 
 
Trialkylphosphine (PRRR) is charged into a 2L Parr reactor under inert 

atmosphere. Dimethyl carbonate (large excess) and methanol (x2 volume) are 

added into the reaction vessel. The reaction mixture is stirred at 140 oC, under 

an inert atmosphere, for 24 hours. After cooling the reactor, the volume is 
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reduced to approximately one half the crude reaction mixture volume with a 

rotary evaporator. The temperature is kept below 40 oC during the rotary 

evaporation to avoid decomposition. To the solution of [P8881][MeCO2] an 

equimolar amount of acetic acid (glacial) is added, dropwise and with stirring, 

until the reaction goes to completion as determined by 1H NMR. Excess solvent 

is evaporated at reduced pressure, and the resulting product, the ionic liquid 

[P8881][OAc], is dried on a high-vacuum rotary evaporator to remove traces of 

solvent (70oC, ca. 24 hours) and is obtained as a dark-orange viscous liquid. 

3.2 Lignocellulose Materials 

 
Alkaline-extracted birch xylan was purchased from Sigma-Aldrich. Mild 

hot/water-extracted Norway spruce galactoglucomannan (GGM) was a gift 

from Stefan Willför (Åbo Akademi University). MCC was purchased from 

Sigma–Aldrich. Microsecond sc-H2O-extracted cellulose was prepared 

according to a published procedure (See Pulication 2). PHK pulp was 

obtained from Bahia Specialty Cellulose, Brazil. Borregaard Super VS 

(Softwood Sulfite) dissolving pulp was obtained from Borregaard, Norway. 

Cotton linters, acid- and cellulose enzyme-hydrolysed cotton were provided by 

Shirin Asaadi at Aalto University (See Publication 2). Glucuronoxylan, from 

Birch, was provided by Agnes Stephan and Paul Gatenhölm at Chalmers 

University and produced by alkaline extraction from Birch wood meal.  

3.3 Dissolution Methods 

 
A portion of ionic liquid is measured (e.g. 0.6 g) and the appropriate amount 

of molecular solvent (i.e.) DMSO is added (e.g 0.4 g, to make a solution of 60 

wt% IL and 40 wt% DMSO) to make up the required concentration.  

 

In most cases, a specific weight amount of the required sample is added (to 

make up a specific concentration, such as 5 wt% of cellulose, or lignin in the 

sample) to the solution and mixed thoroughly with a mechanical vortexer. 
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Afterwards, the samples are in most cases heated in the range 100-120 oC with 

stirring, in a thermostatted oil bath, until the solution is optically clear. The 

clearness of the solutions can be verified by optical microscopy. 

Dissolution of Cellulose (Saturation Point) 
 

When finding the saturation point, small portions of cellulose (ca. 0.5 wt% 

increments) are added until the cloud point is reached, that is, cloudiness does 

not disappear, even after 24+ hours of heating, or no more cellulose can be 

physically dissolved in the solution. This point (weight of cellulose added) 

between the last and the previous additions of cellulose is thereafter taken to 

be the saturation point. 

3.4 Measuring Ternary Phase Diagrams 

NMR Method 
 
For each ternary phase diagram, a series of solutions with varying 

compositions of IL and DMSO is prepared and equilibrated at RT. In a typical 

experiment, a fixed amount of the IL (0.1 g) and the appropriate amount of co-

solvent were prepared, after which the solution was agitated with a mechanical 

vortex mixer. Phase boundaries were determined by the addition of the third 

component, water, in 0.005 mL portions until the cloud point, or the evolution 

of turbidity, was reached. Given the different overall weights of the final 

solutions, the errors in the cloud-point determination weight is approximately 

±0.05–2.5 wt %. 

 

From mixed solutions of [P8881][OAc], DMSO, and water that lie 

approximately along or within the bimodal curve, the aqueous and IL layers 

are separated, and samples of each phase are withdrawn carefully with a 

syringe (taking care not to disturb the interface) and dissolved in [D6]acetone. 
1H NMR spectra of each phase are recorded. Peaks that correspond to water 

(3.33 ppm), DMSO (<2.7 ppm), and IL cation terminal CH3 (0.9 ppm) and α-
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CH2 groups (2.5 ppm) can be differentiated clearly from the other peaks and 

integrated from the baseline-corrected spectra. The relative peak integrations 

can be used to calculate relative molar ratios and thus the relative weight 

fractions of the three components in the sample. 

 

From the cloud-point titration data and the tie-line NMR spectroscopy data, 

smoothed binodal curves and interpolated tie-lines were constructed and 

determined by multiple nonlinear regression of the experimental data by using 

Origin 9 Pro. Relevant equations can be found in Publication 1. 

Gas Chromatography Method 
 
Mixtures of DMSO, water and ionic liquid ([P8888][OAc] or [P14888][OAc]), with 

global compositions lying in the immiscibility domain of the corresponding 

ternary system, were prepared and introduced into jacketed glass cells 

designed for liquid-liquid equilibrium experiments.  

 

The temperature of the cells was kept at 298.2 K by means of an Ultratherm-

200P Selecta water-circulating thermostatic bath. 

 

All mixtures were vigorously stirred (magnetic stirring) for a minimum of 2 h, 

and then allowed to settle until complete separation of the phases in 

equilibrium (a minimum of 12 h, and typically several days), with some 

mixtures being centrifuged to break the strong emulsions which form at low 

DMSO concentrations. Thereafter, these samples were placed in glass vials, 

weighed, and mixed with known amounts of an external standard (methyl 

acetate) and a solvent (2-propanol).  

 

The mass compositions of the samples were analysed using a HP 6890 series 

gas chromatograph, equipped with a thermal conductivity detector and a HP-

FFAP capillary column (25 m x 0.2 mm x 0.33 m), and additionally coupled 

with an empty pre-column to collect the ionic liquid that was not retained by 

the liner. 
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Helium was used as the mobile phase, and the injection volume was 1 L with 

a split ratio of 50:1 and a pressure of 20.42 psi. Injection temperature was 

250oC. The initial oven temperature was 50oC held for 2.7 minutes. There were 

two heating ramps, the first from 50-175oC at 12oC per minute, and 175-240 oC 

at 120oC per minute, leading to a total run time of 18.16 minutes. Under these 

conditions, an adequate separation between the signals of the external 

standard, solvent, water, and DMSO was observed. 

 

3.5 Methods for Solution State Cellulose Analysis 

Cellulose samples are prepared as in 3.3 using perdeuterated DMSO to form 

samples of 10 wt% cellulose, in a solution of composition 60 wt% [P8881][OAc] 

40 wt% DMSO-[D6]. 

 
1H, HSQC and other 2D spectra are recorded on these stock solutions diluted 

with 2 ml of extra d6-DMSO, giving a cellulose concentration in solution of 7.7 

wt%. All spectra are obtained at 50 to 65 °C (unless otherwise specified) on a 

Varian UNITY INOVA 600 MHz spectrometer with an inverse detection coil 

configuration. All experiments are performed using a 5 mm triple resonance 

(1H, 13C, 15N) pulsed field gradient probe-head. For the HSQC spectra, 256 

increments with 32 transients are each collected with a relaxation delay of 3 s 

and an acquisition time of 200 ms. The sequence is optimised for a 1JCH 

coupling value of 140 Hz. The TOCSY spectra are collected with a short mixing 

time of 15 ms to obtain limited COSY-like correlations. The phase-sensitive 

spectra are obtained using 16 transients and 512 increments, with a relaxation 

delay of 2 s and an acquisition time of 250 ms. All spectra are referenced with 

respect to [D6]DMSO (1H: δ=2.5 ppm, 13C: δ=39.52 ppm).  
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3.6 Cellulose Analytical Methods 

Differential Scanning Calorimetry (DSC) 
 
A TA Instruments DSC Q200 differential scanning calorimeter is used for DSC 

investigations into the thermal behaviour of the ionic liquid, molecular solvent 

and cellulose solutions. Hermetically sealed aluminium Tzero pans were used 

to contain approx. 10mg of sample. A Heat/Cool/Heat cycle was employed, 

typically heating from 20oC to 120 oC (at 5.00 °C/min), cooling to -50oC (at 

5.00 °C/min), and heating to 120oC (at 5.00 °C/min).  

Rheometry 
 

Oscillatory shear rheology of cellulose solutions is measured on an Anton Paar 

MCR 300 rheometer with a cone and plate geometry (25 mm plate diameter, 

1 mm gap distance). The viscoelastic domain is determined by performing a 

dynamic strain sweep test and a strain of 1%, which falls well within the linear 

viscoelastic regime, which is chosen for the frequency sweep measurements. 

