
Green Solvents for Polymer Applications

Anna Sergeevna Zhenova

Doctor of Philosophy

Chemistry
University of York

June 2019





ABSTRACT

Discovery and development of green solvents for large-scale industrial applications

is critical to the bioeconomy transition, yet academic solvent research focuses on use

of solvents for organic synthesis, creating a knowledge gap in other areas. Polymer

dissolution comprises at least 72% of solvent use in the EU, but is largely ignored in aca-

demic literature. This thesis addresses this disparity by uncovering new polymer-related

applications for existing green solvents and identifying new green solvent candidates.

Dihydrolevoglucosenone, or Cyrene™, is a green solvent currently manufactured at

commercial scale. Its abilities in promoting organic reactions are already well-known, but

it is unexplored in polymer dissolution. This work investigates the potential of Cyrene

and other solvents in dissolution of synthetic and natural polymers. In dissolution of

PVDF, Cyrene was compared with conventional solvent NMP and greener alternatives

DMSO, GVL, and CP. While DMSO and NMP slowly dissolved 10% w/v PVDF regardless

of temperature, the ketone solvents (GVL, Cyrene, and CP) could achieve dissolution in

under two hours at 60–90°C. This was attributed to the superior PVDF dispersion ability

of the ketone solvents. Physical differences between solvent systems, including viscosity,

gelation, and membrane formation were explored with a variety of analytical techniques.

Cyrene was also explored in biopolymer dissolution, tackling the challenging and

poorly understood phenomenon of cellulose solvation. A wide range of additives were

tested in combination with Cyrene, eventually leading to a combination of tetrabutyl-

ammonium chloride (TBAC) and Cyrene that could dissolve 0.4% w/v cellulose. This

avenue is novel, but requires a great deal of further development to become industrially

relevant, as commercial cellulose solvent systems can dissolve up to 20% w/v.

Cyrene is reported here for the first time in blends with its more stable ketal deriva-

tive, Cygnet 0.0. The solvatochromic parameters were measured for a range of blends

of Cyrene and Cygnet, showing non-linear behaviour that may indicate preferential

solvation. 50% Cygnet in Cyrene was tested in membrane formation, where it was found

to moderately alter the morphologies of PI, PSU, and PES polymer systems.

Finally, a mixture of renewably-sourced ether oligomers (OMEs) was investigated as

an alternative to conventional ether solvents. The mixture was found to work in Suzuki-

Miyaura coupling, biocatalytic polymerisation, and dissolution of some polymers, but

requires further safety testing before conclusions about its green status can be reached.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

The sustainability of human life on Earth is the fundamental challenge of the 21st century.

Perhaps for this reason, it has sparked an abundance of controversy. There is debate about

whether it is best to have a circular economy, a bioeconomy, or a precision economy;1 how

to achieve a just transition for all;2 which crops should be used as industrial feedstocks;3

and even who is to blame for climate change.4 Amongst all this debate, the field of

chemistry finds itself in a position both precarious and powerful.

The modern-day practice of chemistry is rooted in clever utilisation of petroleum,

focusing more on efficiency than human or environmental health. While this has led

to numerous scientific discoveries and beneficial advancements in chemical technology,

unfortunately the field of chemistry has gained an unenviable reputation with the general

public. Chemical has become synonymous with poison,5,6 and chemistry is now vulnerable

to attacks by fearmongers across such diverse fields as food science,7 medicine,8 and

skin care.9 Even chemists are now calling their research “chemical-free” as short-hand

for clean or sustainable.10,11 The public, it would seem, is tired of traditional chemistry

and hungry for new solutions.

There is enormous power in this hunger. The world is on the brink of transitioning

away from fossil fuel dependence. Chemistry will, by necessity, play a pivotal role in

that transition. Chemists have an opportunity to redefine the practice of chemistry itself,

to stop playing by petrochemical rules and usher in an era of thoughtfully designed

chemicals that cultivate safety, sustainability, and trust: the era of green chemistry.

1.1 Green Chemistry

1.1.1 History

Green chemistry is a young field, but growing rapidly. The seminal work, Green Chem-

istry: Theory and Practice, was published in 1998, after which the number of scientific

publications incorporating green chemistry soared (Fig. 1.1). By 2016 (when this Ph.D.

work was started), over 1,000 papers per year were being published in the field of green

chemistry. Green chemistry has taken root around the world, with academic research
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centres and networks devoted to the topic in the UK, the US, Canada, Australia, China,

Japan, India, Brazil, and many European countries.

Figure 1.1: Annual green chemistry publications by year. Data from Web of Science Online
Database

This surge of academic interest has been mirrored by legislative and industrial move-

ment towards safer chemistry. In the EU, Registration, Evaluation, Authorisation and

Restriction of Chemicals (REACH) has set an example for comprehensive chemical leg-

islation that is inspiring similar statutes around the world.12 In the US, the non-profit

Green Chemistry & Commerce Council (GC3) has dozens of member companies working

towards implementing green chemistry practices, including giants such as BASF, Milli-

poreSigma, and Wal-Mart.13 Retailers, manufacturers, and brands are acknowledging

the business value of green chemistry.14 In short, green chemistry is catching.

1.1.2 Principles

Green chemistry is founded on twelve principles that were laid out by Anastas and

Warner in 1998.15 These serve to guide the practice of green chemistry, and are primarily

implemented at the design stage of a project, seeking to prevent waste, reduce hazards,

and stop accidents before they happen. These twelve principles can be more simply

viewed as three fundamental pillars: efficiency, safety, and circularity (Fig. 1.2). For

each pillar, metrics have been introduced that make it possible to compare the relative

sustainability of two chemical products or processes. These are described in more detail

in the next section.

Efficiency is concerned with preventing waste of both energy and materials. Chemical

reactions should be designed for minimal waste, ideally at the outset of a research project.
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Figure 1.2: The twelve principles of green chemistry, rearranged into three fundamental
pillars

More commonly, this is addressed at the scale-up stage, where the cost of waste becomes a

significant concern. Common practices to achieve this include minimising synthetic steps,

choosing solvent-free reactions, and preferring catalytic techniques to stoichiometric ones.

These techniques are slowly gaining traction; importantly, they are being embedded in

chemistry curricula around the world.16 In order to compare efficiency across reactions,

many metrics can be used, ranging from traditional yield measurements to complex

consideration of reaction mass efficiency and waste treatment energy requirements. Some

of the more useful green chemistry efficiency metrics include:17–19

• Atom economy

• Reaction mass efficiency

• E Factor

• Mass intensity

• Energy intensity

Safety calls for proactive analysis and reduction of hazards in chemical processes

and products. Replacing hazardous solvents and reagents with safer options can reduce

risk to workers and the environment. Real-time monitoring of chemical processes can

detect accidents in the making, allowing system shut-off before the situation becomes

truly dangerous. Furthermore, with careful molecular design and the use of predictive

tools, inherent chemical hazards can be reduced or avoided altogether. This science

is still relatively new, but computational tools are enabling leaps in understanding of

structure-activity prediction.20–22

Chemical hazards fall into two main categories: physical hazards, including flamma-
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bility, oxidising potential, radioactivity, and so on, and environmental/health hazards,

including toxicity, mutagenicity, aquatic toxicity, and other endpoints. While physical

hazards are fairly simple to measure, environmental/health hazards typically require

toxicological studies assessing multiple criteria and using a variety of tests, making the

results difficult for non-specialists to interpret. For most chemicals, both types of hazard

are summed up in classifications from the Globally Harmonized System of Classification

and Labelling of Chemicals (GHS) system, allowing chemists to compare levels of a

specific hazard across reagents. Holistic comparison of all hazards is more challenging,

and by nature is semi-quantitative at best, as qualitative judgements must be made about

the relative importance of hazards in a specific application. Ideally, all chemicals used

or produced in a process would be hazard-free, but realistically, the hazards must be

weighed against the risk of exposure—for example, a non-volatile solid with oral toxicity

may be considered safer than a non-toxic liquid with flammable vapours. Software or

tools such as solvent selection guides can assist in the decision-making process, but

ultimately choices about chemical safety require human judgement.

Circularity is the most complex of the three pillars. In short, renewable feedstocks must

be used for chemistry, and chemicals should be designed for recycling or biodegradation

after use. This presents a major challenge. Petroleum-based chemistry gradually replaced

traditional bio-based products over the last century, yet the reverse transition must be

done in a few decades, without losing the functions society has grown to depend on.23 The

fundamental differences between petroleum- and bio-based chemistries complicate this

further. While petroleum feedstocks consist primarily of hydrocarbons, bio-feedstocks

tend to be highly oxygenated, changing their reactivity and often making traditional

chemical processes untenable.24,25 Furthermore, a full circular economy incorporates

cycles for technical nutrients—recycling of chemicals (such as durable plastics) may

in some cases be more desirable than biodegradation, and metallic components must

be reused or recycled.26,27 Incorporating such end-of-life considerations into chemical

product design is a formidable problem. Metrics for this area are still in development,

but include:

• Life cycle assessment

• Renewables percentage

• Renewables intensity

• Bio-based carbon content
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• Biodegradability screening

The science and practice of green chemistry has advanced in the last two decades,

and is branching out in directions that are not explicitly included in the original twelve

principles. New metrics have arisen, including life-cycle assessment, various ecological

footprints, and economic viability assessment.28 Biotechnologies, including enzymatic

catalysis and use of microorganisms, are gaining traction in industry.29,30 Nanotechnology

is opening new frontiers in catalysis, medicine, and advanced manufacturing.31 New

methods such as microwave chemistry32 and mechanochemistry33 have expanded the

palette of green processing options. In the future, new research will doubtless open even

more avenues that are currently unknown.

1.1.3 Metrics

Efficiency The efficiency of a chemical reaction or process can be measured in a number

of ways. Conventional chemistry metrics for this include yield, conversion, and selectiv-

ity, which focus on formation of the desired product or disappearance of a reagent. In

green chemistry, it is valuable to look directly at the waste being generated, examining

the impact of solvent, catalyst, and other auxiliary process components. This can be done

on a basic level with metrics such as atom economy (Eq. 1.1), introduced by Trost in 1991,

and the E Factor (Eq. 1.3), introduced by Roger Sheldon in 1992.34

Atom Economy =
product MW

total reagent MW
× 100 (1.1)

Atom economy is very simple to use and can be calculated at the design stage to assess

how efficiently a reaction uses reagents. Its simplicity means it discards considerations

such as yield, stoichiometry, solvents, work-up additives, or other auxiliaries that are

not directly involved in the reaction. Nevertheless, it is a useful tool for reaction design

when combined with others. A modified version of atom economy is known as reaction

mass efficiency (RME) (Eq. 1.2). While similar in principle, RME takes both yield and

stoichiometry into account by looking at the total mass of product and reagents, making

it a more realistic metric.18

RME =
product mass

total reactant mass
× 100 (1.2)

The E Factor, on the other hand, is easy to measure in a real industrial process, but

requires definition of system boundaries, which can be challenging at the planning phase.
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The related mass intensity (MI) metric compares the total mass of materials going into a

reaction to the mass of product coming out (Eq. 1.4).17 Both of these metrics incorporate

solvents and other auxiliaries, and can be used in their simplest forms or made more

complex if needed. E Factor and MI do not take recycling of materials into account, and

therefore may not fully represent the process efficiency.

E Factor =
input mass − product mass

product mass
=

waste mass
product mass

(1.3)

MI =
input mass

product mass
= E Factor + 1 (1.4)

Finally, energy efficiency of chemical processes can be compared with the simple

metric of energy intensity (Eq. 1.5).19 This can be further divided into energy required

for waste treatment, solvent recovery, or other considerations as needed.

Energy Intensity =
process energy
product mass

(1.5)

These quantitative tools do not cover the full spectrum of decisions to be made in

reaction design. Choices such as use of catalysts, batch vs. flow processes, work-up

methods, can strongly impact efficiency, yet are usually made on a qualitative basis. A

number of toolkits have been developed to aid in this process, with additional proprietary

versions doubtless being used in industry.18,35,36 The right toolkit depends largely on the

type of process being assessed—efficiency considerations in the pharmaceutical industry

may be quite different from those in polymer processing, for example. Therefore, it is

up to the individual chemist to decide which green chemistry toolkit or set of metrics is

most practical for a specific project.

Safety Comparison of chemical hazards is fundamentally difficult, due to the varied

nature of hazards and numerous gaps in available data. When available, data from

REACH registrations and GHS hazard statements can be used to make decisions about

chemical safety based on relative hazard levels in a category. Table 1.1 shows all hazard-

related physical and chemical properties required under REACH legislation, though for

lower production volumes not all of these are assessed. Depending on the application

and likely exposure routes, some of these hazards will prove more important than others.

For more holistic comparison of hazards in process development, tools such as the

environmental quotient, Environmental Assessment Tool for Organic Synthesis (EATOS),
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Table 1.1: Hazard-related properties required in REACH registration

Physical Chemical

vapour pressure skin/eye irritation/corrosion

water solubility skin sensitisation

octanol/water partition coefficient mutagenicity

flash point acute toxicity

flammability chronic toxicity

explosive properties reprotoxicity

auto-ignition temperature toxicokinetics

oxidising properties carcinogenicity

aquatic toxicity

terrestrial/avian toxicity

environmental fate/degradation

and even full life cycle assessment (LCA) can be used.28 Capello et al. developed a

comprehensive framework incorporating LCA methods into green solvent assessment.37

This provides a useful tool for comparing well-established solvents, but may be difficult to

apply to newer technologies due to the required data on industrial production, recycling,

and disposal processes. Additionally, the hazard assessment portion of the framework

has not been updated to use GHS classifications.38

In green solvent research, it is common to use solvent selection guides to simplify

the process of hazard comparison. A number of these have been developed in the

pharmaceutical industry and published over the last decade, including versions from

AstraZeneca, GSK, Sanofi, and others.39,40 These guides provide a simplified solvent

ranking based on safety metrics deemed important by the authoring company. The

collaborative CHEM21 public-private research consortium published a version that uses

GHS codes and includes a freely available tool to extend the ranking to new solvents.41

This guide is used in this work to give simplified solvent comparisons when needed. In

the CHEM21 system, physical properties and GHS hazards are used to assign a color-

coded ranking based on the solvent’s worst safety/environmental characteristic, with

four scores ranging from ‘recommended’ to ‘highly hazardous’. While it is simple to use

and understand, the CHEM21 guide is in some cases misleading. Data gaps automatically

result in a ‘problematic’ score, as do high boiling points—a characteristic which is only

truly problematic if distillation is intended as part of the process.38 Nevertheless, it is a
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helpful tool when used with care.

Circularity The complexity of the circularity pillar defies the use of simple, holistic

metrics. Assessments of feedstock renewability or end-of-life degradation tend to be

either quick or thorough, and the choice of metric depends largely on the overall focus of

the study.

LCA is perhaps the best-developed method for complete assessment of chemical

circularity. This iterative process quantifies the environmental impact of production,

use, and disposal of a product, and has been recently applied in combination with green

chemistry principles.28,42 LCA has been standardised by the ISO, making it possible to

compare results across studies. However, the scope and complexity of an LCA study

makes it difficult for most chemists to use this assessment method—indeed, LCA could be

considered its own discipline, with an abundance of methodologies, tools, and software

requiring expert knowledge to use properly.28

To quickly quantify the renewable origin of a chemical, a few metrics are available.

The renewables intensity (Eq. 1.6) measures the ratio of renewable mass to total product

mass, while the renewables percentage (Eq. 1.7) combines renewables intensity with

mass intensity to account for reaction efficiency.18,43 Similar metrics can be adopted for

recycled material content and recyclability of a product.44

Renewables Intensity =
mass of renewable materials used

product mass
(1.6)

Renewables Percentage =
renewables intensity

mass intensity
× 100 (1.7)

These metrics are quite rudimentary, as not all renewable feedstocks are equal. For

example, land use issues, competition with food supply, and efficiency of using a feed-

stock are not accounted for here. Likewise, the concept of recycling requires much more

depth to assess fully. However, quick calculations such as these are straightforward and

easy to implement, making their adoption more likely.

A simple measurement of bio-based content in a chemical can be made via radiocar-

bon content determination. Fossil fuels are free of 14C; therefore, presence of this isotope

in a chemical product must be due to bio-based materials.45 This measurement has been

standardised for biofuels and is being expanded to bio-based plastics and solvents.41
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In addition to feedstock origin, end-of-life options are also a concern for circularity.

One of the most common end-of-life assessments performed for chemicals is ready

biodegradability screening. This is required under REACH to rule out environmental

persistence, and typically gives a simple yes/no answer based on amount of degradation

under specific conditions within 14 days. This is useful to some extent, but can be

too simplistic, and does not necessarily predict behaviour in real-world conditions.46

However, the ready biodegradability test strikes a balance between accuracy and expense,

and the data is available for all REACH-registered chemicals, making it easy to compare

across substances.

1.2 Solvation Theory and Practice

While the word solvent is frequently used across many industries, definitions can vary

depending on the user. IUPAC defines a solvent as simply one component of a solution.47

In this work, a solvent is defined as a substance used to dissolve another substance,

which is called the solute.

Solvation, or the formation of a solution from solute and solvent, is a physical

process governed by both enthalpy (H) and entropy (S). In order for solvation to be

thermodynamically favoured and occur spontaneously, the Gibbs energy (G, Eq. 1.8) of

the solution must be lower than the Gibbs energy of the separate solute and solvent.48

∆G = ∆H − T∆S (1.8)

1.2.1 Enthalpy of Solvation

Solvation can be endothermic (∆H > 0) or exothermic (∆H < 0) depending on the

energy of the interactions involved. The overall enthalpy of solvation can be expressed

as the sum of three steps:

∆Hsoln = ∆H1 + ∆H2 + ∆H3 (1.9)

The first two steps, ∆H1 and ∆H2, refer to the breaking of intermolecular interactions

in the solvent and solute, respectively. Solvent molecules must be separated to form a

cavity for insertion of the solute, while the solute interactions (typically lattice energy,

in a solid) must be overcome to place it in solution. The final step, ∆H3, refers to the

introduction of new intermolecular interactions between solute and solvent in solution.
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Figure 1.3 shows both the endothermic and exothermic cases.49

Figure 1.3: Changes in enthalpy accompanying formation of a solution. Image from
LibreTexts licensed under CC BY-NC-SA 4.0 cbna

As both ∆H1 and ∆H2 are positive, exothermic solvation (Fig. 1.3a) requires ∆H3 to

be sufficiently negative to overcome the sum of these terms. In the endothermic case (Fig.

1.3b), the solvation process requires energy input, as the solvent-solute interactions are

not sufficiently favourable to overcome the energy of separating the solute and solvent.

However, endothermic dissolution can still proceed spontaneously if assisted by entropy

or temperature.

1.2.2 Entropy of Solvation

The change in disorder, or entropy, during solvation is also important to its spontaneity.

Formation of a solution increases the entropy of the system (∆S > 0), as ordered packing

is disrupted and solute molecules are scattered in a disordered way throughout the sol-

vent. This increase in disorder can drive solvation forward, and is particularly important

in cases where ∆Hsoln is positive. When the increase in entropy is small, heating the

solute-solvent system can encourage spontaneous dissolution by increasing the T∆S

term of Gibbs energy.48

1.2.3 Kinetics of Solvation

A negative Gibbs energy indicates that solvation will be spontaneous, but reveals nothing

about the kinetics, or rate at which dissolution will occur. A process that is thermodynam-

ically favoured could nonetheless proceed very slowly, with no observable dissolution

on a timescale of days or weeks.50 Solvation can be accelerated by increasing the rate at

30



which molecules of solute and solvent encounter each other. This is usually achieved by

physically mixing the sample through stirring, shaking, or ultrasonication, or by simply

heating the sample to increase the molecular kinetic energy.

1.2.4 Solubility Limits

Regardless of spontaneity, there is a limit to the amount of solute that can be dissolved

in a given solvent. When the maximum amount of solid solute has been dissolved,

the solution is said to be saturated, and excess solute will crystallise as quickly as it

dissolves.49 The ideal solubility of a crystalline solute—that is, its solubility in an ideal

solvent that gives an activity coefficient of one—depends on its melting point, heat of

fusion, and the change in heat capacity as it transforms from solid to liquid form.51 This

can be important in planning formulations, as a formulation requiring a concentration

above ideal solubility is fundamentally impossible.

1.2.5 Predicting Solvation Capability

Solvation capability, or the ability of a solvent to dissolve a target solute, is of great

interest in chemistry. Solvents can strongly affect the rate of a reaction, the success of a

purification, and the properties of a product formulation. Most commonly, the term used

to predict a solvent’s dissolution behaviour is polarity, which is not very well-defined.

According to the IUPAC Gold Book, “When applied to solvents, this rather ill-defined

term covers their overall solvation capability (solvation power) for solutes, which in turn

depends on the action of all possible, nonspecific and specific, intermolecular interactions

between solute ions or molecules and solvent molecules, excluding such interactions

leading to definite chemical alterations of the ions or molecules of the solute.”47 In short,

polarity is understood to be a metric for the solvation capability of a specific solvent, and

solvents with similar polarities should have affinity for similar solutes.

There are a number of different single-component scales used to express polarity,

with the most common being the electromagnetic parameter relative permittivity (εr).

This simply measures the ability of a solvent to separate electrical charges and orient

its dipolar molecules, accounting only for the behaviour of the bulk mixture and failing

to consider specific intermolecular interactions.52 Similarly, the popular Hildebrand

parameter (δ), defined as the square root of the cohesive energy density (Eq. 1.10), is

limited in its usefulness. δ measures the interruption of solvent-solvent interactions that
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occurs when solvent molecules are separated to make room for the solute, but fails to

account for important interactions such as dipolarity or electron donation.50

δ =

√
∆Hv − RT

Vm
(1.10)

Indeed, the complexity of solvation interactions cannot be encompassed in one

simple term, and a variety of multi-component solubility parameter systems have been

developed to predict solvation capability with more accuracy. Two of the most popular,

Hansen Solubility Parameters (HSP) and Kamlet-Abboud-Taft (KAT) parameters, use

three parameters each and have been chosen in this work. While more complex systems

exist, some with up to five parameters, three parameters have been found to provide

sufficient accuracy in most cases, and allow easy visualisation in the form of three-

dimensional plots. Additionally, HSP are accompanied by a software package and

extensive database of values that allows rapid screening of thousands of solvents, as

well as easy prediction of unknown values.50 KAT parameters are quick and easy to

measure empirically, and their popularity in the literature provides a sizeable basis for

comparison with known values.53,54

Hansen Solubility Parameters (HSP)

Hansen solubility parameters, or HSP, have been used for over fifty years and remain a

popular method of assessing solvent behaviour today. They have enough depth to pro-

vide accurate predictions, while retaining enough simplicity to be easily understood and

compared. HSP can enable rapid-throughput solvent screening through a combination of

a database of empirically measured parameters and algorithmic prediction of unknown

parameters.

HSP are derived from the historic Hildebrand solubility parameter (δ, Eq. 1.10).50

The physical basis of these parameters is the cohesive energy density, or the energy

required to transform a solvent to its ideal gas form, as these same intermolecular

interactions must be overcome to separate solvent molecules and enable dissolution.

Hildebrand parameters can be used in the Hildebrand-Scatchard equation to approximate

the enthalpy of mixing, with V representing the volume of mixture, φ the solute volume

fraction, and δS and δN the Hildebrand parameters of solvent and solute, respectively

(Eq. 1.11).55
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(
∆H
V

)
= φ(1 −φ)(δS − δN)

2 (1.11)

In this relation, the enthalpy of mixing is at a minimum when the solubility parame-

ters of the solute and solvent are as similar as possible, suggesting that this condition

is best for successful solvation. Thus, the similarity of Hildebrand parameters has been

used to predict compatible solvent and solute combinations for decades, becoming espe-

cially popular in the polymer industry. Empirically, this method often works well, but it

crucially fails to account for non-dispersion interactions, such as hydrogen bonding and

dipolar interactions.55

Hansen solubility parameters address this issue by splitting the Hildebrand parameter

into multiple independent components. Logically, the total cohesive energy density is

the sum of its parts, and so the Hildebrand parameter can be divided into three HSP,

each representing a type of intermolecular interaction:

δ2 = δ2
D + δ2

P + δ2
H (1.12)

This expression describes solvent behaviour in terms of three values: dispersion force

(δD), polarity arising from dipole moments (δP), and hydrogen bonding capacity (δH).

These parameters have units of MPa1/2, and can be used similarly to the Hildebrand

parameter—that is, when two compounds have similar HSP, their enthalpy of mixing

will be minimised, predicting favourable solvation. However, the similarity of HSP are

not calculated via a simple distance formula, but expressed as the HSP distance (Ra).

This value is calculated with an unusual scaling factor of 4 for the dispersion parameter:

R2
a = 4(δD1 − δD2)

2 + (δP1 − δP2)
2 + (δH1 − δH2)

2 (1.13)

This scaling factor is controversial, as there has been no theoretical validation for why

it should exist.50 It is entirely empirically based, yet used in all HSP calculations. There

has been some work showing general asymmetry between the dispersive and dipolar

terms, yet this need not necessarily be a constant.55,56 It continues to be included for lack

of a better option.

Obviously, HSP do not present a complete picture of solvation. They can be im-

proved upon in several ways that are theoretically sound, such as including solvent

radii and splitting hydrogen bond donor/acceptor interactions.56 There exist more com-
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plex and complete predictors of solvation, such as the quantum-mechanically based

COSMOTherm.57,58 However, their simplicity, relative accuracy, and ease of use for rapid

screening have sustained their popularity for five decades, and they are used in this work

for these reasons.

The HSP of a solute can be determined by measuring its solubility in a set of test

solvents at a given concentration, as shown in Figure 1.4. A range of solvents with known

HSP values are selected to cover a wide range of the solubility space (Fig. 1.4a), then

tested for their ability to successfully dissolve the solute at a given concentration and

temperature. Successful solvents are marked as blue spheres, while unsuccesful solvents

are indicated as red cubes (Fig. 1.4b). Using this data, a Hansen solubility sphere is

constructed, comprising a central set of three HSP values, and a fourth parameter, the

sphere radius R0. This sphere is depicted in green (Fig. 1.4c), and solvents that fall within

its radius are likely to dissolve the solute.

Figure 1.4: Stages of measuring HSP values of a solute. a) Test solvents with known HSP
are selected and their values plotted in three-dimensional space; b) Solvents are tested for
their ability to dissolve solute, with successful solvents marked in blue and unsuccessful
in red; c) Solubility sphere is calculated and shown in green.

Plotting the solubility sphere in three-dimensional Hansen space alongside untested

solvent candidates allows rapid prediction of which solvents are likely to dissolve the

target—solvents that fall within the sphere will probably work, while those outside

the sphere typically will not. This prediction can be simplified to a value known as

the relative energy difference (RED), allowing quick calculation of whether a solvent

candidate is likely to work:

RED =
Ra

R0
(1.14)
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In this equation, Ra is the Hansen distance from the centre of the solubility sphere

to the target solvent. If a solvent falls within the sphere, its Ra will be smaller than R0,

and the RED will be less than 1, indicating that dissolution will likely occur. Conversely,

an RED value above 1 indicates that the solvent falls outside the solubility sphere of the

target solute, and is not likely to dissolve it.

HSP of mixtures or solvent blends can be predicted by simply using a linear combina-

tion of each individual solvent parameter, with components weighted by their proportion

in the blend. This allows rapid assessment of a wider library of potential solvent candi-

dates, but is not always accurate, as real-world systems do not behave as predictably as

linear combinations.

While historically, HSP have been calculated from empirically-determined physical

values, they can also be predicted from a molecular structure using various group

contribution methods.50 An algorithm (Yamamoto Molecular Break, or Y-MB) is built

into the HSP software (Hansen Solubility Parameters in Practice, or HSPiP) and uses an

automated group contribution method to allow fairly accurate HSP predictions based on

molecular structure of a compound. While it is good enough for many purposes, Y-MB

is deliberately kept simple to speed calculations. More involved group contribution

calculations, such as the S-P (Stefanis-Panayiotou), may provide more accurate results.59

In this work, HSP were drawn from the empirical HSPiP database if possible, or predicted

via Y-MB if not.

Kamlet-Abboud-Taft (KAT) Parameters

Kamlet-Abboud-Taft (KAT) solvatochromic parameters are experimentally determined

solvent polarity scales. Like HSP, KAT parameters separate solvent polarity into three

separate components, offering a more complete picture than a single-parameter scale.

Unlike HSP, they are based on intermolecular solvent-solute interactions, which are

probed using an assortment of dyes added directly to the solvent.53 KAT parameters are

slower to assess than HSP, as three new experiments must be performed to fully assess

each unknown solvent. However, because they are empirically measured, they can detect

properties that may not be predictable from the molecular structure of a solvent. The

molecules of solvatochromic dye interact with the layer of solvent directly surrounding

them (the cybotactic region). In the case of blends, this layer may be composed primarily of

one solvent component, and the KAT parameters may preferentially reflect the properties
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of that single solvent.60,61 Thus, KAT parameters work well as a complement to HSP,

which look at the bulk of the solvent.

KAT parameters use three scales to characterize a solvent: hydrogen bond donating

ability (α), hydrogen bond accepting ability (β), and dipolarity/polarisability (π*).53,62

Unlike earlier solvent scales, however, KAT parameters do not use a single indicator

dye for each parameter; instead, a number of different dyes are used in combination to

calculate normalised solvent parameters.53 For high-polarity solvents, common choices

of solvatochromic dyes include Reichardt’s dye for α, N,N-diethyl-4-nitroaniline, (DEN)

for π*, and 4-nitroaniline (4-NA) for β (Fig. 1.5).54

Figure 1.5: Solvatochromic dyes used to measure KAT parameters: a) Reichardt’s dye, b)
N,N-diethyl-4-nitroaniline, and c) 4-nitroaniline.

Each of these solvatochromic dyes has a ground state and excited state stabilised

by certain solvent characteristics. The energy of transition between these states can be

measured with UV-Vis spectroscopy, with each dye presenting an absorbance wavelength

that is either hypsochromic (decreasing) or bathochromic (increasing) with increasing solvent

characteristic. For example, the ground state of Reichardt’s dye (Fig. 1.5a) involves a

localised negative charge on the phenoxide oxygen, while the excited state spreads

the charge over the conjugated system. The more polar ground state is stabilised by

dipolar solvents, while the excited state is more stable in non-polar solvents, leading to a

measurable energy gap affected by the dipolarity of the surrounding solvent. Reichardt’s

dye is therefore hypsochromic, as an increase in solvent dipolarity will increase the

energy gap and decrease the wavelength of maximum absorbance. By combining three

dyes that have varying responses to solvent characteristics, a full set of KAT parameters

can be calculated.63–65
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Each KAT parameter is scaled to reference solvents in order to normalise its values.

For example, π* is typically referenced to cyclohexane for a zero value, as cyclohexane

has effectively zero polarity. Dimethylsulfoxide (DMSO) can be used as the high-polarity

reference solvent with a value of one. For α and β, measurements from several solvents

without hydrogen bonding capabilities are extrapolated to find a zero value. After

scaling, most solvents measured will have KAT parameter values that fall between zero

and one.54 These can then be compared with known KAT values for common solvents

to predict how similarly two solvents will behave. Finding similar solvents in the KAT

space can suggest potential applications for a novel solvent, enhancing the predictions

made with computed HSP values.

