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Abstract 

The initial motivation for this work was inspired by the need for an in depth understanding 

between fundamental physical properties of functional liquids with relevance in industrial 

applications. Therefore, this work encompassed two strands. The first one was devoted to 

developing novel and potentially synergistic TOPO-based eutectic extractants. The second 

one, to unpacking the ‘black box’ related to the so far unknown reasons why Brønsted acidic 

protic ionic liquids (ILs) based on sulfuric acid exhibit favourable phase behaviour when 

compared to neat sulfuric acid in industrially relevant applications, such as catalysis or 

lignocellulosic biomass pre-treatment. 

 Chapter 2 focussed on screening eutectic behaviour of trioctylphosphine oxide 

(TOPO) with three classes of hydrogen bond donors (HBDs): polyols, carboxylic acids and 

hydroxyacids. Each of these classes of HBDs had relevance in industrially relevant extraction 

applications for target molecules such as phenolics, organic acids, metals or silica/silicates. 

The reducing properties of the polyols also made them promising candidates for nanoparticle 

synthesis applications. The key outcomes from this screening study were that TOPO had a 

high affinity for liquid formation with phenolics, making it a promising compound for 

phenolics removal from wastewater. Resorcinol, pyrogallol and gallic acid were also 

promising candidates for nanoparticle synthesis; interesting for future work. Liquid formation 

with lipoic acid and levulinic acid made them interesting compounds to study for potential 

removal from fermentation broths and liquid formation with malonic acid highlighted a 

potential for synergistic metal extraction, in particular with gallium. 

 Further review of the literature highlighted two areas with greatest potential for waste 

valorisation: 1) Gallium is an element in critical supply, especially given the recent 

technological advancements and the provision of 5G networks on a nationwide scale. In order 

to meet the global demands, more waste sources must be valorised to ensure that a steady 

supply of gallium can be maintained. Zinc leach residue waste is one potential gallium reserve 

that is not fully utilised. In addition to this, the town of Navan in the Republic of Ireland is 

home to the biggest zinc mine in Europe, making this waste source particularly interesting to 

me, as valorisation of this waste may be a huge potential source of revenue for Ireland.  

2) Levulinic acid was named as one of the US Department of Energy’s top 15 value-added 

chemicals derived from carbohydrates and it is an important platform chemical. Therefore, its 

potential extraction from fermentation broth sources made its eutectic formation with TOPO 

an interesting topic for further in-depth study. Thus, in chapter 3, two TOPO:carboxylic acid 

eutectics, TOPO:malonic acid and TOPO:levulinic acid were chosen for further in-depth 

physico-chemical characterisation. These physico-chemical characterisations flagged an 



 

 

important point: no all-encompassing thermal decomposition route or phase behaviour can be 

used to describe these TOPO:carboxylic acid systems. In addition, 31P NMR spectroscopy and 

density studies concluded that higher TOPO mole ratios had stronger interactions with the acid 

and greater density disparity with respect to water. These suggested that TOPO:carboxylic 

acid compositions with higher TOPO mole ratios in the liquid regime were preferable for 

extraction applications in order to prevent leaching and aid greater phase separation. 

 This area of interest was further narrowed down in chapter 4, whereby a  

TOPO = 0.67 TOPO:malonic acid eutectic was used as a gallium extractant. Key findings in 

this chapter were that this eutectic had a loading capacity ca. three orders of magnitude higher 

than that of its benchmark and likely extracted gallium from a 6 M HCl feedstock as 

[GaCl3⋅TOPO]. There was significant leaching of malonic acid, however, and the synergistic 

effect of malonic acid that we hypothesised was not observed. In addition to this, we found 

that this eutectic had selectivity towards gallium over aluminium and copper, but suffered 

coextraction of iron, indium, and zinc. However, a TOPO:ascorbic acid eutectic has been 

proposed as a potential solution to iron coextraction, as ascorbic acid can reduce Fe3+ to Fe2+. 

Thus, this has been highlighted as future work. 

 The final chapter was devoted to the structure of protic ILs based on sulfuric acid 

doped either with excess acid or water. These ILs had beneficial phase behaviour in 

esterifications (enhanced separation from esters) and – when doped with water - in biomass 

fractionation (enhanced solubility of lignin). However, there was paucity of knowledge about 

the origin of this phase behaviour at a molecular level. This constituted the motivation for 

physico-chemical characterisation and structural studies using neutron scattering of these 

systems. This work, described in chapter 5, led to three key findings. Firstly, in depth thermal 

decomposition studies concluded that previously reported, inconsequential water loss from 

these systems was likely due to the water decomposition product from residual H2SO4, 

catalysed by the presence of the [HSO4]- anion at temperatures as low as 77 C. This finding 

had importance as some applications have reported operating temperatures around 120 C. 

Secondly, an extensive {SO4} network, similar to that found in neat sulfuric acid was observed 

in these Brønsted acidic protic ILs based on sulfuric acid. The strong anion-anion correlations 

observed here are atypical of interactions usually found in archetypal ILs, which tend to have 

anions surrounded by cations and vice versa. Finally, water doped into these systems formed 

strongly hydrogen bonded strands with the {SO4} moieties, preserving the anionic network 

with even stronger hydrogen bonds. This lead to expulsion of weakly hydrophilic esters, but 

enabled better solvation of the lignin strands via interactions with the -OH groups, tentatively 

explaining the phase behaviour in esterifications and biomass fractionation. 
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1. Introduction 

This introduction covers “designer” functional liquids, such as eutectic solvents and protic 

ionic liquids, and their evolution from simple systems, such as the familiar water-sodium 

chloride1 eutectic that is used to mitigate the hazards of ice on the winter roads, through to 

ionic liquids (ILs) and deep eutectic solvents (DESs). Further on, the chapter describes the 

developments towards two families of functional liquids studied in this work: hydrophobic 

eutectics and protic ionic liquids.  

 Parts of this intro pertaining to hydrophobic DES have been published as an invited 

book chapter in Deep Eutectic Solvents for Medicine, Gas Solubilization and Extraction of 

Natural Substances, ed. M. Costa Gomes and E. Lichtfouse, Springer, Cham, 2021, vol. 56, 

ch. 5, pp. 157-181. 

1.1. Functional liquids 

Solid-state materials,2–4 such as laser materials, semiconductors and superconductors, have 

had major advances within the last century – finding their way into our everyday lives in the 

abundant storage devices (e.g. solid-state drives), home lighting/entertainment (e.g. LED, 

OLEDs) and transport (e.g. high-speed MAGLEV trains).  

 Over the last few decades, since the ionic liquids’ renaissance in the 1990s,5–10 ILs 

have paved the way to fine-tuning material properties of liquids in a similar way to how solid-

state materials have been tuned for their applications. During this time, ILs have progressed 

from inert ‘Generation 1’ liquids where they were merely recognised for their beneficial 

physical properties as solvents, that is a wide liquid range and impressive solvation power, 

through to ‘Generation 2’ and ‘Generation 3’ functional liquids.9 In the late 1990s through to 

the late 2000s, ILs became recognised for their own interesting functionalities and began their 

role as unique media for applications as extractants, lubricants and as active pharmaceutical 

ingredients (APIs), for example.9–14 In 2018, Pringle and co-workers highlighted that interest 

in ILs had now been extended to include ILs doped with molecular solvents, as they have 

interesting and sometimes unexpected properties that deviate from diluted salt solutions.10,15 

Therefore, they have proposed that these IL/molecular solvent mixtures become known as 

‘Generation 4’ ILs. Interest in this field has promoted the study of liquid structure past that of 

water16 or aqueous solutions17 and has led to a new outlook whereby liquids, such as protic 

ILs,18–30  halometallate ILs,31 (deep) eutectic solvents,32–40 liquid coordination complexes 

(LCCs),41–44 solvate ionic liquids,45,46 and chiral ILs,47,48 can be designed as functional 

materials. Two families of these functional liquids have been studied in this work: hydrophobic 

eutectics and protic ionic liquids, both chosen for their relevance in contemporary industrial 
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applications (biomass processing, critical metal separations and catalysis). This work focussed 

on fundamental studies, in particular, physico-chemical and liquid structure investigations, 

which are hoped to inform and underpin future research on applications of these systems. 

1.2. Eutectics 

A ‘eutectic’ was first described by Guthrie in 1884 using ‘metal alloys’ such as bismuth-zinc 

in a Bi92.85Zn7.15 percent basis and ‘salt alloys’ such as nitre-calcium nitrate in a  

nitre74.64-calcium nitrate25.36 percent basis as examples. In this publication, a eutectic was 

described as a given ratio of two or more components which result in a depression of the 

melting point of the mixture to a lower temperature relative to the melting point of each of the 

pure constituents, and lower than any other ratio of the components used.49 Since then, the 

definition has further progressed and a eutectic reaction is now defined as “an isothermal 

reversible reaction of a liquid phase which is then transformed into two or more different solid 

phases during the cooling of a system.”50 

 A binary phase diagram best represents these solid-liquid equilibria (SLE) systems by 

providing a visual representation of the system’s phase at a given temperature as a function of 

composition of components ‘A’ and ‘B’. An example of an ideal binary phase diagram for a 

eutectic system (typified as Type 2-Ia1) whereby the liquids are miscible, and the solids are 

immiscible is shown in Figure 1.2- 1. 

 

Figure 1.2- 1. Ideal binary phase diagram when components are completely miscible in the liquid phase describing 

the presence of a eutectic point ‘E’ whereby a given molar ratio ‘’ of B in A result in a depression in the melting 

point to a temperature lower than any other molar ratio of components, including that of the individual components 

‘TE’. 
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A and B represent individual, neat components, whereby the molar ratio B corresponds to the 

molar ratio of B in A across the compositional range. TA and TB represent the temperature at 

which neat components A and B melt to form homogenous liquids. The curved line adjacent 

to these labels (TA and TB) represent the liquidus line for molar ratios B - above which samples 

are homogenous liquids. In this two-component eutectic system phase diagram, melting points 

are highest for neat components A and B and lowest for the composition labelled E - otherwise 

known as the eutectic point. With deviation from this eutectic composition, the melting points 

of B increase across the compositional range B  E  B. TE represents the melting 

temperature of the eutectic point and the horizontal line adjacent represents the eutectic line - 

below which samples are solid and above which samples contain both liquid and solid 

components, which correspond to liquid + solid A (when E  B) or liquid + solid B (when 

B  E). 

 In addition to a simple eutectic behaviour (Type 2-Ia1, Figure 1.2- 1), two component 

systems can display more complex behaviours, represented through a range of phase diagrams. 

In the context of this work, another relevant phase diagram is Type 2-IIIa, whereby liquids are 

miscible, and solids are partially miscible (Figure 1.2- 2).51 

 

Figure 1.2- 2. Phase diagram exhibited by components with partially miscible in the solid phase and complete 

miscibility in the liquid phase. It describes the presence of a eutectic point ‘E’ whereby a given molar ratio ‘’ of 

B in A results in a depression in the melting point to a temperature lower than any other molar ratio of components, 

including that of the individual components ‘E’. Regions represented by V and VI demonstrate the presence of 

solid solutions.51 

In a similar manner to the simple eutectic behaviour, point E represents the eutectic point in 

the system and the curved lines that extend upwards and outwards away from this point to 
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points tA and tB represent the liquidus line. Samples are unsaturated, homogenous liquids in 

region I above this liquidus line and in regions II and III below this liquidus line, heterogeneous 

equilibria between solid and liquid phases exist. The horizontal line represented by points H-

K which intersects point E, is different from that in simple eutectic behaviour as it does not 

extend across the whole compositional range from B = 0-1. Instead, this horizontal solidus 

line extends across a limited B range. This indicates that compositions of B below this 

horizontal solidus line are heterogeneous conjugated solid solutions (region IV), but that at B 

values above or below those which exhibit this horizontal solidus line, represented by regions 

V and VI, only individual solid solutions are present (partial miscibility in the solid phase). 