Each sample is subjected to dynamic temperature sweep measurement at an 

angular frequency of 1 s–1 and strain of 1%. The temperature range is thereafter 

adjusted depending on the solvent system. Cooling/heating rates of 2–4 

°C/min were chosen. Thanks is given to Michael Hummel at Aalto University 

for these measurements. 

Gel Permeation Chromatography (GPC) 
 
Fifty milligrams of sample were activated by water – acetone – DMAc solvent 

exchange sequence using a vacuum manifold. During the sequence the 

samples were held in 6.0 ml plastic tubes with 20 μm PE-frits as filters. The 

activated samples were dissolved in 5.0 ml of 90 g/l LiCl/DMAc. Dissolution 

was carried out overnight on a magnetic stirrer using a gentle stirring 

intensity. The next day, 0.50 ml of dissolved sample were diluted with 4.5 ml 

of pure DMAc to 5.0 ml and stirred by a magnetic stirrer. The diluted samples 
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were transferred into 1.8 ml plastic vials using 0.2 μm syringe filters.  Further 

analysis parameters and the calibration curve are detailed in the supporting 

information. Pullulan standards (343, 1080, 5900, 21100, 47100, 107000, 

200000, 344000, and 708000 Da from Polymer Standard Service GmbH 

(Mainz, Germany) and 1600000 Da from Fluka GmbH (Germany) were used 

to calibrate the SEC-system. Thanks is given to Lasse Tolonen and Shirin 

Asaadi at Aalto University for the GPC measurements. 

X-Ray Diffraction (XRD) 
 
Cellulose samples were pressed into a tablet-form using a hydraulic press 

designed for preparing FT-IR tablets, to ensure consistency between samples. 

XRD measurements were performed by using a PANalytical X′Pert Pro MPD 

in Bragg–Brentano geometry. The measurement range was 5–50° 2 θ, which 

was scanned at 0.03°/s with 0.08° 2 θ steps by using a PIXcel detector in the 

1D mode. 
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4 Results and Discussion 

4.1 Synthesis of Ionic Liquids 

 
The main focus of this study are tetraalkylphosphonium (phosphonium) ionic 

liquids, which were synthesised either from a trialkylphosphine or a 

commercially available phosphonium starting material (such as a halide or 

methyl carbonate). Structures of all the ionic liquids used in this study are 

given below (Figure 29) along with their full names and abbreviations. 

(Table 2). 

 

 
 

Figure 29: Structure of Tetraalkylphosphonium cations 
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Table 2: Long Names, abbreviations and reference numbers of phosphonium ionic liquids in this study 
along with their synthesis methods

 

In general, a trialkylphosphine can be quaternised by reaction with an 

appropriate alkylating agent, of the form RX in a Menshutkin Quaternisation 

(Figure 30) to form a tetraalkylphosphonium salt, where X becomes the 

counter anion. After this reaction, the anion can be exchanged in a salt-

metathesis reaction. Ionic liquids 4 and 7 were synthesised by first alkylating 

tetraoctylphosphonium with the corresponding alkyl halide (octyl chloride 

and tetradecyl chloride) as show in Figure 30. Next, the chloride counter-

anion was exchange via salt-metathesis in isopropanol (Figure 31). For this 

purpose, Silver Acetate was first used, although was eventually discontinued 

in favour of Potassium Acetate, as contamination by AgCl in the product was 

a significant problem. Potassium Chloride, KCL has poor solubility in 

isopropanol thus driving the reaction and is easily removed by filtration. The 

resulting products of the KOAc-IPA salt metathesis were further purified by 

crystallising out impurities with acetone.  

 
Figure 30: Menshutkin Quaternisation 

 

No. Long Name (cation) Cation Anion Synthesis Method State  Water 

Sol.  

1 tributylmethylphosphonium [P4441] [OAc] DMC/AcO2H solid yes 

2 tetrabutylphosphonium [P4444] [OAc] KOAc/IPA,OH-/ 

AcO2H 

solid yes 

3 trioctylmethylphosphonium [P8881] [OAc] DMC/AcO2H liq no/semi 

4 tetraoctylphosphonium [P8888] [OAc] RCl/KOAc liq no 

5 trihexyl(tetradecyl)phosphonium [P14666] [OAc] AgCl/KOAc liq no 

6 tributyl(tetradecyl)phosphonium [P14444] [OAc] KOAc/KOH+MeOAc liq yes 

7 trioctyl(tetradecyl)phosphonium [P14888] [Oac] RCl/KOAc liq no 
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Figure 31: Tetraalkylphosphonium halide salt metathesis 

  

The tetraalkylphosphonium halide salt can also be exchanged with other 

anions, including OH-, hydroxide. Ionic liquid 6 was prepared via anion-

metathesis with potassium hydroxide in isopropanol to form a 

tetraalkylphosphonium hydroxide salt which was then reacted in-situ with 

Methyl Acetate to form the tetraalkylphosphonium acetate salt and methanol 

in a typical ester hydrolysis reaction (Figure 32). Since the reaction is done 

in an absence of an excess proton source, or acidic workup, the resulting 

acetate from the ester hydrolysis becomes the counter anion. 

 

 
 

Figure 32: Anion Metathesis to Hydroxide and Hydrolysis of Ester 

 

The last type of synthesis route involves alkylation of a trialkylphosphine with 

dimethylcarbonate (DMC) to a tetraalkylphosphonium methyl carbonate salt 

(where the new alkyl substituent RII is a methyl) and subsequent reaction 

(neutralisation) of the methylcarbonate anion to form methanol and evolve 

carbon dioxide, leaving the the counter anion as an acetate (Figure 33). Ionic 

liquids 1 and 3 were synthesised via this route, and were the ionic liquids in 
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this study that were used on the largest scale. 1 was synthesised with a 

commercially available starting material 

 

Some ionic liquids, including 5, 6 and 2 were prepared directly from 

commercially available starting materials without the need to synthesise the 

phosphonium chloride salt, being exchanged via the silver acetate and 

potassium acetate procedures, and additionally with the previously described 

ester hydrolysis procedure for 6. 

 
Figure 33: Quaternisation of trialkylphosphine with dimethylcarbonate and neutralisation of anion to 
form acetate salt 

4.2 Dissolution of Cellulose, Lignin and Hemicellulose 
in Phosphonium Ionic Liquids 

 
After an initial series of ionic liquids was synthesised in Article 1 the 

dissolution of various lignocellulose components was tested with various 

phosphonium ionic liquids, include some of the acetate ionic liquids outlined 

in Table 2 and their chloride precursors. For each lignocellulose component, 

5 wt% was the standard amount tested. Dioxane acidolysyis-extracted lignin, 

microcrystalline cellulose (MCC), birch xylan and spruce galactoglucomannan 

(GGM) were dissolved in the phosphonium acetate and chloride ionic liquids 

with and without the addition of a molecular co-solvent DMSO (where DMSO 

constituted 40 wt% of the final solution). 
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The primary finding was that the chloride ionic liquids were able to dissolve 

lignin extremely well, but not cellulose, even with the addition of DMSO. In 

contrast the acetate ionic liquids all dissolved cellulose when DMSO was 

added, but did not dissolve cellulose on their own. Xylan appeared to be 

immiscible in all the ionic liquids studied but became partially soluble – 

leaving some solid residue in the liquids after a portion appeared to dissolve. 

GGM was insoluble in the ionic liquids until the addition of DMSO. Table 3 

displays the ionic liquids and the solubilities of the various lignocellulose 

components in addition to water. 

 
Table 3: Solubilites of some phosphonium ionic liquids with lignocellulose components and water 

Salt Lignin 
(5 %)[a] 

MCC 
(5 %)[a] 

Xylan 
(5 %)[a] 

GGM 
(5 %)[a] 

Xylan+DMSO 
(5+38 %)[a] 

GGM+DMSO 
(5+38 %)[a] 

MCC+DMSO 
(5+38 %)[a] 

Water 
misc.[b] 

[P4444][OAc] S I – – – – S M 
[P14444][OAc] S I – – – – S M 
[P8881][OAc] S I I I P S S I 
[P8888][OAc] S I – – – – S I 
[P14666][OAc] S I I I P S S I 
[P4444]Cl S I – – – – I M 
[P14444]Cl S I – – – – I M 
[P8881]Cl S I – – – – I I 
[P8888]Cl S I – – – – I I 
[P14666]Cl S I I I I I I I 

[a] Dissolution tests were performed by dispersing 5 wt % of the substrate in the media and heating at 

100 °C for 2 h: if the mixtures formed viscous homogeneous (Lignin) or viscous optically transparent 

(MCC, xylan, or GGM) mixtures, the substrates are described as qualitatively soluble (S); For the 

hemicellulose samples, if the samples became partially clear they were described as partially soluble 

(P); If the samples remained opaque or coagulated with low viscosity then they were described as 

qualitatively insoluble (I). [b] Water miscibility was tested by mixing 1:1 wt % mixtures of the ILs and 

water thoroughly at room temperature: if the samples formed a homogeneous phase they were termed 

as miscible (M); if they formed biphasic mixture or emulsions they were termed as immiscible (I). 