1.3 Green Solvents

Within green chemistry, solvents are a major challenge.66 Though there has been a

great deal of research in this area, there are still entire classes of solvents that lack safe

replacements. Much of the research conducted in green solvents focuses on what the

researchers find most interesting, not the areas of highest industrial need. Notable

examples include the overwhelming academic interest in ionic liquids, though these are

frequently not practical as solvent replacements, and a majority of solvent publications

focusing on reaction media for organic synthesis, when the greatest proportion of volatile

organic compounds (VOC) emissions are from outside the chemical industry.67 This

work will highlight areas of greatest need for solvent replacement, and focus on practical

alternatives in these areas.

In order to avoid regrettable substitutions and accelerate the transition to a bioecon-

omy, a systematic and intelligent approach for solvent substitution is required. Safer and

more sustainable solvents must:

• retain the functionality of the conventional solvent,

• avoid toxic and hazardous properties,

• use sustainable feedstocks, and

• be cost-effective.

Meeting these criteria can be challenging, as can comparing the relative sustainability

of each solvent candidate. As discussed in Section 1.1.3, several solvent selection guides

have been published to assist researchers in choosing safer or greener solvents. The
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most broadly applicable guide to date is the CHEM21 selection guide, which weighs a

number of different hazard criteria in order to assign one of four simplified rankings

(from recommended to highly hazardous) to each solvent.41 The range of criteria included

and the simplicity of the final ranking make this method quite useful, though researchers

must use care when relying on these rankings as they are not absolute. The CHEM21

guide attempts to quantify three pillars of solvent safety based on measurable quantities

related to each pillar:

• flammability (flash point, auto-ignition temperature, resistivity, peroxide forma-

tion)

• health (GHS hazards, volatility)

• environmental (boiling point, GHS hazards)

This method does not account for environmental partitioning, renewable origins,

biodegradability, environmental impact of manufacturing, or many other green solvent

requirements which are difficult to measure. Therefore, the CHEM21 guide can only

serve as a starting point for solvent assessment, and other criteria must be taken into

account by the researcher. In this work, hazards are assessed via CHEM21 when possible,

with other green metrics being taken into account as needed.

1.3.1 Legislative Drivers

In the EU, much of the recent motivation behind solvent replacement is due to legislative

drivers. While Europe has had chemical legislation for decades, the adoption of the

REACH regulation in 2006 signaled a paradigm shift.68 REACH not only shifted the

burden of proving safety to chemical manufacturers and distributors, but also greatly

broadened the impact of chemical regulation, affecting nearly every chemical product

in the EU. Suddenly, every hazardous solvent in use was at risk of being restricted or

banned outright. In particular, dipolar aprotic solvents like dichloromethane (DCM),

N-methyl-2-pyrrolidinone (NMP) and dimethylformamide (DMF), which tend to have

severe toxicity or mutagenicity issues, were designated candidates for future restriction

(Fig. 1.6).69 As there are very few options for safer dipolar aprotic solvents, this has

caused considerable difficulty for industry, and safer replacements are in demand.67

In addition to REACH, local legislation can act as a driver for solvent substitution.

For example, there are pollution prevention and solvent emissions regulations in England

and Wales that impose additional restrictions on industrial solvent users.70,71 Require-
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Figure 1.6: Traditional dipolar aprotic solvents DCM, NMP, and DMF with their associ-
ated hazard symbols.

ments from this legislation can generally be met with abatement equipment, reducing

solvent emissions into the environment, but this can be expensive to install and operate.

Replacing the restricted pollutants with green, biodegradable solvents could reduce

long-term costs to manufacturers and users.

Finally, REACH is only the tip of the chemical legislation iceberg. Countries around

the world, including major manufacturers like China, Korea, and Japan, have adopted

their own versions of REACH, some with even higher safety requirements.12 Future

chemical legislation is likely to require stricter risk assessment, fewer hazards, and

possibly even recycling and circular economy considerations.72,73 To guarantee long-term

process viability, industry must proactively stay ahead of legislation, rapidly developing

and adopting safer and greener chemical technologies.

1.3.2 Solvent Use

While most academic research in green solvents focuses on reaction media for organic

synthesis, particularly for use in pharmaceutical or fine chemical manufacturing, this is

not where the majority of solvents are used.67 The biggest user of solvents by far is the

paints and coatings sector (Fig. 1.7), which accounts for 46% of solvent use in the EU.69

In paints and coatings, the role of a solvent is to dissolve and suspend the paint

components, then evaporate once applied.74 A large portion of the paint formulation is

polymer binder, therefore, polymer solvents are crucial to the paints and coatings sector.

Other sectors which require polymer dissolution include:

• adhesives, in which solvents dissolve the adhesive polymers to allow spreading

onto a surface;75

• cosmetics, in which polymers are used as stiffeners and gelling agents;76
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Figure 1.7: Solvent use by industrial sector. Sectors that require solvents for polymer
dissolution are marked in striped orange.

• household care, in which polymers are used in laundry detergent formulations;77

• polymer manufacturing, in which the polymer product must be dissolved during

processing; and

• industrial cleaning, in which polymer coatings must be removed from surfaces.

After summing all of the above, it is apparent that sectors requiring solvents for poly-

mer dissolution comprise at least 72% of solvent use in the EU, yet there are hardly any

academic papers being published on green solvents for this application.67 Furthermore,

other applications such as membrane manufacturing, plastics recycling, electronics, and

medicine require advanced knowledge of polymer dissolution.78 It is clear that in order

to make a meaningful difference in solvent use, research in green solvents for polymer

applications is sorely needed.

1.4 Polymer Dissolution

As above, the dissolution of polymers depends on both enthalpy and entropy of mixing.

While enthalpy can be treated the same way for monomeric and polymeric solutes,

the entropy of mixing tends to be less favourable in polymers. Because the segments

of a polymer are linked together in a chain, they cannot take full advantage of the

volume increase available through mixing. Longer polymers are more affected by this

phenomenon, while shorter chain lengths allow greater entropy change. This can be

mathematically modelled with Flory-Huggins theory, which gives an adapted Gibbs

energy equation for polymer-solvent interactions.79
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∆G = RT[n1 lnφ1 + n2 lnφ2 + n1φ2χ12] (1.15)

In Equation 1.15, the number of moles (n1) and volume fraction of solvent (φ1) as

well as the number of moles (n2) and volume fraction of polymer (φ2) are combined

with χ, a mixing parameter which describes specific solvent-polymer interactions. While

simplified, this theory is useful in many cases, and gives an idea of the difference

between monomeric and polymeric solvation energy. Added complexity can be found in

the conformational entropy, which accounts for the change in a polymer’s folding as it

enters solution, and makes flexible polymers more soluble than rigid ones.80

Kinetic considerations are particularly important in polymer dissolution. Monomeric

compounds tend to disperse easily in a solvent, speeding molecular diffusion. Polymers,

on the other hand, tend to undergo slow molecular diffusion, hampered by entanglement

of their chains.80 In practical terms, this results in a dissolution process distinct from

that of monomeric materials, involving stages intermediate between undissolved and

dissolved. The long chains that comprise a polymeric material are involved in complex

intermolecular interactions that bind the material together and give it its unique prop-

erties. In order to dissolve a polymer, the solvent must diffuse into the polymer and

disentangle its chains (Fig. 1.8). In the process, several layers are formed, each with a

different level of solvent-solute interaction.78

Figure 1.8: Stages of polymer dissolution. As the solvent penetrates the polymer, a gel
layer forms between the bulk solid and dissolved liquid.

Depending on the polymer, solvent, and rate of diffusion, two general cases are

possible: swelling, and cracking. In the swelling case, solvent slowly diffuses into the

polymer, plasticising it and forming a swollen gel-like layer. Diffusion then continues at

both the solvent-gel and gel-polymer interfaces, forming a gradient of semi-dissolved

layers ranging from liquid to solid. These layers change in thickness throughout the

41



dissolution process, until eventually all polymer has completely dissolved. Polymer

cracking is less common, and occurs when rapid diffusion of solvent into polymer forms

stress cracks in the polymer matrix, breaking up the bulk of the polymer rather than

forming a gel layer.78

This complexity makes polymer dissolution considerably more challenging and

difficult to predict than simple small molecule dissolution. The dissolution process

can be controlled either by disentanglement of the polymer chains, or diffusion into

the gel boundary layer. The strength of each of these effects depends on the polymer

and solvent properties, both chemical and physical. Successful solvent selection for

polymers therefore take into account the properties of individual polymers, and cannot

be performed on a general basis.

1.4.1 Membrane and Film Formation

A key application for polymer solvents is the production of membranes for various

applications. Membranes for water filtration are of increasing importance as water use

grows and freshwater availability drops.81 Water filtration membranes are made using

polymers with good thermal and chemical stability, such as polyvinylidene difluoride

(PVDF), polyimide (PI), polysulfone (PSU) and polyethersulfone (PES).81,82 Membranes

made from these polymers can also be used for other applications, including distillation,

gas separation, and battery applications.83 The most common method of membrane

preparation is phase inversion, particularly non-solvent induced phase inversion (NIPS),

in which the polymer of choice is dissolved in a suitable solvent, cast onto an inert

substrate, and immersed in a non-solvent bath to force precipitation of the polymer (Fig.

1.9).84,85

Figure 1.9: NIPS casting method for forming water filtration membranes from polymers
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In this process, the choice of solvent is critically important in determining the prop-

erties of the membrane. Properties such as solvent/polymer interaction, solvent/non-

solvent interaction, viscosity, and diffusivity can significantly alter the morphology of

the membrane, and therefore its filtration properties and potential applications.86–88 The

best-known solvent-related difference in NIPS membrane formation is the internal pore

structure, which can change from an inhomogeneous series of finger-like macrovoids to a

homogeneous, spongy, bicontinuous pore structure. These morphological differences are

caused by two types of phase separation, which can be influenced by the rate of mutual

diffusion between the polymer solution and non-solvent bath (Fig. 1.10).82,84

Figure 1.10: NIPS membrane cross-sections showing formation of macrovoid (left) and
bicontinuous (right) morphologies

Macrovoid formation occurs when the diffusion between solvent and non-solvent

is very rapid (Fig. 1.10, rapid liquid-liquid demixing). This results in immediate pre-

cipitation of the polymer at the solvent/non-solvent interface, forming a dense skin

layer at the top of the membrane. Numerous pores in the skin layer allow channels of

non-solvent to penetrate into the bulk of the polymer solution, pushing polymer aside
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and concentrating it in regions that precipitate to shape finger-shaped voids. Typically,

this morphology has a region of smaller voids at the top that result from the diffusion

channels, irregular macrovoids dispersed throughout the middle layer, and a spongy

polymer-rich region at the bottom.89,90

When solvent/non-solvent diffusion occurs more slowly, macrovoids are replaced

by a bicontinuous structure (Fig. 1.10, delayed liquid-liquid demixing). In this case,

precipitation takes place gradually, as non-solvent permeates the polymer solution and

forms numerous small pores. This morphology is largely homogeneous, but frequently

has a denser bottom layer where the polymer solution contacts the casting plate.87,91

Without prior experimentation, the likely morphology for a specific casting sys-

tem is difficult to predict. Easily calculated properties, such as solvent/polymer in-

teraction strength or solvent/non-solvent interaction strength, do not correlate with a

specific membrane type, and predictive mass-transfer calculations are complex and time-

consuming.86,92 In choosing solvents for membrane casting, researchers typically identify

solvents that are compatible with the polymer and non-solvent, then move to empirical

trials to observe the type of membrane formed and identify its likely applications.93–95

Compatible solvents can be predicted by comparing measured HSP values for poly-

mers and predicted or measured HSP values for solvent candidates. The relative energy

difference (RED) value for each solvent/polymer combination predicts whether the sol-

vent is likely to be effective (RED < 1) or ineffective (RED > 1) for that polymer. As an

example, three common membrane polymers and a selection of common solvents are

shown in Table 1.2. From this data, it is apparent that dipolar aprotic solvents tend to be

closer to these polymers in HSP space, and therefore better at dissolving them. However,

this class of solvents tends to have undesirable hazards and many have been restricted

under REACH (see Section 1.3.1). Therefore, green solvents to replace dipolar aprotic

solvents in membrane casting applications are in demand.84,96,97
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Table 1.2: HSP RED for common solvents and membrane polymers

RED
Solvent PI PSU PES

acetone 1.2 1.1 0.9
acetonitrile 1.1 1.7 1.3
benzene 1.4 1.3 1.6
n-butanol 1.1 1.4 1.4
chloroform 1.3 0.9 1.1
cyclohexane 1.6 1.6 1.8
DCM 1.1 0.7 0.7
diethyl ether 1.5 1.5 1.6
DMF 0.9 1.0 0.7
DMSO 0.8 1.1 0.7
ethanol 0.9 1.7 1.7
ethyl acetate 1.3 1.1 1.1
hexane 1.6 1.9 2.0
methanol 1.0 2.2 2.1
NMP 1.0 0.7 0.3
2-propanol 1.1 1.4 1.5
THF 1.2 0.8 0.9
toluene 1.4 1.2 1.4
water 1.2 4.5 4.4

1.5 Dihydrolevoglucosenone (Cyrene) as a Green Solvent

Dihydrolevoglucosenone, or Cyrene™, is a novel solvent that has recently received a

great deal of attention as a green replacement for conventional dipolar aprotic solvents.98

Its use as a solvent was first discovered at the University of York in 2014, and it was

subsequently co-developed with Circa Group, who are currently scaling it to commercial

quantities.99

Cyrene is produced in two synthetic steps from cellulose, using a novel hydrogenation

process that makes its production cost-economical (Fig. 1.11). While insufficient data

is available to calculate the mass intensity of the process, the hydrogenation step has

ideal atom economy and laboratory yields of over 90%.100 The liquid emissions from

manufacture of Cyrene have been studied and found to have little environmental effect.101

Cyrene is currently registered under Annex VIII of REACH, which allows import of

up to 100 tonnes/year into the EU.102 REACH registration testing showed that Cyrene

has no significant toxicity, mutagenicity, or other major hazards. Its only hazard is serious
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Figure 1.11: Cyrene can be synthesized from cellulose in two synthetic steps.

eye irritation, the exposure risk of which is lowered due to Cyrene’s high boiling point

of 227°C.103 Finally, Cyrene is readily biodegradable under standard REACH screening,

theoretically making its end-of-life disposal more environmentally friendly, though no

data has yet been released for more realistic conditions.

In addition to its green credentials, Cyrene has very promising solubility parameters

(Fig. 1.12). It is nearly identical to traditional solvent NMP in HSP space, suggesting that

it will behave similarly to NMP and other dipolar aprotic solvents. In the KAT space,

only two parameters—β and π* —are relevant for aprotic solvents, as α (hydrogen bond

donating ability) is effectively zero. Both of these scales show Cyrene to be in the dipolar

aprotic solvent space, quite close to NMP, DMF, and other traditional solvents of this

class. This similarity to dipolar aprotic solvents is rare for a green solvent, making Cyrene

an interesting candidate to explore for replacement of dipolar aprotic solvents.100

Figure 1.12: Cyrene (green) compared with traditional dipolar aprotic solvents (orange)
and other conventional solvents (grey) in (a) HSP space, and (b) KAT space, excluding α

as it is 0 in apolar solvents
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Since manufacture of Cyrene began, new applications for this solvent have been

discovered. Its utility as a reaction medium for organic synthesis has been explored in

the Menschutkin reaction and a model fluorination,100 Sonogashira cross-coupling and

Cacchi-type annulation,104 synthesis of metal-organic frameworks (MOFs),105 synthesis

of ureas,106 Suzuki-Miyaura coupling,107 and amide coupling.108 These studies have

also highlighted some drawbacks in use of Cyrene as a solvent for synthesis—namely,

it is unstable to acids or bases, and its high boiling point can make it challenging to

remove from reactions via traditional evaporative methods.98 The stability issue has been

addressed in one study by replacing the reactive ketone moiety with a cyclic ketal, but

this introduces new challenges, such as a significantly higher melting point.109

As is typical in solvent research, studies of Cyrene for applications outside of synthesis

have only seldom been conducted. Interestingly, Cyrene performs very well in exfoliation

of graphite to produce graphene, outperforming the standard NMP or DMF by an order

of magnitude.110,111 This is due in part to the high viscosity of Cyrene (Fig. 1.13), which

presents an advantage in this specific application. These results suggests that applications

in advanced materials may be worth exploring, particularly as they do not require rapid

evaporation of the solvent. As far as polymer studies, Cyrene’s ability to swell cross-

linked polymer resins was explored by Lawrenson et al. as a facet of peptide synthesis,112

but otherwise materials applications are largely unreported.

Figure 1.13: Structure and electron density of Cyrene, along with selected physical
properties

In this work, applications of Cyrene outside of organic synthesis will be explored.

As green solvents for polymer dissolution are crucial to the bioeconomy, Cyrene will be

tested in dissolution of synthetic as well as natural polymers. Cyrene’s ketal derivatives,

known as Cygnets, will be investigated as blends for polymer applications to overcome

their high melting point. Finally, polymer applications of a new class of bio-derived
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chemicals will be explored in order to highlight another potential green solvent. This

exploratory work is intended to open doors for new areas of research, widening the

investigation of green solvents for polymer dissolution. It is hoped that some of these

new areas will be useful in industrial applications, while others will spark further study

that leads to new polymer dissolution solvents.
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CHAPTER 2

GREEN SOLVENTS FOR DISSOLUTION OF POLYVINYLIDENE DIFLUORIDE

Polyvinylidene difluoride (PVDF) is a chemically inert thermoplastic polymer that is

commonly used in applications where resistance to reactive chemicals is important. It is

particularly popular in lithium-ion batteries. With the rapid expansion of the lithium-ion

battery industry to service consumer electronics and electric cars, green manufacture

and recycling of these batteries has become critical to the circular economy. However,

the solvent typically used to dissolve PVDF for manufacture and recycling of PVDF

batteries is N-methyl-2-pyrrolidinone (NMP), which is reprotoxic and now restricted

under REACH. This chapter explores green replacements for NMP in dissolution of high

molecular-weight PVDF for battery applications.

2.1 Background

As the global economy gradually transitions from fossil fuel power to renewable energy,

the need for high-capacity rechargeable batteries grows more urgent. The increasing

adoption of electric vehicles makes the demand especially pressing (Fig. 2.1). With this

sharp increase in lithium-ion battery demand, it is important to examine the sustain-

ability of their manufacture, use, and disposal. Some issues, such as energy costs of

manufacturing and recycling, as well as abundance of the required elements (e.g. lithium

and cobalt), have been addressed in several sources.113–116 Solvent usage, on the other

hand, is a concern that is rarely addressed in depth.

In both manufacture and recycling of lithium-ion batteries, the solvent of choice

is NMP.118,119 This solvent requires shielded, explosion-proof equipment when used

industrially, as well as strong ventilation to reduce vapour concentration.118 Additionally,

the reprotoxicity of NMP has resulted in its REACH restriction, requiring manufacturers

to capture and recycle NMP rather than release it into the air.120 All of these protective

measures are expensive to implement and maintain. Replacing NMP with a safer, greener

solvent would remove the need for such measures, reducing costs and improving safety.

The main driver for using NMP is the necessity of dissolving PVDF, which is com-

monly used as a polymer binder in the electrodes of lithium-ion batteries (Fig. 2.2).121
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Figure 2.1: Use of electric vehicles (EV) is growing rapidly around the world.
Source: 2018 European Commission report on lithium-ion batteries.117

It serves to hold the active material and any conductive additives against the current-

collecting metallic film, while withstanding heating and electrical cycling in the presence

of lithium salt and organic carbonates. This stability, while critical to the operation of the

battery, makes PVDF quite difficult to dissolve.

Figure 2.2: (a) Cathode portion of a lithium-ion battery, showing application of polymer
to bind active materials and additives to current-collecting foil (b) Chemical structure of
PVDF

Solvents for dissolution of PVDF have been studied extensively, primarily for their

effects on membrane formation.93,122–131 Some progress has been made towards greener

solvents for PVDF membranes.84,132 However, the PVDF used for battery applications

(e.g. Solef® 5130) has an extremely high weight-averaged molecular weight (Mw) of

1,000–1,200 kDa,133 which is at least double the Mw of the PVDF used for membrane

applications. This could cause significant changes in its solubility behaviour, as well as the

morphology of any materials made with this polymer. It is therefore important to study

this specific grade of PVDF in applications such as battery recycling and manufacture.

Solubility studies were initiated with computational modelling to give an idea of potential
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green solvents.

2.2 Modelling PVDF Dissolution

2.2.1 Solubility Prediction

Hansen Solubility Parameters (HSP) are a popular means of assessing the solubility of

a polymer. As described in Section 1.2.5, HSP divide solubility behaviour into three

components (δD, δP, and δH), which can be plotted three-dimensionally to visualise the

solvent space. Though they do not present a complete picture of solvation, they are

frequently useful for predicting polymer dissolution. Measuring the HSP of a polymer

by testing which solvents can dissolve it allows generation of a solubility sphere (Fig.

1.4). This can then be used to predict other compatible solvents from the HSP database,

speeding up solvent selection by allowing rapid computational screening.

Some HSP values for PVDF have been previously reported, but as solubility of a

polymer can vary significantly with molecular weight, a new dissolution model was

developed here specifically for Solef® 5130. To develop a predictive HSP sphere, several

methods were attempted. Figure 2.3 shows each attempt, listing first the center coordi-

nates of the sphere, then the “core” values which indicate quality of fit (±0.75 in any

coordinate is considered a bad fit, ± 0.25 in all coordinates is considered a good fit), then

the sphere radius.50

Figure 2.3: Modelling work to generate a predictive HSP sphere for PVDF dissolution,
showing sphere center coordinates ± “core” values indicating fit, and sphere radii. Fit is
considered good when all core values are below 0.75.

First, the traditional method of HSP sphere construction was attempted. A number
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of readily-available solvents were selected to cover a wide area of HSP space. These

test solvents were combined with 10% w/v PVDF (a high polymer loading suitable

for battery applications) and mixed for three days at room temperature. This method

identified only two solvents (NMP and dimethylacetamide (DMAc)) that could dissolve

PVDF, giving insufficient data to construct a good model and resulting in a small sphere

and bad fit (Fig. 2.3a). This model was not predictive, meaning that solvents within the

boundaries of the sphere did not dissolve PVDF.

Next, a binary gradient approach was used, combining three non-solvents (benzyl

benzoate, ethylene carbonate, and methanol) with a good solvent (NMP) in various

proportions to more precisely probe the boundaries of the sphere in three directions.134

HSPiP predicts the parameters of solvent blends by using a simple linear combination of

the individual solvent parameters; this allows creation of a range of test solvents whose

HSP values move outward from the central good solvent in precise steps. This technique

is less common, but theoretically should give a precise idea of the sphere size and location.

However, this method also failed at room temperature, giving a sphere that was too

small and not predictive (Fig. 2.3b). The conclusion from these two initial experiments

was that despite the three-day test duration, kinetic effects were likely impacting the

results and giving false negative results for compatible solvents. To address this, heating

was adopted into the testing protocol, in the hope of expanding the HSP sphere and

identifying more solvents to dissolve 10% w/v PVDF.

A temperature of 60°C was selected to provide moderate heating while keeping

energy use fairly low. Heating and stirring overnight gave a much improved result,

with a sphere that proved predictive for single solvents, though the core values indicate

that the fit is not ideal (Fig. 2.3c). These results also suggest that for PVDF, especially

the high-Mw PVDF used here (1,000–1,200 kDa) heating is of critical importance in

dissolution—kinetic effects are apparently dominant in most of the tested solvents, and

the traditional test without heating presents an inaccurate picture of solvent compatibility.

Several conventional single solvents were then added to the model to narrow down the

sphere slightly, resulting in a final sphere with better fit and a radius of 3.8 (Fig. 2.3d).

This sphere proved quite similar to that presented in a 1988 publication from Bottino

et al., who used PVDF with a Mw of 450 kDa (Fig. 2.4).135 This confirms the validity of

the new model, while also showing that a large increase in Mw only results in a small

change in HSP.
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Figure 2.4: HSP spheres to predict PVDF dissolution, as found in a) Bottino’s work of
1988,135 b) this work.

After constructing a solubility model, a database of 224 commercially available green

solvents was constructed in order to identify candidates that could be used for PVDF

dissolution. The database was drawn from four sources: the CHEM21 Solvent Selection

Guide,41 Moity’s 2012 work on sustainable solvents,136 Jessop’s 2012 work on solvents

for green chemistry,54 and the Inkemia catalogue of green solvents.137

Solvents from these sources were considered to be sustainable if they were bio-derived

and lacking serious hazards (i.e. excluding solvents that would be considered hazardous

or highly hazardous by CHEM21 guide). Sustainable candidates were combined into a

database of Hansen parameters, drawing from the existing HSPiP database if possible, or

generating automatically predicted parameters (using the built-in Y–MB algorithm) from

simplified molecular-input line-entry system (SMILES) codes if not. This database was

used in combination with the predictive sphere above to produce a list of likely PVDF

solvents, which were then empirically tested. The relative energy difference (RED) of

each solvent candidate is the simplest indicator of likely compatibility (Eq. 1.14). An

RED below one indicates the solvent is within the polymer’s solubility sphere and will

likely dissolve it, while an RED greater than one indicates likely incompatibility.

A key feature of HSP for polymer dissolution is the ability to create functional solvent

blends by combining two non-solvents with appropriate parameters. Accordingly, the

list of solvent candidates for this project included single solvents as well as binary blends.

Every single-component solvent with RED < 1 proved empirically able to dissolve PVDF,

with the exception of acetic anhydride (Table 2.1). As acetic anhydride hydrolyses readily

in atmospheric moisture to form acetic acid, it is likely that the stock solvent used—
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Table 2.1: Results of single-solvent dissolution trials for PVDF

Solvent MVol RED Success?

N-Methyl-2-Pyrrolidone (NMP) 96.6 0.50 yes
N,N-Dimethyl Formamide (DMF) 77.4 0.55 yes
N,N-Dimethyl Acetamide (DMAc) 93 0.56 yes
Cyrene 101.6 0.78 yes
γ-Valerolactone (GVL) 97.1 0.80 yes
Acetic Anhydride 95 0.82 no
Dimethylsulfoxide (DMSO) 71.3 0.88 yes
Cyclopentanone (CP) 89.1 0.98 yes
γ-Butyrolactone (GBL) 76.5 1.00 yes
Glycerol Carbonate 83.2 3.40 no

Solvents with RED < 1 are predicted to dissolve PVDF. Samples were prepared with 10%
w/v PVDF and stirred at 60-100°C overnight.

which had been opened many months before this experiment—was contaminated with a

significant amount of acetic acid. This would change its HSP significantly, bringing it out

of the solubility sphere. Discounting this anomalous result, the single solvents predicted

by HSP could successfully dissolve PVDF. Glycerol carbonate was tested as an example

of a sustainable solvent well outside of the solubility sphere, and indeed did not dissolve

PVDF.

Table 2.2: Results of blended solvent dissolution trials for PVDF

Solvent 1 Solvent 2 Vol% 1 Vol% 2 RED Success?

p-Cymene Glycerol Carbonate 54 46 0.01 no
5-HMF GVL 37 63 0.06 yes
Isobutanol Propylene Carbonate 44 56 0.13 no
CP Water 89 11 0.13 yes
Cyclohexane Glycerol Carbonate 48 52 0.14 no
DMF Cyrene 58 42 0.18 yes
Acetic Acid Propylene Carbonate 49 51 0.20 no
DMAc Cyrene 58 42 0.22 yes
CP Glycerol 81 19 0.27 yes
CP Ethylene Glycol 80 20 0.28 no
Acetonitrile Benzyl Alcohol 52 48 0.41 no

Solvents with RED < 1 are predicted to dissolve PVDF. Samples were prepared with 10%
w/v PVDF and stirred at 60-100°C overnight. Solvent abbreviations used here for brevity:
5-HMF = 5-hydroxymethylfurfural, GVL = γ-valerolactone, CP = cyclopentanone, DMF
= N,N-dimethylformamide, DMAc = N,N-dimethylacetamide

However, the blended solvents were less predictable (Table 2.2). Blends of a successful

single solvent with a non-solvent tended to work, while blends of two non-solvents did
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not work. In some cases, even blends with a successful solvent did not work, as seen with

cyclopentanone (CP) and ethylene glycol. From this, we can conclude that dissolving

PVDF requires certain solvent characteristics that cannot be accurately predicted for

blends. Thus, the utility of the HSP model for PVDF is currently limited to single

solvents. Rasool et al. had similar difficulties when attempting to dissolve PVDF in green

solvents for membrane preparation.138 In that case, the polymer used had a MW of 534

kDa, showing that the unpredictability of blends for PVDF dissolution is not limited

to the extremely high-MW PVDF used in this study. While this phenomenon could be

related to the inability of Hansen parameters to predict complex solvent interactions such

as preferential solvation, the fact that HSP can predict blends for many other polymers

suggests that the cause is more likely some unusual characteristic of PVDF, such as high

crystallinity.

The results of the modelling study and dissolution trials identified four potential

green solvent candidates, which were then tested and compared against NMP in a variety

of ways.

2.3 Properties of PVDF Solutions

2.3.1 Final Candidates

The best green solvent candidates for PVDF dissolution are summarized in Table 2.3

and Figure 2.5. NMP is included as an example of a standard non-green PVDF solvent.

Dimethylsulfoxide (DMSO), γ-valerolactone (GVL), dihydrolevoglucosenone (Cyrene)

and CP are all bio-derived and fairly safe. Cyrene, as described in Section 1.5, is derived

from cellulose in two steps and considered non-hazardous with the exception of eye

irritation.98 Its reactivity with bases and strong acids can lead to instability issues in some

applications.104 It is currently REACH registered for use of up to 100 tonnes/year in the

EU. The boiling point of Cyrene is 25°C higher than that of NMP, making it harder to

remove when evaporation is required. Its density is about 20% higher. The most notable

difference, however, is the viscosity—with a room-temperature viscosity almost nine

times higher than NMP, Cyrene may behave differently in dissolution and application of

PVDF solutions.

DMSO is produced through catalytic oxidation of dimethyl sulfide, which is a byprod-

uct of the Kraft wood pulping process.69,141,142 While it is fully registered under REACH,

allowing over 1,000 tonnes/year to be used in the EU, and considered non-hazardous, its
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Table 2.3: Green solvent candidates for PVDF dissolution compared with traditional
solvent NMP

Solvent
δD δP δH Viscosity Density BP Water Content

(MPa1/2) (25°C, mPa s) (g/cm3) (1 atm, °C) (%)

NMP 18.0 12.3 7.2 1.67139 1.03139 202 0.21
DMSO 18.4 16.4 10.2 1.99139 1.10139 189 0.06
GVL 16.9 11.5 6.3 2.20110 1.05110 207 0.24
Cyrene 18.8 10.6 6.9 14.5110 1.25110 227 0.18–0.96
CP 17.9 11.9 5.2 1.29110 0.95140 131 0.18

skin penetration ability, strong odour in wastewater treatment, and generation of SOx

upon incineration can be causes for concern.41,143–145 Its density and boiling point are

within 10% of the NMP values, while viscosity is 20% higher, suggesting its polymer

dissolution behaviour could be moderately different.