This type of phase behaviour can be difficult to detect in systems where there are only very 

low concentrations of solid-solid miscibility and can sometimes be incorrectly assigned to 

simple eutectic phase behaviour given their similarities as a result.51 

 A well-known practical application of a eutectic system is the application of ‘table 

salt’ or sodium chloride to roads with a risk of potential surface ice formation, to mitigate the 

hazards of ice formation in a temperate climate. A sodium chloride-water system in a 

NaCl0.09H2O99.91 molar ratio (23.3 wt% NaCl) supresses ice formation by depressing the 

melting point of the mixture to a temperature as low as -21.12 C (the eutectic point).1  

1.3. Deep eutectic solvents: definitions and phase diagrams  

The term ‘deep eutectic solvents’ or ‘DESs’ was first introduced to the scientific community 

by Abbott et al. in 2003, used to describe a choline chloride-urea system (Figure 1.3- 1).33 It 

was introduced in attempt to distinguish these room temperature liquid mixtures with a 

molecular component from ILs, which in theory exclusively contain ions. Archetypal 

examples of DESs typically evolved from ionic liquids in the sense that they were a low-cost 

alternative with similar properties, but formulated from readily available and typically benign 

organic salts; chiefly choline chloride.  

 

Figure 1.3- 1. Components used in first ‘DESs’ publication by Abbott et al. in 2003 using a HBD-HBA strategy.33 

Initially, the “deep” melting point depression was attributed to the presence of multiple, strong 

hydrogen bonds.33  Therefore, the most popular formulations included a range of off-the-shelf 

hydrogen bond donors, such as carboxylic acids, alcohols and a range of amides.35,52 Following 
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from this, since DESs were formulated from hydrogen bond donating and accepting 

components, they inherently had a high solubility in water and were highly hygroscopic,33,52 

resulting from the presence of Columbic and hydrogen bonding interactions.53–60 In 

consequence, despite tuneable properties and a multitude of applications of early DESs, they 

were all miscible with water, which limited uses in extractions.  

 The phrase ‘DES’ began to gain ground being informally and often incorrectly used 

in the literature as a shorthand for many systems – even in cases whereby the melting 

temperature of the observed eutectic point did not occur below that of the thermodynamically 

expected intersection of the liquidus lines. The term ‘DESs’ was briefly rivalled by the term 

low-transition-temperature mixtures (LTTMs) with the Kroon group recognising that not all 

liquid mixtures of this type could be classified as a deep eutectic solvent.32 However, in the 

beginning there had not been any major discussion within this research area to accurately 

define a DES and, as a result, instead of having one clear and cohesive definition, there are 

several different definitions currently circulating in the literature.35,36,61 An important paper 

was published in 2019, in which Coutinho and co-workers tackled the deep eutectic solvent 

definition problem, where the term ‘DES’ is being used as a blanket term to describe any 

mixture of two or more components which lead to a melting point depression relative to that 

of its neat constituents.50 Until a formal definition emerges as a result of discussion and debate 

in the field of liquid mixtures, eutectics and deep eutectic solvents, the most accurate definition 

of a DES, as it stands today, is that described by Coutinho and co-workers whereby a DES is 

defined as “a mixture of pure compounds for which the eutectic point temperature is below 

that of an ideal liquid mixture”.50 As they correctly pointed out in this publication, ‘deep’ 

melting insists upon the melting point temperature of the observed eutectic point TE residing 

below that of the melting point temperature of the ideal eutectic point TE,ideal. This temperature 

difference T2, defining a mixture as a DES, is calculated from the difference in temperature 

between the melting points of the ideal and observed eutectic points, respectively. This is 

visually represented in the solid-liquid equilibrium schematic in Figure 1.3- 2. It has also been 

stressed that simply stating that a mixture exhibits properties of a DES based on the 

temperature difference between the linear combination of the two pure constituents and the 

melting point of the observed eutectic point, T1, while disregarding comparison with the 

thermodynamically calculated TE,ideal, does not satisfy criteria to confirm DES behaviour. 
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Figure 1.3- 2. Schematic representation of how ‘deep’ melting can draw comparisons with the non-ideality of 

mixtures and how unless TE,ideal is thermodynamically known, mixtures must be defined as eutectic systems, where 

‘deep’ melting cannot be stated. Red line: Ideal eutectic mixture. Blue line: non-ideal deep eutectic mixture.50 

Aside of a very imprecise nomenclature, the many liquid mixtures referred to as DES, have 

been found of great practical use. In other words, numerous recently developed eutectic 

systems are not less useful just because they do not exhibit ‘deep’ eutectic behaviour. Many 

of these room temperature liquids found applications in areas such as electrodeposition and 

metal plating,62,63 nanomaterial synthesis,64–68 as reaction media in organic synthesis,69–71 drug 

delivery platforms72,73 and in extraction from a gas or organic phase.74–79 Therefore, the 

problem is not that certain mixtures do not exhibit deep eutectic behaviour, but that they are 

described as DES without demonstrating that they do form “deep” eutectics, and sometimes 

without constructing a phase diagram at all. For the field to maintain scientific rigour, this 

terminology must be cleared up. 

 Although desirable from a fundamental studies perspective, it may not always be 

possible to perform a comprehensive thermodynamic characterisation of the potential DES 

systems, for example, when lacking access to the enthalpy of fusion or specific heat capacity 

data, as provided by standard and modulated DSC respectively.50 This is especially true for 

research groups with strong focus on applications, that may lack both the equipment and the 

expertise, and often the interest, in such full physico-chemical characterisation. However, even 

then, it is highly desirable that a phase diagram is constructed over the full compositional 

range, to understand their ambient temperature liquid range window.  

 Unfortunately, there is some inconsistency in the literature regarding the way DES 

phase diagrams are constructed. For example, in 2003 and 2004 Abbott et al. published phase 
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diagrams for choline chloride-amide or carboxylic acid systems using freezing points 

(example in Figure 1.3- 3).33,52 

 

Figure 1.3- 3. Choline chloride-urea freezing points as a function of composition.33 

In addition to improving the literature consistency, as a phase diagram is a thermodynamic 

tool used to graph thermodynamic properties, it is therefore essential that thermodynamically 

governed data is used for its construction; that is, melting points. In contrast, freezing points 

can be influenced by kinetic factors such as the cooling rate, and are therefore subject to change 

with changing experimental conditions.80 Furthermore, especially with compounds that are 

designed to have low melting points, liquids supercooling below their freezing point is a 

common phenomenon. This is not a blue-sky concern, only. At a very practical level, 

supercooling phenomenon can cause complications in the aviation industry. For example, 

planes flying into clouds containing large amounts of supercooled water can suffer disrupted 

air flow over their wings as this water slowly crystallises on contact with the aircraft and is 

widely regarded as the most dangerous type of icing encountered. Closer to the earth’s surface, 

the effect of supercooled water can also be seen, at times, as freezing rain or black ice and the 

ability of many ionic liquids and eutectic liquids to supercool is no exception.81–86 As a result 

of this supercooling phenomenon, which can occur as a result of kinetic factors, there can be 

a large disparity between freezing and melting points recorded for the same systems, rendering 

such data much less valuable.87  

 In the context of disrupted crystallisation, it is prudent to mention a glass transition, 

Tg, which is a kinetic phenomenon dependent upon its thermal history, such as cooling rate.88 

Although Tg should not be included in a phase diagram, it is important to understand when a 

sample is likely to undergo vitrification, as enthalpic relaxation or ‘glass aging’ due to 

molecular motion in the glassy state can influence sample properties. This becomes 

particularly important when samples are stored in their vitrified state. This occurs industrially 
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for some stabilisers, bulking agents and coatings, for example, and as a result, it becomes 

important to understand what storage conditions are required to ensure that sample properties 

such as fracture toughness do not change over the given storage timescale.88,89 With this in 

mind, glass ageing can be reduced by applying equal heating and cooling rates,88 therefore 

prolonging the shelf life of vitrified samples.  

 Lastly, a rich body of work has shown that the presence of water in multicomponent 

systems influences the melting point temperature.87,90–93 For example, our group demonstrated 

that samples with low and controlled water content had a relatively high liquidus temperature 

(32.7 C) for choline chloride:urea eutectic composition sample,94 in contrast to choline 

chloride:urea samples containing up to 2000 ppm of water, which had liquidus points of  

28.5-30.1 C, depending on the scan rate applied.87 Even more striking are values reported for 

choline chloride:urea eutectic compositions without measuring or having concern for the water 

content, which are reported to have the liquidus points anywhere between 12 and 17 C.33,72,91 

In conclusion, in order to achieve a true binary phase diagram for a two-component system, it 

is imperative to record melting points of dry samples excluding water. In cases where there is 

an industrial relevance of water in the system, ideally a three component, ternary phase 

diagram should be constructed using dry components and known water quantities. 

1.4. Hydrophobic eutectic solvent design 

Hydrophobic eutectics, first reported in 2015,37,38 are a relatively new and scarcely explored 

field when compared to hydrophobic ionic liquids.95–98 The paucity of research on hydrophobic 

DES stemmed from the archetypal design of deep eutectic solvents, where the emphasis on 

hydrogen donor/acceptor ability naturally resulted in high water miscibility. Compared to uses 

in other applications, early DES have not been extensively studied in applications requiring a 

hydrophobic medium, such as liquid-liquid extractions from aqueous feeds. Hydrophobic 

eutectic solvents have evolved from knowledge gained in hydrophobic ionic liquid design (for 

example, using long alkyl chains to increase hydrophobicity), but generally avoid pitfalls used 

in earlier decades to generate hydrophobic ILs (perfluorinated anions, which result in high 

price and low environmental compatibility), therefore they tend to be low-cost and 

environmentally friendly media.  

1.4.1. Knowledge from hydrophobic ionic liquids 

Vast literature on hydrophobic ionic liquids has helped to identify a strategy to design 

hydrophobic eutectic systems. Early on, hydrophobic ionic liquids primarily focused on anion 

design as a route to achieving hydrophobicity, with the use of perfluorinated anions such as 

the hexafluorophosphate [PF6]- and the bis(trifluoromethanesulfonyl)imide [NTf2]-. However, 

it is now known that these anions are largely unsuitable for practical applications, be it due to 
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hydrolysis, consequently releasing HF in contact with water, or prohibitively high price.99 

Furthermore, these perfluorinated anions are typically difficult to dispose of, and therefore 

difficult to implement in the era of thorough cradle-to-grave analysis of new products.100  

To design hydrophobic eutectics, the focus has been on an alternative strategy, where 

hydrophobicity of ionic liquids was achieved by the introduction of long alkyl chains on the 

cation.95,96,98,101 The most popular ionic liquid example of inducing hydrophobicity via 

increasing alkyl chain length is trihexyl(tetradecyl)phosphonium chloride, [P66614]Cl, marketed 

by Solvay (earlier Cytec) as Cyphos101. Generally, chloride based ionic liquids are highly 

hygroscopic due to the hydrophilic nature of the chloride anion. For example, 1-butyl-3-

methylimidazolium chloride, [C4mim]Cl, is soluble in water. However, in [P66614]Cl, four long 

alkyl chains lead to greater hydrophobicity, which results in [P66614]Cl forming a biphase with 

water, despite containing a hydrophilic anion. With this design method, however, there is a 

trade-off between hydrophobicity and viscosity (), as increasing alkyl chain length leads to 

higher viscosities resulting from increased Van der Waals interactions.102 This can be 

particularly problematic for extraction applications and is generally undesirable as a higher 

viscosity is associated with lower mass transport in extraction processes.103 

 Yet another design method to form aqueous biphasic systems (ABS) with ionic liquids 

involved taking advantage of the salting-out effect, given that ionic liquids are in fact salts. 