 

 

Following on from the initial results, the effect of DMSO on dissolution of 

cellulose in the phosphonium acetate ionic liquids solutions was explored 

further. One ionic liquid, [P8881][OAc] (3) was synthesised on a large (> 1L) 

scale. The saturation point of MCC in a series of IL/DMSO solutions with 

increasing concentration of DMSO was measured, being the point at which 
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turbidity, or solution cloudiness is apparent. It was found that dissolution of 

cellulose in [P8881][OAc]/DMSO rises and falls around a maximum in both the 

wt% and molar ratio view. The “maximum” region corresponding to around 

40wt% of the molecular solvent. With the dissolution maximum being above 1 

mol AGU:IL, we therefore have less than 0.33 mol of ionic liquid per hydroxyl. 

This finding is a clear contrast to other findings where the dissolution 

maximum in ionic liquids would correspond to a situation where there is 1.0 

mol of ionic liquid per anion[89] – i.e. each hydroxyl is bound by one hydrogen-

bond breaking basic anion. The dissolution of MCC in [P8881][OAc]/DMSO was 

compared to [emim][OAc]/DMSO. In contrast to [P8881][OAc]/DMSO, 

[emim][OAc]/DMSO dissolves cellulose to a high degree without any 

additional co-solvent, and slowly decreased its dissolution capacity as more 

DMSO was added. When comparing the molar ratio view, interestingly, 

[emim][OAc]/DMSO slowly increased its capacity and peaked at a much lower 

AGU:IL ratio (ca 0.7 mol AGU:IL) than [P8881][OAc] (ca 1.1 mol AGU:IL), after 

which the dissolution capacity dropped off sharply. This data was originally 

presented in Publication 1. 

 

The cellulose dissolution capacity of a wider range of [PRRRR][OAc] and DMSO 

electrolytes was thereafter studied. Some of this data is presented in 

Publication 4, Publication 3 and reported in the current thesis. Two 

structural series are presented – one based on [P444R][OAc] (Figure 34, 

Figure 35) where R=1,4,14 and one based on [P888R] (Figure 36, Figure 

38) where R=1,8,14). When looking at the ”wt% view” of dissolution with both 

[P4444][OAc]/DMSO and [P4441][OAc]/DMSO show a sharp increase to a 

maximum at ca. 30 wt% DMSO and a linear decrease in dissolution capacity 

to 100 wt% DMSO. [P14444][OAc]/DMSO shows a similarly shaped diagram 

but has considerably less dissolution capacity over the whole range. It is 

important to note at this point that the following dissolution data is conducted 

at a maximum of 120oC. This is because, at lower temperatures, 

[P4444][OAc]/DMSO and [P4441][OAc]/DMSO display ”Upper Critical Solution 

Temperature” behaviour, where the cellulose is only soluble above certain 

temperatures. This did not occur for the [P888R] structural series. This 
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behaviour is outlined in more detail in Chapter 4.4 “Thermo-responsive 

phase behaviour”. 

 

 
Figure 34: Saturation point of Cellulose (MCC) in [P444R][OAc] and DMSO mixtures where R=1,4,14 
(adapted from[37] and this thesis) 

 

Although this “wt% view” is important to consider the application of these 

ionic liquid mixtures, it is more useful to consider the molar dissolution ratio 

(AGU:IL ratio) to gain an understanding of what may be happening at the 

molecular level. For the [P444R][OAc] series, this is presented in Figure 35. 

  
Figure 35: Saturation point of Cellulose (MCC) in [P444R][OAc] and DMSO mixtures where R=1,4,14 -  
AGU:IL ratio (reported in Publication 3 and this thesis) 
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Like [P8881][OAc], the electrolyte mixtures have a very high molar dissolution 

capacity, especially [P4444][OAc]/DMSO and [P4441][OAc]/DMSO. 

Interestingly, [P4444][OAc]/DMSO has a higher molar dissolution capacity in 

the higher DMSO concentration range than [P4441][OAc]/DMSO, reaching 

around 0.9 mol AGU:IL at around 80wt% of DMSO compared to 

[P4441][OAc]/DMSO which reaches its maximum around 0.8 mol AGU:IL with 

60wt% of DMSO. It is clear, as with [P8881][OAc], that it appears that cellulose 

dissolution is possible with almost one, or less than one hydroxyl being bound 

by a mole of ionic liquid. In general, all the solutions increase their initial 

dissolution capacity with the introduction of the molecular co-solvent, before 

a period of relative stability after which there is a large drop-off in the 

dissolution capacity when the solution becomes too dilute.  This corresponds 

to the point where the hydrogen bonding ability of the solvent is lost due to the 

extreme dilution of the ionic liquid, being unable to form enough hydrogen 

bonds to cellulose for effective solvation. This is corroborated by NMR 

chemical shift data in Chapter 4.2. 

 

The dissolution of cellulose (MCC) in the more hydrophobic (longer alkyl 

chain) phosphonium ionic liquids is presented in Figure 36 (wt%) and 

Figure 38 (AGU:IL ratio). Again, the same trend in cellulose saturation is 

observed for all the ionic liquids with respect to DMSO. In Figure 36, we can 

see the effect of the increase in the R chain length on the dissolution of 

cellulose – as the alkyl chain length increases, cellulose dissolution drops 

dramatically. This is also true when comparing the molar dissolution ratio 

(Figure 38). In contrast to the [P444N]+ series, the AGU:IL ratio changes much 

more drastically with an increase in chain length, with a +13 change in the 

alkyl chain length, from [P4441][OAc] to [P14444][OAc], for example, going from 

>1 mol AGU:IL to  > 0.6 mol AGU:IL, whilst [P8881][OAc] to [P14888][OAc] 

changes from >1 mol AGU:IL to < 0.3  mol AGU:IL. It is also interesting that 

[P8881][OAc]/point at its maximum saturation point, dissolves more cellulose 

in the molar sense (ca. 1.1 mol AGU:IL compared to 0.8 - 0.9 mol AGU:IL) 

than the ionic liquids with smaller cations, which may be contradictory to what 
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is usually expected. As in, it is usually understood that larger cations are less 

beneficial for cellulose dissolution, and when looking at a simple wt% view of 

the dissolution, it can certainly appear that way, when the wt% saturation 

point drops as a function of cation size. This discrepancy between the trend of 

the wt% view of cellulose dissolution versus the molar ratio view is illustrated 

in Figure 37 and. 

 

  
Figure 36: Saturation point of Cellulose (MCC) in [P888R][OAc] and DMSO mixtures where R=1,8,14 



 

73 

 
Figure 38: Saturation point of Cellulose (MCC) in [P888R][OAc] and DMSO mixtures where R=1,8,14 -  
AGU:IL ratio 

To examine the effect of the cation in more detail, it is useful to compare the 

maximum “saturation point” in relation to the size of the cation. The 

hypothesis, as set out in Publication 1¸is that cellulose, as an amphiphilic 

polymer, should be more soluble in solvents which are more amphiphilic, and 

interact with both the polar (equatorial hydroxyls) and non-polar (axial 

hydrogens) domains of cellulose. Thus, a degree of hydrophobic character in 

the solvent should be beneficial, to provide favourable interactions via 

Figure 37: Molar Dissolution Maximum Dmaxa of [PRRRR]OAc]/DMSO (200 Å3 >) and 
[emim][OAc]/DMSO electrolytes ratio versus predicted cation Van der Waals volume, 
data collected from all publications and this thesis. a)maximum dissolution capacity of 
solvent as AGU:IL ratio, independent of DMSO concentration. 
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dispersion forces with this part of cellulose. This is suggested in recent 

computational publications to be a significant factor[77,117]. This could explain 

the reason why initially, an increase in cation size leads to a greater molar 

(AGU:IL) cellulose dissolution capacity, as illustrated in Figure 37. Cation 

sizes were calculated by ab-initio methods and by interpolation from this data 

(see Table 4: Ionic liquids and electrolyte mixtures with DMSO and their 

Kamlet-Taft Parameters). After the point around 1 mol AGU:IL or < 0.33 ions 

per cellulose hydroxyl, which coincides with the ionic liquid [P8881][OAc], 

cellulose dissolution drops drastically with cation size. As the cation becomes 

too big it then becomes a hindrance, in a way, by “diluting” the concentration 

of hydrogen-bond breaking anions able to bond to cellulose per unit area in 

the first solvation shell. The question remains how cellulose is able to be 

dissolved when it appears that there is only one ion per anhydroglucose unit. 