GVL is derived from the conversion of cellulosic biomass to glucose and then levulinic

acid.138 It is considered non-toxic, has low volatility, and does not appear to readily form

peroxides.138,146,147 However, GVL is not currently REACH-registered, limiting its use in

the EU to under 1 tonne/year. There is no data readily available on health hazards such

as mutagenicity and reprotoxicity, leaving some questions about its overall safety. The

closely-related compound γ-butyrolactone (GBL) was also predicted to dissolve PVDF,

but was ruled out on the basis of it being restricted in some countries, as it is converted in

the body to controlled drug γ-hydroxybutyrate (GHB).148 GVL is chemically similar, but

less potent as a drug and therefore less restricted, though it may still raise concerns in

some industries. GVL is very close to NMP in density and boiling point, but like DMSO,

its viscosity is somewhat higher (about a 30% increase).

Finally, CP is typically synthesised from petrochemical precursors, but can be pro-

duced efficiently from hemicellulose-derived furfural.149,150 It is considered a flammable

liquid and irritant, but is fully REACH-registered, allowing use of over 1,000 tonnes per

year in the EU.151 As it has no significant toxicity or waste disposal issues, CP can be

considered a green option in applications where risk of fire can be controlled.152 This

candidate is the only one with a boiling point and viscosity considerably lower than

those of NMP, though its density is similar. The boiling point, in particular, represents a

drop of 71°C, suggesting that CP will evaporate much faster and may not be suitable for

applications where low volatility is important.

Of these green candidates, GVL, CP, and Cyrene are not well-studied in the literature.
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Figure 2.5: Final solvent candidates for PVDF dissolution, depicted as structural formulae
and ESP surfaces, with associated GHS symbols below.

GVL is reported as a solvent for a co-polymer of PVDF and hexafluoropropylene,153,154

and is mentioned briefly in patents as a PVDF solvent for electrodes or membranes,155,156

but its properties are not well-reported. CP has been reported as a solvent for PVDF-

trifluoroethylene copolymers,157,158 a co-solvent for PVDF or its copolymers in the pres-

ence of propylene carbonate,159,160 and is briefly mentioned as a single solvent for pure

PVDF, but again, no exploration of the properties of PVDF dissolved in CP is available.161

Cyrene is the most novel of these solvents, and is only reported in two interactions with

PVDF: membrane formation with PVDF (Mw = 322 kDa),132 and ability to dissolve PVDF

nanofiltration membranes.162 DMSO, on the other hand, is well-known as a PVDF solvent,

and has been studied in casting of PVDF membranes130,163,164 and other applications.165

These four green solvents were therefore studied for their ability to dissolve high

molecular weight PVDF designed for battery applications, and their unique properties

were assessed and compared with those of solutions in NMP. Each solvent can dissolve

at least 10% w/v PVDF, with NMP and DMSO achieving this at room temperature over

several hours, and GVL, Cyrene, and CP with heating to 60-100°C in under two hours.

The behaviour of these PVDF solutions varies quite a bit, as depicted in Fig. 2.6 and

57



described below.

2.3.2 Dissolution Differences Between Solvents

There are significant differences in the PVDF dissolution behaviour of each green solvent

candidate (Fig. 2.6). As a baseline, dissolution in NMP begins immediately at room

temperature, gelling the outermost layer of PVDF and forming a film that forces the bulk

of the polymer to clump and strongly adhere to the glass vial. This phenomenon slows

dissolution significantly, and even with heating and magnetic stirring it can take several

hours for the PVDF to fully dissolve. When dissolution is complete, the solution is a

clear, colorless, viscous liquid at room temperature. This gelation phenomenon is known

in other polymers, such as polyvinylpyrrolidone (PVP), where beginning at a high pH to

prevent dissolution, and then lowering it until the solvent becomes compatible, prevents

clumping and increases the overall dissolution rate by orders of magnitude.79

Figure 2.6: 10% w/v PVDF is shown before and after dissolution in each solvent. NMP
and DMSO show distinctive clumping behaviour, while GVL, Cyrene, and CP disperse
PVDF.

The first green solvent candidate, DMSO, behaves quite similarly to NMP. Dissolution

of PVDF begins immediately at room temperature, but the bulk of the polymer clumps,

and full dissolution takes several hours even when heated. Additionally, there can

be small, completely transparent clumps that persist even when dissolution appears

complete, making it difficult to judge whether all of the polymer has dissolved. When

the PVDF is fully dissolved, the solution is very similar to an NMP solution—a clear,

colorless, viscous liquid at room temperature.
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The other three green solvents—GVL, Cyrene, and CP—are much better at dispersing

PVDF. Dissolution in these solvents does not occur at room temperature, even after

several weeks. GVL and CP must be heated (60°C was the minimum heating attempted)

to activate dissolution, and Cyrene requires heating to 100°C. However, even when

heated, these solvents do not display the clumping behaviour seen in NMP and DMSO.

Instead, the PVDF powder disperses throughout the solvent when shaken or stirred, and

the individual particles gradually swell and dissolve over the course of 1–2 hours heating

and stirring. This process of gradually heating the solvent can be viewed as analogous to

the pH switch used for PVP. By using a solvent that is initially worse (i.e. no dissolution

at room-temperature), and heating until it becomes compatible, the clumping issue is

avoided and overall dissolution rate is greatly increased. This may present an advantage

in recycling situations, where rapid and complete dissolution of PVDF is desired.

2.3.3 Gel Behaviour

GVL, Cyrene, and CP all form a strong gel with 10% w/v PVDF when cooled to room

temperature (Fig. 2.5). Gelation of PVDF in ketone and lactone solvents has been

previously reported, suggesting that it is the ketone moiety in these three solvents that

is responsible for this behaviour.166–168 All of these gels exhibit thermoreversible sol-gel

transitions, indicating that physical, rather than chemical, cross-linking is occurring.169

In Cyrene and CP, the gelation occurs rapidly upon cooling, while the GVL solution sets

slowly, taking 24 hours to fully gel. This presents some opportunity for processing the

GVL solution as a room-temperature liquid, while Cyrene and CP must be kept hot to

maintain their liquid forms.

At the 10% w/v concentrations tested here, CP produces a gel that is mostly clear

with very slight turbidity, GVL forms a cloudy gel, and the Cyrene gel is completely

opaque. This suggests varying levels of polymeric aggregation within the cooling solu-

tions, with the more opaque gels likely having larger aggregates and regions of higher

polymer density causing increased light scattering.170,171 This variance in aggregate size

could affect the applications of these gels, with the more turbid ones being potentially

unsuitable for applications where smooth, continuous application of PVDF is required

(i.e. film formation). However, for applications that require less homogeneity, such as

battery binders, either type of gel would likely be suitable. Application as conductive gel

electrolytes, which are highly desirable for battery applications, could also be restricted
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by an overly dense macromolecular morphology—an open, porous structure is necessary

to allow ionic conduction.154,172

Figure 2.7: Gels prepared with 10% w/v PVDF in CP, GVL, and Cyrene. After being
stored in sealed vials for several days, CP samples show considerable shrinkage.

These gels also exhibit differences in long-term stability. The lower boiling point

of CP (Table 2.3) results in rapid drying of the gel, even in a sealed vial (Fig. 2.7). CP

evaporation causes dramatic shrinking of the substance, going from a clear, colorless gel

to an opaque white pellet. Gels made with GVL and Cyrene are far more stable, showing

no obvious change even after several weeks. Therefore, gels made with GVL or Cyrene

would be more suitable for applications that require a long-lasting gel.

The minimum gelator concentrations (MGC) were measured in order to identify

the working liquid range for each solvent, with polymer concentration intervals of 1%

w/v (Table 2.4). These values denote the minimum concentration of PVDF necessary to

form a gel. While GVL has the highest MGC, it also has a continuous sol-gel transition,

with lower concentrations forming a weaker pseudo-gel that gradually flows under

gravity. Cyrene and CP have sharp sol-gel transitions, remaining obviously liquid at

concentrations below the MGC.

Table 2.4: Minimum gelator concentrations for PVDF solvents

MGC (% w/v)

GVL 7
Cyrene 1
CP 3

2.3.4 Rheometry of Gels and Solutions

Rhological properties of polymer solutions can be important in determing the limits

of their applicability, as well as giving hints about the solvent-solute interaction. The

rheological properties of these 10% w/v PVDF solutions were assessed in several ways.

For gelled samples, amplitude sweeps were performed at 25°C to assess the strength of
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the gel. The gel samples were also heated to 100°C to assess their viscosity as liquids. For

liquid samples, viscosity was assessed at both 25°C and 100°C. Tests were performed in

triplicate, using a fresh sample for every trial.

The amplitude sweep of each gel shows the variance of both the shear storage (G’)

and shear loss (G”) moduli with increasing shear strain (Appendix A.1). When G’ exceeds

G”, the gel is behaving like a solid; G” exceeding G’ indicates the material is acting as

a viscoelastic fluid.173 The crossover point, at which G’ intersects G”, represents the

maximum shear strain the sample is capable of handling before the gel structure breaks

down. This point serves as a measure of the gel strength. By this metric, Cyrene and

GVL samples performed similarly (Fig. A.1 and A.2), with the gel breaking between 10

and 20% shear strain. The CP gel, on the other hand, did not break until reaching over

100% shear strain, indicating that this gel is much stronger than the other two.

Figure 2.8: Viscosity of 10% w/v PVDF in various solvents at 100°C. Results presented as
averages of three independent trials ± standard error.

Viscosity comparisons between solvents were performed at 100°C, allowing study of

all solvents except CP, which proved too volatile for elevated-temperature trials. For each

trial, the shear rate was gradually increased from 0.1 s-1 to 100 s-1, and the shear viscosity

measured 7 times per decade in a logarithmic progression (Fig. 2.8). All samples showed

a viscosity decrease with increased shear (shear thinning). Results for NMP, DMSO, and

GVL are self-consistent with low error (see also Fig. A.6, A.7, A.8), but Cyrene samples

display a large error margin. This could potentially be due to the variable water content

of Cyrene. While the other three solvents were kept over molecular sieves to ensure

consistent water content, Cyrene is unstable to molecular sieves and could not be dried
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in this way. While Cyrene is not hygroscopic, its water content did vary from 0.18–0.96%

between batches (Table 2.3), which could cause some difference in PVDF interaction.

NMP, DMSO, and GVL solutions behave quite similarly to one another in high-

temperature viscosity trials. GVL samples display a slightly higher viscosity than the

other two, while DMSO samples show slightly more pronounced shear thinning. Cyrene

solutions, on the other hand, display a viscosity that is roughly four times higher than

the other solvents. This is likely due to the high viscosity of pure Cyrene (14.5 mPa s,

Table 2.3), which is well above the viscosities of pure NMP (1.67), DMSO (1.99), and GVL

(2.20). The same trend of viscosities is maintained in the PVDF solutions, with Cyrene >

GVL > DMSO > NMP.

Figure 2.9: Viscosity of 10% w/v PVDF in various solvents at 25°C. Results presented as
averages of three independent trials ± standard error.

At 25°C, only NMP and DMSO samples could be measured (Fig. 2.9), as GVL, Cyrene,

and CP formed gels at this temperature. DMSO proved to form a slightly more viscous

solution, maintaining the expected trend based on pure solvent viscosities, but otherwise

behaves very similarly to NMP.

The differences in dissolution behaviour among the four green solvent candidates

suggest that they could have advantages over NMP in practical applications. This was

investigated by observing the behaviour of each solution when cast as a film, which

could be useful for both electronics and membrane applications.
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2.4 Practical Applications

2.4.1 Membrane Casting

Research in this section was carried out in collaboration with Roxana Milescu.

Given its high thermal stability and chemical resistance, PVDF is popular in membranes

for separations, including uses such as purification of water and gases, food processing,

environmental protection, and more.83 In these applications, the most common manu-

facturing technique is casting from solution and inducing phase separation to form a

polymer film.85 When a non-solvent is used to encourage phase separation, the process

is known as non-solvent induced phase inversion (NIPS). The mechanics of this process

are described in more detail in Section 1.4.1. Solvent properties can greatly impact the

morphology of the membrane, and therefore its performance in various applications.86,174

Membrane preparation via NIPS was chosen as an industrially relevant application

test that could be performed with available equipment. Samples were prepared using 10%

w/v solutions of PVDF in each of the four green solvent candidates, as well as NMP for

comparison. Each solution was cast onto a glass plate, which was immediately immersed

in a water bath for phase inversion (Fig. 1.9). With the exception of CP, all solutions were

heated to 100°C to dissolve, then cast directly from hot solution onto a gently warmed

plate. CP solution was too volatile to heat to 100°C, and was instead heated to 60°C to

dissolve and cast onto a cold plate to reduce evaporation. The prepared membranes

were then dried under vacuum and analysed via scanning electron microscopy (SEM)

and attenuated total reflection Fourier transform infrared (ATR FT-IR) spectroscopy.

This allowed examination of their pore morphology, which is critical in membrane

applications, and crystallinity, which can be affected by solvent polarity. Additional

membranes from NMP, DMSO, and GVL were cast at room temperature (Fig. A.10),

while Cyrene and CP gelled too quickly for room-temperature casting, but comparisons

between solvents were performed with hot-cast membranes to reduce differences due to

thermal effects.175,176

Visually, there are obvious differences between the solvents (Fig. 2.10). Samples

made from NMP, DMSO, and GVL are quite similar, forming opaque white pliable films

with wrinkled surfaces. Each has its own characteristic surface striations. These films

are relatively quick to form when placed in the water bath, taking 10-20 seconds to

completely solidify, though GVL films formed more slowly than NMP and DMSO. Upon
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Figure 2.10: Membranes prepared with 10% w/v PVDF in five solvents, photographed
atop logo graphic before (left) and after (right) vacuum drying.

drying, NMP and DMSO undergo very little shrinkage, while GVL shrinks slightly. All

of these samples remain flexible after drying.

Cyrene and CP, on the other hand, form translucent, almost colorless films with

smooth surfaces. When placed in the water bath, these samples solidify quite slowly,

taking over 60 seconds each. Figure 2.10 shows the membranes immediately after being

removed from water, before drying. After drying, the Cyrene and CP films undergo

considerable shrinkage, becoming cloudier and more brittle.

It is worth noting that while these films were prepared with 10% w/v PVDF, this

high concentration is not necessary. Lower concentrations of PVDF in these solvents may

yield different film properties, and are a good target for future studies.

By SEM, the microscopic basis for the visual differences between films becomes

apparent. Films cast from NMP and DMSO (Fig. 2.11) range from 140-180 µm thick and

display the irregular macrovoids, finger-like pores, and smooth, dense surface skin that

are characteristic of PVDF membranes.88 The formation of these structures is caused by

rapid liquid-liquid phase separation (demixing) of the polymer solution—that is, when

the PVDF solvent and the water bath interchange quickly, the polymer becomes more

concentrated in specific areas and less concentrated in others, eventually precipitating in
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Figure 2.11: SEM micrographs of films prepared with 10% w/v PVDF in NMP and
DMSO, showing (a) NMP surface (10,000x), (b) NMP cross-section (800x), (c) NMP cross-
section (5,000x), (d) DMSO surface (10,000x), (e) DMSO cross-section (800x), (f) DMSO
cross-section (5,000x)

an irregular, highly porous morphology with a smooth surface skin (Fig. 1.10).85,88,89,92,177

The inhomogeneity seen here is the likely source of the opacity of the membranes,

as the structure is not sufficiently ordered to allow light to pass through. Similarly, the

pliability of the membrane could result from the capacity of these porous structures for

flexing without breaking. For filtration applications, the large size and high incidence

of voids in these cross-sections does not necessarily indicate that these membranes will

have a high flux. Because PVDF membranes have a dense top skin, flux is typically

determined by the presence of pores in the top layer, rather than the interior.86

Figure 2.12: SEM micrographs of films prepared with 10% w/v PVDF in GVL, showing
(a) Surface (10,000x), (b) Cross-section (800x), (c) Cross-section (5,000x)

GVL films, on the other hand, display a different morphology (Fig. 2.12). These

membranes are much thinner, measuring roughly 40-45 µm thick, and lack the finger-like
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pores and macrovoids of the NMP and DMSO samples, instead displaying a spongy,

fairly dense structure (bicontinuous) with a porous and irregular surface. The internal

spongy structure of the GVL film is quite similar to the denser regions of the NMP and

DMSO films, but its regularity, lack of macrovoids, and the noticeably slower speed of

film formation suggests that liquid-liquid phase separation occurs more slowly in GVL.

This bicontinuous morphology has been previously associated with delayed demixing

in other solvents, supporting this explanation.85 The GVL membrane has fewer defects

than those formed from NMP and DMSO, suggesting that PVDF membranes cast from

GVL may be mechanically stronger. Again, the porosity of the internal structure likely

contributes to both the opacity and the flexibility of the film.

Figure 2.13: SEM micrographs of films prepared with 10% w/v PVDF in Cyrene and CP,
showing (a) Cyrene surface (10,000x), (b) Cyrene cross-section (800x), (c) Cyrene cross-
section (5,000x), (d) CP surface (10,000x), (e) CP cross-section (800x), (f) CP cross-section
(5,000x)

Finally, membranes cast from Cyrene and CP appear very similar by SEM (Fig.

2.13), just as they do to the naked eye. Cyrene membranes are 60-65 µm thick, and CP

membranes are 80-90 µm. Both solvents form very dense, non-porous morphologies with

wrinkled surface layers. This morphology has neither the characteristics of liquid-liquid

phase separation, nor solid-liquid phase separation, in which spherical or sheaf-like nodes

of crystallisation would be expected.178 However, neither does this film resemble a simple

dried gel, which would likely show spherical nodules due to slow crystallisation.179,180

Instead, it appears that the polymer precipitated very slowly out of solution, forming a

non-porous, optically translucent, brittle crystalline sheet.
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While it might seem logical that the structure of the solvent, or its HSP, could be

used to explain the structure of its membranes, this is not typically the case. A thorough

examination of PVDF membranes in various solvents by Bottino et al. showed that neither

solvent/polymer nor solvent/non-solvent interaction strengths correlate with membrane

structure.86 This is supported in these results as well—the strength of PVDF/solvent

interactions should increase with decreasing Hansen distances (Ra, Table 2.5), with

NMP > Cyrene/GVL > DMSO > CP. Obviously, this does not explain the membrane

morphologies seen here. Similarly, the water/solvent interaction trend would suggest the

porosity of the structures should follow DMSO > NMP > Cyrene/GVL > CP. While this

trend is closer to resembling the hierarchy of porosities seen, Cyrene and GVL behave

quite differently, which is not predicted here.

Table 2.5: Hansen distances (Ra) between solvent candidates and PVDF/water

Ra
Solvent PVDF Water

NMP 1.8 35.6
DMSO 3.7 32.6

GVL 3.6 36.4
Cyrene 3.6 36.4

CP 3.8 37.6

It is known that water exhibits complex behaviour that is not reliably predictable by

HSP.50 Indeed, the strength of water/solvent interactions predicted here does not seem

to correlate with water/solvent miscibility. NMP, DMSO, and GVL are fully miscible

with water,147,181,182 while CP is only slightly water-soluble.151 Cyrene will mix with

water, but this is kinetically slow, and Cyrene will layer with water if combined gently.

This actual water miscibility behaviour may be contributing to the observed membrane

structures—reluctant interaction of solvent with water bath could slow diffusion of water

into the polymer solution, preventing the formation of macrovoids and forcing slow

crystallisation of the polymer into a non-porous layer. This solvent/non-solvent diffusion

phenomenon, represented by the binary diffusivity, was shown by Bottino et al. to be

the key correlation between solvent and membrane structure.86 In addition, the rapid

gelation of PVDF in Cyrene and CP upon cooling suggests that gelation would likely

begin upon immersion in the cool water bath, further reducing diffusion of water into

the polymer matrix.

When contrasting the morphologies of membranes formed in NMP and DMSO
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versus GVL, miscibility cannot be the determining factor. Instead, the viscosity of the

casting solution could be influencing the speed of liquid-liquid interchange.132 The GVL

solution is slightly more viscous than NMP and DMSO (Fig. 2.8), potentially slowing

the penetration of water into the polymer matrix and reducing the demixing rate. This

phenomenon could explain the denser bicontinuous structure and the absence of large

macrovoids formed by rapid demixing.

To further analyse the structure of the PVDF membranes, ATR-FTIR spectra of the

surfaces were obtained (Fig. 2.14). Two crystalline phases of PVDF are evident: the non-

polar α phase, which has a trans-gauche conformation and is kinetically favoured, and

the polar β phase, which has an entirely trans conformation and is thermodynamically

favoured.128,131,132

Figure 2.14: FT-IR spectra of 10% w/v PVDF films cast from solvent candidates and NMP,
with arbitrary units of absorbance. Reference lines indicate characteristic peaks, with
β-phase peaks across the top and α-phase peaks across the bottom (see text).

Of the solvents examined here, DMSO seems to yield entirely β-phase PVDF, showing

characteristic peaks at 1273, 840, and 511 cm-1. While NMP and GVL samples also show

these β peaks, they have minor peaks associated with the α phase, indicating that the

PVDF in these films is a mixture of the two. Cyrene shows almost entirely α peaks, with

a hint of β character at 840 cm-1. The CP sample yields entirely α peaks.

Past studies have suggested that more polar solvents will favour β phase develop-

ment, and this is borne out here to some extent (Table 2.6).132 DMSO, which entirely

favours β phase, has the highest δP at 16.4. NMP has the next highest δP at 12.3, and is
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Table 2.6: Crystallinity of PVDF films and HSP of solvents

Solvent δD δP δH Phase

NMP 18.0 12.3 7.2 β (some α)
DMSO 18.4 16.4 10.2 β

GVL 16.9 11.5 6.3 β (some α)
Cyrene 18.8 10.6 6.9 α (some β)
CP 17.9 11.9 5.2 α

HSP are given in units of MPa1/2

mostly β with a hint of α. However, CP’s δP is close to that of both NMP and GVL, and

considerably higher than Cyrene’s, breaking the pattern.

Instead, the phase preference can be explained by a combination of polarity and

hydrogen bonding. DMSO, with both a high δP and δH, favours the β phase exclusively.

NMP and GVL are mid-range in both δP and δH, allowing formation of some α-phase

polymer. Cyrene has a considerably lower δP and mid-range δH, encouraging formation

of α phase with a bit of β. Finally, CP has a mid-range δP, which could enable β phase

formation, but its unusually low δH instead promotes α.

2.5 Summary and Future Work

In conclusion, a number of green candidates have been identified for dissolution of high-

MW PVDF, and the performance of each candidate was compared with conventional

solvent NMP. Each solvent was tested for its ability to dissolve PVDF at 10% w/v,

which is relevant for battery manufacturing and recycling, as well as its ability to form

membranes for separation applications. The key findings are summarised in Table 2.7.

Each solvent presents a different set of hazards and properties. DMSO performs simi-

larly to NMP in all respects, dissolving PVDF at room temperature while exhibiting the

clumping behaviour that slows dissolution significantly. These systems can take several

hours to dissolve PVDF, and DMSO in particular forms optically transparent clumps that

make it difficult to ascertain whether dissolution is complete. The DMSO/PVDF solution

is liquid at room temperature, with a slightly higher viscosity than the NMP/PVDF solu-

tion (Fig. 2.9). In membrane preparation, both NMP and DMSO form flexible, opaque

films that do not show significant shrinkage upon drying. Their internal structures are in-

homogeneous, with numerous irregular macrovoids that are typical of rapid liquid-liquid

demixing. These results suggest that DMSO could be a good drop-in replacement for
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Table 2.7: Summary of PVDF solvent candidate properties

Dissolution Gelation
Solvent Hazards Temp (°C) Speed Min % w/v Shrinkage Membrane

NMP
reprotoxic

irritant
25 slow - -

flexible
opaque

macrovoids

DMSO none 25 slow - -
flexible
opaque

macrovoids

GVL unknown 60 fast 7.0 low
flexible
opaque

bicontinuous

Cyrene irritant 100 fast 1.0 low
brittle

transparent
non-porous

CP
flammable

irritant
60 fast 3.0 high

brittle
transparent
non-porous

NMP in PVDF dissolution. However, despite its lack of hazards, DMSO is controversial

in industry due to significant odour issues in wastewater treatment, generation of SOx

upon incineration, and its ability to bring organic compounds through the skin barrier.

These issues may affect its adoption as a green solvent.

In GVL, PVDF disperses readily, avoiding the clumping behaviour seen in DMSO and

NMP. Though this solvent requires heating to achieve dissolution (60°C was used here),

the overall process takes less than two hours. The GVL/PVDF solution was found to be

slightly more viscous than DMSO or NMP solutions at 100°C. Upon cooling, GVL/PVDF

gradually gels over the next day, eventually forming a translucent, thermoreversible gel.

GVL requires 7% w/v PVDF to form a stable gel, though lower concentrations result in

pseudo-gelatinous samples, indicating a continuous sol-gel transition. Rheological trials

indicate this gel breaks between 10 and 20% shear strain. The GVL/PVDF gel sample is

stable for weeks under ambient conditions, suggesting it may be applicable industrially

(for example, as part of a gel electrolyte in a battery). Membranes cast from GVL/PVDF

are also flexible and opaque, but do not display the inhomogeneous structure found in

NMP and DMSO. Instead, this solvent forms a homogeneous bicontinuous structure,

potentially adding mechanical strength while retaining porosity.

Overall, GVL could serve as an alternative to NMP for PVDF dissolution, though
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the gelation behaviour may prove problematic for drop-in replacement. However, the

gradual nature of the gelation, as well as its thermoreversibility, suggests that issues

could be avoided in industrial processes that employ gentle heating. Additionally, as

GVL dissolution of PVDF occurs more quickly and reliably due to the lack of clumping,

GVL may actually present an improvement in battery recycling applications, where the

goal is to separate the PVDF from the other components of the electrode. The main barrier

to GVL as a green solvent is its regulatory status—it is not registered under REACH,

meaning that its use in the EU is limited to less than 1 tonne/year. The registration

process is time-consuming and expensive, presenting an obstacle to larger-scale use.

Additionally, while GVL has been shown to be non-toxic and non-volatile, other hazards

are currently unreported, so it cannot be presumed safe. Further safety data is needed

before recommendations can be made about GVL as an alternative solvent.

Cyrene behaves similarly to GVL in dissolution of PVDF, though it must be heated

to roughly 100°C for dissolution to occur at an appreciable rate. Dispersion is similarly

easy, and lack of clumping allows PVDF dissolution within 2 hours. The Cyrene/PVDF

solution is 3-6 times more viscous at 100°C than the three solutions described above,

probably due to the relatively high viscosity of pure Cyrene. Cyrene/PVDF forms an

opaque gel immediately upon cooling, making it a challenge to handle this solution at

room temperature. Like with GVL, the gelation is thermoreversible and stable for weeks

under ambient conditions, and the gel was found to sustain 10–20% shear strain before

breaking. Unlike GVL, the gel formed is completely opaque, suggesting considerable

aggregation of the polymer and perhaps limiting applications. Cyrene can form a gel

with a much lower concentration of polymer, showing a sharp sol-gel transition below

1% w/v PVDF. Upon attempting membrane casting from a hot Cyrene/PVDF solution, a

thin, clear film is formed. This turns translucent white and brittle upon drying, and by

SEM appears to have a homogeneous, non-porous cross-section.

Because of this morphology, Cyrene does not appear to be a suitable solvent for PVDF

membranes, though there may be other applications where translucency is more impor-

tant than porosity. The ready gelation behaviour, particularly with low concentrations of

PVDF, may be worth examining for applications such as battery electrolytes, where poly-

mer aggregation may not pose a problem. Finally, due to its ready dispersion and rapid

dissolution of PVDF, Cyrene may be useful for battery recycling, if the high temperature

required for dissolution is industrially acceptable. As Cyrene is fully registered under
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REACH Annex VIII, it can be used in the EU at up to 100 tonnes per year, and has been

shown to have no probable hazards aside from eye irritation. Combined with its unusual

PVDF interactions, this suggests that Cyrene should be explored further as a potential

green solvent in this application.

Finally, CP also acts as a non-clumping solvent for rapid, heated PVDF dissolution.

However, its high volatility relative to the other solvent candidates may cause issues

in processing, as it gradually evaporates when heated, yet does not noticeably dissolve

the polymer at room temperature. Viscosity of the heated solution could not be mea-

sured due to rapid evaporation at 100°C, and rapid gelation upon cooling prevented

low-temperature viscosity measurements. Like Cyrene and GVL, CP forms a thermo-

reversible gel with PVDF. The CP/PVDF gel is nearly colorless and transparent, and

can handle over 100% shear strain before breaking, indicating considerable strength.

CP requires only 3% w/v PVDF to form a gel, with a sharp sol-gel transition below

this concentration. However, CP/PVDF gels are not stable under ambient conditions,

with rapid solvent evaporation causing noticeable shrinking in the first few hours after

gelation. In membrane casting attempts, CP performs very similarly to Cyrene, forming

a transparent, non-porous film that becomes brittle when dried.

Of the four green candidates, CP seems the least promising. Its membrane behaviour

limits a popular application, and its volatility makes it difficult to handle, particularly

as a replacement for high-boiling NMP. Its flammability is a more significant hazard

than any known for the other three candidates. However, CP is fully REACH-registered

and has no waste disposal issues, so it may still be more practical than Cyrene, GVL, or

DMSO in closed systems where volatility is not an issue.

To sum up, a potential drop-in replacement for NMP in PVDF dissolution has been

identified, as well as several solvents that could be green replacements in specific applica-

tions. These are particularly promising in battery recycling, where their rapid dissolution

of PVDF may represent an improvement over NMP; this is the logical next step in this

study. In addition, the gelling candidates may present opportunities for improved dis-

persion of active ingredients and conductive additives for battery manufacturing, and

perhaps form useful gel electrolytes. These present interesting areas for future study. The

membrane properties of DMSO and GVL should be studied further, comparing their ten-

sile strength and filtration abilities to those of NMP. Constructing phase diagrams for the

PVDF/solvent/water systems of all four candidates could be theoretically interesting.
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CHAPTER 3

CELLULOSE DISSOLUTION IN CELLULOSE-BASED SOLVENT

Cellulose is the most abundant biopolymer on earth, with the potential to form the basis

for a renewable bioeconomy. Unfortunately, it is also notoriously difficult to dissolve.

The high level of crystallinity and hydrogen bonding in cellulose make it resistant to

common solvents. Indeed, cellulose solvent systems tend to be unusual combinations

of salts and dipolar aprotic solvents, or alkalis and water, with some ionic liquids and

deep eutectic solvents known to work as well.183,184 Currently, commercial systems for

cellulose dissolution in the EU rely on N-methylmorpholine-N-oxide (NMMO), which is

a flammable solid and oxidiser.185 Cyrene could potentially replace NMMO as a cellulose

solvent, providing a green alternative.