These systems are analogous to ABS formed by polyethylene glycol (PEG)/salt.104–106 

Although this is not a direct approach to forming hydrophobic ionic liquids, the principle 

remains the same whereby the goal is to control the aqueous miscibility of the ionic liquid 

phase. This approach avoided the use of long alkyl chains or perfluorinated anions, and 

consequently avoided the disadvantages which came along with each of these designs. Instead, 

hydrophilic ionic liquids were used along with water-ordering agents (kosmotropes such as 

K3PO4). This approach was first described in 2003, whereby an aqueous solution of water-

miscible [C4mim]Cl was treated with K3PO4, until a certain concentration of the kosmotropic 

ion [PO4]3- was achieved, which increased the hydrogen bond network in the aqueous phase, 

and the resulting electroconstriction of water resulted in phase separation of [C4mim]Cl.100 

The formation of an ABS has since been demonstrated for a range of ionic liquids and 

kosmotropes107 and used for the partitioning and separation of biomolecules,108 endocrine 

disruptors109 and pharmaceuticals.110,111 The ABS approach to forming a biphase with water 

has been particularly beneficial for such separation applications, particularly those concerning 

proteins, as the clement conditions ensure protein structure and function remain intact, 

reducing the risk of protein denaturisation.112 In this approach, generally the more hydrophobic 

ion pair is salted-out and the more hydrophilic ion pair is involved in water structuring. The 

kosmotrope is designed by the combination of a very hydrophilic cation with the anion which 
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sits higher in the Hofmeister series than the anion of the ionic liquid to be salted out.113 This 

approach also benefits from a tunability aspect, allowing their constituents and the respective 

concentrations to be altered in a manner which would impact separation efficacy. However, 

although the ABS approach can form a biphase with aqueous systems, its design is based on 

controlling the water structure of a hydrophilic, water-containing monophase until it 

eventually leads to a biphase. The limitation of this is that both phases will intrinsically contain 

water to some extent and therefore do not address the major issues surrounding the design of 

hydrophobic ionic liquid systems. Furthermore, ABS design has a major drawback in the sense 

that it is only compatible with hydrophilic systems. 

 Considering the drawbacks associated with each hydrophobic ionic liquid design, a 

gap in the market existed for the development of novel, low cost, benign and low-viscosity 

hydrophobic eutectic, which could match or surpass the performance of certain hydrophobic 

ILs, but without their shortcomings.  

1.4.2. Hydrophobic hydrogen bond donor paired with organic salts 

(HBA/HBD strategy) 

In 2015, Kroon and co-workers reported on the first hydrophobic eutectics (described as DES 

in the paper), directly inspired by hydrophobic ionic liquids with lipophilic quaternary 

ammonium or phosphonium cations.38 The authors made use of decanoic acid and quaternary 

ammonium halide salts, [Nnnnn]X, where at least three alkyl chains were long (n  4); thereby 

achieving hydrophobicity without perfluorinated components (Figure 1.4.2- 1). The 

combination of a long chained carboxylic acid with a reasonably hydrophobic quaternary 

ammonium halide salt resulted in mixtures that were described as eutectics, although only a 

single composition of each mixture at salt = 0.33 was detailed. 
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Figure 1.4.2- 1. Components used in hydrophobic “eutectic” design by Kroon and co-workers, designed using a 

hydrogen bond donor/acceptor strategy with hydrophobicity induced through long alkyl chains.38  

This design strategy was based on hydrogen bond acceptor, HBA (quaternary ammonium salt) 

and hydrogen bond donor, HBD (decanoic acid) pairing. It required a halide salt as its 

hydrogen bond accepting source, as formerly described by Abbott and co-workers in 

archetypal ‘DES’ design.33,52 However, the hydrophobic aspect of design in the form of long 

alkyl chains can find its heritage in hydrophobic ionic liquid design and as a result, this class 

of hydrophobic eutectics have been described as analogues of ammonium or phosphonium 

ionic liquids, in the context of metal extraction from aqueous media (see section 1.5.2). 

However, the viscosity exhibited by these hydrophobic eutectics ( = 173-783 mPa s at  

25 C)38 was similar to that of many standard ionic liquids such as 1-butyl-3-

methylimidazolium with hexafluorophosphate [C4mim][PF6] ( = 371 mPa s at 20 C) or 

tetrafluoroborate [C4mim][BF4] ( = 154 mPa s at 20 C) anions.114 This high viscosity, which 

is a serious shortcoming in ionic liquids used in extractions, has not been improved upon in 

this design of “eutectic” mixture. Furthermore, the reported viscosity for 1-ethyl-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide [C2mim][NTf2] is 34 mPa s at 20 C, 

which places the viscosity of these hydrophobic eutectics an order of magnitude above that of 

some hydrophobic ionic liquids. 

1.4.3. Hydrophobic non-ionic components (HBA/HBD pairing strategy 

renounced) 

In 2015, Marrucho and co-workers37 and Kroon and co-workers38 simultaneously published 

papers on the formation of hydrophobic eutectics. In contrast to Kroon and co-workers, 
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Marrucho and co-workers did not follow a HBA/HBD design strategy.33,37,38 They reported on 

hydrophobic eutectics based on DL-menthol and organic acids (Figure 1.4.3- 1), abandoning 

the organic salts-based design motif, inherited from ionic liquids.37 These DL-menthol based 

hydrophobic eutectics were used for the extraction of model biomolecules such as tetracycline 

and caffeine from aqueous media, achieving partition coefficients between 5-290 depending 

on the model biomolecule extracted.37 

 

Figure 1.4.3- 1. Components used by Marrucho and co-workers in DL-menthol based eutectics in 2015.37 

Hydrophobicity was induced using the terpenoid, menthol. Each component has structural potential to act 

simultaneously as a HBD and a HBA, renouncing the HBD-HBA pairing strategy in hydrophobic eutectic design.  

Although hydrogen bonds were not a prerequisite to form a eutectic, rich hydrogen 

bonding interactions were nevertheless expected to occur between the components, as both 

DL-menthol and the organic acids are capable of acting as a HBD and a HBA simultaneously. 

However, in contrast to organic salt DES, Coulombic interactions were absent from the work 

of Marrucho and co-workers. This distinction appears to have had a major influence on 

physical properties of the resulting mixtures. With the exception of DL-menthol:lactic acid 

mixtures ( = 219 mPa s at 25 C), DL-menthol mixtures typically had viscosities an order of 

magnitude lower than their organic salt-based counterparts ( = 9-30 mPa s vs. 173-783  

mPa s at 25 C).37,38 This comparison between DL-menthol:decanoic acid mixtures vs. organic 

salt:decanoic acid mixtures showed much lower reported viscosities for the DL-menthol based 

system:  = 19 mPa s vs. 173-783 mPa s at 25 C, respectively.38,115 This suggested that 

Coulombic interactions contribute to increased viscosity. Another aspect potentially leading 

to low viscosity was the reduction in Van der Waals interactions. Terpenes are known to have 

low water solubility,116 and in Marrucho’s design hydrophobicity was induced using 

monoterpenoids (modified terpenes) such as DL-menthol. This lowered reliance on long alkyl 

chains for lipophilicity, which further lead to lower viscosity. 

DL-menthol mixtures had lower saturated water contents (ca. 1-2%)37 than organic 

salt-based eutectics (ca. 2-7%),38 potentially indicating that excluding the ionic, organic salt 

component in hydrophobic eutectic design resulted in more hydrophobic mixtures, due to 
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exclusion of the halide anion. In conclusion, ion-free hydrophobic mixture design was found 

to be very appealing, integrating benign, biocompatible components into hydrophobic, low-

viscosity functional fluids. Such a concept attracted a lot of attention within the field and 

resulted in several in-depth studies, including determination of their total vapour pressures117 

and terpene-based eutectics have since been formulated composed solely of terpene 

molecules.118 

 A few years later, in 2018, a similar design approach was again taken by Marrucho 

and co-workers, this time designing hydrophobic eutectics based on mixtures of long chain 

carboxylic acids with chain length Cn = 8-12, resulting in ambient temperature liquids between 

9-18 C.119 This design was inspired by mixtures of slightly longer fatty acids (Cn = 10-18), 

which typically melt around 22-56 C, at their eutectic composition and have applications as 

latent heat storage media (phase change materials).120 

 Further developments were made in 2018, with Holbrey and co-workers39 and 

Meuldijk and co-workers40 both reporting on functional, hydrophobic eutectic mixtures 

incorporating trioctylphosphine oxide (TOPO). The design strategy stemmed from TOPO 

being a common metal and organics extracting agent (Figure 1.4.3- 2).  

 

Figure 1.4.3- 2. Components used in trioctylphosphine oxide (TOPO) based eutectic mixtures in 2018. Top: 

Holbrey and co-workers eutectics based on TOPO:phenol formed low viscosity mixtures of similar magnitude to 

DL-menthol-based eutectics.39 Bottom: Meuldijk and co-workers eutectics based on TOPO:N,N’-dihexylthiourea 

and TOPO:dodecanoic acid.40 

TOPO is a waxy solid at ambient temperature, and melts at 52 C, therefore it is 

typically dissolved in a hydrocarbon diluent such as kerosene for the purpose of large-scale 
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industrial separations. It is noted that limited solubility in kerosene is one of the main 

drawbacks limiting the efficiency of TOPO extractions.121 

In the recent work of Marrucho and our groups, a DES-inspired approach to liquefy 

TOPO was presented. TOPO was reported to form highly concentrated room temperature 

liquids, over a wide compositional range, using components with hydrogen bond donating 

potential such as phenol39 or N,N’-dihexylthiourea40 (between TOPO = 0.10-0.50 and TOPO = 

0.33-0.50, respectively). The eutectic composition was assumed to be TOPO = 0.33 for 

TOPO:phenol mixtures (not confirmed directly due to sample vitrification) and was 

determined as TOPO = 0.43 via a Tammann-plot for TOPO:N,N’-dihexylthiourea. 