This is most likely a combination of two factors: 

 

1. As cation size increases, a greater number of the hydrogen bonds become 

shared, bridging hydrogen bonds between the acetate anion and cellulose 

hydroxyls.[77] 

2. As less anions become available for hydrogen bonding in the first solvation 

shell, cellulose intra-molecular hydrogen bonds reform between H3 and H2 

and only H6 is solvated by the anion.[118] 

 

Limited evidence, at least for the first case, is presented in the Chapter 

“Investigating the Dissolution of Cellulose with Solution-State 

Proton NMR”. 

Different Molecular Solvents and Their Effect on Cellulose Dissolution 
 

Much of the work in this thesis focuses upon the combination of the 

phosphonium ionic liquids with DMSO. However, other molecular solvents 

were tested for their ability to act as co-solvents with ionic liquids for the 

dissolution of cellulose. In Publication 1, a number of molecular solvents 

were screened for their ability to dissolve cellulose (5 wt% MCC) where it was 
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found that DMI, DMPU and dioxane were also effective co-solvents with 

[P8881][OAc]. Oddly, some polar aprotic solvents such as DMA, DMF and TMU 

which have been shown to work with other ionic liquids, and more recently 

with similar phosphonium ionic liquids (see Figure 44 in the later chapter) 

were not found to be effective. In Publication 3 it is shown that gamma-

valerolactone (GVL), DMA and acetone can be used as co-solvents with 

[P4441][OAc] when heating past the upper critical solution temperature, 

dissolving up to 14, 10 and 2 wt% respectively, with 40 wt% of the molecular 

solvent. GVL, as a fairly “green” solvent synthesised via levulinic acid from 

biomass was explored further in Publication 3 as a replacement for DMSO, 

which has some disadvantages as it is a biological permeator. GVL dissolves 

less cellulose with [P4441][OAc] over the whole concentration range when 

compared to DMSO (Figure 61) rising to a maximum of ca. 15wt% (Enocell 

PHK) at 30wt% of GVL, compared to around 22 wt% dissolution for DMSO. 

 

GVL was also combined with two other ionic liquids: [DBNH][OAc] and 

[emim][OAc] to compare the effect to that of DMSO and the difference of the 

co-solvent effect to [P4441][OAc]. It was found that GVL acts somewhat as an 

“anti-solvent” for cellulose dissolution with [DBNH][OAc], as the saturation 

point drops quite significantly with increasing GVL concentration and the 

dissolution ability disappears around 50 wt% GVL. This was suggested in 

Publication 3 to be a result of the strong hydrogen bond acidity of GVL 

compared to the other ionic liquids, resulting in hydrogen-bonding to the ionic 

liquid anion. However, with [emim][OAc] we see a very similar trend to the 

one observed with DMSO, suggesting that GVL is acting more like a co-solvent 

in this case. Furthermore, considering the molar dissolution metric (Figure 

39), we actually see that cellulose dissolution capacity increases slightly as the 

amount of GVL increases, meaning that GVL has a beneficial effect upon 

dissolution in an energetic sense. 
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Figure 39: Dissolution of cellulose, saturation point in wt% (Enocell PHK) with [emim][OAc] (orange) 
and [DBNH][OAc] (black) 

 
Like with the other electrolyte solutions studied, a look at the dissolution 

capacity as a molar ratio can offer some new insights into the dissolution of 

cellulose. Figure 40 displays the AGU:IL ratio as a function of the molar 

fraction of ionic liquid, compared to DMSO. A few pieces of information can 

be gained from this. First, the presence of any co-solvent at all with 

imidazolium and phosphonium acetate ILs allows an extremely high molar 

dissolution capacity, way higher than the neat solutions. Second, GVL as a co-

solvent is much less effective than DMSO for [P4441][OAc]. The fact that GVL 

introduces an upper critical solution temperature (UCST)-type phase 

behaviour (thermo-responsive phase-separation) for [DBNH][OAc]  and 

[emim][OAc] means that although it is a somewhat effective co-solvent, in an 

thermodynamic sense it is a “worse” solvent than DMSO. This behaviour is 

explained in more detail in Chapter 4.4. It can also been seen more clearly 

that dissolution capacity of [DBNH][OAc] disappears when the molar fraction 

xIL:GVL is 0.5, which is strong evidence that some kind of 1:1 complex is 

forming between the ionic liquid and GVL which prevents cellulose 

dissolution. Lastly, most of the solutions apart from [DBNH][OAc]/GVL, like 

the other electrolyte solutions described previously, can also be dissolved with 

less than 3 mols of ionic per AGU or 1 ion per hydroxyl. 
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Figure 40: Molar dissolution with various ionic liquid and co-solvent combinations, saturation point in 
AGU:IL ration, showing approx. number of ions in the first solvation shell, based on the dissolution data. 
* Pictorial representation of molar ratios of ionic liquid, molecular solvent and AGU at point marked “*” 

Kamlet-Taft Solvent Parameters 
 
The Kamlet-Taft[119,120] solvochromatic solvent parameters of some of the ionic 

liquids and ionic liquid electrolytes were presented in Publication 1 and 3. 

By monitoring the wavelength shift of UV active dyes we can find out 

information on the solvent environment of the dyes and determine parameters 

relating to the polarity (ET30), dipolarity/polarizability (π*), hydrogen bond 

basicity (β) and hydrogen bond acidity (α) which are based on Linear Solvation 

Energy Relationships.  It is important to note, that all such scales of solvent 

“polarity” are relative and based on arbitrary scales, and do not correspond to 

any real physical phenomena and can vary based on the dyes used. In this 

sense, the values that were determined and calculated in this thesis should 

only be used in a relative and descriptive sense, rather than being used to 

compare other classes of solvent and ionic liquid solutions. Additionally, there 

is some speculation[121] about the preferential solvation of the dye probes by 

ionic liquids which may compound this problem.  

 

An example set of spectra from each of the three dyes, RD: Reichardt’s Dye, 

DENA: N,N-diethylnitroaniline, NA: 4-nitroaniline is presented in Figure 41. 

The wavelength value used for calculations is λmax being the peak with the 
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largest wavelength maximum. Polynomial fitting was used to get an accurate 

λmax value. 

 

 
Figure 41: UV-VIS Spectra, Kamlet-Taft Dyes RD: Reichardt’s Dye, DENA: N,N-diethylnitroaniline, 
NA: 4-nitroaniline 

 
In Publication 1 the Kamlet-Taft parameters of a range of phosphonium 

ionic liquids, both acetate and chloride with and without DMSO were 

measured. This data is shown in Table 4. 
 

Table 4: Ionic liquids and electrolyte mixtures with DMSO and their Kamlet-Taft Parameters 

Solvent/cation ET(30)[a] π* α β β–α 

[emim][OAc] 50.1 1.01 0.5 1.09 0.59 

[P8881][OAc] 45 0.8 0.25 1.36 1.11 

[P8881][OAc]/DMSO 40 wt % 45.4 0.98 0.21 1.25 1.04 

[P8881][OAc]/DMSO 80 wt % 45.4 0.98 0.18 0.92 0.74 

DMSO – 1 0 0.76 0.76 

[P14666]Cl 43.6 0.86 0.18 1.36 1.18 

[P14666]Cl/DMSO 40 wt % 44.8 0.93 0.21 1.04 0.83 

[P14666][OAc] 43.4 0.88 0.15 1.37 1.21 

[P14666][OAc]/DMSO 40 wt % 44.6 0.96 0.17 1.36 1.19 
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The initial conclusions from this data was that the Kamlet-Taft β parameter 

had little bearing on the cellulose dissolution capability of the ionic liquids or 

electrolyte mixture, as has previously been suggested to be the main criteria. 

The chloride ionic liquids, which did not dissolve cellulose, have strong 

hydrogen-bond basicity, which suggests that they are able to break the 

hydrogen bonds of cellulose, but did not dissolve cellulose in practise. 

Phosphonium acetate ionic liquids, on the other hand, had a high β value yet 

did dissolve cellulose. Another interesting finding was that the neat ionic 

liquids also had high β values yet did not dissolve cellulose. It is apparent that 

other factors are more important. Cation size was the main factor suggested 

for the insolubility of cellulose in the neat ionic liquids, and as can be seen in 

Publication 1 the size of the phosphonium cations are orders bigger than, for 

example, [emim][OAc]. Optimised cation sizes were calculated by ab-initio 

methods[37]. The bulky size of the cation prevents intercalation of the cation 

between the cellulose chains and hinders cation-anion separation by which the 

anion is able to hydrogen-bond to the cellulose hydroxyl. It was suggested that 

the addition of a polar-aprotic co-solvent improves the separation of the ion 

pair. 

 

In Publication 3 the Kamlet-Taft parameters over a concentration range of 

the ionic liquid [P4441][OAc] and two molecular solvents: GVL (Figure 42), 

and DMSO (Figure 43) was measured, in addition to some single 

concentrations (40wt%) of other molecular solvents (Figure 44). 