3.1 Background

Cellulose is found in the cell walls of almost all green plants, including trees, agricultural

crops, seaweed, and microalgae (Fig. 3.1). The global mass of cellulose is estimated at

7 × 1011 tonnes, with up to 1.8 × 108 tonnes being produced by plants each year.186,187

Currently, only 1 × 105 tonnes are being used annually to produce paper, textiles, and

other goods, leaving a vast quantity available as a renewable resource. Furthermore,

cellulose is not a human food source, and is frequently considered a waste, making

it an excellent feedstock from a sustainability perspective. Once dissolved, cellulose

can be functionalised or otherwise treated to make textiles, plastics, fuels, and other

economically critical products.188–191

From a dissolution perspective, cellulose is extremely challenging. Its strong network

of hydrogen bonds between hydroxyl groups (Fig. 3.1) makes it resistant to most attempts

at dissolution. Historically, solvents that have proved harsh enough to overcome this

bonding have also been dangerous to humans and the environment. The viscose process

was the first commercial technology for cellulose dissolution, developed in the late 19th

century, and is still in common use today. Indeed, though European plants have stopped

using this technology due to its hazards, manufacture in China, India, and Southeast Asia

is growing significantly.192 The viscose process relies on carbon disulfide, which is both

73



Figure 3.1: Cellulose originates from cell walls of plant biomass. Adapted from Chem.
Eng. Sci., 121, Gupta, K.M. and Jiang, J., Cellulose dissolution and regeneration in ionic liquids:
A computational perspective, 180–189, © 2015, with permission from Elsevier

neurotoxic and extremely flammable, resulting in regular accidents, chronic poisoning of

workers, and environmental pollution.193–195 The viscose process also involves corrosive

solutions of sodium hydroxide and sulfuric acid.80

In the EU, textile manufacturing from cellulose is now achieved via the Lyocell pro-

cess, which uses a solvent system of NMMO and water.196 While NMMO solvation is an

improvement over the viscose process, its oxidising properties present a risk of explo-

sion during both storage and use.185,197 Synthesis of NMMO is far from environmentally

friendly, relying on hazardous precursors (such as methylamine) and harsh conditions.198

Additionally, the cellulose dissolution system must be heated above the melting point of

NMMO, requiring high energy consumption.

While other cellulose solvent systems have been discovered, and will be discussed

below, no truly green system has yet been commercialised. It is of critical importance to

find a cellulose dissolution system that can safely and economically dissolve cellulose

on a global scale, replacing the highly hazardous systems currently in use. As Cyrene

is safe, sourced from cellulose, and similar to other dipolar aprotics used for cellulose

dissolution, it is an attractive candidate for a replacement.

3.1.1 Solvent Systems

Various solvent systems can be used to dissolve cellulose, each having different advan-

tages and limitations. Systems involving dipolar aprotic solvents are described here to

form the basis for designing a Cyrene-based dissolution system. Figure 3.2 shows the

most common dipolar aprotic solvents used in this application, allowing comparison
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with Cyrene. Generally speaking, Cyrene is similar to the conventional solvents in that

it is dipolar, aprotic, and amphiphilic. In the conventional solvents, oxygen and nitro-

gen or sulfur act as electronegative/hydrophilic centers, with terminal methyl groups

providing hydrophobic influence. For Cyrene, electronegativity/hydrophilicity comes

entirely from oxygen, and hydrophilic influence comes from methylene bridges in in a

seven-membered ring.

Figure 3.2: The most common dipolar aprotic solvents used in cellulose dissolution
systems, depicted as structural formulae and ESP surfaces, with associated GHS symbols
below.

NMMO and water. When heated above 85°C, a combination of NMMO and 20% w/w

water can dissolve up to 20% w/v cellulose. The dominant interaction here is thought to

be the formation of hydrogen bonds between cellulose hydroxyl groups and solvent N–O

dipoles, disrupting the intermolecular hydrogen bonding in cellulose and forming stable

solvent-cellulose complexes.199 In this system, water serves to lower the melting point of

NMMO from 170°C to 74°C, but also competes with cellulose to form hydrogen bonds

with the solvent. Higher proportions of water lead to NMMO–water complexation and

the loss of cellulose solubility. Currently, this system is used commercially in the Lyocell

process to produce cellulose-based fibres.
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DMAc/LiCl One of the most common laboratory-scale solvent systems for cellulose

is 8% w/v lithium chloride (LiCl) in dimethylacetamide (DMAc), which can dissolve

up to 16% w/v cellulose.200,201 This system relies on pretreatment of cellulose, typically

involving mechanical disintegration, solvent exchange, or another activation method

that relaxes the polymer chains and prepares them for dissolution.183,202 Notably, this

system has only been reported to work with DMAc and NMP, despite testing with other

dipolar aprotics.200 Unfortunately, DMAc and NMP are both either toxic or reprotoxic,

making them difficult to work with safely on an industrial scale.203 Additionally, lithium

is an increasingly scarce element, and would ideally be replaced with a more abundant

element in this application.204 However, the DMAc system appears to work exclusively

with lithium chloride, despite both other cations and halide anions being tested.200

DMSO/TBAF A lesser-known option for cellulose dissolution is the use of dimethyl-

sulfoxide (DMSO) with tetrabutylammonium fluoride (TBAF). 10 – 20% w/v of TBAF

trihydrate in DMSO was found to dissolve 2.5% cellulose within 15 minutes at room tem-

perature, without requiring pretreatment.205 This system is thought to work similarly to

the DMAc/LiCl system, with the fluoride anion dominating dissolution while the cation

is presumably stabilised by the solvent dipoles. TBAF is a very powerful hydrogen-bond

acceptor, which enables it to interact with hydroxyl groups on cellulose. The addition of

water to this system induces gelation and halts dissolution, probably due to competing

hydrogen bonding interactions. DMSO containing benzyltrimethylammonium fluoride

monohydrate was shown to dissolve 1% cellulose, while tetramethylammonium fluoride

proved an unsuitable additive due to its insolubility in DMSO.183 There have been no

recent publications improving upon this system, so it may be limited to low weight

percentages of cellulose. Additionally, quaternary ammonium fluorides like TBAF are

typically very expensive, which may reduce industrial interest in this system.

Dipolar Aprotics as Diluents Ionic liquids (ILs) and quaternary ammonium chlorides

are capable of dissolving cellulose on their own, but this can be expensive and slow. By

contrast, adding a small mole fraction of IL to a dipolar aprotic solvent can promote rapid

dissolution of 10% w/v cellulose.206 This method is particularly effective with nitrogen-

or sulfur-containing solvents, but also works with t-butanol, γ-valerolactone (GVL), and

γ-butyrolactone (GBL).207,208 Similarly, quaternary ammonium chlorides can be diluted

with DMAc to dissolve up to 10% w/v cellulose without pretreatment.209
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3.1.2 Swelling and Dispersion

In many cases, attempts at cellulose dissolution result instead in swelling of the polymer

or colloidal dispersion of cellulose aggregates.210 These results are worth examining as

hints for cellulose dissolution, as well as on their own merit.

Swelling Swelling of cellulose can sometimes be a stepping stone to dissolution. For

example, in the case of the NMMO and water solvent system, the ratio of NMMO to

water determines whether the solvent will dissolve cellulose quickly, swell it and then

dissolve it, or swell it without dissolving it.211 Careful microscopic examination of modes

of swelling can help decipher whether the solvent system is promising (Fig. 3.3).

Figure 3.3: Different swelling and dissolution modes of cellulose fibres in varying ratios
of NMMO/water. Reprinted from C. Cuissinat and P. Navard, Macromolecular Symposia,
2006, 244, 1–18 with permission from John Wiley and Sons © 2007

In very good solvents, as in NMMO with less than 17% water content, the cellulose

fibres immediately begin to break apart and dissolve, with no apparent swelling step.

With 19 – 24% water, the NMMO system becomes slightly less effective, and a slower

dissolution process is seen. In this case, the cellulose swells inhomogeneously, forming

‘balloons’ of swollen fibre that grow and gradually ‘burst’, or dissolve. With more than

25% water, the NMMO system ceases to dissolve cellulose, instead forming balloons

separated by areas of unaffected fibre. With some tweaking of parameters or additives,
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this solvent system may eventually dissolve cellulose, as it is penetrating the fibres

enough to cause ballooning. Finally, with over 35% water, the cellulose fibres exhibit

homogeneous swelling, but no ballooning or dissolution. This type of swelling indicates

a bad solvent, and is not likely to lead to dissolution.

Dispersion While swelling can indicate the potential for dissolution, dispersion is

sometimes an independent goal of cellulose science. Cellulose dispersions can be used

industrially as additives to food, cosmetics, and pharmaceuticals, or serve as binders or

thickeners.212 A stable dispersion, or colloid, is not necessarily a predictor of dissolution,

but instead indicates that the cellulose molecules have been suspended in solution by

one or more stabilising forces. These forces can include van der Waals forces, charged

repulsion, excluded volume repulsion, or even simple entropy.213 If these forces are

strong enough, the cellulose suspension can become stable in the long term, making it

useful in industrial and consumer applications.

3.1.3 General Principles of Dissolution

Cellulose is a natural linear polymer composed of hundreds to thousands of glucose

monomers (Fig. 3.4).189 Like any polymer, its characteristic properties arise from its

monomer backbone and its molecular weight.79 The large number of hydroxyl groups in

the cellulose backbone (three per monomer) give it extensive hydrogen bonding ability

and rigid crystalline regions. The large variation in degree of polymerisation (DP)—from

300 to 10,000 repeating units, depending on the source—makes it critical to consider the

molecular weight of cellulose samples used across dissolution studies.189

Figure 3.4: Cellulose is a polysaccharide composed of repeating units of glucose.

Unlike most polymers, cellulose does not seem to adhere to a normal understanding of

dissolution. The many different solvent systems for cellulose have very little in common,

and there is no clear consensus on the principles behind their efficacy. While many

cellulose researchers refer to strong hydrogen-bonding interactions between cellulose
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and solvent as the main driving force for dissolution, this is inconsistent with the fact that

water is a cellulose anti-solvent.80 Medronho et al. make a convincing argument for the

amphiphilicity of cellulose having a strong impact on its dissolution.210,214 This suggests

that amphiphilic solvents (those having both hydrophilic and hydrophobic parts) would

promote dissolution.

Some studies vaguely refer to the crystallinity of cellulose as a barrier to dissolution,

but amorphous cellulose does not appear to be any easier to dissolve than crystalline.214

In fact, most cellulose is composed of both crystalline regions and amorphous regions

(Fig. 3.5), and the crystalline regions may become amorphous as they dissolve. Ghasemi

et al. have suggested that disruption of crystallinity and disentanglement of amorphous

polymer chains are distinct phenomena that must be accomplished in sequence to dis-

solve cellulose, and any functional solvent system must be able to achieve both.215,216

Figure 3.5: Cellulose microfibrils are composed of crystalline regions with strong inter-
chain hydrogen bonding (inset, hydrogen bonds in blue), and amorphous regions with
entangled chains

A particularly confusing and unexplained trend in cellulose dissolution is the ten-

dency for low temperatures to promote dissolution in certain solvent systems, which

would seem to contradict both kinetic and thermodynamic principles of mixing. This

could be due to conformational changes in the polymer chain that favour a more polar

conformation at low temperatures, therefore promoting low-temperature dissolution

in polar solvents.80 Another theory posits a self-assembled inclusion complex of cellu-

lose and solvent components, with rigid chains of cellulose in solution that aggregate

at higher temperatures.217 No mechanism for this phenomenon has been conclusively

proven yet.

From the perspective of basic physical principles, cellulose must comply with ther-

modynamic principles of solvation—the mixed state must be of a lower Gibbs energy
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than two separated phases. As discussed in Section 1.2, both enthalpy and entropy of

solvation contribute to the overall energy. In cellulose, it has been proposed that the

entropic term is particularly important.214 The glucose monomer, as well as related short-

chain oligomers, tend to be very water-soluble, which is to be expected from the high

concentration of hydroxyl groups. Longer chain lengths, beginning with DP = 8, become

practically insoluble. This suggests that chain rigidity arising from constraints upon

rotation reduces the entropy of the cellulose-water mixture. Another consideration in

aqueous cellulose behaviour is the presence of hydrophobic regions in the cellulose chain.

This can cause cluster formation in the presence of water, stabilising supramolecular

cellulose structures. Both of these effects have been proposed to cause a negative entropic

term, which could explain the anomalous low-temperature dissolution of cellulose in

aqueous systems.218

Finally, any discussion of cellulose dissolution is made more complicated by the need

to distinguish between thermodynamic and kinetic effects. Thermodynamic arguments,

such as favourable interactions, are intuitively easier to understand, making them very

popular in the literature. However, if a dissolution process is kinetically slow, dissolution

may not be evident on the experimental timescale even with positive thermodynamic

interactions. Therefore, solvent systems that do not appear to dissolve cellulose are not

necessarily non-solvents, but could just be kinetically slow.

With all of these principles in mind, the suitability of Cyrene as a potential cellulose

solvent was assessed.

3.1.4 Potential of Cyrene for Cellulose Dissolution

First, Cyrene’s solubility parameters were compared to those of the dipolar aprotic

solvents used for cellulose dissolution (Table 3.1). NMMO is presented here as the typical

cellulose dissolution mixture with 23.5% w/w water, with solubility parameters adjusted

accordingly. In general, Cyrene is in the region of the other dipolar aprotics, while

being rather far removed from the NMMO/water mixture. This is due to the significant

increase in hydrogen bonding ability (δH) that comes with the addition of water.

Adding water to Cyrene could bring its solubility parameters closer to the mixture

of NMMO and water, but there is more complexity in the Cyrene/water system due to

ready formation of a geminal diol (Figure 3.6).219 The Hansen Solubility Parameters (HSP)

of such a system could be predicted via linear combination, representing it as a ternary
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Table 3.1: Solubility parameters for traditional dipolar aprotics and Cyrene

δD δP δH D-Cyrene αa β π* ∆-Cyrene

Cyrene 18.9 12.4 7.1 0.0 0.00 0.61b 0.93b 0.00
NMMO/H2O 18.3 16.1 16.6 10.2 0.30c 0.75c 1.13c 0.39
DMAc 16.8 11.5 10.2 5.1 0.00 0.76d 0.88d 0.16
NMP 18.0 12.3 7.2 1.6 0.00 0.77d 0.92d 0.16
DMSO 18.4 16.4 10.2 5.1 0.00 0.76d 1.00d 0.17
GBL 18.0 16.6 7.4 4.5 0.00 0.49d 0.87d 0.13
GVL 16.9 11.5 6.3 4.0 0.00 0.60e 0.83e 0.10

D-Cyrene = distance from Cyrene in the Hansen space, ∆-Cyrene = distance from
OME3-5 in the KAT space. HSP values were drawn from HSPiP database or predicted
by HSPiP. aAssumed to be zero for aprotic solvents. bSherwood et al.100 cHauru et al.,
for 23.5% w/w H2O in NMMO at 30°C dKamlet et al.53 eJessop et al.54

mixture of Cyrene, the geminal diol, and water. However, due to the complexity of

the system, this prediction may not be reliable. Instead, this system is best explored

experimentally, with various blends of Cyrene/water being tested for their efficacy in

cellulose dissolution. This system should have increased amphiphilicity and increased

hydrogen bonding ability, making it a more likely cellulose solvent, but the presence of

water could inhibit dissolution nonetheless.

Figure 3.6: In the presence of water, Cyrene forms a geminal diol in an equilibrium that
depends on the ratio of Cyrene to water.

Returning to predicted solvent similarity, the HSP of Cyrene are remarkably similar

to NMP, and fairly similar to the other dipolar aprotic solvents. By Kamlet-Abboud-

Taft (KAT) solvatochromic parameters, Cyrene is very close to all of the single solvents,

but particularly close to GVL.

By looking in more detail at the individual KAT parameters, it is apparent that

Cyrene’s hydrogen bond accepting ability (β) is almost identical to that of GVL, while

the polarity parameters (π*) are less similar. For the other solvents, this is reversed, with

Cyrene’s π* parameter being closer. However, it is not clear which of these parameters

is more important, as the hydrogen bonding and polarity (especially as it relates to
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amphiphilicity) could both affect cellulose dissolution. It is enough to conclude that by

KAT parameters, it appears that Cyrene could be a viable replacement for some of the

dipolar aprotic solvents used with additives for cellulose dissolution.

Structurally, Cyrene is quite similar to NMMO and the other common cellulose

solvents (Fig. 3.2), with oxygen atoms that serve as centers of high electronegativity and

boost the solvent’s polarity. Additionally, Cyrene has four adjacent sp3 carbon atoms

that serve as a hydrophilic region, providing the desired amphiphilicity. However, the

bridged bicyclic structure of Cyrene adds rigidity that is not present in the other solvents,

perhaps making it more difficult for Cyrene to intercalate between cellulose chains.

Cyrene’s low vapour pressure and high boiling point (227°C)103 could be advan-

tageous in recycling the solvent system, making it more economical to adopt on an

industrial scale. After adding an anti-solvent (typically ethanol) to force cellulose precipi-

tation, the anti-solvent could be separated from Cyrene via distillation, allowing reuse of

Cyrene and any high-boiling cosolvents.207

In both solubility parameters and physicochemical properties, Cyrene appears to be

a suitable candidate for cellulose dissolution. Tests were performed with Cyrene and

various additives to assess its real-world performance in this application.

3.2 Methodology

There is still no consensus on standard methods for investigation of cellulose dissolution,

despite many publications in the field. When investigating this area, researchers must

select or develop methods for:

• pretreatment of cellulose,

• overcoming kinetic barriers to dissolution,

• checking whether dissolution has occurred, and

• analysing regenerated cellulose post-dissolution.

Cellulose Pretreatment A number of mechanical or chemical pretreatments are avail-

able to improve the solubility of cellulose, with the general hypothesis being that these

treatments untangle polymer chains to reduce solvent resistance.202 Cellulose can be

steamed, boiled, soaked in ammonia, ball-milled, homogenised, and treated with acid

or alkali solution.200,215,220,221 The most common laboratory pretreatment seems to be

solvent exchange, beginning with water and gradually replacing with the desired solvent
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(Fig. 3.7).200–202 As this process can be easily scaled up or down as needed, does not

adversely impact the cellulose quality, and involves no harsh chemicals, it was selected

as the pretreatment method for this work.

Figure 3.7: Cellulose can be pretreated to improve chance of dissolution. Water is added
to cellulose and allowed to soak for 5 min, then removed via vacuum filtration. Process
is repeated once with ethanol and three times with test solvent.

Overcoming Kinetic Barriers In much of the cellulose literature, various approaches

are taken to overcome kinetic barriers and speed dissolution. The most commonly used

method is conventional heating, but microwave heating and ultrasonication have also

been used.222 As prolonged heating can result in degradation of both cellulose and

Cyrene, ultrasonication was chosen as the primary method for speeding dissolution in

this work. As mentioned above, cooling can also speed dissolution in dipolar aprotic

solvents, but this is more likely due to conformational changes than a kinetic effect. This

was also tested here by cooling samples to –30°C overnight.

Figure 3.8: General procedure for cellulose dissolution experiments. Centrifuge image
from DBCLS licensed under CC BY 4.0 cb

Checking for Dissolution Even the seemingly simple task of checking whether any

cellulose has dissolved can be quite complex. While NMR spectroscopy is the workhorse
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of chemical analysis, in cellulose dissolution it is rarely used—diluting a sample with

deuterated solvent in the normal way would make the cellulose too dilute to detect, but

preparing neat NMR samples would require cost-prohibitive (or nonexistent) deuterated

versions of each test solvent. Many researchers check for optical clarity as an indicator

that all cellulose has dissolved. Some use optical microscopy for this purpose,223 others

perform turbidity measurements,224 and many rely simply on visual inspection.207

For this exploratory work, the chief interest was in assessing whether any fraction of

the cellulose had dissolved, which ruled out optical clarity as an option (clarity relies on

the entirety of the cellulose dissolving). Instead, each sample was centrifuged to remove

any undissolved cellulose, and anti-solvent added to the supernatant (Fig. 3.8). If solid

precipitate was formed at this point, the solvent system was considered to be successful.

Analysing Regenerated Cellulose When cellulose has been regenerated (e.g. precipi-

tated from supernatant), it is important to analyse it to ensure that the sample was truly

dissolved, rather than simply dispersed. This is easily done by X-ray diffraction (XRD)

or infrared (IR) spectroscopy. An X-ray diffractogram or IR spectrum will clearly show

the differences between crystalline phases of cellulose (Fig. 3.9).225,226 Typically, cellulose

regenerated from solution changes crystalline phases, shifting from cellulose I to II.199,210

Figure 3.9: Crystalline phases of cellulose by (a) XRD and (b) IR. Adapted from C. M. Lee
et al., Cellulose, 2013, 20, 991–1000 with permission from Springer Nature © 2013 and
H. J. Marrinan and J. Mann, Journal of Polymer Science, 1956, 21, 301–311 with permission
from John Wiley and Sons © 1956.
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3.3 Results and Discussion

3.3.1 Design of Dissolution Systems

While solvents can be compared by predicting or measuring their solubility parameters,

the additives used for cellulose dissolution have no easy metrics for comparison, as HSP

predictions are not yet reliable for ionic compounds.50 Additive structures tend to be

drastically different, preventing direct qualitative comparisons. Because of the diversity

and unpredictability of cellulose solvent additives, it was decided that experimenting

with a wide range of additives was the best approach. The potential additives were

chosen based on compounds that worked with dipolar aprotic solvents in the literature,

as well as closely-related alternatives (e.g. substituting bromide for chloride, tetramethyl

for tetrabutyl, etc.).

Table 3.2: Solubility of dissolution additives in Cyrene

Additive
Solubility

Cyrene Cyrene/Water

lithium fluoride no no
lithium chloride no >50% water
lithium bromide yes yes

zinc fluoride no no
zinc chloride degraded yes
zinc bromide degraded yes

tetrabutylammonium fluoride hydrate degraded no
tetrabutylammonium chloride yes yes

tetrabutylammonium tribromide degraded degraded
tetrabutylammonium iodide yes <50% water
tetrabutylammonium acetate degraded yes

tetrabutylammonium hydrogen sulfate yes yes
tetramethylammonium fluoride tetrahydrate degraded degraded

tributylmethylammonium chloride yes yes
trimethyloctylammonium chloride yes yes

tetraoctylammonium bromide yes <20% water
propylene carbonate yes yes
glycerol carbonate yes yes

The solubility of each additive candidate was tested in Cyrene (Table 3.2). The

concentrations of additive were chosen based on common literature methods for these or
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similar additives in dipolar aprotic solvents, and are detailed in Table A.1. Each candidate

was also tested in nine mixtures of Cyrene and water, beginning with 10% w/w water in

Cyrene and increasing in 10% intervals to 90% water. Table 3.2 indicates which of these

mixtures could successfully dissolve each additive, with yes indicating all Cyrene/water

mixtures were successful. In some cases, the additive reacted with Cyrene to form a

viscous or solid mixture, which was considered to be degradation. Adding water to

Cyrene mitigated this effect for some additives, while in others the apparent degradation

persisted even in mixtures of Cyrene and water. Solvent systems with degradation were

not tested in cellulose dissolution trials, but in cases of water-mitigated degradation, the

compatible water systems were tested.

Figure 3.10: Examples of additive dissolution attempts in Cyrene, with water content
ranging from 0-30%. Sample shown are Cyrene/water with a) no additive, b) tetrabutyl-
ammonium hydrogen sulfate, c) zinc chloride, and d) tetramethylammonium fluoride
tetrahydrate.

Selected examples of attempted solvent systems from Table 3.2 are pictured in Figure

3.10 to demonstrate the high variance of results across additives. With no additives,

water and Cyrene form a clear, colorless solution that appears stable at room temperature.

Dissolution of additives was considered ‘good’ when the solutions were completely clear

and no precipitation was observed over several days. In cases where water was found to

mitigate the apparent degradation of Cyrene, the pure Cyrene sample changed colour
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dramatically and became viscous or solid, but addition of even 10% water resulted in a

clear solution with mild colour change, and 20% water or more gave good dissolution

with minimal colour change. This was observed in the cases of zinc chloride and bromide,

as well as tetrabutylammonium acetate. In these cases, the salt is likely being prefer-

entially solvated by water, reducing the reactivity of the salt as well as the frequency

of contact with Cyrene. Finally, a number of additives were found to be completely

unsuitable for use with Cyrene, either degrading or failing to dissolve in all samples. For

example, tetrabutylammonium fluoride hydrate (pictured here) was found to transform

Cyrene to an orange solid, and addition of water resulted in very poor dissolution.

Examining the results in Table 3.2 for trends, simple inorganic salts tend to be in-

soluble in Cyrene. Unfortunately, this rules out Cyrene/LiCl (a direct analogue to

DMAc/LiCl) as a promising dissolution system, as lithium chloride requires at least 50%

water in Cyrene to dissolve. However, lithium bromide was tested as a Cyrene-soluble

alternative.

For quaternary ammonium salts, a range of cations and anions were tested. Tetrabutyl-

ammonium cations are the most common and readily available, and had fair solubility in

Cyrene. Tetrabutylammonium chloride, in particular, was readily soluble in both Cyrene

and Cyrene/water mixtures. Unfortunately, tetrabutylammonium bromide was not

available at the time of testing, and the tribromide variant was substituted instead. This

should be followed up at a later date, as the tribromide anion behaves differently from

monobromide. Two salts with fluoride anions were selected for their strong hydrogen

bond accepting ability, but unfortunately proved quite reactive with Cyrene (as expected,

due to its instability to bases).104 Tetrabutylammonium acetate and hydrogen sulfate

were chosen as examples of salts with bulky anions, in order to test the effect of anion

size on dissolution.

Propylene carbonate and glycerol carbonate were also tested as unusual additive

candidates. These were selected on the basis of an HSPiP prediction, using Dextran C as

the target solute. This polymer is similar to amorphous cellulose, not microcrystalline

cellulose, but it is the closest related polymer for which HSP values are available.59 A

combination of water, Cyrene, and geminal diol was used as the solvent, and HSPiP

was used to find the best additive to bring the mixture closer to the HSP of Dextran C.

Propylene carbonate and glycerol carbonate were predicted to be the best green options.

After testing solubility of all additives above, the successfully dissolved solvent
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systems were progressed to cellulose dissolution testing.

3.3.2 Cellulose Dissolution Trials

Research in this section was carried out in collaboration with Noriyuki Isobe.

Each successful additive from above was tested in ratios from 0% w/w water in Cyrene

(i.e. pure Cyrene) to 100% (i.e. pure water) (Table 3.3). Additive concentrations were

based on typical values drawn from literature related to that additive (see Table A.1).

DMSO and DMAc solvent systems were included as controls, allowing comparison be-

tween behaviour of Cyrene and conventional dipolar aprotics for each additive. Mixtures

of Cyrene and water with no additives were also tested to check whether Cyrene could

behave like NMMO and dissolve cellulose in the presence of water.

To begin with, the general method depicted in Figure 3.8 was used, mixing each

sample via inversion and shaking before cooling to –30°C overnight. Each cellulose

sample (10 mg, or 1% w/v cellulose/solvent) was pretreated using solvent exchange to

maximise chances of dissolution. After freezing, the quality of the cellulose dispersion

was assessed by observing the speed with which the dispersion settled (Table 3.3). If a

dispersion settled quickly, it was considered to be of poor quality, while slower-settling

dispersions were more promising. Though this is not a predictor of dissolution, it does

give some idea of the level of interaction between cellulose and solvent system, as

well as predicting whether any solvent system might give industrially useful colloidal

dispersions. Samples where the settled cellulose was visibly swollen were marked as

such, and it is suspected that these samples are close to dissolution (though unfortunately,

this only occurred in DMSO control samples).

It should be noted that samples with more than 40% water in Cyrene only gave dis-

persions of fair or poor quality, as expected due to water’s anti-solvent nature. However,

samples with 10-30% water in Cyrene were able to give good dispersions, and even in

some cases improve upon the 0% result, suggesting that the geminal diol of Cyrene may

indeed be contributing positively to cellulose-solvent interaction. However, as these

observations are qualitative, no definite conclusions can be reached.

After observing the cellulose dispersion quality, each sample was centrifuged for ten

minutes to remove the undissolved cellulose (Fig. 3.8). The supernatant was carefully

decanted and combined with ethanol as an anti-solvent, checking for precipitate as

evidence of dissolution. Only one of the Cyrene solvent systems tested was successful in
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dissolving cellulose—tetrabutylammonium chloride ([NBu4]+[Cl]– , or TBAC) in pure

Cyrene. The lack of dissolution in the corresponding 10% water/Cyrene system suggests

that water is indeed acting as an anti-solvent in Cyrene, despite presence of the geminal

diol. Roughly 3 mg of cellulose were regenerated from Cyrene/TBAC, meaning that

0.3% w/v cellulose had been dissolved.

The regenerated cellulose from this sample was analysed via XRD to assess whether

the cellulose was fully dissolved, or only dispersed (Fig. 3.11a). The TBAC/Cyrene

system produces regenerated cellulose that is very similar to a 1:1 superimposition of

cellulose I and II. From this, it can be deduced that the content of cellulose II in the

regenerated sample is roughly 40-60%, and the behaviour observed is not full dissolution,

but a mixture of dissolution, swelling, and dispersion. This is similar to the behaviour

of cellulose in an aqueous solution of zinc chloride, which has been used in the past for

processing of cellulose.227,228 Therefore, the Cyrene/TBAC system could be useful as a

green solvent system for cellulose processing.

Figure 3.11: XRD spectra of microcrystalline cellulose (Iβ) and treated samples.
(a) Cellulose II can be superimposed in a 1:1 ratio with Cellulose I to give a spectrum
very similar to that of the regenerated cellulose. (b) Large-scale cellulose dissolution
trials yielded a dispersion of cellulose I and a regenerated mixture of cellulose I and II.

To check whether conventional industrial methods could achieve similar results

in this solvent system, a larger-scale dissolution attempt was made using mechanical

mixing and conventional heating at 80°C over 24 hours. This treatment resulted in

an orange-brown mixture that was much harder to separate, needing 3 – 4 hours of

centrifugation to obtain a clear supernatant. The foggy supernatant that results from
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shorter centrifugation appears to be a dispersion of cellulose I (Fig. 3.11b, dispersed).

The cellulose regenerated from the clear supernatant appears to be a mix of cellulose I

and II, as seen previously, though perhaps with less cellulose II (Fig. 3.11b, regenerated).

Possibly, the prolonged heating breaks the cellulose polymer chain into shorter fragments

that are more stable as a dispersion due to entropic effects. This could be investigated

via gel permeation chromatography (GPC) to confirm the chain length of the dispersed

cellulose. It is known that highly charged colloidal dispersions are more resistant to

centrifugation due to electrostatic repulsion; it is possible that chloride ions on the surface

of the cellulose chains are contributing to the stability of this dispersion.229

To further probe the capabilities of the Cyrene/TBAC solvent system, it was investi-

gated with a variety of processing methods aimed at overcoming kinetic barriers and

speeding dissolution.