Furthermore, TOPO:dodecanoic acid mixtures were reported to form ambient temperature 

liquids over a narrow compositional range (TOPO = 0.40-0.50) with TOPO = 0.44 marked as 

the eutectic composition.40 Sample viscosities were not reported for  

TOPO:N,N’-dihexylthiourea or TOPO:dodecanoic acid samples. However, for TOPO:phenol 

samples, viscosities an order of magnitude lower ( = 12-43 mPa s at 25 C)39 than those of 

organic salt:decanoic acid liquid mixtures ( = 173-783 mPa s at 25 C) were reported. These 

values were on a par with other non-ionic hydrophobic mixtures, often named in the literature 

as hydrophobic DES.37,115 

1.5. Applications of hydrophobic eutectic solvents  

Development of hydrophobic eutectics was motivated by the desire to benefit from advantages 

that came to be associated with DESs (low cost, low toxicity, good biodegradability) in 

applications that required phase separation from aqueous phases. Initial inability to address 

the hydrophobicity challenge had early DES separations constrained to hydrophilic substrates 

in lipophilic media such as extraction of phenol from oils, for example.74,75,78  Finally, when 

hydrophobic eutectics have been developed, majority of applications have been concentrated 

around the extraction of organic compounds (section 1.5.1) and extraction of metals (section 

1.5.2).  

1.5.1. Organic compound extraction 

Hydrophobicity or lipophobicity of a species can be quantitatively measured by the partition 

coefficient (LogP) which is described by the extent of partitioning of a species between an 

immiscible hydrophilic/hydrophobic phase boundary at equilibrium.122 LogP describes the 

thermodynamic tendency for a solute to distribute across the interface of these phases based 

on the Gibbs energy associated with the transfer of said solute from an aqueous phase to an 

organic phase.122 The hallmark standard reference for partitioning of an extracting agent or 

solute between a lipophilic and a hydrophilic phase at equilibrium is the water/octanol partition 
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coefficient.122 A higher partition coefficient value is achieved with a more hydrophobic solute 

as the partition coefficient value is a function of the ratio between the solutes concentration in 

the organic phase to the aqueous phase. 

 In 2019, using radioactively labelled 14C and liquid scintillation counting (LSC) 

techniques, Dietz and co-workers studied the distribution ratio of organic solutes between a 

hydrophobic DL-menthol:decanoic acid (menthol = 0.50) eutectic phase and water.123 Results 

reported (Figure 1.5.1- 1) indicated a directly proportional relationship between the 

partitioning of organic solutes between a hydrophobic eutectic/water phase boundary and the 

hallmark octanol/water systems, albeit with slightly lower values on average. This was an 

important finding and helped to develop a greater understanding of the behaviour of 

hydrophobic eutectics in aqueous biphasic extraction applications. 

 

Figure 1.5.1- 1. Dietz and co-workers have reported a positive linear correlation between DL-menthol:decanoic 

acid hydrophobic eutectic/water systems and the hallmark octanol/water LogP values for a range of organic solutes. 

Distribution ratios for the hydrophobic eutectic/water systems were lower, on average, than for their octanol/water 

counterparts.123 

 Following on from knowledge gained in Dietz showing that organic solutes partition 

between hydrophobic eutectic/water systems in a similar manner to octanol/water systems, 
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Kroon’s group reported proof of concept aqueous biphasic extraction of volatile fatty acids 

(VFAs) with Cn = 2-4 using hydrophobic eutectics containing ionic components (quaternary 

ammonium salts) and decanoic acid.38 Typically, these short chain carboxylic acids are 

extracted from aqueous media using a trioctylamine active extractant and a hydrophobic 

alcohol diluent such as octanol to provide an aqueous biphase and ensure effective organic 

solute partitioning.38 In contrast to this conventional method of extraction, which is expected 

to be driven by the formation of a ‘poor’ protic ionic liquid via partial acid-base neutralisation 

reactions, in which the labile hydrogen from the carboxylic acid functionality partially 

protonates the nitrogen of the amine functionality on trioctylamine,20,124 hydrogen bonding 

interactions are proposed as the dominant route to volatile fatty acid extraction using 

hydrophobic eutectics of this type.38 Therefore, it is likely that these VFAs can be extracted in 

either dissociated or undissociated forms and may help to explain the respective increase in 

extraction abilities (Table 1.5.1- 1) of these hydrophobic eutectics when compared to the 

trioctylamine benchmark.38 This is synonymous with the difference in extractive capabilities 

of tertiary amines, such as Alamine 336, and quaternary ammonium salts like Aliquat 336, 

which extract dissociated and both dissociated and undissociated forms of the acids, 

respectively. 

Table 1.5.1- 1. Contrast between extraction efficiencies achieved using a trioctylamine benchmark and 

hydrophobic eutectics based on quaternary ammonium salts and decanoic acid as reported by Kroon and co-workers 

in 2015.Volatile fatty acids showed increasing extractability with increasing lipophilicity in all cases. Data collated 

by Kroon and co-workers, 2015.38 

Deep eutectic solvent 

(2:1) 

Extraction efficiency / % 
Acetic acid Propionic acid Butyric acid 

Decanoic acid:[N8881]Cl 38.0 70.5 89.8 

Decanoic acid:[N7777]Cl 32.0 76.5 91.5 

Decanoic acid:[N8888]Cl 25.0 52.7 81.3 

Decanoic acid:[N8881]Br 29.7 63.4 83.1 

Decanoic acid:[N8888]Br 30.6 65.9 87.4 

Trioctylamine 18.6 45.9 73.5 

 

Data in Table 1.5.1- 1 indicates that VFA extraction efficiency increased as a function of fatty 

acid lipophilicity. For example, using a decanoic acid:[N8881]Cl eutectic extracting phase as an 

example, extraction efficiency increased with increasing fatty again chain length   

(38%, 71% and 90% for Cn = 2, 3 and 4, respectively). In contrast, however, for a given VFA 

chain length, Cn, extraction efficiency did not exhibit dependence on hydrophobic eutectic 

lipophilicity as each had extraction efficiencies within similar orders of magnitude which did 

not correlate with the chain length on the ammonium salt. 

 Most of the organic compound extraction using hydrophobic eutectics have centred 

around the extraction of a variety of biomolecules from aqueous media. These applications 
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have included both hydrophobic eutectic formulations containing an ionic component such as 

those outlined in section 1.4.2 and those which are comprised of non-ionic components such 

as those discussed in section 1.4.3 above. The main biomolecule categories explored include: 

lower alcohols,125,126 VFAs,40 furfurals,127 pesticides,128 phenolics,119,129 lycopene,130 

caffeine37,131 and vanillin.37,131 

 Extractions of the model biomolecules: vanillic acid, isophthalic acid, tryptophan and 

caffeine were first reported in 2015, using a DL-menthol based hydrophobic eutectic.37 The 

optimum partition co-efficients calculated using DL-menthol eutectics are outlined in  

Table 1.5.1- 2. 

Table 1.5.1- 2. Partition coefficients (LogP) for partitioning of four model biomolecules between DL-menthol-

based eutectics and an acidic aqueous phase. a Hydrophillic nature. b Hydrophobic nature. There does not appear to 

be any correlation between hydrophilicity/hydrophobicity and the extent of biomolecule partitioning. Data taken 

from Marrucho and co-workers, 2015.37 

Eutectic pH Partition coefficient (LogP) 

Caffeinea Vanillic 

acida 

Tryptophanb Isophthalic 

acidb 

DL-menthol:lactic acid 1.18 1.57 - 1.16 - 

1.47 - - - 1.11 

DL-menthol:lauric acid 3.74 - 0.85 - - 

 

These LogP values are in a similar range to the octanol/water LogP values for aniline and 

benzoic acid for example.123 Unfortunately, the LogP values obtained using DL-menthol based 

eutectics were not competitive with those achieved using ABSs based on imidazolium-based 

ILs and K3PO4 (LogP range = 1.64-2.09).132–135 Nevertheless, this study provided a proof of 

concept that a cheap and halide-free hydrophobic eutectic can be effective as an extracting 

agent from an aqueous phase. In addition, these new terpene-based hydrophobic systems have 

been successfully used for the extraction of phytocannabinoids from cannabis sativa, 

surpassing their organic solvent benchmarks in extraction efficiency.131 This demonstrates that 

benign, hydrophobic eutectics can be used as an alternative to pharmaceutically and 

environmentally hazardous organic solvents in biomolecule extraction. However, it is well 

known that menthol is a highly volatile compound at ambient temperature, a property that 

gives menthol its unique and noticeable, mint scent. Therefore, although it is not an active 

nasal decongestant, it is an ingredient used in many nasal decongestants which are applied to 

the chest for example, to provide a greater sensation of airflow in the nasal passage.136 This 

property, however, in my own opinion, raises concerns about the suitability of DL-menthol 

based eutectics for repeated extractions and potential long-term recyclability due to potential 

compositional change. 



18 

 

 In their 2018 paper, Verma and Banerjee reported the removal of lower alcohols  

(Cn = 2-4) from azeotropic mixtures of lower alcohols and water, using a  

DL-menthol:dodecanoic acid eutectic (menthol = 0.67).125,126 This is particularly relevant to 

biofuel production from acetone-butanol-ethanol (ABE) fermentation broths, which form an 

azeotrope with water and therefore are difficult to separate. The use of a 

DL-menthol:dodecanoic acid eutectic led to successful recovery of the short chain alcohols; 

extraction efficiency increased with increasing alkyl chain length Cn. Eutectic recyclability 

was demonstrated via the distillation of alcohol. Furthermore, as the eutectic has been shown 

not to leach to the aqueous phase during the extraction procedure, this further suggests that the 

recycling process was a relatively uncomplicated procedure. Computational studies using 

molecular dynamics (MD) simulations were also conducted on menthol = 0.67 

DL:menthol:dodecanoic acid and menthol = 0.50 DL-menthol:decanoic acid formulations.126 

The results revealed that the hydrophobic DL-menthol component of the  

DL-menthol:dodecanoic acid formulation had a much greater role in extraction. This was 

explained by the relative increase in non-bonded interaction energies (-70.05 kJ mol-1  

vs. -130.69 kJ mol-1) between DL-menthol and 1-butanol when the menthol:acid mole ratio 

was increased from 1:1 to 2:1, respectively. Overlaid spatial distribution functions (SDFs) 

obtained from MD simulations which show the spatial distribution of short chain alcohols  

(Cn = 2-4) around a central menthol molecule in a menthol = 0.67 DL:menthol:decanoic acid 

system are shown in Figure 1.5.1- 2.   

 

Figure 1.5.1- 2. Spatial distribution of ethanol (orange), 1-propanol (blue) and 1-butanol (green) around a central 

menthol molecule in menthol = 0.67 DL:menthol:dodecanoic acid phase. There is greatest probability of finding an 

alcohol moiety around menthol’s hydroxy group which is suggestive of hydrogen bonding interactions.126 

These overlaid SDFs acted as a visual aid to help explain these non-bonded interaction 

energies. It was evident that there was the greatest probability of finding an alcohol moiety 

around the hydroxyl functionality of the menthol molecule. This was suggestive of hydrogen 

bonding occurring between the menthols hydroxyl functionality and the lower alcohols. 

Furthermore, increasing alkyl chain length increased the probability of finding alcohol 
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moieties around menthols non-polar regions. This suggested that with increasing alcohol 

lipophilicity, there were a greater number of Van der Waals interactions and, consequently, 

this may help to explain the relative increased extractability of more hydrophobic alcohols. 