 

  
Figure 42: Kamlet-Taft parameters of [P4441][OAc]/GVL versus GVL concentration 
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In general, for both [P4441][OAc]/GVL and [P4441][OAc]/DMSO we see a steady 

but slight decrease in the β value with increasing concentration of the 

molecular solvent, with a greater decrease for DMSO and a very slight decrease 

in the α value. This matches the general trend observed in Table 4. 

Interestingly, π* decreases slightly for GVL and increases slightly with DMSO, 

as the electrolyte becomes approaches the composition of the pure molecular 

solvent. A large drop-off of the β value is seen for both solutions above ca. 

80wt% molecular solvent which corresponds roughly to the region in which 

the cellulose saturation point falls and the chemical shift of cellulose changes 

rapidly in 1H NMR (see Chapter “Investigating the Dissolution of 

Cellulose with Solution-State Proton NMR”) Although DMSO and 

[P4441][OAc] dissolves more cellulose, the β value for GVL actually maintains 

a higher value and thus the hydrogen-bond basicity is not the sole factor in the 

efficacy of the cellulose solvent. Another important parameter is π* or 

polarizability/dipolarity of the molecular solvent (the π* values for the ionic 

liquids studied and ionic liquids in general do not change much) in particular, 

as the most effective molecular co-solvents should be the ones which are most 

easily able to solvate the ionic liquid anion and cation without H-bond 

donation from the molecular solvent. Due to the high dipolarity of the ionic 

liquids themselves, the molecular co-solvent must be highly dipolar to ensure 

maximum solvation and thus ion pair separation. From Figure 44 we can 

actually see that this parameter, either as the electrolyte mixture or the 

original molecular solvent is a good predictor of the cellulose saturation point, 

when the concentration of the molecular solvent is similar and the other 

parameters are kept relatively constant. However, this results should be seen 

as tentative as only 4 molecular solvents were evaluated – the correlation 

between π* of the molecular solvent would make for an interesting expanded 

study on the dissolution of cellulose in organic electrolytes. 
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Figure 43: Kamlet-Taft parameters of [P4441][OAc]/DMSO versus DMSO concentration 

 
 
Figure 44: Kamlet-Taft π* value of IL molecular solvents electrolytes versus their cellulose saturation 
point 

Investigating the Dissolution of Cellulose with Solution-State Proton 
NMR 
 

As outlined in the introduction, NMR is a popular tool to probe the cellulose 

dissolution mechanism in non-derivatizing solvents, including ionic liquids, 

and other electrolyte solvents such as DMA/LiCL. The advances in the NMR 

analysis of cellulose outlined in Chapter 4.5 allowed for the chemical shift of 

cellulose protons in the 1H spectrum to be tracked as a function of 

concentration (of the added cellulose solute or  molecular solvent 

concentration). These studies were undertaken with [P4444][OAc] with D6-
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DMSO. Since hydrogen bonding should affect the shielding of an atom, and 

thus the NMR chemical shift, we can infer something about the hydrogen 

bonding situation in a sample. A strongly hydrogen-bonded hydrogen atom 

would be more de-shielded and thus would appear further downfield. 

 
Figure 45: NMR Experiments as related to the "dissolution" phase diagram of [P4444][OAc]/DMSO and 
MCC 

 

In the first case (Figure 46, Figure 47 and Figure 49) the ratio of cellulose 

to ionic liquid was changed whilst the ratio of ionic liquid to DMSO was kept 

constant (Series 1). This was outside the UCST region. In the second case 

(Figure 50) the ratio of cellulose to DMSO was changed and the ratio of ionic 

liquid to cellulose was kept constant at 0.6 AGU:IL (Series 2) but was diluted 

with further DMSO where there was no UCST behaviour. The spectra were 

referenced with respect to D6-DMSO.  
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Figure 46: 1H Chemical Shift of the 3 Cellulose Hydroxyl protons (from top to bottom, Black: C2-OH, 
Red: C2-OH, Green:C6-OH) as assigned in[118] Referenced to D6-DMSO. (Series 1). Grey dotted line = 
0.33 mol AGU:IL (one IL per hydroxyl) 

 
Figure 47: 1H Chemical Shift, IL protons, terminal methyl and alpha-CH2. Referenced to D6-DMSO. 
(Series 1) 

The main findings of these studies were the following: 

 

a) The chemical shift of the methyl DMSO does not change significantly 

(Figure 48) or consistently with any change in cellulose concentration, 

suggesting there is no hydrogen-bonding between DMSO and cellulose 

or the IL anion and that DMSO plays a passive role at least in the 

hydrogen bonding of the cellulose solute, likely that it solvates the 

cation (as with LiCL/DMSO see introduction). 

b) The cellulose hydroxyls proton chemical shifts initially shift downfield, 

suggesting an increase in the number or strength of the hydrogen 

bonds, then decreases steadily after the approximate region 
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AGU:IL=0.3-0.4 (where there is one mol of ionic liquid per hydroxyl) 

until AGU:IL = 1, indicating a decrease in the number or strength of 

hydrogen bonds for each cellulose hydroxyl (Figure 46). This is 

tentative evidence that the theories discussed earlier (Chapter 4.2), 

being that shared, bridging hydrogen bonds are formed when the 

AGU:IL ratio is > 0.33 is more likely. It appears from this data, that this 

is the more likely scenario than only the C6 hydroxyl being bound – 

as can be seen in (Figure 46), the chemical shift of each hydroxyl 

changes by the same amount and displays the same trend – suggesting 

that whatever is causing the chemical shifts is acting on all the cellulose 

hydroxyls.  

c) The acetate anion carbonyl carbon moves downfield with an increase in 

cellulose concentration (Figure 49) indicating a decrease in 

shielding/electron density, matching previous results with cellobiose 

and [emim][OAc][76], so it is likely that the acetate anion is the main 

hydrogen bonding-accepting species. Thus, overall the hydrogen 

bonding effect to the hydroxyls is reduced while the hydrogen bonding 

effect to individual acetate anions is increasing. 

d) The chemical shift of other ionic liquid protons do not change 

significantly (compared to the hydroxyls) with the change in cellulose 

concentration or DMSO concentration, however, a slightly downfield 

shift can be seen with the terminal methyl groups in the ionic liquid. 

This is currently unexplained. (Figure 47). 

e) With increasing DMSO concentration, we see a steady upfield shift in 

the cellulose hydroxyls protons and then a large, sudden shift upfield 

for all the hydroxyls in the 80-90 wt% DMSO region, which 

corresponds to the region where cellulose dissolution capability drops 

off rapidly and the α and β Kamlet-Taft solvent parameters return to 

those of the pure molecular solvent (Figure 50). 
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Figure 48: 13C Chemical shift of DMSO methyl carbon, versus AGU:IL ratio. Unreferenced. (Series 1) 

 
Figure 49: 13C Chemical shift of carbonyl carbon from acetate ion, versus mol AGU:IL ratio. Referenced 
to D6-DMSO. (Series 1) 

 

Figure 50: 1H Chemical Shift of Hydroxyl Protons, versus DMSO concentration where AGU:IL = 0.6 
(Series 2) 
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4.3 Phase Equilibria and Recovery from Water, 
Recycling 

Phase Equilibria and Ternary Phase Diagrams 
     
Phosphonium ionic liquid electrolytes were studied, in part due to the 

hydrophobic quality of the longer chain analogues (i.e. [P888N][OAc] where 

N=1 to 14). This was significant as the lack of fully-realised recycling concepts 

– the “recyclability gap” for ionic liquids, was apparent. The ability to phase-

separate the ionic liquid portion (the most expensive component) from water 

is one such concept. The main targeted application, for the most part, was the 

spinning of regenerated fibres via a Lyocell like process. In this process, a 

cellulose-dope is spun into a bath of water, after which the solvent must be 

recovered. If we can do this by phase-separation, then we may be able to save 

energy.  

Figure 51: Ternary Phase Diagram, Showing Correlated Tie-Lines and Binodal Curve and line (a) 
demonstrating a typical path of cellulose regeneration using water 

 

A complete understanding of the phase-separation of the ternary system was 

sought – that is, the mixture of ionic-liquid, DMSO and water that represents 
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a model of the state of the mixture after cellulose dissolution and regeneration 

with water. First, in Publication 1, the phase-equilibria of [P8881][OAc] was 

investigated, since it was synthesised on a large scale and the dissolution 

capability of the electrolyte was explored in detail. NMR was used to measure 

the phase compositions. After constructing a binodal curve from cloud point 

titration samples, and the construction of tie-lines from the NMR data, the 

binodal curve and tie-lines were correlated using some simple equations 

(Othmer-Tobias and Hand equations were used, mostly depreciated when 

compared to UNIQUAC and similar correlations but may be useful as a 

qualitative tool) and used to construct a ternary phase diagram (Figure 51). 