3.3.3 Improving Cellulose Dissolution

The TBAC/Cyrene solution was very viscous, making it difficult to mix and perhaps

slowing cellulose dissolution due to decreased mobility of free TBAC ions and reduced

kinetics.230 To combat this, DMSO was introduced as a relatively green, low-viscosity

cosolvent, preparing mixtures of Cyrene and TBAC with 5 – 20% v/v DMSO before

adding cellulose (Fig. 3.12a). These samples were then treated with the standard disso-

lution method described above, shaking to mix and cooling to –30°C overnight. While

Cyrene/TBAC and DMSO mix readily, addition of DMSO reduced the solubility of

cellulose to practically zero, despite a visually obvious reduction in viscosity of the

solvent system. This could be due to a reduced concentration of TBAC salt in the solvent

system, but adding more salt with the DMSO would again increase viscosity, making

this solution non-viable.

Next, sonication was used with the Cyrene/TBAC system to aggressively increase

mixing and speed dissolution, attempting to overcome the viscosity issue by a different

method. Sonication (ultrasound treatment) uses high-frequency sound waves input

directly into the mixture to induce cavitation, or the formation of microscopic gas bubbles

that rapidly expand and burst.231 Cavitation rapidly mixes the sample, but also releases

energy in the form of heat and light that can degrade both solvent and polymer, and even

break glass sample vials if unchecked.232 For this reason, sonication of small samples

without cooling is impractical for more than a few minutes—the sample rapidly overheats,
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Figure 3.12: Attempts at improvement of cellulose dissolution in Cyrene/TBAC system
using (a) DMSO as a cosolvent, (b) sonication at room temperature, and (c) sonication in
an ice bath. Results are presented as average of 2-3 trials ± standard deviation.

even when pausing sonication periodically to allow for heat dissipation.

Nevertheless, samples were sonicated briefly without cooling (Fig. 3.12b) and com-

pared to samples sonicated in an ice bath from 1 – 60 minutes (Fig. 3.12c). Sonication was

achieved via a titanium alloy microtip (2 mm diameter) inserted directly into the sample,

using a VCX-130 ultrasonic processor. While this instrument is capable of delivering

130W of power, amplitude was set to 60%, limiting maximum power delivery to 78W.

Actual power delivery could vary depending on viscosity of the solution—in future

trials this could be actively monitored to ensure consistent sonication. The results show

that sonication without cooling is slightly more effective than sonication in ice, though

the ice bath allows for longer periods of sonication that ultimately perform better. It

should be noted that these trials did not test whether uncooled sonication resulted in

degradation of polymer, which would be of concern in industrial applications. Trials with

DMAc/LiCl have shown that temperatures above 150°C shorten the polymer chain and

reduce cellulose quality, though it is not clear what the temperature of concern would be

in this Cyrene/TBAC system.200 The high variance in the 60-minute samples is due to

experimental error in one trial. This could be corrected with another repetition, and it

is expected that the upward trend in dissolution would then persist into the 60-minute

range.

Regardless, the maximum dissolution achieved thus far with the Cyrene/TBAC

system is below 0.5% w/v cellulose. This must be improved significantly to make it a

viable commercial competitor, but the potential of this system has been uncovered and
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performance can likely be further improved.

3.4 Summary and Future Work

The potential of Cyrene in cellulose dissolution has been shown with this work, though

for industrial application this system requires significant improvement in quantity of

cellulose dissolved. Industrial cellulose solvent systems are capable of dissolving up to

20% w/v cellulose. Cyrene has been shown here to dissolve almost 0.5% w/v cellulose

in combination with TBAC, which is too low to be competitive. When regenerated,

the dissolved cellulose is a mixture of phases I and II, showing that the dissolution

behaviour is complex. However, the stability and optical clarity of the dissolved material

suggests that this system could be suitable for processing cellulose. Furthermore, the

stable dispersion achieved via prolonged mixing could have industrial processing uses.

The Cyrene/TBAC system is moderately green, given the status of TBAC as a rel-

atively environmentally friendly quaternary ammonium salt.233 It is particularly com-

pelling that Cyrene can be derived from cellulose in two steps, then used to dissolve

cellulose. However, TBAC is not renewably-sourced, nor is it registered under REACH,

so it is possible that more data will emerge on its toxicity and environmental properties.

Its use in the EU is limited to under 1 tonne/year, pending registration. Future work

should look at other additives that are both renewable and benign, potentially including

naturally-sourced deep eutectic solvents and green co-solvents, while also considering

REACH registration status. While DMSO did not appear to promote dissolution in this

system, it is entirely possible that a different co-solvent could both reduce viscosity and

increase dissolution.

Future work should also include revisiting some of the samples that appeared to

give good dispersions in initial trials, and attempting sonication, heating, or higher

concentrations of salt to investigate whether dissolution can be achieved. The solubility of

TBAC in Cyrene was found in a late trial to be close to 50% w/w, while only 40% was used

for the trials in this research. Increasing the salt concentration to maximum could increase

availability of free ions in solution, potentially boosting cellulose solubility for TBAC

and other additives. If other systems can be identified for cellulose dissolution in Cyrene,

perhaps the basis of the dissolution behaviour can be uncovered and used to predict

other additives. In this work, systems utilising dipolar aprotic solvents were prioritised

for their potential similarity to Cyrene, but the popularity of cellulose dissolution in
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aqueous systems of urea/thiourea with sodium or lithium hydroxide suggests another

avenue to pursue.223,234

Microwave heating trials would also be interesting, as microwaves have been shown

to accelerate cellulose dissolution in some cases.235 Microwave heating is a more efficient

alternative to conventional heating, and may be able to avoid some of the degradation

that is suspected in the larger-scale heating trials attempted here. The cellulose obtained

from large-scale heating trials and sonication trials should be analysed via GPC for

degradation of the polymer chains, comparing it to any results obtained from microwave

trials.

In order for the Cyrene/TBAC system to be economical and part of the circular econ-

omy, it should be recyclable. Processing methods that degrade the solvent and prevent

recycling should be avoided. To that end, small-scale recycling trials should be attempted,

along with NMR analysis of the solvent system after each trial to assess stability. This

would provide enough information to decide whether heating and mechanical mixing,

room-temperature sonication, or sonication in an ice bath is preferred.

To conclude, this research has shown that it is possible to dissolve cellulose in a

Cyrene-based solvent system, albeit in very small quantities. There may be potential for

additional dissolution of cellulose with modification of this solvent system, and much

future work remains to be done in order to explore its capabilities.
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CHAPTER 4

BLENDING SOLVENTS FOR NOVEL PROPERTIES

While Cyrene has potential as a green solvent, some of its properties present unusual

challenges. In particular, its reactive ketone moiety is labile to acids and bases, limiting

its applicability as a solvent.104 Replacing the problematic ketone group with a more

stable ketal yields a series of Cyrene derivatives known as Cygnets, some of which

have intriguing solvation properties.109 In particular, Cygnet 0.0, which is formed by the

reaction of Cyrene with ethylene glycol in the presence of an acidic catalyst, is predicted

to behave similarly to dichloromethane (DCM). Unfortunately, this derivative is also

highly crystalline, with a melting point above 70°C. This makes it more difficult to

handle as a solvent. By blending Cygnet 0.0 with Cyrene, it may be possible to access

the DCM-like properties of this Cygnet while keeping the low melting point of Cyrene,

opening new applications. In addition, the blending of solvents can lead to unpredictable

properties, potentially changing the performance in unexpected ways.

4.1 Background

In addition to being used as a solvent, Cyrene can be used as a platform molecule to

create other potentially useful compounds. One motivation for derivatisation of Cyrene

is to reduce its reactivity—Cyrene’s ready formation of dimer in the presence of base, as

well as its sensitivity to strong acids, limits its use in certain applications.104 In addition,

creating new compounds from Cyrene expands the palette of green, bio-based chemicals.

As the synthesis of Cyrene from cellulose takes only two steps, compounds made in

one step from Cyrene are only three steps removed from the raw feedstock. This creates

opportunity for using green chemistry to create a range of molecules that can be easily

produced from cellulose, but have a diverse range of functional groups and applications,

opening new opportunities for cellulose as a feedstock.

The Cygnets, in particular, are ketals of Cyrene that are accessed via the reaction of

Cyrene with various diols in the presence of an acidic clay catalyst (Fig. 4.1).109 This

reaction is simple and efficient, using a heterogeneous catalyst and producing only water

as a byproduct. Cygnets are named for the length of their pendent carbon chains (e.g.
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Cygnet 0.0 has no carbon chains on the ketal, while Cygnet 1.1 has two methyl groups).

As they are structurally close to Cyrene, these compounds are considered potential green

solvent candidates. They are attractive in this application partly due to their increased

stability—without the reactive ketone moiety, the Cygnets are more resistant to acids and

bases than Cyrene. They are predicted to be non-toxic and non-mutagenic, though more

safety testing must be performed before they can be considered safe.109

Figure 4.1: Five different Cygnets have been synthesised from Cyrene to date, with
nomenclature based on length of ketal carbon chains.

As solvents, Cygnets present their own unique challenges. While Cyrene has a melt-

ing point below –20°C, making it easy to handle as a liquid under standard conditions,

Cygnets have melting points that are considerably higher. All variants presented here are

solid or near-solid at room temperature. Cygnet 0.0 is the most thoroughly investigated

of the Cygnets. It presents as a needle-like crystalline solid at room temperature and has a

melting point near 70°C. The other Cygnets have not been synthesised in sufficiently high

purity to measure their melting points, but they are all solid at room temperature. Their

other physical properties, including viscosity and density, have not yet been investigated.

While having a melting point below 100°C is the common threshold for ionic liquids
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to be considered potential solvents, it can be difficult to replace solvents in industrial

processes with higher-melting alternatives, especially if the process requires the solvent

to be liquid at a low temperature. Therefore, blending Cygnets with other solvents could

be of interest, yielding liquid solvents with potentially novel solvent properties. For this

work, Cyrene was chosen as the liquid component of the blend, though theoretically any

green solvent could be used. Though this re-introduces the issue of Cyrene’s instability,

there are not many options for stable green solvents with high dipolarity. After ruling

out solvents with toxicity and flammability issues, dimethylsulfoxide (DMSO) is left as

the only other REACH-registered choice, and its ability to penetrate the skin barrier often

raises concerns in industrial settings.41

Because Cyrene is the precursor for Cygnet synthesis, Cyrene/Cygnet blends could

be conveniently synthesised by using diol as a limiting reagent. Removal of water with

a drying agent, followed by filtration to remove drying agent and catalyst, presents an

attractive single-step synthetic option that theoretically requires no purification. Neither

Cyrene nor Cygnet had been reported in blends prior to this work, making this a novel

area to explore.

Table 4.1: Predicted HSP for Cygnet 0.0 and related solvents

Solvent δD δP δH

Cyrene 18.8 12.4 7.1
NMP 18.0 12.3 7.2
Cygnet 0.0 18.3 8.2 6.9
DCM 17.0 7.3 7.1

HSP values in MPa1/2.

Cygnet 0.0 is of particular interest as a solvent, as its Hansen Solubility Parameters

(HSP) are predicted to be very close to those of DCM (Table 4.1), which is unprecedented

for a green solvent. The polarity parameter, δP, is much lower in Cygnet 0.0 than

in Cyrene, bringing it closer to DCM. This is probably a result of the electronegative

ketone moiety being replaced with a five-membered ring with methylene groups facing

outwards, making the molecule overall less polar. Blending Cygnet 0.0 with Cyrene

could create a range of cellulose-derived solvents with tunable solubility parameters.

For testing polymer-related applications of this blended system, the casting of filtra-

tion membranes was chosen as a proof of concept. Polymer membranes are applied in

filtration processes in a wide range of industries, and their properties depend strongly

97



on the solvent(s) used in their preparation.87 Despite extensive research in non-solvent

induced phase inversion (NIPS) membrane casting over the last two decades, membranes

are still largely prepared using hazardous conventional solvents that possess the desired

properties.

A blend of Cygnet and Cyrene could conceivably act like DCM in dissolving poly-

mers for NIPS membrane casting (see Section 1.4.1 for details of this process), with

potential improvements. The decreased volatility of Cygnet/Cyrene compared to DCM

would reduce solvent evaporation during the casting process, increasing the reliability

of membrane production.81,91 Additionally, Cygnet and Cyrene are both water-miscible,

allowing water to penetrate into the membrane during NIPS to form the pores that are

critical to the membrane’s performance. The presumed safety (pending further investiga-

tion) of this solvent system would be particularly beneficial in casting water filtration

membranes, as any solvent left behind in the membrane would be non-toxic and safe for

water filtration. Therefore, the use of Cygnet/Cyrene blends in membrane casting was

attempted here as a test of their applicability in polymer processing, first by predictive

methods and then empirically.

4.2 Greening of Cygnet Synthesis

Previously-reported syntheses of the Cygnet compounds involve refluxing the reagents

in toluene for 24 hours, which is not in keeping with green chemistry principles.109 For

large-scale industrial uses, it is critical that the synthetic route is safe, energy-efficient,

and produces as little waste as possible. While ideally, the preferred synthetic route for

Cygnet/Cyrene blends would involve less than one equivalent of diol, allowing in situ

creation of the blend, for this initial experimental work it was decided to begin with the

purified form of Cygnet. This allowed study of the properties of pure Cygnet as well as

its Cyrene blends.

Figure 4.2: Improved synthesis for Cygnet 0.0. The use of toluene has been eliminated,
the amount of catalyst reduced, and the reaction temperature lowered.

In order to “green” the Cygnet synthesis, kinetic trials were conducted with reduced
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temperature, various solvents, and reduced catalyst loading. The most efficient synthetic

procedure for Cygnet 0.0 proved to be solvent-free for one hour in an open flask, giving

over 90% conversion, over 50% yield, and eliminating solvent waste and water waste

(Fig. 4.2). The amount of acidic clay catalyst used was reduced by 68.8%, and the reaction

temperature was lowered by 10°C.

Finally, the original workup featured an aqueous extraction followed by recrystallisa-

tion from heptane, generating significant amounts of petroleum-derived solvent waste.

In the new procedure, the extraction step is skipped altogether, as the product crys-

tallises after vacuum filtration and can then be recrystallized from minimal ethanol.

The dramatic improvement in efficiency and ease of Cygnet synthesis will enable easier

experimentation with the properties and applications of Cygnet 0.0. It could potentially

be generalised to the other Cygnets, though their individual crystallisation behaviour

could require alternative methods of purification.

4.3 Predicting Solubility Behaviour

4.3.1 HSP Predictions

While Cygnet 0.0 (Cygnet) is predicted to be close to DCM in the solvent space, it is a

solid at room temperature, making it difficult to handle as a solvent. Combining it with

Cyrene may create a solvent system that is liquid at room temperature, while still close

to DCM in the solvent space. To investigate this possibility, HSP were used as a simple

model to predict solvent behaviour for varying ratios of Cygnet and Cyrene. The goal

was to identify blends with high potential for application.

Figure 4.3: Hansen solubility parameters (MPa1/2) as predicted for Cygnet-Cyrene
mixtures. (a) Dispersion forces (δD), (b) dipolarity/polarizability (δP), and (c) hydrogen
bonding ability (δH) are shown versus volume fraction of Cygnet in Cyrene. Values for
DCM are included as dashed lines.
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The HSPiP software predicts the solubility parameters of mixtures as a linear combi-

nation of the parameters for each individual component. Therefore, the predicted HSP

for these binary mixtures form simple linear plots (Fig. 4.3). In δD (Fig. 4.3a) and δP (Fig.

4.3b), moving closer to pure Cygnet brings the solubility parameters closer to DCM, while

the opposite is true for δH (Fig. 4.3c). The parameter with the most dramatic difference

between Cygnet and Cyrene is dipolarity (δP). In dispersion (δD) and hydrogen bonding

(δH), Cygnet and Cyrene are quite similar. The best solvent mixture, therefore, would be

one where the polarity is as close as possible to Cygnet, while being fully miscible and

retaining the low melting point of Cyrene. According to HSP, maximising the volume

fraction of Cygnet would be ideal.

Naturally, the predictive power of this simple calculation is limited, as the properties

of mixtures can change in a non–linear way. For example, in mixtures of formamide with

other solvents, both dipolar aprotic and protic, the dielectric constants deviate greatly

from the ideal linear model.236 Therefore, experimental studies must be performed to

explore the actual behavior of the solvent mixtures.

4.3.2 KAT Measurements

Kamlet-Abboud-Taft (KAT) solvatochromic parameters were measured for binary mix-

tures of Cygnet and Cyrene and compared with those of DCM (Fig. 4.4). As both Cyrene

and Cygnet are aprotic solvents, the hydrogen bond accepting ability (α) was not mea-

sured. While HSPiP predicts mixtures by volume fraction, experimentally it is much

simpler to use weight fraction, as Cygnet is a solid at room temperature. The density of

Cygnet is currently unknown, but is likely to be similar to that of Cyrene, so the volume

fraction and weight fraction results are compared directly in this work.

All KAT parameter measurements were conducted at 60°C to enable measurement of

samples that were solid at room temperature. This temperature was selected based on

previously reported methods for measurement of Cygnet KAT parameters.109 However,

it proved to be insufficient for pure Cygnet, which remained a solid at this temperature.

The melting point of Cygnet was found by DSC to be 71°C, which suggests that the pre-

viously reported KAT measurements were performed with a sample that contained some

impurities. The maximum temperature on the Peltier apparatus used for performing

high-temperature UV-Vis measurements was insufficient to fully melt Cygnet; therefore,

KAT parameters for 100% Cygnet are not reported here. It is also suspected that the 90%
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Figure 4.4: Measured KAT parameters for mixtures of Cygnet and Cyrene. (a) Hydrogen
bond donating ability (β) and (b) dipolarity/polarisability (π*) are shown vs. weight
fraction of Cygnet in Cyrene. Values are given as average of three independent trials ±
standard deviation, with DCM values included as dashed lines.

Cygnet sample used to measure β may have begun to crystallise during the experiment,

explaining the high error margin and the apparent jump in hydrogen bond donating

ability. The DCM values reported here are known values for DCM at 25°C, and may

be slightly different at elevated temperatures. However, the low boiling point of DCM

makes high-temperature measurements impossible; the 25°C values are used here as a

rough estimate for the sake of comparison.

Aside from the possibly erroneous 90% sample, the β (hydrogen bond donating

ability) value of the mixtures appears to trend downwards from Cyrene towards 60%

Cygnet, then slightly back up (Fig. 4.4a). It appears that 50-60% Cygnet in Cyrene

gives the closest β value to DCM. Disregarding the potentially anomalous 90% Cygnet

value, the maximum difference in β achieved by adding Cygnet to Cyrene was a drop of

roughly 0.1, bringing it about 20% closer to the room-temperature DCM value. This is a

fairly small difference, suggesting that addition of Cygnet may not have a sufficiently

dramatic effect on membrane formation to justify its use.

For π* (polarity/dipolarisability), the trend is even less pronounced (Fig. 4.4b). The

values hover slightly above that of DCM from 0–60% Cygnet, then drop closer to DCM

for 70-90% Cygnet. However, the differences in π* values between all the blends are

quite small, suggesting that the more important KAT parameter for bringing the solution

closer to DCM is β. This is in direct contrast to the HSP values, for which the biggest

difference was found in polarity.

The results here highlight the importance of combining computational and experi-

mental solubility parameters to study solvent blends. While computationally predicted

HSP show a simple linear trend in each parameter, and suggest that maximising the
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proportion of Cygnet gives the best chance of a DCM-like blend, the experimentally mea-

sured KAT parameters are more complex. Both β and π* show non-linear relationships

with the weight fraction of Cygnet in Cyrene. KAT parameters imply the blend closest

to DCM is in the range of 50-70% Cygnet, rather than 100%. This non-linear behaviour

could be the result of complex interactions between the Cygnet and Cyrene molecules in

the bulk solvent. However, it might also be due to preferential interaction of the solva-

tochromic dye molecules with one of the blend components, yielding a measurement of

the cybotactic region surrounding the dye rather than the bulk mixture. If necessary, this

could be further investigated using the preferential solvation model.60,61

In the course of the KAT parameter experiments, it was found that 50% w/w Cygnet

in Cyrene is the highest percentage of Cygnet that can be used at ambient temperature

without rapid crystallisation. For ease of handling in both laboratory and industrial

settings, this mixture was selected for further study. To ascertain whether this blend

is suitable for membrane casting applications, its performance was tested in casting

membranes from commonly used polymers.

4.4 Applications in Membrane Casting

4.4.1 Membrane Casting

Research in this section was carried out in collaboration with Roxana Milescu.

HSP values can be helpful in choosing polymers that are likely to dissolve in a given

solvent. For this work, the HSP of Cyrene and 50% Cygnet 0.0 in Cyrene were compared

with values for polymers commonly used in membrane applications for water filtration.87

While the HSP of the Cygnet blend may not be entirely accurate, the estimate should

be sufficient for a rough prediction of polymer dissolution. The HSP values and HSP

distance (Ra) are given in Table 4.2 for each common membrane polymer, with the relative

energy difference (RED) calculated for both Cyrene and Cygnet/Cyrene. RED values

below 1 indicate the polymer will likely dissolve in this solvent, while values above 1

indicate poor dissolution. Values close to 1 are borderline cases.

The two polymers most likely to dissolve in both Cyrene and the Cygnet/Cyrene

blend are polyethersulfone (PES) and polysulfone (PSU). These two were chosen as the

best polymers for this initial proof of concept test. Additionally, polyimide (PI) was

chosen as a borderline case to assess whether there is a difference in solubility. Each

polymer was dissolved in Cyrene and 50% w/w Cygnet in Cyrene at 15–20% w/v. At
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Table 4.2: HSP RED for common membrane polymers in Cyrene and Cygnet/Cyrene

RED

Polymer δD δP δH Ra Cyrene Cyg/Cyr

Polyethersulfone (PES) 19.0 11.0 8.0 8.0 0.21 0.18
Polysulfone (PSU) 19.8 11.2 6.2 11.3 0.21 0.24

Cellulose acetate 16.9 16.3 3.7 13.7 0.48 0.56
Poly(vinylidene fluoride) (PVDF) 17.0 12.1 10.2 8.0 0.61 0.61

Polyimide (PI) 24.3 19.5 22.9 21.6 0.95 1.00
Polyacrylonitrile (PAN) 22.4 14.1 9.1 8.0 0.93 1.09

Polytetrafluoroethylene (PTFE) 16.2 1.8 3.4 3.9 3.19 2.67
Polyamide (PA) 16.0 11.0 24.0 3.0 5.97 5.93

HSP values are in units of MPa1/2, drawn from HSPiP database.50

this concentration, there was no noticeable difference in solubility between PI, PES, and

PSU.

A classic NIPS procedure (Fig. 1.9) was used to cast 500 µm membranes in both

Cyrene and 50% w/w Cygnet in Cyrene, employing water as the antisolvent. Both

of these solvents could be handled at room temperature, though in the case of the

blend, Cygnet slowly crystallises out of solution over the course of several hours or

days (depending on ambient temperature). Each polymer solution was cast at ambient

temperature onto a glass plate using a steel blade, then immediately immersed in a

room-temperature water bath to force precipitation of the polymer. After precipitation

was complete, the membranes were removed and dried under vacuum. Membrane

cross-sections were analysed by SEM to observe the morphological differences resulting

from the addition of Cygnet to Cyrene.

Of the three polymers tested, PI membranes showed the most pronounced morpho-

logical differences between the Cyrene and Cygnet/Cyrene systems (Fig. 4.5). While PI

in Cyrene forms numerous irregular macrovoids with diameters of 50-100 µm (Fig. 4.5a),

the addition of Cygnet removes these irregular gaps entirely, instead forming regular,

finger-like pores with diameters of 10-20 µm (Fig. 4.5d). These large-scale morphologi-

cal features could impact water flux through the membrane, with the Cygnet/Cyrene

membrane potentially allowing higher water flux due to increased surface area.237 The

microstructures of the PI membranes appear to be similar in structure across solvent sys-

tems, but on different scales. In Cyrene, there is a sponge-like lattice with pores ranging

from 2-8 µm in diameter (Fig. 4.5b-c). With the addition of Cygnet, this lattice shrinks

103



Figure 4.5: SEM images of 15% w/v PI membranes cast from Cyrene (a-c) and 50% w/w
Cygnet in Cyrene (d-f).

considerably, with all pores becoming smaller than 1 µm in diameter (Fig. 4.5e-f). This

difference in pore character could change the filtration performance of the membrane,

allowing removal of smaller contaminants.

The factors affecting membrane morphology are complex, including both thermo-

dynamic and kinetic effects. Flory-Huggins theory of polymer solutions can be used to

describe the thermodynamic behaviour of the ternary polymer/solvent/antisolvent sys-

tem, meaning that the energy of mixing depends on the concentration of each component

of the mixture as well as specific inter-component interactions.238 To fully explain this

behaviour, a phase diagram would need to be constructed to identify the gelation point of

PI in each solvent, and binary interaction parameters would need to be calculated using

activity coefficients for each solvent system and water. Additionally, in membranes with

finger-like voids, membrane formation cannot be fully described by thermodynamics

and kinetics, instead requiring consideration of phenomena such as syneresis, shrinkage,

and stress relaxation.239 Performing this level of data collection and analysis is beyond

the scope of this preliminary testing phase; therefore, the morphology differences are

addressed qualitatively in this work.

Broadly speaking, macrovoid formation in polymer membranes is governed by the

compatibility of the solvent with the antisolvent, and the viscosity of the polymer solution.

Solvent-antisolvent compatibility can affect the extent to which water is able to flow into

the cast membrane, with highly miscible systems tending to form more voids. High
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viscosity of the polymer solution can reduce the rate of macrovoid formation, slowing

movement of the polymer phase and resisting deformation.240 In the case of Cyrene or

Cygnet/Cyrene and water, the thermodynamic compatibility of solvent/antisolvent is

predicted to be quite similar across systems (Table 4.3).

Table 4.3: HSP and KAT parameters for Cyrene and 50% Cygnet blend

Solvent δD δP δH β π*

Cyrene 18.9 12.4 7.1 0.56 0.83
50% Cygnet in Cyrene 18.6 10.3 7.0 0.44 0.86
Water 15.5 16.0 42.3 0.49 1.14

Note: KAT parameters of blend were measured at 60°C, all other parameters at 25°C. HSP values
in MPa1/2.

The solubility parameters present conflicting evidence here (Table 4.3). δD and δH of

Cyrene and the blend are almost identical, but the δP of Cyrene is slightly closer to that of

water. In KAT parameters, the opposite is observed—the Cygnet blend is slightly closer

to water in both β and π*. Due to the large differences previously observed between the

HSP predictions and the empirical KAT parameters, it appears that KAT parameters are

more reliable for this blended solvent, and addition of Cygnet may bring Cyrene closer

to the polarity of water. However, this effect is not very strong, and seems insufficient to

explain the significant differences observed in the morphology of the PI membranes. It is

important to note that these parameters say nothing about the kinetics of mixing, which

could be different between the two systems.

The kinetics of mixing in these systems are more likely to be affected by the viscosity

of the polymer solution. While viscosity of these systems has not yet been measured

experimentally, the Cygnet/Cyrene blend appears significantly more viscous to the eye.

This could account for the slower influx of water into the Cygnet/Cyrene/PI system and

a resistance to horizontal expansion of the macrovoids, helping to explain the differences

seen in the SEM micrographs above.

Polysulfone (PSU) membranes cast in Cyrene and Cygnet/Cyrene have morphologies

that appear closely related to one another, each displaying a dense, spongy structure

interrupted by finger-like macrovoids (Fig. 4.6). In Cyrene, macrovoids of roughly 100

µm diameter are formed; they tend to be separated by 50-100 µm of denser material

and are mostly upright (Fig. 4.6a). They do not extend through the membrane, instead

leaving the bottom half fairly homogeneous. With the addition of Cygnet, the macrovoids
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Figure 4.6: SEM images of 20% w/v PSU membranes cast from Cyrene (a-c) and 50%
w/w Cygnet in Cyrene (d-f).

become more numerous and thinner, being only 20-50 µm in diameter and separated

by only 10-20 µm (Fig. 4.6d). Additionally, these macrovoids penetrate to the bottom of

the membrane and are noticeably tilted in one direction, probably due to the influence

of the casting knife.237 It is worth noting that the dense, spongy portions of the PSU

membrane have smaller pores in the Cygnet/Cyrene system, potentially changing the

filtration capabilities of this membrane, as was also seen with PI. The increased number

and surface area of the macrovoids again implies a potential for improved water flux

through the membrane.237

In combination, these features suggest that the Cyrene polymer solution is more resis-

tant to water influx, solidifying quickly upon formation of macrovoids and preventing

them from penetrating to the bottom of the membrane. This appears to be the opposite

of the behaviour seen in the PI membranes, which is not unexpected, as differences

between polymers can strongly affect the performance of solvent systems.87 In this case,

it is possible that PSU in Cyrene forms a more viscous system that gels readily upon

immersion in the water bath, nucleating precipitation in the bulk of the membrane and

allowing only limited macrovoid formation. Addition of Cygnet could slightly improve

polymer dissolution, forming a less viscous system that is easily penetrated by water.

With polyethersulfone (PES), on the other hand, the differences between solvent

systems are not very pronounced (Fig. 4.7). Both Cyrene and Cygnet/Cyrene solvents

form membranes that have large, irregular macrovoids toward the bottom, with similar,
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Figure 4.7: SEM images of 20% w/v PES membranes cast from Cyrene (a-b) and 50%
w/w Cygnet in Cyrene (c-d).

but smaller, voids forming toward the top of the membrane. The primary difference in

macrostructures is that the addition of Cygnet seems to reduce density of the bottom

layer, with the macrovoids extending all the way down, rather than stopping about

50 µm from the bottom (Fig. 4.7c). The practical effect of the thinner bottom layer in

Cygnet/Cyrene membranes is likely to be increased water flux, as the thin skin will

provide less resistance.237 PES membranes formed in Cyrene appear to have a lacy

microstructure with pores from 3-10 µm in diameter (Fig. 4.7b). When Cygnet is added,

the overall microstructure appears similar, but with smaller pores roughly 1-5 µm in

diameter (Fig. 4.7d). This effect is consistent in all three polymers, and will likely change

the selectivity of the membrane for certain contaminants.

The difference in macrostructures could again be the result of slightly better polymer

solubility in the case of the Cygnet/Cyrene blend. In pure Cyrene, the bottom layer begins

to gel before water can penetrate completely into the membrane. In Cygnet/Cyrene,

liquid-liquid separation occurs quickly throughout the membrane, creating areas of

lower polymer concentration and forming large numbers of macrovoids.