 Other biorefinery compounds of interest, with potential uses in food and energy 

sectors, are furfural and hydroxymethylfurfural (HMF). Ten hydrophobic eutectics based on 

both ionic and non-ionic components, such as tetraoctylammonium bromide:decanoic acid and 

menthol:decanoic acid mixtures, respectively, were used to extract furfural and HMF from 

aqueous media.127137 All hydrophobic eutectics studied achieved higher partition coefficients 

than the toluene benchmark, for both furfural and HMF extraction. In particular, 

thymol:decanoic acid and thymol:lidocaine eutectics gave very good results in furfural 

extraction, achieving LogP values of 1.08 and 0.98, respectively. A thymol:decanoic acid 

eutectic was also the best performing extractant for HMF extraction, with LogP of 0.23. This 

again gives a promising outlook for hydrophobic eutectics to replace organic solvents in 

aqueous biphasic extraction applications. 

 Hydrophobic eutectics based on long chain alcohols have also been shown to extract 

biologically relevant compounds from biomass (Figure 1.5.1- 3). Interestingly, this included 

extraction of flavonoids and polyprenyl acetates from Ginko biloba leaves,138,139 artemisinin - 

an antimalarial drug from the Chinese medicinal plant Artemisia annua,140 and cynaropicrin – 

a potential drug with a broad spectrum of beneficial pharmacologic properties such as an 

antimalarial and an anti-hepatitus C agent from thistle-like Cynara cardunculus L. leaves.141,142 

Some of these results were promising. For example, considering extraction of the antimalarial 

agent, artemisinin, higher extraction yields were reached when using a 

methyltrioctylammonium chloride:1-butanol hydrophobic eutectic (butanol = 0.75) over 

conventional solvents like petroleum ether. (7.99 vs. 6.18 mg g-1 respectively).140,143,144 A 

simplified process flow diagram and schematic are shown in Figure 1.5.1- 3 to show the key 

differences in these processes when extracting artemisinin from Artemisia annua leaves.140,143 
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Figure 1.5.1- 3. Typical simplified process flow diagram and schematic for artemisinin recovery using -  

Top: ether solvents.143 Bottom: hydrophobic eutectics based on quaternary ammonium salts.140  

Therefore, this hydrophobic eutectic route has the advantage of avoiding the use of volatile 

organic solvents and artemisinin could then be directly recovered from the eutectic using a 

macroporous resin. However, there were performance issues in the third re-use cycle whereby 

extraction efficiency fell by 46%. This was thought to be caused by pigments present in 

biomass. Therefore, I believe that reusability issues would outweigh the benefits of avoiding 

volatile solvents in this case because of the relatively greater number of synthesis steps 

required to form a methyltrioctylammonium chloride:1-butanol eutectic than petroleum ether.  

 In 2019, DES had been used to tackle the problem of phenolic contaminants in 

wastewater. As the demand for potable water around the globe rises, the World Health 

Organisation (WHO) recommends that levels of phenolics do not exceed 1 g L-1.145 EU 

regulations have become even tighter, restricting phenolics below 0.5 g L-1 in potable water.79 

This put new pressures on purification systems of industrial wastewater streams, from 

petrochemical plants for example.146–148 Archetypal eutectics74,75,78,149 or ILs79,150,151 have been 

used to remove phenolics from oils in the past, while hydrophobic ILs have also been used to 

extract phenolics from aqueous media.152–154 Only recently, hydrophobic eutectics were used 

for the first time to extract model phenolics (4-nitrophenol, 2,4-dinitrophenol and phenol red) 

from aqueous solutions.155 As shown in Figure 1.5.1- 4, one component of each formulation 

was ionic – either a zwitterion (trimethylglycine) or a quaternary ammonium salt  
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(N-dimethyl-N,N-didodecylammonium chloride) and another was a charge-neutral compound 

– either thymol, phenylacetic acid or glycolic acid. 

 

 

Figure 1.5.1- 4. Top: components used in eutectic mixtures for phenolics removal from aqueous solutions.  

Bottom: phase behaviour of eutectic/water mixtures from 0-100% w/w at 25 C. Glycolic acid:trimethylglycine 

eutectic/water mixtures were not separable across all water contents (0-100% w/w) and so eutectic position was 

not applicable (n.a.) as it was monophasic. Mixtures containing thymol were biphasic with water over a wide water 

content range. Abbreviations: THY = thymol, PhAA = phenylacetic acid, GLY = glycolic acid, TMG = 

trimethylglycine, DDDACl = N-methyl-N,N-didodecylammonium chloride.155  

The inclusion of thymol in the mixture was required to ensure that a biphasic eutectic/water 

mixture existed over a wide water content range, from 10% w/w  x  100% w/w. (Figure 

1.5.1- 4, bottom). Both N-methyl-N,N-didodecylammonium chloride:thymol and 

trimethylglycine:thymol eutectics show a similar extractive ability when considering  

4-nitrophenol and phenol red, reaching98-100%. However, the quaternary ammonium salt-

based eutectic outperformed the zwitterion based eutectic when considering 2,4-dinitrophenol 

( 97% vs. 90%, respectively). 

 Hydrophobic eutectics based on the commercial extracting agent trioctylphosphine 

oxide (TOPO), that acts as a weak base/ligand, was another route to forming hydrophobic 
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eutectics for extraction applications. Holbrey and co-workers39 and Kroon and co-workers40 

simultaneously published papers outlining the formation of a highly concentrated and 

functional extracting liquid, without the need for a diluent. Holbrey and co-workers used 

phenol as the liquifying component with TOPO and used the liquid formed from a  

TOPO = 0.50 formulation as a metal extractant. This is discussed in detail in section 1.5.2., 

however, the formation of hydrophobic eutectic liquids with TOPO and phenol may also 

inspire in situ TOPO:phenol eutectic formation as a route to clean up phenolic contaminated 

wastewater discussed previously. Kroon and co-workers used N,N’-dihexylthiourea and 

dodecanoic acid as the liquifying components in combination with TOPO and used the liquid 

formed at TOPO = 0.44 TOPO:dodecanoic acid and TOPO = 0.42 TOPO:N,N’-dihexylthiourea 

as volatile fatty acid (VFA) extractants.40 Unfortunately, in this case, the  

trioctylamine:1-octanol (20:80 v/v) benchmark outperformed both TOPO-based eutectics for 

each VFA (Di = 3-18 vs. 0-7, respectively). However, extraction efficiency decreased as a 

function of VFA hydrophilicity in the order butyric acid  propionic acid  acetic acid, and 

VFAs were extracted in their undissociated form. Furthermore, when TOPO was diluted in an 

aprotic hydrocarbon diluent, such as hexane or kerosene, ensuring no extractive contribution 

related to the diluent, lower distribution coefficients were obtained with a  

TOPO:N,N’-dihexylthiourea eutectic when compared to an extrapolated diluted TOPO 

concentration at levels present in the eutectic mixture (Figure 1.5.1- 5).  

 

Figure 1.5.1- 5. Comparison of distribution coefficients (PA) obtained using a TOPO = 0.42  

TOPO:N,N’-dihexylthiourea eutectic (black circles) and TOPO dissolved in hexane (blue triangles), kerosene 

(green squares) and methylisobutylketone (red triangles). Dashed lines past the most concentrated datapoint 

represent extrapolated TOPO concentrations which are not achievable in a hydrocarbon solvent, but which are 

comparable with TOPO concentrations in the TOPO:N,N’-dihexylthiourea eutectic. 

The low value of distribution coefficient was attributed to competitive hydrogen bonding 

interactions which occur between TOPO and N,N’-dihexylthiourea, which in turn, reduce 

TOPOs availability to extract VFAs. However, as hydrogen bonding interactions are taken 

advantage of in molecular recognition processes between urea and carboxylic acids, it can be 
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expected that N,N’-dihexylthiourea has the potential to act as an active extractant; it is 

therefore likely that other competing factors contribute to extraction process.156  

 Finally, Marrucho and co-workers screened several binary and ternary mixtures of 

aliphatic monocarboxylic acids with  Cn = 8-12 long alkyl chains for bisphenol A extraction 

from aqueous media (Figure 1.5.1- 6).119 Bisphenol A is a known endocrine disruptor, 

responsible for hormonal imbalances and weakened immunity in the human body.109,157 

Despite this, it is used as a plasticiser in common polymers; its most societally controversial 

application is in disposable water bottles.158   

 

Figure 1.5.1- 6. Long chain aliphatic monocarboxylic acids used in binary and ternary formulations to extract 

bisphenol A from aqueous feedstock by Marrucho and co-workers in 2018.119 Ternary mixtures achieved extraction 

efficiencies up to 92%. 

Binary mixtures containing dodecanoic acid and shorter chain carboxylic acids  

(Cn = 8-10) at dodecanoic acid = 0.33 and 0.25 moderately extracted bisphenol A, with  

dodecanoic acid = 0.25 dodecanoic acid:octanoic acid mixture extracting 88% from the aqueous 

feedstock. Bisphenol A extractions using ternary mixtures were even more efficient than 

binary mixtures, achieving up to 92% extraction of bisphenol A into the hydrophobic eutectics 

from the aqueous feedstock. It should be emphasised that these results, although promising, 

are lower than those achieved using ABSs with a range of chloride based ILs containing 

imidazolium, quaternary ammonium, pyrrolidinium or phosphonium cations along with a 

K3PO4 kosmotropic agent (95% extraction efficiency).109 Furthermore, bisphenol A recovery 

and hydrophobic eutectic recyclability were not discussed in this publication. On the other 

hand, hydrophobic eutectics may have advantages over their ABS benchmarks, because their 

low aqueous leaching levels may help to streamline downstream processing in an industrial 

setting. In conclusion, more research is needed to establish the potential for industrial 

application of hydrophobic DES in this separation. It is also important to note that each such 

process should be studied separately, because different systems may prove to be the best 

solution for each individual case. 
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1.5.2. Metal extraction 

Conventionally, aqueous-organic liquid-liquid metal extractions take place in one of two ways: 

1) using ion exchange media or 2) using a metal complexation agent.159,160 A gap in the market 

currently exists for functional liquids which can successfully partition metal species into an 

organic phase from an aqueous feedstock. Hydrophobic ionic liquids containing perfluorinated 

anions, chiefly. [BF4]-, [NTf2]- or [PF6]- have been used to achieve this in the past. However, 

years of research and cost analysis have explicitly demonstrated that their drawbacks, such as 

high price and hydrolytic instability, outweigh their advantages. Alternative approach utilises 

long-chained quaternary onium salts, but many quaternary ammonium and phosphonium ILs 

have issues with high viscosity and the associated mass transport problems in the liquid-liquid 

extractions using these systems. Therefore, it is hoped that advances in hydrophobic eutectic 

design as metal extractants will address these issues. 

 Shortly after the naissance of hydrophobic eutectics,  Tereshatov, Boloeva and Folden 

III used hydrophobic carboxylic acids (decanoic acid, dodecanoic acid and ibuprofen) in 

combination with a hydrophobic tetraalkylammonium chloride, [N7777]Cl, or the hydrophobic 

monoterpenoid, DL-menthol, to extract anionic indium species (Figure 1.5.2- 1) from acidic 

aqueous feedstocks.161  

 

Figure 1.5.2- 1. Effect of HCl concentration on indium species partitioning into organic hydrophobic eutectics 

from an aqueous feedstock. Hydrophobic eutectics based on quaternary ammonium salts outperform DL-menthol 

based eutectics. This is thought to be due to DL-menthol acting as a spectator component in indium extraction.161 

Figure 1.5.2- 1 shows that there is greater partitioning of indium species into hydrophobic 

eutectics based on quaternary ammonium salts than those based on DL-menthol, across a wider 

acidity range. In a separate experiment, DL-menthol diluted in an aprotic kerosene diluent did 
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not actively extract indium species from acidic aqueous solutions, thus, it was thought that  

DL-menthol acts as a spectator component. In conclusion, the DL-menthol:lauric acid 

hydrophobic eutectic extraction efficiency is heavily dependent on the feed acidity and drops 

as the likelihood of lauric acid dissociation falls. In quaternary ammonium salt-based eutectics, 

indium extraction is thought to occur by forming an ion pair with the quaternary ammonium 

cation and back extraction was successful. 