 
Figure 52: Ternary Phase Diagram, [P8888][OAc], DMSO and Water 

 

In Publication 4¸the phase equilibria of two of the more hydrophobic ionic 

liquid based ternary systems was explored - [P8888][OAc] (Figure 52) and 

[P14888][OAc] (Figure 53), using GC to measure the phase compositions. This 

was done by integrating the signals for the volatile water and DMSO and 

subtracting to find the weight of the ionic liquid. Compared to the NMR 

method, this method was much more accurate with a small margin of error. 
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The main finding here was that the ternary phase systems, when compared to 

[P8881][OAc], had a much larger 2-phase region and only a very small amount 

of ionic liquid was soluble in the aqueous phase for both ionic liquids. 

[P14888][OAc] had a slightly larger 2 phase region, and almost no solubility in 

the aqueous phase. All these experiments were carried out at room 

temperature 298.2 K, so in this case the effect of temperature was not studied. 

 
Figure 53: Ternary Phase Diagram, [P14888][OAc], DMSO and Water 

 
The accurate tie-line data can be used to make more observations on the 

behaviour of the ternary system. We can arrive at a “Distribution Constant” for 

the solute, which i this case we have defined as DMSO, between the 2 phases 

(ionic liquid and water): 

 

    Equation (1) 

 
 

The distribution coefficient was calculated for both ternary systems and is 

presented in (Figure 54). The values, all being greater than unity (> 1) suggest 
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that DMSO is extracted into the aqueous phase. Furthermore, both show a 

much larger distribution into the aqueous phase at low DMSO concentrations, 

increasing the distribution constant as the weight fraction of DMSO decreases. 

 
Figure 54: Distribution Coefficient βDMSO of DMSO between the IL rich and aqueous phases. 

 

The implication of this is that in any process, DMSO may be recovered by 

washing into the aqueous phase, and that the minimum amount of DMSO for 

any task, such as dissolving cellulose, should be used for maximum efficiency. 

As seen from the phase diagrams, the partitioning of the ionic liquid and 

aqueous phases is strong, with little ionic liquid being soluble in the aqueous 

phase for [P8888][OAc] and [P14888][OAc], but [P8881][OAc] in comparison only 

appears to have a partial range of solubility. In all the ionic liquid ternary 

systems studied, an amount of water is soluble in the ionic liquid phase, 

typically >10 wt%. As cellulose dissolution is hampered by the addition of 

water this is a clear limitation when it comes to the energy savings of the 

recycling technique as this water will still need to be removed by evaporation. 

Application: Large Scale Regeneration-Recovery Experiments 
 

The phase-separation recycling was applied to larger scale experiments where 

cellulose was dissolved, regenerated with water or an aqueous solution and the 

ionic liquid recovered by phase-separation. In Publication 1, a scaled up 
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process was demonstrated with [P8881][OAc], using aqueous salt solutions of 

NaOAc as the anti-solvent and in Publication 4 using [P8888][OAc] and pure 

water as the anti-solvent.  

 

 
 

Figure 55: Demonstration of Cellulose Dissolution, Phase Separation with [P8881][OAc]/DMSO and 
NaOAc(aq). Dissolution in a solution containing 60 wt% IL and 40 wt% DMSO. 

 
In the first case, as demonstrated in the last chapter, the ionic liquid was found 

to be only “partially” miscible within a certain region, and above a certain 

water concentration became miscible. To increase the recovery of the ionic 

liquid component in these solutions, we found the addition of kosmotropic 

salts (salts which cause a “salting-out” behaviour) enhanced recovery due to 

the salting-out effect. This was possible with salts such as Sodium or 

Potassium Acetate, matching the anion to the ionic liquid. Figure 56 

demonstrates the effect of a 10% NaOAc aqueous solution on the ‘theoretical’ 

recovery of ionic liquid from a solution containing 40wt% DMSO, 60wt% IL. 

The theoretical recovery is generated from the correlated phase diagram, 

where line (a) matches line (a) in Figure 51 (showing the recovery of the 

40wt% DMSO solution). The recovery of the salted out ionic liquid was 

estimated by using NMR to sample the phase composition, as was used to 

generate the tie-lines for the phase-diagram. 
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Figure 56: Theoretical Recovery, from one phase separation, in a range of DMSO concentrations, 
showing the effect of the addition of an aqueous salt of the same anion as the ionic liquid (NaOAc) 

 
In the scaled-up dissolution, regeneration, and recovery experiment of 

[P8881][OAc]/DMSO, the total recovery of the ionic liquid from the ionic liquid 

phase (by phase separation) and cellulose phases (after washing with water 

and ethanol) was 74.4%, the rest, 21.7%, was recovered from the aqueous 

phase. As regards the precipitated cellulose, infra-red spectra showed the lack 

of ionic liquid on the surface (after vigorous washing) and the cellulose was 

found to convert to the Cellulose II polymorph, as determined by XRD 

(Figure 57). 

 

 
Figure 57: XRD, Regenerated Cellulose and MCC 

An idealised process scheme, demonstrating the recycling experiment carried 

out in Publication 4, with [P8888][OAc]/DMSO, is presented in Figure 58. 
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Figure 58: Phase-Separation recycling scheme for bulk precipitation of cellulose from hydrophobic 
phosphonium ionic liquid-based DMSO electrolytes, with water. 

 
In this experiment, cellulose was precipitated in bulk, aided by mechanical 

stirring, and centrifuged to separate the phases. The total recovery of the ionic 

liquid, after phase separation of the ionic liquid and aqueous phase, and 

washing of the cellulose precipitate, was 97 wt%.  A large amount of the ionic 

liquid, 30 wt% was absorbed into the cellulose precipitate and could only be 

removed by washing separately with an organic solvent, ethanol. The 

applicability of this technique is likely to depend on the process, in this case 

precipitation as a fibril rather than a large mass may allow for easier washing 

out of ionic liquid component. In contrast to [P8881][OAc]/DMSO, the 
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advantages of this scheme is that pure water may be used as the cellulose anti-

solvent whilst maintaining good recovery of the ionic liquid. Some drawbacks 

are that emulsions form, especially when saturated with cellulose and water is 

added, making the phase-separation process more difficult. However, this 

could be exploited in the future, to make regenerated cellulose with some kind 

of particle morphology. 

4.4 Thermo-responsive phase behaviour of Cellulose 

The upper critical solution temperature (UCST)-type phase behaviour of 

cellulose in shorter chain (i.e. [P444R][OAc] homologous series) phosphonium 

ionic liquids and molecular solvent “electrolytes” was set out in Publication 

3. During the investigation into the dissolution behaviour of the shorter-chain 

ionic liquids, some of which is presented in Chapter 4.2, it was discovered 

that [P4441][OAc] and [P4444][OAc] with DMSO and GVL only dissolved 

cellulose when heated to high (ca 120oC) temperatures. Upon cooling, the 

isotropic, clear “solutions” turned cloudy indicating re-precipitation of the 

cellulose solute. 

 

     (Equation 2) 

 

 Upper critical solution temperature, and its inverse, a lower critical solution 

temperature, is a well-known phenomenon for many polymers. For an upper 

critical solution temperature, the solvent moves from the state of being a 

“poor” solvent, in a thermodynamic sense, to a “good” solvent, in a 

thermodynamic sense, with an increase in temperature. Making reference to 

classical Flory-Huggins polymer solvation theories, in a poor solvent polymer-

polymer interactions dominate and in a good solvent, polymer-solvent 

interactions dominate. The solution will move through the so called “Theta 

Point” or temperature θ, where the excluded volume interactions (which cause 

a polymer to expand) are cancelled out and the polymer acts like an ideal 

chain. At this point the excess chemical potential of mixing is zero. Where we 

have an upper critical solution temperature¸ the Gibbs free energy of mixing 
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(Equation 2) becomes negative with a temperature increase and we see 

spontaneous mixing. The enthalpy of mixing  is thus endothermic or 

positive in the poor solvent state and the increase in T is the factor making the 

process spontaneous. A DSC thermogram of a concentrated solution (20 wt%) 

of cellulose in [P4441][OAc]/DMSO displays a clear endotherm upon mixing 

and exotherm upon demixing (Figure 59). This endothermic transition was 

repeatable for many of the samples studied when the sample was “pre-

dissolved”, that is, heated to a high temperature in a vial and allowed to cool 

and regenerate in solution, prior to DSC analysis. However, further studying 

seemed to indicate a “two-step” dissolution process when cellulose was 

allowed to “dissolve” from the crystalline starting material (dispersed in the 

solvent) in the DSC pan itself. When studying 12 wt% solutions of MCC in 

[P4441][OAc]/GVL (30wt%) we can see this “two-step” dissolution process, 

whereby the first step is exothermic and the second step (the next heating cycle 

after the sample is cooled) is the endothermic transition, corresponding to the 

UCST-type phase transition or sol-gel transition. This second step is 

repeatable upon subsequent heating cycles. The first exothermic transition is 

not observed when heating the “pre-dissolved” samples. Although the source 

of the initial exotherm is unclear, since it is not repeatable in subsequent runs, 

it is assumed to correspond to the initial swelling and penetration of the fibres, 

and the breaking up of the crystalline regions. Observing this behaviour with 

[P4441][OAc]/DMSO is harder, as, being a better solvent than 

[P4441][OAc]/GVL,  it is likely that this “pre-dissolution” step is happening 

before the sample is transferred to the DSC. Thus, more work is needed in the 

future to definitively capture the pre-dissolution step with the DMSO 

electrolytes. 