4.5 Summary and Future Work

The work in this chapter has shown that a novel blend of Cyrene and its derivatives can

behave in unexpected ways. The ketal derivatives of Cyrene, which were previously

reported as more stable solvent options, present challenges due to their solidity at room
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temperature. While these may be viable as solvents in specific applications, many

industrial solvent uses require ambient temperature liquids. Mixing the simplest of

these derivatives, Cygnet 0.0, with Cyrene was expected to create a liquid solvent with

properties closer to those of DCM. While HSP predict a significant change in dipolarity

from the addition of 50% w/w of Cygnet to Cyrene, experimental work with KAT

parameters indicated only a small change in dipolarity. Hydrogen bond donating ability,

the other KAT parameter of interest, showed a greater change, though still only 20%

of the difference between Cyrene and DCM. These differences could reflect non-linear

polarity of the bulk mixture, or preferential solvation of the dye by one component of the

mixture.

To assess whether the addition of 50% Cygnet to Cyrene made a practical difference

in solvent behaviour with polymers, water filtration membranes were cast with PI, PSU,

and PES using the traditional NIPS process. Each polymer performed differently, with

PI showing pronounced morphological differences on the macro scale, PSU showing

moderate differences, and PES showing only slight differences. Fully explaining these

variations would require in-depth assessment of each solvent system and polymer, taking

into account phase diagrams, individual interactions between solvent, polymer, and

antisolvent, and collecting data on viscosity and other properties of the polymer solutions.

Qualitatively speaking, it appears that the addition of Cygnet impacts the viscosity of

the polymer solutions, potentially causing their structural differences. On a smaller scale,

the addition of Cygnet appears to shrink the micropores of each membrane, potentially

allowing these membranes to be tailored for different contaminants. Depending on the

application and the value added from these structural changes, blending Cygnet with

Cyrene could be industrially useful.

To follow up on the membrane work from a practical standpoint, it is important to

cast membranes using lower concentrations of Cygnet in Cyrene and observe the effect

on morphology and pore size. This could determine whether this system is useful for

applications where easy tuning of pore size is desired. It would be interesting to also

compare the blended system with pure Cygnet, observing whether membranes cast in

Cygnet/Cyrene blends appear similar to those cast in pure Cygnet, or if the blended

system creates unique properties. To test this, membranes would have to be cast at

80-90°C in all solvent systems, as casting temperature can strongly impact membrane

morphology.87 Additional membranes could be cast at different thicknesses, polymer
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concentrations, and casting temperatures to test how the blended solvent behaves in a

range of conditions. Finally, all prepared membranes should be tested in actual water

filtration trials, measuring the impact of morphology and pore size on water flux and

filtration capabilities. This would give a clearer idea of whether there is value added by

the use of Cygnet/Cyrene blends rather than Cyrene alone. Compared to DCM, both

Cyrene and the Cygnet blend offer much slower solvent evaporation, allowing more

reproducible membrane casting with less worker exposure to hazardous solvents.

The theoretical basis of differences between these solvent systems could be investi-

gated via construction of a ternary phase diagram, allowing deeper examination of the

thermodynamics of the membrane precipitation process.87 At a more detailed level, the

activity coefficients of each solvent-nonsolvent system could be calculated. Viscosity

measurements of both the solvent systems and the polymer solutions would allow more

informed discussion of the kinetics of precipitation.

In a broader sense, there is a great deal of related work that could be performed

in the area of Cygnets and other Cyrene derivatives. While only one class of Cyrene

derivative (and indeed, only one compound of that class) was considered here, there are

numerous other derivatives, such as the other Cygnets as well as lactones, enones, and

alcohols, that could have potential as blended solvents with novel properties.98 Each class

of derivatives could be considered as blends with Cyrene as well as other green solvents.

The different Cygnets need further characterisation, particularly with respect to their

physical properties, e.g. viscosity, density, melting and boiling points. Performing these

characterising measurements could better inform choices about potential applications

for these solvents. Prior to exploring more polymer-related applications, an economic

assessment should be done to estimate the cost of manufacturing Cygnet 0.0. This would

determine whether it is a practical option to use at high volumes, or whether its use in

blends should be limited to low concentrations in order to make it economical.
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CHAPTER 5

APPLICATIONS OF OXYMETHYLENE DIMETHYL ETHERS AS NOVEL

SOLVENTS

5.1 Background

While there is an urgent need for green dipolar aprotic solvents such as Cyrene, other

classes of solvents are also lacking in suitable replacements. Ether solvents, for example,

are almost universally ranked as somewhere between problematic and highly hazardous

by the CHEM21 solvent selection guide, indicating a lack of safe options.41 As a class,

they tend towards low flash point, high volatility, peroxide formation, water solubility,

and environmental persistence, making them difficult to use and dispose of safely. A

green ether solvent would ideally have:

• high flash point or low volatility,

• low water solubility,

• no peroxide formation,

• good toxicological properties,

• low environmental persistence, and

• a practical synthetic route from renewable feedstocks.

Figure 5.1 shows several conventional (top row) and neoteric (bottom row) ether

solvents, with basic physical properties summarised in Table 5.1. Of these, only anisole

(e) and tert-amyl methyl ether (TAME, f) qualify as “recommended” under CHEM21.

The conventional ether solvents range from problematic (b,d) to hazardous (c) and

highly hazardous (a). Novel candidates g-i, while generally having fewer hazards, are

ranked as problematic due to low auto-ignition temperature and/or peroxide formation

ability.41,262 When considering feedstock, 2-methyltetrahydrofuran (MeTHF, i) is the

only renewably-sourced candidate, though still problematic due to its oral toxicity and

flammability. In short, there are no truly green ether solvents available. New candidates

must be explored in order to add more safe or bio-derived options to the palette.

Oxymethylene dimethyl ethers, or OMEs, are a class of linear ethers with the molec-

ular formula H3CO – (CH2O)n – CH3 (commonly abbreviated OMEn to indicate chain

length). A range of OMEs (typically 1<n≤6) have been studied in depth for their use as
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Figure 5.1: Structures of traditional and neoteric ether solvents. (a) Diethyl ether, (b)
tetrahydrofuran (THF), (c) 1,4-dioxane, (d) diphenyl ether, (e) anisole, (f) tert-amyl methyl
ether (TAME), (g) cyclopentyl methyl ether (CPME), (h) ethyl tert-butyl ether (ETBE),
and (i) 2-methyltetrahydrofuran (MeTHF).

Table 5.1: Physical properties of ether solvents

MP
(°C)

BP
(°C)

FP
(°C)

ρ

(g/cm3, 15°C)
η

(cP, 25°C)
γ

(mN/m, 20°C)

Diethyl ether -116241 35241 -40241 0.71241 0.24242 18243

THF -108244 65244 -17244 0.89244 0.45245 26245

1,4-dioxane 10246 100246 12246 1.03246 1.10247 37246

Diphenyl ether 25248 259248 115248 1.07248 3.49249 -
Anisole -37250 155250 52250 1.00250 1.08251 35252

TAME -20253 85254 -7254 0.77254 0.42255 20255

CPME -140256 106256 -1256 0.86256 0.55257 25257

ETBE -97258 72258 -19258 0.74258 0.50259 72258

MeTHF -20260 78260 -10260 0.85260 0.60257 25261

ρ = density, η = dynamic viscosity, γ = surface tension

diesel fuel additives.263–266 Their applications outside the fuel sector have not previously

been explored in any depth, with the exception of a few reports that are very limited

in scope.267,268 However, OME1, also known as dimethoxymethane or methylal, is a

common industrial solvent, with applications in coatings, paint strippers, adhesives,

degreasers, and more.269 As longer-chain OMEs are likely to share some solubility prop-

erties with OME1, it is logical that they might also be applicable as solvents. Their

wide liquid range and low viscosity (Table 5.2) confirms their practicality for solvent

applications.

Compared to the ether solvents in Table 5.1, the physical properties of OMEs fall

within the acceptable range, though their viscosities are higher than most. It is worth
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noting that the high boiling and flash points of OMEs predict a relatively high auto-

ignition temperature, bringing them in line with less hazardous ethers such as anisole

and diphenyl ether. Indeed, auto-ignition points for these OMEs are reported to be

between 230-240°C.270 The peroxide formation potential of these compounds has not

been reported, nor is there any data yet available on their toxicological properties. These

characteristics must be investigated to ascertain the overall safety of these solvent can-

didates. Current data is insufficient to assign a ranking for OMEs with the CHEM21

system.

Table 5.2: Physical properties of OMEs

MP
(°C)

BP
(°C)

FP
(°C)

ρ

(g/cm3, 15°C)
η

(cP, 25°C)
γ

(mN/m, 20°C)

OME3 -43271 156271 20272 1.04271 1.13272 29271

OME4 -10271 202271 77272 1.08271 1.88272 31271

OME5 18271 242271 103272 1.11271 2.93272 33271

OME3-5 -19273 157–259264 70270 1.07264 - 31270

ρ = density, η = dynamic viscosity, γ = surface tension

From a feedstock perspective, OMEs can be synthesised from methanol, opening

pathways for production via biomass-derived syngas or captured CO2 and renewable

H2. Figure 5.2 shows a general overview of OME synthesis, a process which produces a

mixture of oligomers. The method of synthesis strongly influences the distribution of

chain lengths in this mixture; consequently, there are a wide variety of well-explored

methods for this synthesis. Options include traditional aqueous acid catalysis,274 anhy-

drous heterogeneous catalysis,275 a low-energy anhydrous route,276 electrolysis,277 ionic

liquid catalysis,278 and direct gas-phase oxidation of methanol,279 among others.

Figure 5.2: A general scheme for synthesis of OMEs (n>1) from CO2 and H2.

Choosing the appropriate synthetic route and conditions allows tuning of the ratio of

product chain lengths, tailoring the oligomer mixture to a desired application. The chain
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length distribution can then be narrowed via molecular size reforming, recycling the

side products and isolating the desired OMEs via distillation.280 However, this process

is energy-intensive and costly, particularly for the traditional aqueous synthetic route.

For solvent applications, costs must be kept low enough to compete with traditional

solvents. For example, modelling by White et al. indicates that the synthesis of a mixture

of OME3-5 from a gaseous formaldehyde/methanol stream would cost $951 per ton,

when produced at a scale of 35 kt/year.281 By comparison, a 2006 report on the chemical

market estimated the cost of acetone at roughly $900-1300 per tonne, and toluene at

$560-600 per ton, which makes OME3-5 competitive with low-cost solvents even when

produced at a fairly small scale.282

To investigate solvent applications of OMEs, the cost-competitive OME3-5 mixture

was selected as a model. Its solubility parameters were predicted with HSPiP and

measured with solvatochromic dyes, giving an idea of likely solvent applications.

5.2 Predicting Solubility Behaviour

GC-MS analysis of a commercially-available OME3-5 mixture indicated that the bulk of

the mixture was composed of OME3 (43%), OME4 (24%), OME5 (10%), and a branched

derivative of OME1 (10%) by mass (Figure 5.3, Table A.2). The rest of the mixture is

made up of smaller fractions (< 5% each) of longer-chain OMEs and their derivatives

(D-OMEn). This composition was used as a basis for predicting Hansen Solubility

Parameters (HSP) of the mixture to quantify its likely solubility behaviour.

Figure 5.3: The investigated mixture is composed predominantly of OME3-5 (a, 77%),
OMEn> 5 (a, 5%), and derivatives (b) of varying chain lengths (15%).

For each component of the mixture over 1% by mass, HSP were predicted from

simplified molecular-input line-entry system (SMILES) codes using the native HSPiP

predictive algorithm (Y-MB). These values were then linearly combined using the propor-

tions determined by GC-MS. Comparing the resulting values with those of other ether

solvents indicates which traditional solvents OME3-5 could potentially replace (Table 5.3).

TAME and ETBE are excluded here due to lack of data. The D-OME value denotes how
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far each solvent is from OME3-5 in the three-dimensional Hansen space; lower values

indicate similar solvents. The δD (dispersion parameter) is reasonably similar to those

of the non-aromatic ether solvents, reflecting the presence of 5 – 7 linear carbons per

molecule in the bulk of the mixture. The high δP (polarity parameter) of OME3-5 suggests

it could be considerably more polar than other ether-type solvents, which is likely due to

the high oxygen content of the longer-chain OMEs. Finally, the δH (hydrogen bonding

parameter) for OME3-5 is fairly typical for an ether solvent.

Table 5.3: Solubility parameters for OME mixture and other ethers

δD δP δH D-OME αa β π* ∆-OME

OME3-5 15.6 7.1 6.1 0.0 0.00 0.36b 0.55b 0.00
1,4-dioxane 17.5 1.8 9.0 7.1 0.00 0.37c 0.55c 0.01
CPME 16.7 4.3 4.3 4.0 0.00 0.53e 0.42e 0.21
THF 16.8 5.7 8.0 3.3 0.00 0.58d 0.59d 0.22
2-MeTHF 16.9 5.0 4.3 3.8 0.00 0.58e 0.53e 0.22
Anisole 17.8 4.4 6.9 5.2 0.00 0.22c 0.73c 0.23
Diphenyl ether 19.4 3.4 4.0 8.7 0.00 0.13c 0.66c 0.25
Diethyl ether 14.5 2.9 4.6 5.0 0.00 0.47c 0.27c 0.44

D-OME = distance from OME3-5 in the Hansen space, ∆-OME = distance from
OME3-5 in the KAT space. HSP values were drawn from HSPiP database or
predicted by HSPiP with units of MPa1/2. aAssumed to be zero for aprotic solvents.
bThis work. cKamlet et al.53 dByrne et al.283 eJessop et al.54

Another useful predictor of solubility behavior is Kamlet-Abboud-Taft (KAT) param-

eters, which are measured by using three solvatochromic dyes that probe a solvent’s in-

termolecular interactions (Figure 1.5).53 By observing these dyes via UV-Vis spectroscopy,

the hydrogen bond acidity (α), hydrogen bond basicity (β), and dipolarity/polarisability

(π*) can be calculated. As they measure slightly different characteristics, these parameters

cannot directly be compared with HSP, but comparing KAT parameters across solvents

can be useful.

KAT parameters for the OME3-5 mixture were measured and compared with known

values for conventional ether solvents and greener options such as 2-MeTHF and cy-

clopentyl methyl ether (CPME) (Table 5.3). Values for ∆-OME indicate how far each

solvent is from OME3-5 in the three-dimensional KAT space, giving an experimental

predictor of how similar the two solvents are, with lower values suggesting increased

similarity. Generally speaking, the KAT parameters of OME3-5 are well within the ex-

pected range for ether solvents, with neither β nor π* standing out. This confirms that this
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mixture will likely act as a suitable substitute for conventional ether solvents. Notably,

the OME KAT parameters are nearly identical to those of 1,4-dioxane, suggesting that

these two solvents will behave very similarly in most solvation phenomena.

When working with ether solvents, their ability to coordinate to salts and organo-

metallic compounds can sometimes be of particular importance. Application-specific

measurements of Lewis basicity may therefore be more relevant than β in certain cases,

e.g. Grignard reactions. While beyond the scope of this work, measurement of values

such as the donor number (SbCl5 affinity) or BF3 affinity may be useful in determining

other potential applications of OMEs.284,285

OME3-5 was tested here as a replacement for tetrahydrofuran (THF), which is one of

the most commonly used ethers, and 1,4-dioxane, which is closest in the KAT space. The

applications tested ranged from organic reactions to polymer dissolution.

5.3 Use as Organic Reaction Medium

Solvents are a major source of concern in the pharmaceutical and fine chemicals indus-

try, where solvent use accounts for 80-90% of mass in a typical batch reaction.286 The

pharmaceutical industry is actively seeking new green solvents, as demonstrated by

the proliferation of solvent replacement research published by this industry in the last

several years.39,144,152,287–289 A few reactions where OME3-5 could replace conventional

solvents were therefore investigated to establish its utility as an organic reaction medium.

5.3.1 Suzuki-Miyaura Coupling

As proof of OME applicability in pharmaceutical synthesis, the Suzuki-Miyaura coupling

was selected. This palladium-catalysed reaction is a workhorse of the pharmaceutical

industry, where it is firmly established as one of the most popular C – C bond-forming

methods.107 It is commonly performed in solvents such as 1,4-dioxane and THF, making

it a likely match for the solubility parameters of OME3-5. Two representative Suzuki-

Miyaura couplings were carried out to test the solvent performance of OME3-5 in this

key pharmaceutical reaction (Fig. 5.4).

The results in OME3-5 were compared against 1,4-dioxane, which is closest to OME3-5

in the KAT space, and CPME, which was selected as a readily-available example of a safer

neoteric ether. The reaction in Fig. 5.4a was chosen as an example of a very basic Suzuki

reaction, in which cross-coupling and homocoupling are indistinguishable, as both form
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Figure 5.4: Reaction yields of Suzuki-Miyaura coupling reactions to produce a) biphenyl
and b) diphenylmethane in 1,4-dioxane, CPME, and OME3-5 solvents. Yields were
calculated by GC-FID following calibration for each product. Results are presented as
the average of three independent trials ± standard deviation.

biphenyl products. By comparison, the reaction in Fig. 5.4b produces diphenylmethane

as the cross-coupling product and biphenyl as the homocoupling product. The competing

reactions can result in lower yield, and outcomes can vary significantly depending on the

properties of the ether solvent. In particular, CPME is known to outperform traditional

ether solvents in this coupling, giving the fastest reaction and the least homocoupling.290

In biphenyl coupling reaction 5.4a, all three solvents equally promoted formation of

the biphenyl product. The speed of reaction was similar in all solvents, but reactions in

dioxane seemed to proceed more erratically in the first hour, while CPME and OME3-5

yielded more consistent reaction rates across three repetitions. After 24 hours, the yields

were practically indistinguishable.

For the diphenylmethane coupling 5.4b, reactions in dioxane proved considerably

slower than in the other two solvents. After 24 hours, all three solvents performed

similarly, with CPME having a slight advantage. There are slight differences in formation

of the homocoupling products: while dioxane formed more biphenyl than the other two

solvents, OME3-5 formed the most dibenzyl (Fig. 5.5).

While there is currently insufficient toxicity data to conclude whether OME3-5 is

overall a greener option than 1,4-dioxane, the OME mixture does present an improvement
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Figure 5.5: Suzuki-Miyaura reaction yields of diphenylmethane cross-coupling product
as well as biphenyl and dibenzyl homocoupling products for reaction 5.4b. Yields were
calculated by GC-FID. Results are presented as the average of three independent trials ±
standard deviation.

in some categories where data is available. While dioxane is classified as a highly

flammable liquid and vapour under GHS criteria due to its low flash point of 12°C, the

70°C flash point of the OME mixture should put it in the less hazardous combustible

liquid category.246 Additionally, the higher boiling point of OME3-5 should reduce its

concentration in the air, minimising worker exposure to a potentially hazardous vapour.

As for renewable origin, 1,4-dioxane could hypothetically be derived from cellulose in a

bio-refinery, though it is currently derived from petroleum.291 In short, it appears that

OME3-5 could be considerably greener than dioxane (if it is shown to be non-toxic and

non-mutagenic), slightly greener (if it is found to be mutagenic), or less green (if it is

found to be toxic). More data is needed for a full assessment.

5.3.2 Enzymatic Polymerisation

Research in this section was carried out in collaboration with Alessandro Pellis.

Greener solvents are also in demand for biocatalytic (enzymatic) reactions, which are

growing in popularity for industrial processes. Enzymatic catalysts offer many advan-

tages over their conventional chemical counterparts, including mild reaction conditions,

reduced toxicity, and high selectivity for the preferred product.292 However, green sol-

vents are still a new area with respect to enzymatic reactions. Recent studies have

compared the performance of greener solvents such as tetramethyloxolane (TMO) and
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2-MeTHF against more traditional choices such as toluene and THF in simple esterifica-

tion reactions between 1-hexanol and dodecanoic acid,293 as well as between the bulkier

2-phenylpropionic acid and ethanol.294

For enzymatic polycondensations with the industrially popular enzyme Candida

antarctica lipase B (CaLB), the preferred solvent is diphenyl ether (DPE), due to its

hydrophobicity, low volatility, ability to dissolve a variety of substrates, and ability to

promote formation of long-chain polyesters.295,296 Replacing DPE in this application is a

challenging endeavor, as catalytic activity can depend on solvent hydrophobicity, boiling

point, geometry, polarity, and substrate solubility, as well as other solvent properties.292

As OME3-5 is close to DPE in the KAT space (particularly in the important polarity

parameter, π*) and has a similarly high boiling point, it was tested as a bio-based solvent

in an enzymatic polymerisation reaction. CaLB was chosen as the enzyme due to its

versatility and popularity in industry.

Figure 5.6: Enzymatic polycondensation reaction was performed using dimethyl adipate
and diols with chain length m = 4, 6, and 8. Immobilised Candida antarctica lipase B
(Novozyme 435) was used as the enzyme catalyst.

A polycondensation/transesterification reaction was performed, combining bio-

based ester dimethyl adipate with an aliphatic diol (Figure 5.6). Three different diols

were chosen, with carbon chain lengths of 4, 6, and 8 atoms, in order to investigate the

impact of diol chain length on enzymatic performance. Control reactions were performed

in DPE to observe performance differences between the traditional solvent and OME3-5,

and a previous study of the same reaction in solventless conditions was referenced as a

third point of comparison.297,298 Results indicate the purified products of each reaction
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were largely similar by 1H-NMR spectra (Fig. A.11). All monomer conversions reached

>95% (Fig. 5.7a). The solventless reactions gave similarly high conversions.

Figure 5.7: Results of enzymatic polycondensation reactions with C4, C6, and C8 diols
in traditional solvent DPE and OME3-5. (a) Monomer conversion, (b) Isolated yield, (c)
Number-average molecular weight, and (d) Dispersity. In each case, results are presented
as the average of two independent trials ± standard deviation.

Solvent-related differences begin to appear when examining the isolated yield of each

reaction (Fig. 5.7b). In a solventless reaction, a simple one-step work-up with THF is

used to recover the polymer, and the yields are not calculated,299,300 but organic reaction

media necessitates a multi-step recovery procedure, resulting in product loss. Figure 5.7b

compares isolated yields for reactions with the various diols in DPE as well as OME3-5.

The monomer with the shortest chain length—C4, or 1,4-butanediol—gave the lowest

yield. This is possibly due to the formation of shorter-chain polymer products, some of

which are partially methanol-soluble and could have been removed during work-up.

Alternatively, it could be that the enzyme is more reactive with the more hydrophobic C6
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and C8 diols, though in that case, differences in monomer conversion would be expected.

In reactions with longer-chain diols (C6 or 1,6-hexanediol, and C8 or 1,8-octanediol), the

isolated yield was more than double that of the C4 reaction. Regardless, in all cases, the

isolated yields from reactions performed in OME3-5 were significantly higher than those

performed in DPE.

In solventless polymerisation reactions, Pellis et al. reported number-average molecu-

lar weights (Mn) in the range of 6500-7500 g/mol, depending on the diol used.297 OME3-5

reactions yielded comparable Mn, while DPE reactions resulted in significantly higher

Mn for the C6 and C8 diols (Fig. 5.7c). This indicates that that DPE is promoting higher

degrees of polymerisation, particularly for C6 diols, where DPE gives double the Mn of

solventless or OME3-5 reaction. However, the polymer products from OME3-5 reactions

have a much narrower dispersity (Ð, variance in chain lengths) compared to either

solventless or DPE reactions (Fig. 5.7d, Table 5.4).

Table 5.4: Enzymatic polycondensation in solventless conditions, DPE,
and OME3-5

Diol M0 (g/mol) Solventlessa DPE OME3-5

C4 200.13
Mn (g/mol)b 6630 6560 6070
Ðb 1.706 1.141 1.142
DPc 33 30 30

C6 228.18
Mn (g/mol)b 6710 13500 6730
Ðb 2.045 2.220 1.297
DPc 29 59 29

C8 256.23
Mn (g/mol)b 7140 10400 7430
Ðb 1.760 1.356 1.301
DPc 28 41 29

aPellis et al.297 bCalculated via GPC, calibrated with polystyrene standard
and using toluene as a reference. cCalculated by dividing Mn by M0.

It is also worth noting that with the OME3-5 mixture, a 5-10% w/w reduction in

solvent was observed over the course of the reaction, while in DPE, <5% w/w solvent

was lost. This difference is easily explained by removal of some of the more volatile

OMEs, along with the methanol byproduct, when vacuum is applied.

The complexity of the biocatalytic system makes it very difficult to determine the

cause of the significant differences between reactions performed in DPE and OME3-5.

Most likely, the differences are due to a combination of factors, including enzyme selectiv-

ity, solvent and reactant hydrophobicity, solvent geometry, and other solvent properties.
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Detailed molecular modelling studies would be necessary to isolate the individual effects

in such a dynamic system.

In short, enzymatic polymerisations in OME3-5 are possible, and while the average

molecular weights of the polymers produced here tend to be lower than in the traditional

solvent DPE, the yields are considerably higher. Compared to solventless reactions in

other studies, OME3-5 gives similar molecular weight and degree of polymerisation, but

also yields a marked reduction in dispersity, producing much more consistent polymers.

Thus, this solvent could be very useful in synthesising polyesters with moderately high

molecular weights and narrow dispersity.

5.3.3 Solvent Miscibility

The miscibility of OME3-5 with a broad range of organic solvents was tested in order to

assess the mixture’s suitability for use in extractions and separations following organic

reactions (Table A.3). The solvents were considered miscible if they could be mixed

in equal proportions without any separation being observed. OME3-5 is miscible with

most organic solvents, the only exceptions being ethanolamine and ethylene glycol. It is,

however, immiscible with water, opening potential application possibilities in aqueous

extractions and separations.

5.4 Dissolution of Polymers and Coatings

Research in this section was carried out in collaboration with Roxana Milescu.

Polymer dissolution and processing with green solvents is also a growing field of in-

terest, with the goal being to reduce the polymer industry’s environmental impact and

create healthier, less-damaging polymers.301 A vast diversity of polymers are used in

industry to achieve different effects, ranging from simple linear aliphatic backbones to

complex arrangements involving branching, aromatic groups, and heteroatoms. To test

applicability of OME3-5 in polymer dissolution, a variety of polymers commonly used in

industry were selected, based on their ready availability for purchase (Fig. 5.8). It should

be noted that molecular weight of a polymer can impact its solubility; the samples used

here were common industrial variants (see Experimental for more details).

Each polymer was combined with OME3-5 at 5% w/v, then heated to 60°C and stirred

overnight in order to overcome kinetic barriers. The results are pictured in Figure 5.9.

OME3-5 appears to have no effect on polypropylene (PP), polyethersulfone (PES), or
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Figure 5.8: Structures of polymers tested with OME3-5. (a) Polypropylene (PP), (b)
polystyrene (PS), (c) polyvinylpyrrolidone (PVP), (d) polyamide-imide (PAI), and (e)
polyethersulfone (PES).

Figure 5.9: Performance of OME3-5 in dissolving a variety of polymers. From left to right:
polypropylene (PP), polystyrene (PS, pellets), polystyrene (PS, powder), polyethersulfone
(PES), polyvinylpyrrolidone (PVP), and polyamide-imide (PAI).

polyvinylpyrrolidone (PVP). There is some slight interaction evident with polyamide-

imide (PAI), but the only polymer that dissolved fully was polystyrene (PS).

While it may not seem intuitive that an aromatic non-polar polymer dissolves readily

in an ether solvent, Hansen parameters can help explain this discrepancy. HSP values

for the five polymers tested were drawn from the HSPiP polymer database, which is

composed of empirical data from a range of sources (Table 5.5). As discussed in Chapter

1, the relative energy difference, or RED, is a ratio that provides a simple predictor of

whether a polymer will dissolve in a given solvent. For RED < 1, the solvent is within

the polymer’s sphere of solubility, and will likely dissolve it. For RED > 1, the opposite

is true, and RED values close to unity are borderline cases which are less predictive.
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All of these predictions are thermodynamic, meaning that despite a positive prediction,

unfavorable kinetics may prevent the observation of dissolution on a short timescale.

Table 5.5: Hansen Solubility Parameters of tested polymers

δD δP δH R0 RED

OME3-5 15.6 7.1 6.1 - -

PP 18.0 0.0 1.0 8.0 1.25
PS 18.0 5.0 5.0 10 0.54

PES 19.6 10.8 9.2 6.2 1.51
PVP 18.1 10.0 18.0 8.0 1.65
PAI 18.5 5.7 8.7 4.2 1.55

Values in units of MPa1/2, drawn from HSPiP database.50

In Table 5.5, only PS is predicted to be soluble in OME3-5. This is consistent with the

experimental results, giving an initial indication that the model is valid for this solvent.

However, this cannot be firmly concluded using only these five data points. More tests

should be performed, identifying polymers with both positive and negative predicted

results, in order to confirm the validity of the OME3-5 solubility model.

Looking more closely at the polymer HSP data, there are large variations in both δP

and δH across polymers, while δD stays within a small range. The long chain length of

polymers gives them uniformly high dispersion forces regardless of structure, though

the numerous aromatic rings in the PES backbone (Fig. 5.8e) do appear to increase its δD

slightly. The real differences arising from the polymer chemical structures are apparent

in their polarities and hydrogen-bonding abilities.

The δP values depend on the polymer having localised regions of high electron

density, which are present primarily in PVP and PES. PVP (Fig. 5.8c) contains a single

pyrrolidone moiety in its repeating subunit, which withdraws electrons from the nearby

methylene bridge. This creates a highly polar polymer backbone, with the pyrrolidone

being more electronegative than its surroundings. Similarly, PES (Fig. 5.8e) has isolated

ether oxygens and a sulfonyl moiety in its repeating subunit, creating localised regions of

high electronegativity. The phenylene and dimethyl methylene structural units provide

contrasting regions of low electronegativity, creating polarity in the backbone. PP, PS, and

PAI, on the other hand, do not have clearly separated electronegative regions, resulting

in their reduced δP values. The phenyl ring in PS (Fig. 5.8b) makes it slightly more polar

than PP due to the higher electronegativity of sp2 carbon atoms, which in turn gives it a
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δP value similar to that of OME3-5.

δH values are highest in PVP, PES, and PAI, making them less soluble in OME3-5,

which has a moderate δH value. All three of these have traditional acceptors of hydrogen

bonds (O and N), which are lacking in PP (Fig. 5.8a) and PS (Fig. 5.8b). However, PS

does contain an aromatic ring, allowing it to serve as a weak H-bond acceptor.302 This

brings its δH up to 5.0, quite close to OME3-5.

The easy dissolution of PS in OME3-5 suggests potential application as a safer, less

volatile replacement for dichloromethane in plastic welding and polystyrene extraction

applications. A higher-volume application could be polystyrene dissolution for recycling,

as green solvent systems for this are not yet well developed.303

As the data here suggest that the HSP of OME3-5 are reasonably good predictors

of its ability to dissolve a polymer, further polymer targets could be chosen by using

HSPiP. Polymers with mid-range δP and δH are good targets for dissolution in OME3-5.

A selection of common industrial polymers with these characteristics is shown in Table

5.6, presenting many possible directions for future work in this area.