 Hydrophobic eutectics based on quaternary ammonium and phosphonium salts have 

been studied as extraction media for the partitioning of trace levels (below 10-9 M) of the 

pertechnetate anion [99mTcO4]- from aqueous media.162 [99mTcO4]- is used as a radioactive 

tracer in medical diagnostics, but can also be found in wastewater produced from nuclear 

power plants, posing an environmental hazard . Aqueous solutions containing highly 

concentrated anions, commonly present in radioactive wastewater, were contacted with 

hydrophobic eutectics composed of either a quaternary ammonium or phosphonium salt with 

a long chain fatty acid such as hexanoic acid or decanoic acid at salt = 0.33. The results were 

encouraging, showing that [99mTcO4]- was extracted via anion exchange with 99% efficiency 

(LogD = 2-3), even in the presence of competing anions. In contrast, the presence of the 

structurally similar tetra-oxo anion, perrhenate [ReO4]-, adversely effected [99mTcO4]- 

extraction efficiency by competing anion exchange reactions. This result lends itself to suggest 

these hydrophobic eutectics could be used to clean up other tetra-oxo anion environmental 

contaminants such as the perchlorate anion [ClO4]-, present in some potable water supplies in 

the United States.163 

 In 2016, the Kroon group proposed a metal extraction process using an interesting 

functional liquid which bridges the gap between non-ionised eutectic formulations and ‘poor’ 

ionic ILs.164 This functional liquid was based on lidocaine:decanoic acid formulations between 

lidocaine = 0.20-0.33 and was used to extract transition metal chlorides from aqueous 

solutions.164 This had been inspired by knowledge gained in hydrophobic IL metal extraction 

applications, which show that hydrophobic ILs, such as tetraoctylphosphonium oleate, 

[P8888][oleate], can act as bifunctional metal extractants:165 (i) anionic chlorometallate 

complexes can interact with the positively charged IL cation in ion exchange and  

(ii) deprotonated carboxylic acid groups can complex to the metal centre of the metal chloride 

salt.164,165 Lidocaine is an ionisable amine and studies have shown that at  

lidocaine = 0.33 lidocaine:decanoic acid, the lidocaine unionised:ionised ratio is ca. 

0.75:0.25.166,167 A mixed metal aqueous feedstock containing transition (Co, Ni, Zn, Cu)  and 

alkali (Li, Na, K) metal chlorides resulted in non-selective, preferential partitioning of 

transition metals into the lidocaine:decanoic acid organic phase ( D = 0.78-1.00) while alkali 
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metal chlorides were not preferentially extracted (D = 0.13-0.27). Considering an aqueous 

solution of potassium chloride, without the competing effects of transition metals, distribution 

coefficients, while still low, were increased (D = 0.40-0.46). In contrast to this non-selective 

transition metal partitioning into lidocaine:decanoic acid organic phases, eutectics based on 

monoterpenes/monoterpenoids (thymol and DL-menthol, respectively), in combination with 

fatty acids with Cn = 8-18 long alkyl chains,  have been shown to selectively partition some 

transition metals.168 For example, Cu2+ and Fe3+ selectively partitioned into a  

decanoic acid = 0.70 thymol:decanoic acid eutectic phase (D ≃ 10-100) from Mn2+, Mg2+, Ca2+, 

Co2+, Ni2+, Cr3+ (D ≃ 0.01-0.10) from an aqueous sulfate feedstock. Partitioning of Zn2+ was 

not insignificant (D ≃ 1), however, and metal ion extractability followed a similar trend as 

extraction with either carboxylic acids in a diluent or ILs containing carboxylic acid 

functionality on the cation.168–173 These results are promising for application of hydrophobic 

eutectics in metal extractions. However, this system does not address common co-extraction 

problems associated with Fe3+ and Zn2+ for example, which frequently occur in 

hydrometallurgical extractions. These metals typically co-exist in many solid metal waste 

residues produced from the metal refining industry (red mud,174 germanium residue175 and zinc 

leach residue176–178 for example), and have been recently studied as potential reservoirs for 

metal recycling. Therefore, more in-depth design of task-specific hydrophobic eutectics is 

needed to further improve selectivity.  

 Finally, TOPO:phenol eutectics described in section 1.4.3 have been shown to recover 

uranyl ions [UO2]2+ from aqueous solutions acidified with nitric acid (Table 1.5.2- 1). 

Table 1.5.2- 1. Extraction of [UO2]2+ from simulated spent nuclear waste. [UO2]2+ is extracted to the limits of 

detection regardless of feed acidity or initial uranyl nitrate concentration. Equivolume TOPO = 0.50 TOPO:phenol 

extracting phase and aqueous feedstock contacted after pre-contact with nitric acid. D[UO2]2+ ≃ 500-5000. Data 

taken from Holbrey and co-workers.39 

Feed acidity / M [UO2
2+]init / ppm [UO2

2+]final / ppm 

0.01 250 0.50 

1.00 250 0.50 

3.00 250 0.50 

1.00 2350 0.50 

 

The TOPO-based eutectics enabled efficient [UO2]2+ extraction due to high TOPO 

concentration (ca. 2 M); impossible to achieve in hydrocarbon solutions of TOPO, which 

dissolve less than 0.5 M of TOPO.39,179,180 Reduction in  processing volumes in radioactive 

waste management, combined with remarkably low viscosities when compared to other 

hydrophobic eutectics or ionic liquids, made TOPO-based liquid mixtures particularly 

interesting for metal extraction applications. Despite these advantages, concerns about the 

phenol component leaching to the aqueous phase (ca. 1 g L-1) meant that these functional 
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liquids would need to be further refined in their design strategy to include either a benign, 

inexpensive and sacrificial, or a fully hydrophobic component, to fully capitalise on their 

benefits. The Kroon group did consider this while designing their TOPO-based eutectics to 

extract VFAs from aqueous solutions,40 however, they encountered another set of issues. The 

recovery of VFAs from a TOPO:dodecanoic acid eutectic would likely be challenging and had 

not been demonstrated in their publication. In addition to this, N,N’-dihexylthiourea, present 

as a liquifying component in TOPO:N,N’-dihexylthiourea mixtures, would be prohibitively 

expensive (Sigma Aldrich = £88.40 per gram, October 2020)181 in an industrial setting; 

especially given that distribution coefficients were lower than what was achievable using 

TOPO in hydrocarbon diluents (Figure 1.5.1- 5). In summary, liquefying TOPO to formulate 

a potent hydrophobic extractant is an appealing strategy, with plenty of room for improvement 

before it can be implemented. Furthermore, extractive applications which make use of the 

TOPO metal coordinating ability may present a greater number of successful applications than 

those which rely on hydrogen bonding interactions in extraction; except where TOPO-based 

eutectics are formed between components with hydrogen bonding ability in absentia.  

1.5.3. Other applications 

Hydrophobic eutectics have applications which extend past the extraction of metals or organics 

from aqueous media. The bulk of these applications concern microextraction182,183 to  

pre-concentrate numerous analytes (Table 1.5.3- 1). However, they have also been reported 

for CO2 capture184,185 applications and in enantiomerically selective extraction of the chiral 

amino acid, threonine, in combination with chiral selectors, either (+)-diisopropyl L-tartrate 

or hydroxylpropyl--cyclodextrin, achieving 32% ee.186 
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Table 1.5.3- 1. Summary of the classes of compounds of interest for microextraction applications for ionic and 

non-ionic hydrophobic eutectics and their source. 

Class of compounds        Compounds of interest Source References 

Pigments / dyes Pigments Beverages 187 

 Dyes Wastewater 188 

  Food 189,190 

Metals Lead Food 191 

  Water 191 

 Mercury (Hg2+) / 

organomercury [CH3Hg]+ 

Water 192 

  Freshwater fish 192 

 Nickel Water 193 

Organics Formaldehyde Animal blood 194 

  Indoor air 194 

 Nitrate Water 195 

  Human urine 195 

 Polycyclic aromatic 

hydrocarbons (PAHs) 

Environmental water 196 

 Insecticides (pyrethroids) Beverages 197 

  Environmental water 198 

 Chlorophenols Environmental water 199 

Drugs  

(medicinal / 

recreational) 

Antibiotics Environmental water 200 

Antiarrhythmic drugs Human plasma / urine 201 

 Pharmaceutical 

wastewater 

201 

Amphetamines Human plasma 202 

  Pharmaceutical 

wastewater 

202 

Non-metals Selenium Human blood 203 

Explosives Nitroaromatics Water 204,205 

  Soil 204 

 

 Most preconcentration applications have made use of at least one ionic component to 

form a hydrophobic eutectic - typically a quaternary ammonium salt. In addition to this, 

carnitine and betaine zwitterions have also been used to make hydrophobic eutectics in 

combination with hexafluoroisopropanol; included to induce hydrophobicity and used to 

extract pyrethroids from beverages.197 This fits within a growing field of zwitterionic and 

polyionic compounds developed for various separations.206–208 Choline chloride/phenolic 

formulations have been a popular choice for microextractions, used to extract metal-containing 

species192,193 and drugs201,202 from aqueous and/or biological sources as they form an aqueous 

biphase. However, no leaching studies have been performed in these cases. Given the fact that 

phenol contaminated wastewater has its own environmental concerns/restrictions which have 

been discussed previously and that phenol has been shown to leach from a TOPO:phenol 

hydrophobic eutectic (1 g L-1),39 greater care must be taken in hydrophobic design to ensure 

that extensive phenolics leaching does not occur. Furthermore, choline chloride is highly 

hydrophilic and so it is likely that moderate-large leaching levels of each component occur in 



29 

 

these applications. Finally, preconcentration of explosive compounds from soil and water 

sources are the only microextraction application using non-ionic hydrophobic eutectics. They 

use DL-menthol based hydrophobics in combination with carboxylic acids204 or phenyl 

salicylate and preconcentrate analytes in the hydrophobic eutectic phase for analysis.205 

1.6. Protic ionic liquids 

Next to eutectic mixtures, the second family of functional liquids studied in this work are 

protic ionic liquids, also known as ionic liquids by proton transfer. Protic ILs have been known 

for decades, developing alongside “traditional” ionic liquids, but recent years have seen new 

insights into their structure and the development of new applications, which makes them a 

very worthwhile subject of study. 

1.6.1. The liquid structure/speciation of protic ionic liquids 

Protic ILs are a subset of the IL family which are generally formed via hydrogen transfer in 

one-step acid-base ‘neutralisation’ reactions. In contrast to the intensely studied archetypal, 

aprotic ILs such as 1-ethyl-3-methylimidazolium acetate [C2mim][OAc]; which typically exist 

as discrete [C2mim]+ and [OAc]- ions,21,209 protic ILs have complex equilibria arising from 

time-averaged incomplete proton transfer.22,210 As a result, protic IL speciation is complex and 

can involve both ionic and molecular species in addition to hydrogen bonded networks in 

cations and anions (Equation 1.6.1-1-3).20,21,30,81,211,212 Thus, some protic ILs have become 

known as ‘poor’ ILs, containing large quantities of unionised, molecular components.20 

Equation 1.6.1- 1 

Equation 1.6.1- 2 

 Equation 1.6.1- 3 

In the equations above, HA and B: represent an acid and a base, respectively. 