 

The UCST-type phase behaviour has never previously been seen with pure 

cellulose in solution, only certain cellulose (acetate) derivatives in organic 

solvents such as acetone and butanone. However, the inverse, an LCST-type 

phase transition has been seen before with cellulose in aqueous hydroxide 

solvents[51], where lower temperature are needed for spontaneous dissolution. 

Temperature induced conformational changes are said to be the cause of 
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this[36], where the lower temperature conformation of cellulose in water is 

more polar thus having more favourable interactions with the solvent. 

 

 
 

Figure 59: DSC thermogram showing heating and cooling of a solution of [P4441][OAc]/ 20wt % DMSO, 
20 wt% cellulose displaying a clear endotherm on mixing 

 

 
 

Figure 60: DSC thermogram [P4441][OAc]/30wt% GVL, 12wt% MCC. Showing exothermic “pre-
dissolution” step (Heating Run 1, Blue Line) and UCST-type or sol-gel transition (Heating Run 2, Red 
Line) 

 
With [P4441][OAc] and DMSO, GVL we see a limited concentration region 

where the UCST behaviour occurs. The reason for this, and the existence of the 

UCST to begin with, is that in the neat form (without the molecular solvent) 

and low temperature state, [P4441][OAc] is a poor solvent. This is likely due to 

a few factors: a) The cation is still bulky, and anion-cation separation is still a 

factor, but they are not as hydrophobic as the [P888R]+ series cations (which do 
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not display a UCST-type phase transition) which likely provide some of the 

favourable interaction with the hydrophobic domain of cellulose via 

dispersion interactions b) lack of acidic hydrogen, which has been shown[78,92] 

to contribute to cellulose dissolution favourably, and c) addition of a molecular 

co-solvent actually has an effect on the dissolution enthalpy, and at certain 

concentrations enables the  to be negative, due to increased anion-cation 

pair separation and thus an increase in favourable interactions between the 

‘freed’ anions and cations and the cellulose solute. 

 

 
 

Figure 61: Dissolution diagram showing approximate UCST region based on visual observation and 
Rheology as well as a microscope image showing spherical morphology below the UCST at the indicated 
concentration 

 
In this case of [P4441][OAc]/DMSO when cool, the solutions formed spherical 

micro-scale aggregates which could be observed by optical microscopy 

(Figure 62). The size and shape of the aggregated cellulose phase was 

influenced by the cooling rate with fast cooling leading to a more homogenous 

range of small particles (average of 5.2 μm) and a longer period of room-

temperature cooling leading to larger aggregates (average of 16μm) forming a 

homogenous range of smaller (ca. 1-2 μm on average). This behaviour would 

be very interesting to study in the future to form smaller spherical scale 
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particles, for example, on the nano-scale by exploiting some form of colloidal 

stabilisation or chemical cross-linking. 

 
Figure 62: Microscopy of cellulose spherical aggregates in the poor solvent state, below the UCST. 
5wt% MCC in a solution of 30 wt% DMSO, 70wt% [P4441][OAc] A) Undissolved  B) regenerated cellulose 
after heating to 120oC and cooling rapidly in an ice bath and fridge (with 20x zoom) C) with 40x zoom D) 
after heating to 120oC and cooling slowly to room temperature (with 40x zoom) E) (with 20x zoom) 

 
Rheometry (using a spinning cone and plate rheometer) was used to 

determinate the sol-gel transition temperature and study the shear properties 

of the solution in relation to the temperature change, i.e. the response of the 

solution to an applied ‘shearing’ force. From the measurements we can obtain 

the complex viscosity and the dynamic modulus (ratio of stress to strain), 

which is composed of the storage (representing the stored energy or the elastic 

properties) and loss modulus (representing the energy lost as heat or the 

viscous properties). The transition from the solid state to the gel (the sol-gel 

transition) state should correlate to the actual upper critical solution 

temperature seen with the cellulose solutions. This point can be determined in 

many ways but in this case the crossover point of the storage and the loss 

modulus was used (Figure 63). 
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From this, we can confirm what is seen visually, which is that the phase-

transition temperature decreases (seemingly linearly) as a function of GVL 

concentration up until around 50wt% where the UCST-type phase behaviour 

disappears (Figure 64) and that the phase-transition temperature increases 

when the cellulose concentration is increased (Figure 65). 

 

 
Figure 63: Cross-over of storage and loss modulus indicating a transition from a solid to a gel 

 

 
 

Figure 64: Sol-Gel Transition temperature versus GVL concentration with 9 wt% Cellulose (Enocell 
PHK) 
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Figure 65: Sol-Gel transition temperature versus cellulose concentration, with 30 wt% GVL 

 
One of the predicted applications of this UCST-type phase behaviour was that 

it could be used to enhance the spinning of regenerated cellulose fibres by 

somehow being used to “regenerate” the cellulose by controlling a temperature 

in a process analogous to “melt spinning”. To do this, we need to ensure that 

the cellulose solutions do not become super-cooled and the transition is not 

“kinetically hampered” and goes through the phase transition point in a 

similar range when heating and cooling. The required behaviour was seen for 

solutions of 9 wt% cellulose pulp in the UCST region. Upon cooling, the 

solutions increase the viscosity quickly (Figure 66) which should be the key 

property to enable this sort of “melt” processing or spinning. This approximate 

“melt processing” region has been marked on Figure 64 and Figure 65. 

 

There are still many questions regarding the specific molecular mechanism 

behind the UCST transition, even if the thermodynamic reasons are 

understood. However, it is an interesting topic for further exploration in the 

future, both for fundamental understanding of cellulose chemistry and the 

interesting applications that it may provide. 
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Figure 66: Complex Viscosity for 30, 40 and 50 wt% GVL solutions of 9 wt% cellulose 

4.5 NMR Methods for Characterisation of Lignocellulose 

 
During the course of these studies, it was found that the phosphonium-based 

ionic liquid electrolytes were excellent media for the NMR analysis of 

lignocellulose, especially high molecular weight cellulose materials. The 

reason for this is the high molar dissolution capacity of the electrolytes, in 

addition to the lack of overlapping signals in the cellulose region of the spectra. 

As a result of this, high-resolution proton and 2D spectra of very high 

molecular weight cellulose materials was possible. The next chapter sets out 

the development and usage of the technique with the ionic liquid-molecular 

solvent electrolyte [P8881][OAc]/DMSO, as outlined in Publication 2. 

 

Temperature was an important factor in the acquisition of high-quality proton 

spectra of cellulose. At low temperature, we see fast transverse (T2) relaxation 

and rather broad linewidths (Figure 67). This leads to the cellulose region of 

the spectra being rather hard to assign and without identifiable peaks. This is 

a balance between viscosity, as a result of sample concentration (a high 

concentration is needed for the 2D experiments) and the sample molecular 
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weight. All the subsequent spectra were recorded at 65oC. 

 
 
Figure 67: Effect of Temperature on Proton Spectra of Bahia Hardwood PHK a) Line Width half 
maximum at C1 attached proton, Hz, versus temp b) T2 relaxation, s, versus temp at C5 attached proton 
c) 1H spectra versus temperature[122] 
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Figure 68: MCC, TOCSY 15ms[122] 

 
For some of the lower molecular-weight samples, such as MCC, it was possible 

to assign a-priori the main resonances in cellulose from a combination of 1H, 

13C, TOCSY (short mixing 15ms. COSY was not possible due to the fast 

transverse relaxation) and HSQC spectra (Figure 68 and  

Figure 69). 

 
Figure 69: HSQC, MCC[37] 

 

 
 

Figure 70: Anomeric Region for a range of Pulp Samples showing cellulose glucopyranose C1 internal 
and ‘extra’ peaks, with their subsequent assignments[122] 
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However, apart from the major glucopyranose resonances in cellulose, other, 

smaller peaks were visible in the anomeric region (Figure 70). At first, the 

identity of these was unknown but they were eventually assigned as the chain 

end resonances in addition to residual hemicellulose sugars, such as 

mannose and xylose. For the assignment of the chain-end resonances, we can 

reference the spectra of cellobiose (assigned with a mixture of 1 and 2D 

spectra), which takes both an alpha and beta anomeric form. 