Table 5.6: Polymers predicted to dissolve in OME3-5

δD δP δH R0 RED

OME3-5 15.6 7.1 6.1 - -

Polysulfone 16.0 6.0 6.6 8.0 0.18
Natural rubber 14.5 7.3 4.5 11.0 0.25

Nitrile 16.6 9.1 4.4 10.0 0.33
Poly(butyl acrylate) 16.2 9.0 3.0 10.1 0.38

Viton 16.5 8.1 8.3 6.6 0.46
Polyvinyl chloride 17.6 7.8 3.4 8.2 0.59

Poly(methyl methacrylate) 18.1 10.5 5.1 9.5 0.65
Polycarbonate 19.1 10.9 5.1 12.1 0.66

Polyethylene terephthalate 18.2 6.4 6.6 8.0 0.66
Cellulose acetate 16.9 16.3 3.7 13.7 0.72

Epoxy 17.4 10.5 9.0 8.0 0.72
Lard (23°C) 17.7 2.7 4.4 8.0 0.79

Values in units of MPa1/2, drawn from HSPiP database.50

OME3-5 was also tested for efficacy in removing polymer-based paints from porous

ceramic material, simulating its behavior in graffiti removal. For acrylic paint, it per-

formed quite well, showing performance similar to that of traditional paint remover

N-methyl-2-pyrrolidinone (NMP) but leaving a small amount of colour behind (Fig.
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5.10). For cellulose paint, OME3-5 performed moderately well, removing the coating but

leaving a fair amount of colour behind.

Figure 5.10: Performance of OME3-5 in removing graffiti-like paint. OME3-5-cleaned tiles
are shown between uncleaned tiles and tiles cleaned with traditional solvent NMP.

The components of commercial paint are typically not disclosed, making it difficult to

determine why one solvent is more effective than another. Generally speaking, cellulose

paints contain a nitrocellulose polymer binder, while acrylic paints contain an acrylate-

based polymer or copolymer.304 Some examples of these polymers were found in the HSP

database and compared with OME3-5 (Table 5.7). While nitrocellulose has a consistent

structure and reliable set of HSP values, the term “acrylic” covers an entire class of

polymers and therefore spans a wide range of values. It can be concluded that while the

polymer component of cellulose-based paints will reliably dissolve in OME3-5, acrylic

paint binders may or may not, depending on what specific polymer is used. To investigate

these paints further, FT-IR or Raman spectroscopy could help to identify the polymer

binder(s) being used.

Table 5.7: Polymers used in paint formulations

δD δP δH R0 RED

OME3-5 15.6 7.1 6.1 - -

Nitrocellulose 15.4 14.7 8.8 11.5 0.71
Poly(methyl methacrylate) 18.1 10.5 5.1 9.5 0.65

Polyacrylonitrile 21.7 14.1 9.1 10.9 1.95
Poly(ethyl methacrylate) 17.6 9.7 4.0 10.6 0.65

Polymethacrylonitrile 17.2 14.4 7.6 3.8 2.13

Values in units of MPa1/2, drawn from HSPiP database.50

The performance of OME3-5 in this test is not perfect, as colour obviously remains
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behind in both cases, while NMP largely removes the colour, leaving a clean tile behind.

This suggests that while the polymer component of the paints can be removed by either

solvent, the solubility of the coloured component varies. The colour in paints is provided

by a pigment that, again, is typically not disclosed by the manufacturer. While OME3-5

appears to remove the polymer, potentially opening up the pigment for removal by

a different solvent, such a two-step process would create difficulties in commercial

application, as competing products can remove both polymer and pigment in one step. It

is therefore worthwhile to investigate, in future work, the origin of the pigment solubility

differences between NMP and OME3-5.

The pigments present here could be either organic or inorganic, spanning options like

metal oxides and azo compounds.304 These could be difficult to identify spectroscopically

due to the diverse components of the paint and likely presence of multiple pigments that

are chemically similar. GC-MS analysis could yield helpful results, but the most time-

effective route for further investigation might be to find a paint manufacturer willing

to partially disclose their ingredients. Additionally, comparing the efficacy of OME3-5

in removing different colours of paint (or dissolving isolated pigments) would give a

better overall idea of its performance in this area, as the chemical composition of the

paint varies greatly with the colour.

5.5 Safety and Stability

In developing new green solvents, safety testing is critical. Green solvents must be

innocuous, presenting minimal hazards to humans and the environment. OME3-5 has

been shown to have some characteristics that make it safer and greener than other

ethers—namely, low volatility, high auto-ignition temperature, low water solubility, and

a cost-efficient route from sustainable feedstocks. However, its toxicological properties,

environmental persistence, and peroxide formation capability are currently unevaluated,

leaving many data gaps. This data must be obtained if the mixture is to be registered

under REACH, including information on:

• skin/eye irritation/corrosion

• skin sensitisation

• mutagenicity/cytogenicity/carcinogenicity

• toxicity, acute and chronic

• reprotoxicity and developmental toxicity

127



• aquatic toxicity and growth inhibition

Studies must also be conducted to assess the behaviour of the substance in soil

and water, including identification of degradation products, adsorption/desorption

behaviour, and long-term environmental effects.305

Currently, neither the individual components nor the mixture OME3-5 are registered

under REACH. No data is available to fulfill the safety testing requirements, with the

exception of some information on mutagenicity/genotoxicity of a related mixture. A

great deal of testing needs to be done before these solvents can be considered safe for

humans or the environment.

5.5.1 Mutagenicity and Genotoxicity

A number of tests have been performed by ChemCom Industries for OME2-8, which is

closely related to OME3-5 and is likely to have similar toxicological properties. The tests

performed were OECD 471 (bacterial mutation), OECD 473 (mammalian mutation in

vitro), and OECD 474 (mammalian mutation in vivo).306 The data is restricted by confi-

dentiality agreements and cannot be provided in full, but the tests and their outcomes

are summarised below.

OECD 471, more commonly known as the Ames test, is an early in vitro assessment

of the mutagenic potential of a compound. Multiple bacterial strains are exposed to the

test compound, then compared to a control sample to check whether their genetic ability

to synthesize an essential amino acid has been affected. A positive result confirms that

the test compound readily induces mutations in DNA, suggesting that it will likely be

mutagenic to more complex organisms as well. A negative result suggests low mutagenic

potential.307 However, as the Ames test is a relatively simple screening, a negative result

does not guarantee that the test compound is not mutagenic, and should be followed by

more detailed in vitro testing for chemicals to be manufactured at a scale greater than

10 tonnes.305 OME3-5 gave a negative result on this test, suggesting that it does not have

high mutagenic potential.

OECD 473 is a more detailed in vitro assessment of mutagenic potential towards

mammalian cells. By exposing mammalian cell cultures to the test compound and then

examining their chromosomes under a microscope, it is possible to detect chromosomal

aberrations, which are linked with genetic disease and tumor formation in humans.308 In

this test, OME3-5 gave a negative result, giving further evidence that it is not likely to
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be mutagenic. By REACH regulations, a negative result from OECD 473 coupled with

an in vitro test of cytogenicity (which has not yet been performed for OME3-5) provides

sufficient evidence of mutagenic safety to manufacture a substance at volumes up to 100

tonnes, but higher volumes require more advanced reprotoxicity testing.

OECD 474, also known as the mammalian erithrocyte micronucleus test, tests geno-

toxicity in vivo. Animals, typically mice or rats, are exposed to the test substance via direct

injection, after which their blood or bone marrow cells are analysed for the presence

of micronuclei. Formation of micronuclei indicate chromosomal damage has occurred,

indicating that the substance is genotoxic.309 Under REACH, this test can be used to

supplement genotoxicity data for substances at volumes up to 100 tonnes. OME3-5 gave

a negative result on this test, supporting its lack of genotoxic effects.

Overall, these results indicate that the OME2-8 mixture is neither genotoxic nor

mutagenic, implying that OME3-5 (a subset of OME2-8) is similarly safe on these endpoints.

The combination of tests is sufficient to establish that OME2-8 is not genotoxic nor

mutagenic under the EU classification, labelling, and packaging (CLP) criteria.310 Further

testing will be required going forwarded to establish the overall safety of OME mixtures

under REACH, particularly with respect to toxicity, developmental toxicity, and aquatic

toxicity. At this point, there is not enough data to call these solvents truly green.

5.5.2 Peroxide Formation Potential

One of the key safety issues relating to the use of ether solvents is their gradual autoxida-

tion to unstable peroxides, creating an explosion hazard when the solvent evaporates

or is otherwise concentrated.311 While the high boiling point of OME3-5 reduces evap-

oration, making peroxide concentration less likely, it is still important to know how

quickly peroxides form in the solvent. To this end, the peroxide formation potentials of

the individual OMEs and the OME3-5 mixture were assessed and compared with other

ether solvents. THF was used as an example of a conventional ether, and CPME as a

“safer” ether solvent which ostensibly forms no peroxides.257

In order to assess peroxide formation potential, the solvents were exposed to condi-

tions that promote peroxide formation, comprising strong UV radiation and a bubbling

stream of air.283 The peroxide concentration was measured at intervals and compared

against control samples stored in the dark, and these measurements used to estimate

rates of peroxide formation in each solvent (Table 5.8). The volume of solvent lost to
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evaporation was <10% for each sample and did not significantly impact the peroxide

concentration. Based on these results, it is clear that the OME3-5 mixture forms peroxides

far more slowly than THF; indeed, the rate of formation is similar to that of CPME.

The bulk of peroxide formation in the OME mixture is likely due to the presence of

short-chain OME≤3, as the longer-chain OMEs form peroxides even more slowly.

Table 5.8: Peroxide formation test results (mg peroxide/L solvent)

Peroxide Conc. Rate Vol. Lost
Solvent Sample 0 h 2 h 4 h (mg/L/h) (%)

THF
Control 10 10 10 0 -

Test 10 30 30-100 14 10

CPME
Control 3 3 3 0 -

Test 3 10 10 2 2

OME3-5
Control 10 10 10 0 -

Test 10 10 10-30 3 2

OME3
Control 3 3 3 0 -

Test 3 3-10 10 2 8

OME4
Control 1-3 1-3 1-3 0 -

Test 1-3 3 3-10 1 0

OME5
Control <1 <1 <1 0 -

Test <1 1-3 3 1 2

The slower rate of peroxide formation makes OME3-5 somewhat safer than conven-

tional ethers like THF, but as it is still capable of forming peroxides, this solvent will have

to be stabilised for storage.

5.5.3 Acid Stability

The acid stability of the OMEs presented a concern, due to their highly oxygenated struc-

tures and previous reports of the decomposition of OME5 in the presence of hydrochloric

or phosphoric acid.312 To assess the acid stability of the OMEs, the OME3-5 mixture was

exposed to a selection of Brønsted and Lewis acids in low concentrations (1.0 mol%)

and stirred at 50°C. In most cases, the mixture formed a cloudy mixture or solid mass

either immediately or over the course of 72 hours stirring (Fig. 5.11). Hydrochloric acid

caused no obvious reaction at this low concentration, but at a higher concentration of

20 mol%, it also effected solidification. OMEs are known to produce formaldehyde in

the presence of acid, and under these conditions could be reacting further to produce
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trioxane or polymerising to form paraformaldehyde.105 These results suggest that the

various OMEs are acid-labile and are not suitable solvent candidates for acid-catalysed

reactions.

Figure 5.11: Samples of OME3-5 mixture treated with 1.0 mol% of selected Brønsted and
Lewis acids.

5.6 Summary and Future Work

In conclusion, a new field of application has been opened for OME3-5 to serve as an

alternative ether solvent, complementing its current application as a diesel fuel additive.

The OME compounds can be sourced from sustainable feedstocks in a cost-effective way,

but further safety testing is required to confirm whether they can be considered green.

While their low flammability, volatility, and peroxide formation rate make these mixtures

safer than many ethers, their toxicological properties and environmental persistence are

largely unexplored. Initial tests indicate no mutagenicity or genotoxicity, but there is no

toxicity data available.

While some applications of OME3-5 may be limited by instability in the presence of

acids, many solvent applications remain open, particularly in high-volume industrial sec-

tors. The immiscibility of OME3-5 with water could allow its use as a solvent for aqueous

separations and purifications. As a demonstration of applicability in pharmaceutical and

fine chemical synthesis, this solvent has been shown to satisfactorily promote the Suzuki-

Miyaura reaction, performing comparably to 1,4-dioxane and CPME in two examples

of this popular cross-coupling. OME3-5 can also facilitate biocatalytic polymerisation

using the CaLB enzyme, making it a potential replacement for diphenyl ether in reactions

where hydrophobicity is important. Finally, this solvent has been shown to dissolve

polystyrene as well as nitrocellulose and an acrylic resin, suggesting applications in
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industrial polymer processing and paint removal. Further investigation is needed to

confirm whether the HSP model of polymer solubility in OME3-5 is valid, which would

allow reliable prediction of polymer targets for dissolution. In paint removal, OME3-5 is

not fully effective in removing red paint pigment from porous surfaces, which could be

studied in more detail by investigating its dissolution of different pigments.

This work has shown that OME3-5 can be considered as an novel ether solvent for

a range of products and processes. While extensive safety testing must be performed

before it can be called green, OME3-5 can expand the palette of renewably-sourced ether

solvents, providing more options for chemists in a bio-economy.
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CHAPTER 6

CONCLUSION

Though barriers to use of conventional solvents in polymer dissolution are rising, the

adoption of alternatives by academia and industry has been slow. This can be attributed

to a shortage of suitable solvent options as well as a lack of knowledge about their poly-

mer dissolution applications. The work in this thesis was intended to open new avenues

for green solvents in polymer dissolution, using computational and solvatochromic

solubility parameters to quickly identify suitable applications.

Solvents used in this work were selected from a variety of academic and commercial

lists of green solvents. The solvent studied most extensively was Cyrene, a green solvent

discovered at the Green Chemistry Centre of Excellence in 2014. While it had previously

been investigated as a traditional solvent—that is, as a reaction medium for organic

synthesis—and in graphene dispersion, Cyrene had not been tested in any polymer-

related use when this thesis was begun.100,110 A selection of other green dipolar aprotics

(γ-valerolactone (GVL), dimethylsulfoxide (DMSO), cyclopentanone (CP)) were tested

for comparison. A new type of bio-derived ether (poly(oxymethylene) dimethyl ether, or

oxymethylene ether (OME)) was investigated for its solvent properties, adding another

class of solvents to broaden the scope of the work.

The results of each project, as well as directions for future work, were discussed

in detail in the relevant chapters. Brief summaries are given below, followed by an

examination of the utility of solubility parameters in this type of research.

6.1 Summary of Research

6.1.1 Green Solvents for Dissolution of Polyvinylidene Difluoride

Dissolution of high molecular weight polyvinylidene difluoride (PVDF) is critical for

manufacture and recycling of lithium-ion batteries, which is a growing field as electric

vehicles come closer to widespread adoption. The traditional solvent for this application

is NMP, which is reprotoxic, yet lacks obvious replacements. This research identified

four potential replacement solvents, each of which is bio-derived, lacks serious hazards,

and presents intriguing properties that could be industrially useful.
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DMSO was found to be the best candidate for a drop-in replacement, as it can dissolve

PVDF at room temperature and the solution acts as a viscous liquid. The other three

candidates (GVL, Cyrene, and CP) present a processing challenge, as they require heating

for dissolution and gel when cooled. However, these gelling solvents actually improve

the rate of dissolution, as they disperse PVDF at room temperature instead of forming

clumps like NMP and DMSO. When casting membranes with these solvents, DMSO

behaves similarly to NMP, while GVL produces a more regular morphology with smaller

pores. Cyrene and CP form non-porous, glassy films that are not suitable as membranes,

but could be useful in applications where transparency is required.

This research has laid the groundwork for selecting an effective green solvent for

PVDF manufacturing and recycling, identifying solvent candidates that are bio-derived,

non-toxic, and non-mutagenic.

6.1.2 Cellulose Dissolution in Cellulose-Based Solvent

Cellulose is one of the highest-potential renewable feedstocks, and is already spun into

textiles on an industrial scale. However, cellulose dissolution is primarily performed in

carbon disulfide, which is a volatile, flammable neurotoxin. A green, economical system

for dissolution could replace this highly hazardous solvent. This research discovered

that Cyrene, a cellulose-based solvent, has some potential in dissolving cellulose.

With a mixture of tetrabutylammonium chloride (TBAC) and Cyrene, almost 0.5%

w/v cellulose was dissolved. The cellulose regenerated from solution was shown by XRD

to be a mixture of phases I and II, suggesting that the actual behaviour is a combination

of dissolution and dispersion. However, the stability and optical clarity of the cellulose

solution is excellent, suggesting that Cyrene/TBAC could be suitable for processing

cellulose if the amount of dissolution could be increased. Sonication, mechanical mixing,

and even simple freezing were shown to be effective processing methods for this solvent

system. With further work, this solvent system could prove useful in industry.

6.1.3 Blending Solvents for Novel Properties

Derivatives of Cyrene, known as Cygnets, can be synthesised in one step using an acidic

catalyst. The synthesis of Cygnet 0.0 from ethylene glycol and Cyrene was improved

in several green metrics, including waste reduction, reaction time, and recrystallisation

procedure. Cygnet was then blended with Cyrene in varying ratios, and the solubility
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parameters of the blends shown to diverge from ideal predictions.

A 50% w/w solution of Cygnet in Cyrene was shown to be effective in casting water

filtration membranes from polyimide (PI), polysulfone (PSU), and polyethersulfone

(PES). The Cygnet blends behaved differently than unblended Cyrene, changing the

morphology of the membranes in various ways. However, the degree of difference may

not be sufficient to justify the additional difficulty and expense of synthesising Cygnet.

6.1.4 Applications of Oxymethylene Dimethyl Ethers as Novel Solvents

Oxymethylene ethers, or OMEs, are heavily researched as fuel additives, but prior to this

work were never used as solvents, though renewably sourced OME mixtures could be

cost-competitive in this application. Here, a commercial mixture (OME3-5) was found to

function as a potentially safer ether alternative, forming peroxides much more slowly

than conventional solvent tetrahydrofuran (THF). Conclusions about their overall safety

cannot be drawn, as there is no available data on toxicity and aquatic toxicity.

A mixture of OME3-5 was shown to work as a traditional reaction medium in organic

reactions as well as biocatalytic polymerisations, though instability to acids may limit

its applications in certain chemical syntheses. In addition, this mixture was proven to

be effective in dissolution of polystyrene, and partially effective in removal of paints

and coatings. The insolubility of OME3-5 with water suggests potential applications in

aqueous extraction. Pending further safety testing, this new bio-based ether could be

considered a candidate for a number of industrial products and processes, with the option

of tuning the synthesis and composition of the mixture to capture desired properties.

6.2 Solubility Parameters

In this work, Hansen Solubility Parameters (HSP) and Kamlet-Abboud-Taft (KAT) pa-

rameters were used to inform choice of solvent, polymer, and application. While they

can be useful shortcuts in solvent screening, their applications are limited, sometimes in

unexpected ways.

As HSP can be quickly predicted, they were used in most chapters of this thesis as an

initial screening step. Generally speaking, they serve two purposes: to identify potential

replacement solvent candidates for a specific application, or to narrow down possible

applications of a new solvent. In identifying solvent candidates, HSP were most helpful in

Chapter 2. The use of HSP narrowed a candidate list from 224 solvents to six that required
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testing. This process expanded the number of candidates under consideration, while

reducing the cost of testing. However, in the same project, an unexpected shortcoming

of HSP was discovered. HSP are commonly used in polymer swelling and dissolution,

with a particular strength being their ability to predict blends of non-solvents that can be

combined to make a polymer solvent.50 Despite this, the solubility model constructed for

PVDF proved to only be functional for single solvents, and blends of non-solvents did

not work. The inability to predict effective blended solvents in this specific application

has not been previously reported, and is unfortunately limiting, as blending solvents can

be a cost-effective approach that complies with existing regulations. Additionally, this

project highlighted the fundamental limitations of HSP—while they can predict a yes/no

for thermodynamic dissolution, kinetics and more complex effects such as gelation are

not predicted, requiring testing to confirm whether the identified solvents are actually

suited for purpose.

Certain applications, such as cellulose dissolution, resist the use of HSP for solvent

selection. When constructing a polymer solubility model, it is critical to have several

compatible solvents with known HSP to generate the solubility sphere. In the case of

cellulose, no single-component systems have been discovered, and most of the known

solvent systems involve complex ionic interactions that are not yet predictable using

HSPiP.51 This prevents the generation of a solubility model. Though HSP was used in

Chapter 3 to attempt comparison of Cyrene with known solvents, this did not prove very

useful, as the behaviour of ionic additives could not be included. For the time being, it

appears that HSP are not very useful for polymers with few known solvents, or polymers

that require complex solvent/additive combinations.

The study of a new solvent candidate, Cygnet 0.0, in blends with Cyrene (Chapter

4) utilised both HSP and KAT parameters. HSP initially identified Cygnet 0.0 as a

promising candidate that is quite close to dichloromethane (DCM) in the solvent space,

and blending it in equal proportion with Cyrene was predicted to create a mixture with an

intermediate dipolarity. However, when this mixture was assessed with solvatochromic

dyes, the KAT parameters were non-linear, and diverged only slightly from those of

Cyrene. This highlights a fundamental difference between HSP and KAT parameters,

particularly relevant in the case of mixed solvents. The HSP of blends are predicted by

treating the mixture as a linear combination, with the relative influence of each solvent

based on its proportion in the mixture. This is a simplified view that assumes an even
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distribution of solvents in the bulk mixture, with no clustering or preferential solvation,

and therefore is not always accurate. With KAT parameters, the measurement of the

absorbance wavelength reflects the real local environment encountered by the solute dye.

While this is in some respects an improvement, as inhomogeneity of the solvent mixture

may be better represented, the solute dye can itself undergo preferential solvation and

demonstrate solvent behaviour that is not experienced by all solutes.60,61

In Chapter 5, HSP were used for the purpose of identifying potential applications

for a new solvent candidate. In this case, the predicted parameters of OME3-5 were

compared to known values for traditional solvents, determining which solvents were

closest in Hansen space, and therefore which applications could be appropriate for this

OME mixture. The KAT parameters of the mixture were also measured and compared

with those of traditional solvents. While both sets of parameters put OME3-5 close to the

conventional ether space, HSP predicted the closest solvent to be THF, while KAT param-

eters predicted this to be 1,4-dioxane. Again, this demonstrates the difference between

HSP and KAT parameters in studying solvent mixtures—HSP assume a homogeneous

bulk mixture and ignore complex behaviours, while KAT parameters reflect the local

environment of each dye molecule and may be affected by preferential solvation. Neither

system gives a perfect representation of solvent behaviour, but their combination can

give a clearer picture. Ultimately, application testing is key in confirming predictions

with any solubility parameters.

6.3 Green Solvent Outlook

Research that explores green solvent options for large-scale industrial applications is

essential for the transition to the bioeconomy. Since the start of this work, there has

been progress in this direction. The ReSolve project, led by the University of York,

has received e4 million of EU funding towards finding new bio-based alternatives for

NMP and toluene.313 Circa Group have successfully scaled up their pilot plant, achieved

Annex VIII REACH registration, and begun distributing Cyrene through Sigma-Aldrich,

enabling more researchers to explore the possibilities of Cyrene for industry.99,102 The UK

government is funding the Faraday Challenge to put £246 million toward development of

holistically safe electric batteries, including solvents for their manufacture and recycling.

The establishment of the International Sustainable Chemistry Collaborative Centre (ISC3)

reflects Europe’s interest in moving green and sustainable chemistry forward through
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policy, research, and education.314

More work remains to be done, but researchers and funders are beginning to move in

the right direction. The exploratory work in this thesis will be continued as a start-up

company called Green Rose Chemistry, working with industry to target solvents of high

priority and identify or develop replacements. Through a combination of industrial

funding, academic collaborations, and research grants, Green Rose Chemistry will work

to make all solvents safe and bio-based.
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CHAPTER 7

EXPERIMENTAL

7.1 Instrumentation and Analysis

Ultraviolet-visible Spectroscopy For ambient temperature UV-Vis analysis, spectra

were obtained with a Jasco V-550 UV-Vis spectrophotometer using 1 cm quartz cells

at ambient temperature (roughly 18°C). For high-temperature analysis, UV-Vis spectra

were obtained with a Shimadzu UV-1800 equipped with a Shimadzu CPS-100 Peltier

cell holder, scanning from 600–350 nm for KAT measurements. Data was collected using

a slit width of 0.1, accumulation time of 0.1 sec, sampling interval of 0.2, and fast scan

speed. Data collection and analysis was performed with Shimadzu UV Probe (Version

2.70).

Scanning Electron Microscopy (SEM) Scanning electron microscopy was performed

with a Jeol JSM-6490LV instrument.

Rheometry Rheometry tests were performed using a Malvern Kinexus Pro rheometer

equipped with a Peltier plate cartridge for temperature control. For gel tests (amplitude

sweeps), rheometer was equipped with a 20 mm parallel plate geometry (PU 20 SR1910

SS), while viscosity measurements for fluids were performed with a 40 mm cone-plate

geometry (CP4/40 SR2013 SS). Data was collected using Kinexus rSpace version 1.60.1731,

and analysed with OriginPro version b9.5.1.195.

FT-IR Spectroscopy ATR FT-IR spectra were performed on a Perkin Elmer Spectrum

2 instrument with diamond window ATR accessory. Force gauge on pressure arm was

kept at 105. Spectra were collected from 4000–450 cm-1, with a resolution of 4 cm-1. Data

was collected and analysed with Perkin Elmer Spectrum software (Version 10.5.4).

X-Ray Diffraction Small-scale cellulose samples were analysed with a Rigaku Micro

Max 007HF, scanning from 5-50° 2θ.

Large-scale cellulose samples were analysed via powder XRD using a Bruker-AXS

D8 Avance with a Lynx eye detector. Patterns were recorded using Cu Kα radiation (λ =

139



1.5406 Å) scanning from 5-50° 2θ, with a step size of 0.05° and data points collected for

0.1 sec each. Data was collected with Bruker DIFFRAC plus XRD Commander version

2.6.1 and analysed with OriginPro version b9.5.1.195.

The diffraction intensity of all spectra was normalized by the peak area between

2theta = 5 and 50 degree.

Centrifugation Small-scale centrifugation was performed using a SciSpin Mini Mi-

crofuge with a fixed speed of 7,000 rpm, or relative centrifugal force (RCF) of 2,680×g, at

ambient temperature. Large-scale centrifugation was performed with a Thermo Scientific

Megafuge Heraeus Megafuge 40R at 3,500 rpm, or RCF of 1,372×g.

Ultrasonication Probe Ultrasound treatment was performed with a VCX-130 ultrasonic

processor (130W max power output) equipped with a 2-mm stepped titanium alloy

microtip.

HSPiP Software Hansen solubility parameters were determined and analysed using

HSPiP software 5.0.10. Database values were used when available. Otherwise, SMILES

codes were used to predict HSP using native Y-MB algorithm. For solvent mixtures,

values were predicted for each component, then linearly combined according to mixture

ratio.

GC-FID GC-FID chromatograms were obtained with an Agilent 6890N gas chromato-

graph equipped with an HP autosampler. The column used was a Restek Rxi-5HT fused

silica column (30m length x 0.25mm x 0.25µm) for low-polarity mixtures, or a Restek

Stabilwax fused silica column (30m length x 0.25mm x 0.25µm) for high-polarity mixtures.

Helium was used as the carrier gas at a flow rate of 2.7 mL/min. Sample injection volume

was 0.4µL with a split ratio of 30:1 into a 300°C inlet (240°C for Stabilwax columns). The

oven temperature was initially set to 50°C, then immediately increased by 30°C/min to

a final temperature of 300°C. The final temperature was held for 5 minutes. The flame

ionisation detector was maintained at a temperature of 340°C.

GPC Gel permeation chromatography (GPC) was carried out using a PSS SDV High

set of 3 analytical columns (300 × 8 mm, particle diameter 5 µm) of 1000, 105, and 106

Å pore sizes, plus guard column (PSS GmbH) installed in a PSS SECcurity SEC system.

THF was used as the mobile phase (1 mL/min) with a column temperature of 23°C
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and detection by refractive index. For each measurement, 20 µL of a roughly 2 mg/mL

sample in THF was injected and eluted for 50 min. Calibration was carried out in the

molecular weight range 370–2.52 × 106 Da using ReadyCal polystyrene standards from

Sigma Aldrich. Toluene was used as internal standard.

GC-MS Gas chromatograph-mass spectrometry was performed using a Perkin-Elmer

Clarus 560 S mass spectrometer coupled to a Perkin-Elmer Clarus 500 gas chromatograph.

The GC column used was a Restek Rxi-5HT fused silica column (30m x 0.25 mm x 0.25µm),

with helium as a carrier gas at a flow rate of 2 mL/min. Sample injection volume was

0.5 µL with a split ratio of 10:1 into a 300°C inlet. The oven temperature was initially

set to 50°C, then immediately increased by 30°C/min to a final temperature of 300°C.

The final temperature was held for 5 minutes. Clarus 500 quadrupole mass spectra were

performed in electron ionisation (EI) mode at 70 eV with the source and quadrupole

temperature both at 300°C. The mass scan was conducted from 40 to 640 m/z. GC-

MS data was collected and analysed with PerkinElmer enhanced TurboMass software

(Version 5.4.2). GC-MS samples were prepared by dissolving 10-50 mg product in 1.5 mL

acetone.

NMR Spectroscopy NMR samples were prepared by dissolving 5-20 mg product in

CDCl3. NMR spectra were recorded by a Jeol JNM-ECS 400 MHz spectrometer. For 1H

NMR, 16 scans were used, while for 13C NMR, 256 scans were used. NMR data was

analysed using iNMR version 6.1.5 from Mestrelab Research. Signals were calibrated

against the residual solvent peak.

ArgusLab Software To calculate surface electrostatic potential of molecules, ArgusLab

modelling software (Version 4.0.1) was used. Molecular geometry was optimised us-

ing the Austin Model 1 (AM1) parameterisation of the Modified Neglect of Diatomic

Differential Overlap (MNDO) method and a restricted Hartree-Fock (RHF) calculation.

7.2 Green Solvents for Dissolution of Polyvinylidene Difluoride

7.2.1 Materials

N-methylpyrrolidinone (≥99%) was purchased from Alfa Aesar. Dimethylsulfoxide

(>99%) was purchased from Fisher Scientific. γ-valerolactone (≥99%) and cyclopen-
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tanone (≥99%) were purchased from Sigma-Aldrich. Cyrene (99%) was received from

Circa Ltd. Solvents were dried over activated 4Å molecular sieves for at least 48h prior to

use, with the exception of Cyrene, which is not stable to molecular sieves and was used

as received. Water content of all solvents was found to be <0.25%. Solef® 5130 PVDF

was obtained from Solvay, dried under vacuum overnight, and stored in dessicator.