 The extent of hydrogen transfer which occurs from acid to base is multi-factor 

dependant: the difference between pKa (pKa) of the acid and base,22,210 acid:base molar 

ratio23,81 and the bases’ hydrogen bonding ability13,21,212,213 all play a role. In the 2000s, initial 

hypothesise suggested that pKa was an acceptable predictor for the extent of proton transfer 

to occur in protic ILs (Equation 1.6.1-4).20 

pKa = pKa[HB]+ - pKa[HA]   Equation 1.6.1- 4 
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At this time, there were many conflicting reports describing the pKa magnitude that would 

facilitate complete proton transfer to produce a fully ionised protic IL. Thermodynamic 

calculations for the degree of ionisation, K, in which aqueous equilibrium constant 

approximations for a given acid-base equilibrium were used.214  Following a plot of K vs. pKa, 

the results suggested that a pKa = 4 was sufficient to produce a 99% ionised protic ionic 

liquid. Experimental results obtained by Angell and co-workers did not support this finding, 

however, as their group claimed that a pKa = 10 was a prerequisite for full proton transfer.20 

In addition to this, Watanabe and co-workers deduced that a pKa = 15 was required to produce 

fully ionised DBU-based protic ILs.30 Further complication was added to this picture in 2010, 

when MacFarlane and co-workers found that the pKa required to produce a 99% ionised 

protic IL varied as a function of amine substitution between ca. pKa = 4-10.213 Higher 

substituted amines required a higher pKa value to produce fully ionised protic ILs, which led 

the authors to conclude that hydrogen bonding between the mixture components played an 

important part in proton transfer.  The current understanding is that the pKa values have a 

lesser influence on the equilibrium between the fully ionised, protic IL and fully unionised, 

molecular components, than once thought.30,81 It was found that this pKa approximation tends 

to overestimate the extent of ionisation that occurs in protic IL systems by as much as 105.23,215 

This is attributed to the nature of pKa values, which are based on dilute aqueous solutions of 

acids and protonated bases, therefore are particularly suited to describe interactions of solutes 

solvated by water.81,213 In contrast, protic ILs are anhydrous media with solvation of each 

species unique to the particular acid/base mixture, which is why pKa values are not directly 

relevant, and why hydrogen bonding properties of the mixture components play such a crucial 

role. 

 Another much debated aspect is the speciation, or the liquid structure, of protic ionic 

liquids; in particular, those with poor proton transfer or the “non-stoichiometric” variety, with 

either acid or base in excess. Early speciation work of protic ionic liquids followed on from 

speciation studies in halide based ionic liquid systems. Halide based speciation studies 

concluded that discrete, anionic clusters of [X···H···X]- such as those shown in  

Figure 1.6.1- 1, where X is a halide ion such as Cl-,216 Br-,217 or F-218–223 and H is a proton, 

pertained in the liquid structure when in close proximity to a H-X molecule.  
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Figure 1.6.1- 1. Monomeric [HF2]-, dimeric [(HF)2F]- and trimeric [(HF)3F]- forms of discrete clusters present in 

halide based ionic liquids.221 

In the study of a binary mixture of N-methylpyrrolidine and acetic acid, it was found 

that proton transfer occurred at about acid = 0.75.23 Continuing on from the early, discrete 

cluster standpoint adopted from halide systems, the authors proposed that there were 

oligomeric anions, [OAc∙HOAc]- and [OAc∙HOAc]-, combined with discrete protonated base 

cations. Neat acetic acid was also proposed to exist in an oligomeric hydrogen bonded system 

with a structure such as that proposed in Figure 1.6.1- 2. 

 

Figure 1.6.1- 2. Proposed discrete hydrogen bonded clusters of acetic acid dimers and oligomers.23 

The same implication of discrete clusters permeates throughout literature, describing clusters 

of [NTf2∙HNTf2]-, [OTf∙HOTf]-, and [HSO4∙H2SO4]-, to name a few.20,211  

Nevertheless, thermodynamic studies conducted by Arnett and co-workers on gas 

solubilities in ethylammonium nitrate as a function of temperature painted a different 

picture.224225  They reported entropy and enthalpy values associated with gas transfer into 

ethylammonium nitrate of a similar magnitude to water. Therefore, the group hypothesised 

that ethylammonium nitrate potentially had a 3D hydrogen bonding network which resembled 

water. This was first confirmed by Ludwig and co-workers using far-infrared (IR) spectra in 

the wavelength region between 30-600 cm-1; the IR region influenced by hydrogen bonding 

interactions, and DFT calculations of primary ammonium nitrates.226 This study concluded 
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that primary ammonium nitrates had far-IR spectra which resembled water, although not in 

tetrahedral geometry (Figure 1.6.1- 3). 

 

Figure 1.6.1- 3. Top: Arnett and co-workers hypothesised a hydrogen bonded network in ethylammonium nitrate 

(left) similar to that of water (right).225 Bottom: Ludwig and co-workers DFT calculated networks of 

ethylammonium nitrate (left) and water (right). The ethylammonium nitrate structure show N-N distances between 

the cation and anion and the water structure show O-O distances.226 

Neutron28,224,227–229 and x-ray230 scattering studies focusing on ethylammonium nitrate have 

also revealed that hydrogen bonding plays a role in local ion arrangements in protic ILs. This, 

in turn, translates into order and a defined nanostructure in these systems, however, hydrogen 

bonding is not a primary bulk structuring interaction.224 An important publication in 2013 

authored by the Atkin group, studied a number of primary ammonium protic ILs of varying 

chain length and anion type.28 This publication outlined that every protic IL that was studied 

was made up of hydrogen bonded networks of varying strengths and directions in their polar 

regions, which contributed to their nanostructure and physical properties - a longstanding 

complexity deconvoluted using neutron scattering. Furthermore, water addition to the protic 

IL, ethylammonium nitrate, was shown to change its nanostructure.229 In a broad sense, the 

definition of hydrogen bonding has been attracting large-scale attention recently. Interestingly, 

given the debate that hydrogen bonding has some degree of covalency,231 Tokmakoff and co-

workers232 observed the gradual transition from typical covalent bonding to typical hydrogen 

bonding using ultrafast 2-D IR spectroscopy when looking at [HF2]-
(aq) in January of this year. 

 Furthermore, a neutron scattering investigation of acid = 0.33, 0.50 and 0.67 

pyridine:acetic acid mixtures (pKa = 0.49)233,234 revealed a nearly non-existent proton 

transfer, even with a two-fold acid excess of a weak acid.21 In the absence of proton transfer 

in these systems, the liquid structure was shown to consist of a 3D network of hydrogen bonded 

oligomeric chains of acetic acid with discrete pyridine inclusions (Figure 1.6.1- 4).  
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Figure 1.6.1- 4. EPSR simulation screenshots showing a network of oligomeric chains of acetic acid. For clarity, 

only the atoms involved in acetic acid chain formation are included. Extent of oligomeric chain network increases 

with increasing HOAc. Top left: HOAc = 1.00. Top right: HOAc = 0.67. Bottom left: HOAc = 0.50.  

Bottom right: HOAc = 0.33. 

This description of these protic ionic liquids based on weak acids appears to be truer to reality 

than the discrete oligomeric description outlined in earlier work23 and this understanding of 

how a hydrogen bonding network relates to protic ionic liquid speciation is becoming more 

widely accepted in 2021.28,224–228,230  

1.6.2. Ionic liquids doped with molecular solvents (4th generation ILs) 

When acid/base mixtures of incomplete ionisation are considered, this mixture of cations, 

anions and neutral molecules is not unlike ILs doped with molecular solvents, described as 4th 

generation ionic liquids by MacFarlane and co-workers.10 4th generation ILs technically do not 

fall into the category which defines an IL as “a salt with a melting point below 100 C”, as 

they are not solely comprised of ions. However, their properties are not like those of salt 

solutions in molecular solvent, but are closer to those of ionic liquids. To date, 4th generation 

ILs have been used as hybrid electrolytes,235 to preserve protein structure236 and as separation 

media.237 
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 An IL can be doped with a molecular solvent across the full compositional range from  

IL = 0-1.  At IL close to 0, ILs are doped with a large amount of solvent to produce dilute IL 

solutions. At IL close to 1, ILs are doped with a very small amount of molecular solvent to 

produce concentrated IL solutions. Figure 1.6.2- 1 shows how an IL doped with a molecular 

solvent can behave differently at the nanoscale at these compositional extremities.10  

 

 

Figure 1.6.2- 1. Top: Schematic showing how molar conductivity (S cm2 mol-1) in ILs varies as a function of type 

and proportion () of molecular liquid doped. Blue circles: [C2mim][EtOSO3] + H2O. Red circles: [C4mim][BF4] 

+ CH2Cl2 (DCM).10 Bottom: IL dissolution process in molecular liquids. Modified after Dupont and co-workers.238 

Figure 1.6.2- 1 depicts conductivity changes as a function of doping extent. Two ILs:  

1-ethyl-3-methylimidazolium ethylsulfate, [C2mim][EtOSO3] and 1-butyl-3-

methylimidazolium tetrafluoroborate, [C4mim][BF4], are doped with two coordinating 

solvents (water and dichloromethane) over their full compositional range. In both neat ILs (IL 

= 1), molar conductivity is low, and increases with the increasing amount of dopant. This is 

thought to be due to Coulombic forces between the ions becoming essentially ‘diluted’ and 

therefore lowering the friction between them - allowing the IL ions to move more freely in an 

electric potential gradient. Further increasing the amount of dopant (low IL values) results in 

the properties of the molecular component to have a greater influence. For example, molar 
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conductivity varies as a function of the solvent permittivity constant.10,238,239  As water has a 

higher permittivity constant than dichloromethane,10 it has a greater ability to screen columbic 

charges between ions in solution. As a result, at low IL values, the molar conductivity of the 

[C2mim][EtOSO3]:water mixture continues to increase sharply, as the ions do not ‘see’ each 

other. In contrast, in [C4mim][BF4]:dichloromethane mixtures, there is less effective screening 

of Coulombic charges between [C4mim]+ and [BF4]-, leading to the formation of ion pairs and 

charge-neutral clusters, which in turn leads to a decrease in ion mobility. In consequence, 

molar conductivity decreases, before a sharp increase at a very low IL, which eventually gave 

a dilute electrolyte solution of ions. In both cases, a dilute solutions of ions produces the 

highest ion mobility and, consequently, highest molar conductivity across the compositional 

range. Furthermore, the formation of ion pairs and neutral clusters (Figure 1.6.2- 1), is also 

said to be dependent on hydrogen bonding, hydrophobic interactions and weak proton transfer, 

not unrelated to proton transfer and purported ionic clusters in protic ILs.238  

 Having said that protic ILs resemble, to an extent, ILs doped with molecular solvent, 

several groups studied doubly complex systems, where protic ILs were additionally doped 

with a charge-neutral molecule - effectively forming a tri-component system. Naturally, the 

contributions to ion pair formation from hydrogen bonding and weak proton transfer become 

particularly important when considering protic ionic liquids with molecular solvent diluents. 