 

 
Figure 71: HSQC, Cellobiose[122] 

 

 
Figure 72: Assignment and Structure, Cellobiose[122] 
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Figure 73: Assignment and Structure, Cellulose[122] 

 
Using the assignment for cellobiose, the full structure of cellulose could now 

be assigned, including the chain-end resonances (alpha and beta reducing 

ends, and the non-reducing end). The residual hemicellulose sugars present in 

the high molecular weight pulps (kraft pulp from hardwood and sulphite pulp 

from softwood) were assigned with the aid of reference spectra from some 

hemi-cellulose models: xylan, from oat spelts, birch glucuronoxylan and 

spruce galactoglucomannan (Publication 2). 

 

 
 

Figure 74: Structure and Assignment, Galactoglucomannan[122] 
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Figure 75: Structure and assignment, Xylopyranose[122] 

 

From the 2D spectra of the hemicellulose model compounds, the main residual 

sugars in the pulp samples could be assigned. The assignment of galactose and 

mannose are given in Figure 74 and of xylose in Figure 75.  

 

The 2D HSQC spectra of four samples: low molecular weight super-critical 

water extracted cellulose, softwood sulphite pulp, hardwood PHK (pre-

hydrolysis kraft) pulp, and bacterial cellulose are presented as Figure 76 and 

Figure 77. Using the previous assignments from the cellulose chain ends and 

the residual hemicelluloses, the 2D spectra of the samples can be fully 

assigned. The novelty in this approach is that cellulose and the residual 

hemicellulose can be fully dissolved into a solution state (not simply gelling 

the cellulose material), enabling the composition of the pulps to be seen via 

NMR, which was previously a difficult task. We can see, for example, that the 

hardwood pulp contains a portion of xylan and the softwood pulp contains a 

portion of both mannan and xylan, as could be expected of cellulose from these 

wood types. 
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Figure 76: HSQC, sc-H20 extracted Cellulose, Softwood Sulfite Pulp, Anomeric and Aliphatic regions, coloured coded to show 
peak assignment groups. Gclp: (1→4)D-Glucopyranose; Xylp: (1→4)D-Xylopyranose; Manp: (1→4)D-Mannopyranose,CN: sugar 
carbon number; NRE: Non-Reducing End; RE: Reducing End; α: alpha anomer; β: beta anomer. Solvent Impurity: isopropanol  
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Figure 77: Hardwood PHK Pulp, Bacterial Cellulose, Anomeric and Aliphatic regions, coloured coded to show peak assignment 
groups. Gclp: (1→4)D-Glucopyranose; Xylp: (1→4)D-Xylopyranose; Manp: (1→4)D-Mannopyranose,CN: sugar carbon number; 
NRE: Non-Reducing End; RE 
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Estimating Degree of Polymerisation with NMR 
 
The chain-end resonances, particularly those arising from the anomeric signal 

(Figure 70) vary in intensity with the degree of polymerisation of the 

cellulose. As the chain length increases, we have a lower “concentration” of the 

end-groups in the sample, and thus the signal intensity decreases. To find the 

length, as number of units, of a polymer, one could divide the number of 

internal units by the number of “ends”. Thus, it may be possible to estimate 

the average degree of polymerisation from 1H NMR alone. The integration of 

the cellulose chain ends, helped by spectral line-shape fitting, was used to gain 

this estimate of the average DP and was compared with the number-average 

DPn (Equation 3) from GPC of the samples. Extra samples, including cotton 

linters and acid hydrolysed cotton were included in this analysis. 

 

The main finding was that only the lower molecular weight samples could be 

estimated by 1H NMR, whilst the higher molecular weight samples were very 

inaccurate (Figure 78 and Figure 79). 

 

  Equation (3) 

 

 

 
Figure 78: Estimation of DPN from proton NMR[122] 
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Figure 79: Relative error in DPn determination: only the low molecular weight samples can be predicted 
by 1H NMR[122] 

The main reason for this is the increased difficulty of the line-shape fitting for 

the high molecular weight samples. As explained previously, the line-shape of 

the cellulose region is affected significantly by viscosity, being itself dependent 

on concentration and molecular weight. This, coupled with the very low 

intensity means that the chain-end resonances are barely visible in the high 

molecular weight samples and we get increased inaccuracy in the integration 

of the signals. 
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5 Conclusions 

The overall conclusion of this thesis is that phosphonium acetate ionic liquids 

are useful solvents for the dissolution of lignocellulosic materials, in 

particular, cellulose, either as electrolyte solutions with molecular co-solvents, 

or on their own, in the case of lignin. The combination of the ionic liquid with 

a polar aprotic molecular solvent was found to be necessary for the dissolution 

of cellulose to occur. 

 

Importantly, from the work in this thesis, we can conclude a number of things 

about the dissolution of cellulose and the required factors, not just for the 

studied solutions, but for all non-derivatizing cellulose solvents: 

 
1. A species, typically an anion is needed, which is a hydrogen-bond acceptor 

that is sufficiently strong enough to compete with the inter- and intra-

molecular hydrogen bonds between cellulose chains and sub-units. The 

hydrogen bond acceptor interacts mostly with the cellulose hydroxyl groups. 

2. A species which is amphiphilic will be a better solvent, that is, includes both 

a polar and non-polar part. The non-polar part can stabilise the hydrophobic 

surface of cellulose and increases in the cation size can initially, at least, 

provide enhanced thermodynamic quality to the solvent. 

3. Sufficient separation between solvent components, such as cations and 

anions to allow sterically unhindered attack of the hydrogen bond acceptors 

onto the cellulose hydroxyls and for cation to be free to interact with the 

cellulose chains, either by hydrophobic, coulombic or van der Waals 

interactions. Polar aprotic “co-solvents” can improve this separation, for 

example, if the cationic component is too large. 

4. If an organic co-solvent is used, it must be of high enough polarity, with a 

high dipole moment in able to maximise solvation of ionic species. The solvent 

must also not interfere with hydrogen bonding to cellulose (i.e. it should be 

primarily a hydrogen bond donor) 
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Additionally, the findings of this study conflict with some models of cellulose 

dissolution where each hydroxyl is bound by one ionic liquid anion. With the 

tentative evidence presented in this thesis, it appears that in some cases, only 

(approximately) one cellulose hydroxyl needs to be bound by one ionic liquid 

anion. This is likely achieved by the sharing of hydrogen bonds, but other 

mechanisms can’t be ruled out entirely. 

 

It was also found that an “upper critical solution temperature” (UCST)-type 

phase behaviour exists with [P444R][OAc] ionic liquids in combination GVL 

and DMSO. GVL, as green and renewable solvent is a good replacement for 

DMSO in the dissolution process. This UCST-type phase behaviour is limited 

to a region approximately below 50wt% of the molecular solvent, and can be 

exploited to form spherical cellulose microspheres and has a possibility to 

enable a process where cellulose fibres can be regenerated with temperature, 

in something analogous to “melt processing”. 

 

Phosphonium ionic liquids based on a [P888R][OAc] homologous series are 

hydrophobic and are able to be phase-separated from water. Ternary phase 

systems composed of [P888R][OAc] ionic liquids, DMSO and water are possible 

where the ionic liquid forms an upper phase and a lower aqueous phase, with 

the DMSO partitioning mostly into the aqueous phase. After dissolving 

cellulose in [P888R][OAc]/DMSO solutions, and regenerating  it with water, the 

ionic liquid can be recovered mostly by phase-separation. 

 

Finally, it was found that [PRRRR][OAc]/DMSO solutions were excellent media 

for the NMR analysis of lignocellulose materials. The lack of overlapping 

resonances in the cellulose region, the high molar dissolution capacity, and the 

tuneable concentration and viscosity are all important factors that make this 

possible. High resolution 1H and 2D NMR experiments, such as HSQC are 

possible of high molecular weight pulps, where chain-end resonances and 

residual hemi-celluloses are able to be identified. A method of estimating the 

degree of polymerisation is possible, of lower molecular weight cellulose, but 

this becomes too difficult as molecular weight increases. 



Conclusions 
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There are many exciting pathways to continue this research area in the future. 

One is to focus on the newly discovered UCST-type temperature controlled 

phase separation of cellulose in the phosphonium ionic liquid electrolytes, by 

isolating the spherical cellulose particles produced, analysing them, and even 

chemically modifying them. Studies on the fundamental mechanism of 

dissolution of cellulose in the media are a priority, by combining spectroscopic 

measurements (including a wider range of NMR studies) and computational 

modelling, such as molecular dynamics. 
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