7.2.2 Experimental

Initial Dissolution Trials Acetonitrile (99.8%), benzyl alcohol (99.8%), benzyl benzoate

(≥99.0%), cyclohexane (99.5%), dimethylacetamide (DMAc, 99.8%), N,N-dimethyl for-

mamide (DMF, 99.8%), ethylene carbonate (98%), glycerol (99%), isobutanol (≥99%),

methanol (≥99.9%), p-Cymene (99%), and propylene carbonate (99.7%) were purchased

from Sigma-Aldrich. γ-butyrolactone (>99.0%) and glycerol 1,2-carbonate (>90%) were

purchased from Tokyo Chemical Industry UK. Acetic acid (≥99.7%), ethylene glycol

(≥99%) and 5-hydroxymethylfurfural (5-HMF, 98%) were purchased from Acros Organ-

ics. Acetic anhydride (≥97%) was purchased from Alfa Aesar. For each dissolution trial,

100 mg PVDF were weighed into a glass sample vial, and 1 mL solvent added with a

micropipette. The sample vial was sealed with a rubber septum and briefly shaken to

mix, then either rolled at room temperature (20°C) overnight, or equipped with magnetic

stirbar and heated to 60°C, stirring at 600 rpm, for 24 h. For binary gradient sphere

determination, NMP was used as the primary solvent, with benzyl benzoate, ethylene

carbonate, and methanol as non-solvents. Each non-solvent was combined with the

primary solvent in 10% v/v ratios (e.g. 90% NMP with 10% methanol, etc.) and shaken

to mix, then used as a solvent in dissolution trials. For other solvent blend dissolution

trials, each component solvent was measured individually with a micropipette into the

sample vial.

PVDF Dissolution To prepare 10% w/v PVDF solution, 2 mL solvent was measured

via syringe into a glass sample vial equipped with a magnetic stirbar. While stirring, 200

mg PVDF powder was added slowly to reduce clumping. The vial was sealed with a

screw cap and Parafilm, and the mixture was magnetically stirred and heated to 60°C

(for cyclopentanone) or 100°C (for all other solvents) in an aluminium heating block

on a hot-plate. PVDF was considered fully dissolved when solution was completely

transparent, with no remaining powder or clumps. Dissolution typically took from 1 to 6
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hours, depending on solvent.

Minimum Gelator Concentrations To measure the minimum gelator concentration of

PVDF in each solvent, 1% w/v PVDF solutions were prepared by adding 10 mg PVDF

to 1 mL solvent, stirring and heating as above. When the PVDF was fully dissolved,

the solutions were allowed to cool to room temperature. After 24h, each sample vial

was inverted to check for gelation. If the solution was not fully gelled, the process was

repeated with a new solution, increasing PVDF concentration by 1% w/v each time. The

minimum gelator concentration was considered achieved once the solution was fully

gelled after 24h at room temperature.

Rheometry Solutions of 10% w/v PVDF were prepared as described above. Roughly 2

mL of sample was used for each viscosity test, with liquid samples being prepared in

bulk and poured onto the rheometer plate. Viscosity trials were conducted at a constant

temperature (either 25°C or 100°C) with an incrementally increasing shear rate, ranging

from 0.1 s-1 to 10.0 s-1. 7 samples per decade were taken in a logarithmic progression,

with a maximum sampling interval of 3 min.

Gel samples were prepared individually, using bottomless glass sample vials to

ensure a uniform and undisturbed gel network. Samples were 1.5-2.5 mm thick, and gap

was set to 0.2 mm less than gel thickness to prevent slippage. With the exception of GVL

gel samples, each sample was analysed within four hours of being prepared. GVL gel

samples were analysed either 17h or 72h after preparation, to allow time for gelation.

GVL viscosity measurements were performed within four hours of making the sample,

before gelation had occurred. Amplitude sweeps were conducted at a fixed temperature

of 25°C, with shear strain ranging from 0.1% to 100.0%. 10 samples per decade were

taken in a logarithmic progression.

Gelation in Bottomless Vials Standard glass sample vials were cut to remove their

bottoms. Each bottomless vial was attached to a glass microscope slide using silicone

sealant, which was allowed to cure overnight. Once the sealant had cured, the bottomless

vial and slide were placed on a hot plate at 60-100°C. 10% w/v samples of PVDF in

solvent were prepared as above, then poured while hot into the vial to a height of roughly

2 mm. The vial was capped and allowed to cool to room temperature. For CP and Cyrene,

this was sufficient to set the gel. For GVL, 24h standing at room temperature was required
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to fully set the gel. To transfer the gels to the rheometer plate, the silicone sealant was cut

with a scalpel and the bottomless vial detached from the microscope slide. The gel was

then gently pushed out of the vial using a metal spatula.

Film Casting Solutions of 10% w/v PVDF were prepared as described above. For NMP,

DMSO, and GVL, solutions were allowed to cool to roughly room temperature before

casting. CP and Cyrene solutions were cast at 60°C and 100°C, respectively. Each solution

was poured onto a glass plate and a stainless steel casting blade set to 500 microns was

used to quickly spread the solution. The glass plate was then immediately transferred to

a phase inversion bath of room-temperature deionised water, where it was kept until the

film was fully solidified. Films were stored in glass powder bottles filled with deionised

water.

Sample Preparation for FT-IR To prepare samples for analysis, the membranes were

removed from the water, cut to size using scissors, and sandwiched gently between

two pieces of membrane fabric support placed atop a glass microscope slide. The fabric

was held in place with adhesive tape to ensure membranes remained flat during drying.

Membranes were dried under vacuum overnight, then gently removed from their fabric

supports prior to IR analysis.

Sample Preparation for SEM Films were dried as above, then soaked in ethanol for

several minutes. Each sample was transferred directly from the ethanol bath to liquid

nitrogen, where it was kept using tweezers until thermal equilibration had occurred,

as indicated by cessation of bubbling. The film was then fractured and removed from

the liquid nitrogen. Remaining ethanol was allowed to evaporate at room temperature,

and each sample was mounted on a sticky carbon tab and sputter coated with 7 nm of

gold/palladium for imaging. The top of each film, defined as the surface contacting the

water bath during coagulation, was oriented upwards for cross-sectional images.

7.3 Cellulose Dissolution in Cellulose-Based Solvent

7.3.1 Materials

Microcrystalline cellulose from cotton linters (Avicel PH-101, 50 µm particle size) was pur-

chased from Sigma-Aldrich. Glycerol 1,2-carbonate (>90.0%) was purchased from Tokyo
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Chemical Industry. Lithium bromide (≥99%), lithium chloride (≥99%), lithium fluoride

(≥99.99%), zinc bromide (99.999%), zinc chloride (99.999%), zinc fluoride (≥99.99%),

tetrabutylammonium fluoride hydrate (98%), tetrabutylammonium chloride (≥97%),

tetrabutylammonium tribromide (98%), tetrabutylammonium iodide (98%), tetrabutyl-

ammonium acetate (97%), tetrabutylammonium hydrogen sulfate (≥99%), tetramethyl-

ammonium fluoride tetrahydrate (98%), tributylmethylammonium chloride (≥98%),

trimethyloctylammonium chloride (≥97%), tetraoctylammonium bromide (98%), and

propylene carbonate (99.7%) were purchased from Sigma-Aldrich. All reagents were

used without further purification.

7.3.2 Experimental

Preparation of Additive Solvent Systems Water was added to Cyrene on a v/v basis,

shaking each sample vigorously to ensure mixing. For solvent systems involving addi-

tives, the additive was weighed into a glass vial, solvent added on a w/v basis, and the

sample heated to 60°C for 20 min to aid dissolution. These samples were stored at room

temperature for up to 6 weeks. Samples that were immiscible or obviously degraded

(strong color change plus formation of solid) were considered unsuitable for use.

Small-Scale Cellulose Pre-treatment Cellulose (10 mg) was placed in a 1-mL plastic

Eppendorf tube. Deionised water (1 mL) was added and shaken to mix, then sample was

centrifuged for 10 min and water gently removed via glass pipette. Process was repeated

once with ethanol, then three times with test solvent (e.g. Cyrene).

Large-Scale Cellulose Pre-treatment Cellulose was placed in a sintered glass Buchner

funnel, and deionised water added to twice the height of the cellulose. Cellulose was

allowed to soak for roughly five minutes, then vacuum was briefly applied to remove

water. Process was repeated once with ethanol, then three times with test solvent (e.g.

Cyrene).

Cellulose Dissolution via Freezing Solvent system (e.g. Cyrene/TBAC, 1 mL) was

added to Eppendorf tube with pretreated cellulose (10 mg). Sample was either vortexed

(for low-viscosity solvent systems) or inverted and forcefully tapped repeatedly (for high-

viscosity solvent systems) until solid appeared evenly dispersed, then placed upright in

freezer (-25°C) for 24 h.
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Cellulose Dissolution via Sonication Solvent system (e.g. Cyrene/TBAC, 1 mL) was

added to Eppendorf tube with pretreated cellulose (10 mg). Sample was sonicated for

5 sec, then transferred to 2-mL glass sample vial, using thin metal spatula to maximise

volume transferred. Sample vial was placed in centre of 100-mL beaker, kept upright

by custom-made acrylic disc. For room-temperature processing, roughly 10 mL water

was added to beaker, covering bottom of sample vial. For ice-bath processing, beaker

was packed to rim of sample vial with ice and water. Sample was then sonicated at 60%

amplitude (max power delivery of 78W), pulsing for 1 sec on, 2 sec off to allow sample

cooling.

Small-Scale Cellulose Dissolution Check Cellulose sample was treated by one of the

methods above, then centrifuged for 10-60 min, depending on strength of dispersion, to

remove undissolved solid. Clear supernatant was gently transferred to fresh Eppendorf

tube via glass pipette. Ethanol (0.3 mL) was added as anti-solvent to force precipitation

of any dissolved cellulose, and sample centrifuged to force precipitate to bottom. Su-

pernatant was gently removed via pipette, and any solid remaining was washed with

water (1 mL) three times, then ethanol (1 mL) three times. Sample was allowed to stand

uncapped at room temperature overnight to remove any residual ethanol.

Small-Scale Cellulose XRD Regenerated cellulose was washed and dried as above,

then charged into quartz capillary tube. XRD was measured directly and compared with

untreated cellulose (Cellulose I) and cellulose regenerated from lithium bromide solution

(Cellulose II). Cellulose I and II diffractograms were superimposed in a 1:1 ratio to model

sample of Cellulose I + II.

Large-Scale Cellulose XRD Regenerated cellulose was washed and dried as above,

and the resulting pellet was crushed with mortar and pestle. The regenerated cellulose

powder was then suspended in a small amount of ethanol and transferred to a transpar-

ent glass disc, where ethanol was allowed to evaporate in order to deposit powdered

cellulose. The sample disc was mounted in a transparent plastic specimen holder, al-

lowing measurement of powder XRD without background interference. Procedure was

repeated with microcrystalline cellulose for comparison.
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7.4 Blending Solvents for Novel Properties

7.4.1 Materials

Dihydrolevoglucosenone (Cyrene) was obtained free of charge from Circa Group and

used without further purification. Reagents were obtained as indicated below and used

as received.

7.4.2 Experimental

Synthesis of 7,8-dioxaspiro[bicyclo[3.2.1]octane-2,2’-[1,3]dioxolane (Cygnet 0.0) Eth-

ylene glycol (>99%) was purchased from Fisher Scientific. Montmorillonite KSF (sur-

face area 20-40 m2/g was purchased from Sigma-Aldrich and heated to 200°C for 1

h in furnace to activate. Ethanol ≥99.8% was purchased from Sigma-Aldrich. Dihy-

drolevoglucosenone (40 mmol) was combined with an excess of ethylene glycol (73

mmol) and acidic heterogeneous catalyst KSF-200 (0.25 g) in a 25-mL round-bottomed

flask equipped with a magnetic stirbar. The flask was covered with a vented septum and

heated under stirring to 373K for 1 hour, during which the reaction mixture gradually

turned dark purple. The catalyst was removed by vacuum filtration on a sintered glass

fritted funnel, rinsing with minimal ethanol, and the reaction mixture briefly heated

with a heat gun to facilitate transfer to a glass powder bottle. This was refrigerated at

5°C until crystallisation occurred. The resulting pinkish solid was collected via vacuum

filtration, rinsed with minimal cold ethanol, then dissolved in minimal ethanol at 60°C.

The resulting solution was treated by hot vacuum filtration to remove any remaining

solids, and refrigerated overnight. This recrystallisation process was repeated twice

more, for a total of three recrystallisations from ethanol. Fine, needle-like white crystals

were collected by vacuum filtration on a sintered glass fritted funnel and dried under

vacuum overnight.

Cygnet/Cyrene Blends Cygnet/Cyrene blends were prepared on a w/w basis by first

measuring Cygnet into a sample vial, then adding Cyrene. Samples were heated to

60-70°C, occasionally shaking, to dissolve. Dissolution was considered complete when

no solid was visible at elevated temperature. Samples were stored at room temperature

and reheated as needed for use.

147



KAT Parameters 4-nitroaniline (≥99%) was purchased from Sigma-Aldrich, and N,N-

diethyl-4-nitroaniline (97%) was purchased from Fluorochem. Acetone (≥99.5%) was

purchased from Sigma-Aldrich. Roughly 1-3 mg of each dye was dissolved in 2 mL

acetone. To prepare a vial for UV-Vis spectroscopy, a single drop of dye solution was

transferred to a glass sample vial and dried, then 1 mL test solvent was added to the vial.

The UV-Vis absorbance was measured and the concentration of dye was tweaked, either

diluting or transferring to a second glass vial with more dried dye, until the absorbance

of the maximum peak was between 0.3 and 0.9.

Membrane Casting Polyimide P84 (PI) was obtained from Ensinger Sintimid. Polysul-

fone (PSU, Mw 35,000, Mn 16,000) was purchased from Sigma-Aldrich. Polyethersulfone

(Ultrason E3020, PES) was obtained from INGE. Solutions of PI (15% w/v), PSU (20%

w/v), or PES (20% w/v) were prepared by adding solvent to polymer, then stirring and

heating to 80°C until dissolved. Each solution was allowed to cool to room temperature,

then poured onto a glass plate. A stainless steel casting blade set to 500 microns was

used to quickly spread the solution. The glass plate was then immediately transferred

to a phase inversion bath of room-temperature deionised water, where it was kept until

the film was fully solidified. Membranes were stored in glass powder bottles filled with

deionised water.

Sample Preparation for SEM Membranes were dried under vacuum. Each sample was

placed in liquid nitrogen, where it was kept using tweezers until thermal equilibration

had occurred, as indicated by cessation of bubbling. The membrane was then fractured

and removed from the liquid nitrogen. Each sample was mounted on a sticky carbon

tab and sputter coated with 7 nm of gold/palladium for imaging. The top of each

membrane, defined as the surface contacting the water bath during coagulation, was

oriented upwards for cross-sectional images.

7.5 Applications of Oxymethylene Dimethyl Ethers as Novel Solvents

7.5.1 Materials

OME3-5 mixture was supplied free of charge by ChemCom Industries B.V., Netherlands.

Individual OME3, OME4, and OME5 samples (all >99%) were purchased from ASG

Analytik-Service GmbH, Germany. Reagents were obtained as indicated below and used
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as received.

7.5.2 Experimental

Solvent Miscibility Acetone (≥99.5%), acetonitrile (99.8%), benzyl benzoate (≥99.0%),

diethylamine (≥99.5%), diethyl ether (≥99.7%, stabilised with 1 ppm BHT), N,N-dimethyl

formamide (99.8%), 1,4-dioxane (99.8%), dipropylamine (99%), ethanol (≥99.8%), ethanol

amine (≥99.5%), ethyl acetate (99.8%), ethyl lactate (≥98%), ethylene carbonate (99%),

formic acid (≥95%), N-methyl-2-pyrrolidinone (99%), propylene carbonate (99.7%),

propylene glycol (≥99.5%), tetrahydrofurfuryl alcohol (99%), and toluene (99.8%) were

purchased from Sigma-Aldrich. tert-butyl alcohol (>99%) was purchased from Fluo-

rochem. Carbon tetrachloride (>99.9%) was obtained from Fluka. Cyclohexanol (>99%)

was purchased from Avocado Research Chemicals. Dichloromethane (≥99.8%, stabilised

with amylene), dimethyl sulfoxide (>99%), and n-propanol (≥99%) were purchased

from Fisher Scientific. Ethylene glycol (≥99%) and n-heptane(≥99%) were purchased

from Acros Organics. Water was obtained from lab supply of deionised water. Each

test solvent was combined with the OME3-5 mixture in a 1:1 ratio by volume, and this

sample shaken vigorously at ambient temperature for several seconds. The sample was

then allowed to stand at room temperature for one hour. If any turbidity or separation

of layers occurred, the solvent was considered immiscible with OME3-5. Samples that

remained fully homogeneous and transparent were considered miscible.

KAT Parameters 4-nitroaniline (≥99%) was purchased from Sigma-Aldrich, and N,N-

diethyl-4-nitroaniline (97%) was purchased from Fluorochem. Acetone (≥99.5%) was

purchased from Sigma-Aldrich. Roughly 1-3 mg of each dye was dissolved in 2 mL

acetone. To prepare a vial for UV-Vis spectroscopy, a single drop of dye solution was

transferred to a glass sample vial and dried, then 1 mL test solvent was added to the vial.

The UV-Vis absorbance was measured and the concentration of dye was tweaked, either

diluting or transferring to a second glass vial with more dried dye, until the absorbance

of the maximum peak was between 0.3 and 0.9.

Acid Stability Hydrochloric acid (>37%), sulfuric acid (>95%), and aluminum chloride

(99%) were purchased from Fluka. Boron trifluoride (14% in methanol) and iron (III)

trichloride (97%) were purchased from Sigma-Aldrich. Each acid was combined with

the OME3-5 mixture at a concentration of 1 mmol acid/mL solvent. The samples were
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sealed in glass vials and magnetically stirred while heating to 50°C for 72h. In the case of

hydrochloric acid, an additional sample with 20 mol% acid was prepared and treated in

the same way.

Peroxide Formation Peroxide concentrations were measured using Quantofix® perox-

ide test sticks, purchased from Macherey-Nagel. For each sample, a test stick was dipped

into the solvent for 1 second, then removed and shaken to remove excess solvent. A

drop of water was added to the test strip, the strip shaken to dry, and the color recorded

after five seconds. To test peroxide formation potential, 10 mL of solvent was transferred

to a wide-necked round-bottomed flask, and a stream of air (from compressed source)

bubbled through via a needle while stirring under UV radiation. UV radiation was

achieved via a UVP UVGL-58 handheld UV lamp that was mounted directly above the

neck of the flask and set to 254 nm. Peroxide concentration was measured after 2 hours

and 4 hours. After 4 hours, the stirbar was removed and the solvent decanted into a

measuring cylinder to measure solvent evaporation.

When calculating the peroxide formation rate, any ranges reported were treated as

the midpoint of the range (e.g. 1-3 was treated as 2). Values below 1 were treated as 0. The

rate of formation was calculated for each 2-hour time interval, and the results averaged

across the intervals for each solvent. Values were rounded to the nearest integer.

Polymer Dissolution Polypropylene pellets (PP, weight-averaged molecular weight

(Mw) 12,000 Da), polystyrene pellets (PS, Mw 192,000 Da), and polystyrene powder (PS,

Mw unknown) were purchased from Sigma-Aldrich. Ultrason® E3020 P Polyarylether-

sulfone (PES, Mw 55,000 Da) and PVP Luvitek® K-90 Pulver (1,500,000 Da) were obtained

from BASF Inge GmbH. Torlon AI-10 was provided by Solvay, containing 90-99.9% PAI

with 3-6% NMP. A small amount of each polymer was placed in a sample vial, and

OME mixture added (3-4 mL). The samples were agitated on a Stuart tube roller at room

temperature for 3 days, after which the samples were visually inspected for signs of

polymer swelling or dissolution. The effect of heating was tested by heating each sample

to 60°C while stirring at 600 rpm on a magnetic hotplate for 24 h, followed by visual

inspection.

Paint Removal N-methyl-2-pyrrolidinone (99%) was obtained from Sigma-Aldrich.

Commercial spray paints were obtained from Clostermann Coatings (cellulose paint)
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and Kobra Paint (acrylic paint). Glazed ceramic tiles were purchased from B&Q. Tiles

were broken into rectangular fragments for testing. Tile fragments were sprayed with

paint and allowed to cure for at least 48 hours. After curing, painted fragments were

placed in vials containing 15 mL of solvent and agitated on a Stuart tube roller for 3 days.

The tiles were then removed from the vials, wiped with a tissue, and left to dry.

Suzuki Reaction Tris(dibenzylideneacetone)dipalladium(0) (97%), triphenylphosphine

(99%), iodobenzene (98%), and phenylboronic acid (≥97%) were purchased from Sigma-

Aldrich. Potassium carbonate (≥99%) was purchased from Alfa Aesar. Tris(dibenzyl-

idene acetone)dipalladium(0) (2.5 mol%, .062 mmol, 57 mg) and triphenylphosphine

(15 mol%, .375 mmol, 98 mg) were combined with 3M aqueous potassium carbonate

(5 mmol, 1.67 mL) and 5 mL solvent in 2-necked round-bottomed flask equipped with

reflux condenser. Nitrogen was bubbled through, stirring, at 50°C for several minutes,

then iodobenzene (2.5 mmol, 280 µL) and phenylboronic acid (2.75 mmol, 335 mg) were

added. Reaction mixture was heated to 100°C and stirred under nitrogen for 24 hours,

taking samples for GC-FID analysis 1 hour and 24 hours after reaching temperature.

Enzymatic Polymerisation Dimethyl adipate (DMA, ≥99%), 1,4-butanediol (BDO,

99%), 1,6-hexanediol (HDO, 99%), 1,8-octanediol (ODO, 98%), and diphenyl ether (DPE,

99%), and Candida antarctica lipase B immobilised on acrylic resin code L4777 (CaLB,

Novozyme 435®) were obtained from Sigma-Aldrich. DMA (0.1394 g, 8.0 × 10−4 mol, 0.2

M) was combined with an equimolar amount (8.0 × 10−4 mol, 0.2 M) of diol (BDO, HDO,

or ODO) and 4 mL organic solvent (DPE or OME3-5) in a 25-mL round-bottomed flask.

The mixture was stirred, heating to 85°C on a magnetic hotplate, until the monomers

were completely dissolved. Then, 10% w/w (based on total weight of monomers) immo-

bilised CaLB was added. The reaction was run for 6 hours at 1000 mbar, then a 20 mbar

vacuum was applied for the next 18 hours, maintaining the 85°C reaction temperature.

Reaction work-up was performed by adding roughly 5 mL warm dichloromethane to the

reaction mixture and stirring for 10 min at 50°C before using a cotton filter to remove the

biocatalyst. Dichloromethane was removed under vacuum. The remaining mixture was

added to ice-cold methanol to precipitate the polymer, and then washed three times with

methanol to remove the non-volatile solvent residues. The precipitated, purified poly-

mers were dried under vacuum for 24 hours to reach a constant weight, and appeared as

a white powder. Reactions were performed in duplicate.
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APPENDIX A

SUPPLEMENTARY DATA

A.1 Green Solvents for Dissolution of Polyvinylidene Difluoride

Figure A.1: Amplitude sweep of 10% w/v PVDF in GVL at 25°C.

Figure A.2: Amplitude sweep of 10% w/v PVDF in Cyrene at 25°C.
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Figure A.3: Amplitude sweep of 10% w/v PVDF in CP at 25°C.

Figure A.4: Viscosity of 10% w/v PVDF in NMP at 25°C. Results of three independent
trials.

Figure A.5: Viscosity of 10% w/v PVDF in DMSO at 25°C. Results of three independent
trials.
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Figure A.6: Viscosity of 10% w/v PVDF in NMP at 100°C. Results of three independent
trials.

Figure A.7: Viscosity of 10% w/v PVDF in DMSO at 100°C. Results of three independent
trials.

Figure A.8: Viscosity of 10% w/v PVDF in GVL at 100°C. Results of three independent
trials.
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Figure A.9: Viscosity of 10% w/v PVDF in Cyrene at 100°C. Results of three independent
trials.

Figure A.10: SEM micrographs of films prepared with 10% w/v PVDF in NMP (a-c),
DMSO (d-f), and GVL (g-i) at room temperature, showing surfaces at 10,000x (a, d, g),
cross-sections at 800x (b, e, h), and cross-sections at 5,000x (c, f, i)
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A.2 Cellulose Dissolution in Cellulose-Based Solvent

Table A.1: Additive concentrations used in trials of cellulose dissolution systems

Additive % w/v

lithium fluoride 8
lithium chloride 8
lithium bromide 8

zinc fluoride 15
zinc chloride 15
zinc bromide 15

tetrabutylammonium fluoride hydrate 20
tetrabutylammonium chloride 50

tetrabutylammonium tribromide 20
tetrabutylammonium iodide 20
tetrabutylammonium acetate 15

tetrabutylammonium hydrogen sulfate 20
tributylmethylammonium chloride 50

tetramethylammonium fluoride tetrahydrate 20
trimethyloctylammonium chloride 20

tetraoctylammonium bromide 20
propylene carbonate 60
glycerol carbonate 40
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A.3 Applications of Oxymethylene Dimethyl Ethers as Novel SolventsTable A.2: GC-MS Analysis of OME3-5

Compound Area Percent CAS

OME3 42.8 13353-03-2
OME4 23.8 13352-75-5

D-OME1 9.6 -
OME5 10.2 13352-76-6

D-OME2 3.5 -
OME6 4.0 -

D-OME3 1.8 -
OME7 1.4 -

Remaining 2.9% are unidentified impurities
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Table A.3: Solvent Miscibility of OME3-5

Solvent δD δP δH Miscible?

acetone 15.5 10.4 7.0 Y
acetonitrile 15.3 18.0 6.1 Y
benzyl benzoate 20.0 5.1 5.2 Y
tert-butyl alcohol 15.2 5.1 14.7 Y
carbon tetrachloride 17.8 0.0 0.6 Y
cyclohexanol 17.4 4.1 13.5 Y
dichloromethane (DCM) 15.3 9.9 3.9 Y
diethylamine 14.9 2.3 6.1 Y
diethyl ether 14.5 2.9 4.6 Y
dimethyl formamide (DMF) 17.4 13.7 11.3 Y
dimethyl sulfoxide (DMSO) 18.4 16.4 10.2 Y
1,4-dioxane 17.5 1.8 9.0 Y
dipropylamine 15.3 1.4 4.1 Y
ethanol 15.8 8.8 19.4 Y
ethanolamine 17.0 15.5 21.0 N
ethyl acetate 15.8 5.3 7.2 Y
ethyl lactate 16.0 7.6 12.5 Y
ethylene carbonate 18.0 21.7 5.1 Y
ethylene glycol 17.0 11.0 26.0 N
formic acid 14.6 10.0 14.0 Y
heptane 15.3 0.0 0.0 Y
N-methyl-2-pyrrolidone (NMP) 18.0 12.3 7.2 Y
1-propanol 16.0 6.8 17.4 Y
propylene carbonate 20.0 18.0 4.1 Y
propylene glycol 16.8 10.4 21.3 Y
tetrahydrofurfuryl alcohol 17.8 8.2 12.9 Y
toluene 18.0 1.4 2.0 Y
water 15.5 16.0 42.3 N
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Table A.4: Suzuki Couplings in OME3-5

Biphenyl Coupling Reaction

Yield (%)
BP Std Dev

1,4-dioxane 98.8 1.6
CPME 97.0 2.6

OME 98.0 1.7

Diphenylmethane Coupling Reaction

DPM BP DB

Yield (%) Std Dev Yield (%) Std Dev Yield (%) Std Dev

1,4-dioxane 83.7 1.6 4.3 0.9 11.9 0.9
CPME 85.5 1.2 2.3 0.4 12.2 1.2

OME 82.0 1.2 2.4 0.5 15.6 1.2

BP = biphenyl, DPM = diphenylmethane, DB = dibenzyl. Percentage yield was measured with
GC-FID following calibration for each product. Results are reported as average with standard
deviation (Std Dev) of three independent trials.

Figure A.11: 1H-NMR spectrum of poly(1,4-butylene adipate) produced from the reaction
of dimethyl adipate (DMA) and 1,4-butanediol (BDO) in OME3-5 solvent, using Candida
antarctica lipase B as catalyst.
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ABBREVIATIONS

α hydrogen bond donating ability

β hydrogen bond accepting ability

εr relative permittivity

π* dipolarity/polarisability

2-MeTHF 2-methyltetrahydrofuran

4-NA 4-nitroaniline

ATR FT-IR attenuated total reflection Fourier transform infrared

BP boiling point

CaLB Candida antarctica lipase B

CP cyclopentanone

CPME cyclopentyl methyl ether

DCM dichloromethane

DEN N,N-diethyl-4-nitroaniline

DMAc dimethylacetamide

DMF dimethylformamide

DMS dimethyl sulfide

DMSO dimethylsulfoxide

DP degree of polymerisation

DPE diphenyl ether

DSC differential scanning calorimetry

EI electrospray ionisation

ESP electrostatic potential energy

ETBE ethyl-tert-butyl ether

EU European Union

eV electron volts

FP flash point

FT-IR Fourier transform infrared

G’ shear storage modulus

G” shear loss modulus

GBL γ-butyrolactone

GC-MS gas chromatography-mass spectrometry
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GHB γ-hydroxybutyrate

GHS Globally Harmonized System of Classification and Labelling of Chemicals

GPC gel permeation chromatography

GVL γ-valerolactone

HSP Hansen Solubility Parameters

HSPiP Hansen Solubility Parameters in Practice

IL ionic liquid

IR infrared

IUPAC International Union of Pure and Applied Chemistry

KAT Kamlet-Abboud-Taft

kDa kilodaltons

LCA life cycle assessment

LiCl lithium chloride

MeTHF 2-methyltetrahydrofuran

MGC minimum gelator concentration

MI mass intensity

Mn number-averaged molecular weight

MOF metal-organic framework

MP melting point

Mw weight-averaged molecular weight

MW molecular weight

NIPS non-solvent induced phase inversion

NMMO N-methylmorpholine-N-oxide

NMP N-methyl-2-pyrrolidinone

NMR nuclear magnetic resonance

OECD Organisation for Economic Cooperation and Development

OME poly(oxymethylene) dimethyl ether, or oxymethylene ether

PAI polyamide-imide

PES polyethersulfone

PI polyimide

PP polypropylene

PS polystyrene

PSU polysulfone
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PVDF polyvinylidene difluoride

PVP polyvinylpyrrolidone

R0 HSP sphere radius

Ra HSP distance

REACH Registration, Evaluation, Authorisation and Restriction of Chemicals

RED relative energy difference

RME reaction mass efficiency

SEM scanning electron microscopy

SMILES simplified molecular-input line-entry system

SOx sulfur oxides

TAME tert-amyl methyl ether

TBAC tetrabutylammonium chloride

TBAF tetrabutylammonium fluoride

THF tetrahydrofuran

TIPS thermally induced phase separation

TMO tetramethyloxylane

UV-Vis ultraviolet-visible

VOC volatile organic compounds

XRD X-ray diffraction

Y-MB Yamamoto-Molecular Break
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(259) A. Ćwiklińska, C. M. Kinart, W. J. Kinart and D. ChĘcińska-Majak, Physics and
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