This is particularly relevant as doping with molecular solvents influences the properties of 

these systems. Therefore, it is crucial that we understand these interactions as they, in turn, 

influence their chemistry. An interesting neutron scattering study investigated the effect of 

water doping on the protic IL ethylammonium nitrate.229 Here, it was indicated that water 

addition resulted in a change to the nanostructure of the liquid, as opposed to either simple 

dilution or swelling of polar domains within the existing ethylammonium nitrate 

nanostructure. This meant that the ethylammonium nitrate nanostructure changed from a flat228 

configuration to a branched240 network upon the addition of water, while retaining discrete 

regions of ethylammonium nitrate and water. Understanding this change in nanostructure with 

molecular solvent addition and how this is related to changes in physical properties may allow 

further tuning of protic ionic liquids towards task-specific applications via doping in the future. 

 Following on from this, one parameter that can be altered by doping with water is 

conductivity. Protic ILs with molecular solvent doping were found of particular use in the field 

of hybrid electrolytes, where protic ILs are used as proton conductors in fuel cells, whereby 

addition of molecular solvents such as water improves conductivity.241–243 In the field of proton 

conduction, two proton transport mechanisms are relevant. That is, (1) long range Vehicular 

and (2) short range, faster, Grotthuss mechanisms.244–248 Figure 1.6.2- 2 simplistically 
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describes the difference between proton diffusion and proton ‘tunnelling or hopping’ through 

hydrogen bonds which typically occur in Vehicular and Grotthuss mechanisms, respectively. 

 

Figure 1.6.2- 2. Schematic showing difference between the Grotthuss, ‘proton hopping’ mechanism and the 

Vehicular ‘proton diffusion’ mechanism. In a Vehicular mechanism, protons transport via diffusion while bonded 

to a ‘vehicle’. In contrast, in a Grotthuss mechanism, protons transport by ‘tunnelling’ in a hydrogen bond without 

bulk movement allows faster proton transport.244,246,247 

 Studies have shown that water-doped protic ILs with pyrrolidinium cations can exhibit 

both vehicular and Grotthuss proton conductivity mechanisms.249 However, although water 

improves conductivity, not all water-doped protic IL systems exhibit Grotthuss conductivity.15 

For Grotthuss proton conductivity to occur, a substituent must both be able to accept a 

hydrogen bond (HBA) and form a bond with a hydrogen moiety by acting as a Brønsted base. 

Furthermore, the protons must be able to transport within an infinite number of hydrogen 

bonds.247 A proposed schematic outlining this proton movement, as published by MacFarlane 

and co-workers in 2015 is shown in Figure 1.6.2- 3. 

 

Figure 1.6.2- 3. Proposed mechanism for proton transport through an infinite number of hydrogen bonds and rapid 

proton exchange via a Grotthuss mechanism.246  

Although this figure does not show the effect of water doping on the ability to exhibit 

Grotthuss conductivity, considering the 2-substituted imidazolium cations, it shows how this 

mechanism is proposed to occur. Protons are transported via hydrogen bonds with nitrogen 

atoms and are free to rapidly exchange with other protons as ‘holes’, developed upon transport, 

are simultaneously filled by an incoming proton. If one or more of these nitrogen atoms were 

then further substituted, this Grotthuss mechanism would cease, as the nitrogen atom 
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concerned would no longer be available to accept another hydrogen atom in this way. 

Considering the ability of water to induce Grotthuss conductivity in some systems, this occurs 

via transport of hydrogen through an infinite number of hydrogen bonds with the hydrogen in 

[H3O]+ moieties. These differences highlight the importance of understanding what underpins, 

at a molecular level, the differences in physical and chemical properties and their resulting 

application in relevant chemistries. 

 Other parameter that can be altered by doping with water is, as already mentioned, the 

melting point. Addition of 1H-1,2,4-triazole to imidazolium methanesulfonate, 

[Him][MeSO3], in a 1:2 molar ratio, resulted in the melting point drop by ca. 108 C, down to 

80.5 C, when compared to the neat protic IL.250 This area is of particular interest in 

pharmaceutical industry, with a strategy to potentially increase drug bioavailability by forming 

a liquid from solid bioactive salts formulated with molecular solvents (or other small charge-

neutral molecules),251 which brings us back to the realm of formulation of DESs. Protic 

IL/molecular solvent mixtures have also been used to prepare amphiphilic media with 

interactions in polar and apolar domains via the formation of micelles, microemulsions and 

surfactants for example.243,252–255 Finally, recent papers from the Hallet group demonstrate that 

the addition of 10-40% water to protic ILs based on sulfuric acid lead to improved biomass 

fractionation in biomass pre-treatment.256–258 These systems are of particular interest in this 

work, and are discussed in detail in section 1.6.3. 

1.6.3. Brønsted acidic protic ionic liquids based on sulfuric acid  

1.6.3.1. Cost considerations 

Protic ILs have been known since 1914,259 but recently, this family of ILs have had a 

resurgence as cost-effective alternatives to archetypal aprotic ILs such as [C2mim][OAc] 

(2014 cost analysis US$ 20-101 kg-1).257 With careful choice of base, protic ILs such as 

triethylammonium hydrogen sulfate [HN222][HSO4] can cost as little as 78 cents per kilogram 

(cost evaluation 2014: US$1.24 kg-1, 2020: US$0.78 kg-1) in the current market.99,260–262 This 

is ca. up to one hundred times less than the cost of [C2mim][OAC] and similar to the price of 

some commodity organic solvents such as acetone (cost evaluation 2019:  

US$1.30-1.40 kg-1).263 Most protic ILs described in the literature consist of ammonium and 

imidazolium cations,22,264 however, despite the weaker basicity of phosphines when compared 

to amines265,266 and the likely resulting reduced extent of proton transfer, phosphonium-based 

protic ILs with reasonable ionicity have also been reported.18  

 This protic IL family have received a great deal of interest as proton conductors246 in 

non-aqueous electrolytes for potential electrochemical applications in fuels cells,264,267–272 and 

capacitors273 for example. In some cases, however, the mechanism of proton conduction  



38 

 

(Grotthuss274 or vehicular247) remains widely contested, although a vehicular mechanism is 

most common. Some studies show that the mechanism of proton conduction changes as a 

function of their physical state.275 For example, supercooled protic ILs studied were said to 

transition from vehicular to Grotthuss mechanisms with structural relaxation around the glass 

transition. Similar trends were observed for imidazole:bistriflimidic acid mixtures with an 

increasing protonated imidazolium component.276 Other examples of protic IL applications 

include fractionation of biomass99,257,258,260,263,277–284 and as acidic catalysts for esterification 

reactions26,27,211,285 and dehydration of methanol to dimethylether (DME) for clean fuels.286 

The industrial sector have notable interest in protic ILs based on sulfuric acid because 

of their low price, interesting properties and in some cases, a performance exceeding their 

benchmark.99,211 This low cost arises from the fact that these protic ILs are made via a  

one-step acid-base neutralisation reaction using sulfuric acid as the acid reagent (sulfuric acid 

is a cheap commodity chemical).99  

1.6.3.2. Acidity 

 These protic ILs exhibit Brønsted acidity. Protic ILs based on equimolar acid and base 

[HB][HSO4] exhibit mild Brønsted and Lewis acidity (AN  84)211 as a result of having the 

ability to lose a proton from the [HSO4]- anion to form [SO4]2- in the sulfuric acid second 

ionisation step. However, protic ILs with excess acid (H2SO4  0.5, n  1,  

AN ≃ 120) also have neutral, undissociated sulfuric acid present which associate with [HSO4]- 

ions in anionic clusters of [(HSO4)(H2SO4)n-1]-.26,211 Although this has nuances with cluster 

formation in ILs,29,217,287–290 in oligomeric anion clusters when carboxylic acid  0.5 in carboxylic 

acid:base proton transfer20,23 and in other hydrogen bonded carboxylate mixtures,13,291–293 this 

was the first time that these anionic clusters were suggested in protic ILs. However, this 

speciation was known to exist in sulfuric acid-containing species in the upper  

atmosphere.294–297 This interesting finding, made by the Swadźba-Kwaśny group in 2014, has 

led to these functional liquids used for applications such as catalysts in Fischer 

Esterifications27,211 and Beckmann rearrangements26 for example, for which sulfuric acid is the 

benchmark catalyst used. Cyclic amide products such as -caprolactam - a Nylon-6 

precursor,26 esters such as butyl acetate for plasticiser211 applications and alkyl levulinates27 

have made use of these protic ILs based on sulfuric acid with H2SO4  0.5 as catalysts. Studies 

by the group have also considered the relationship between this anionic cluster formation and 

their physico-chemical properties.26,211 

1.6.3.3. Applications 

When these mildly Brønsted acidic [HB][HSO4] ILs were prepared with equimolar acid:base 

to form ILs, they were not particularly interesting for applicative purposes. However, two 
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important discoveries found that the addition of molecular solvents99,257,258,280 or excess 

acid26,27,211 meant that they improved fractionation of biomass or could be used as catalysts for 

important industrial synthesis’, respectively.  

 As touched upon in earlier in this section, the Hallett group have undertaken extensive 

research concerning the pre-treatment of biomass (hardwoods, softwoods and grasses) with 

ILs; particularly with ILs doped with molecular solvents.99,257,258,260,263,277–284,298–300 This 

followed on from reports by Welton and co-workers in 2011, that ILs with 1-butyl-3-

methylimidazolium cations and hydrogen sulfate and/or methylsulfate anions  

[C4mim][HSO4], [C4mim][MeSO3] and [C4mim][HSO4]/[MeSO3] performed well in high 

water concentrations, in contrast to cellulose dissolving ILs such as 1-ethyl-3-

methylimidazolium acetate [C2mim][OAc], which require anhydrous conditions to function 

effectively.99,278 Subsequently, the Hallett group focused on ILs doped with molecular solvents 

with the ability to dissolve or extract lignin as their main route to biomass  

pre-treatment, formerly known as IonoSolv and recently rebranded as Chrysalis 

Technologies.99,257,258 In 2014, they found that by adding water to 1-butylimidazole:sulfuric 

acid mixtures at varying H2SO4, saccharification yield could be improved and deduced that this 

was due to hemicellulose and lignin removal with water addition.258  An advantage of this 

processing technique was that cellulose decrystallisation was not a prerequisite for a good 

saccharification yield and therefore, the isolated cellulose product had the potential to be used 

in applications that require a high level of cellulose crystallinity;99 in contrast to cellulose 

isolated using cellulose dissolving ILs like [C2mim][OAc].280,300,301 In addition to this, lignin 

valorisation may be vital to ensure the economic viability of biorefineries in the future302–306 

and, at the same time, lignin may provide a sustainable source of aromatic compounds and 

their precursors.306,307  Hallett and co-workers reported that the addition of 10-40% (ca. 20%) 

water to a protic IL based on sulfuric acid such as triethylammonium hydrogen sulfate, 

[HN222][HSO4] helped to fractionate components from the biomass mixture, which, in turn, 

resulted in improved saccharification yields.256–258 A simplified process flow diagram for the 

‘IonoSolv’ process using an 80:20% [HN222][HSO4]:H2O pre-treatment solvent is shown in 

Figure 1.6.3.3- 1.257  
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Figure 1.6.3.3- 1. Process flow diagram showing the stages involved in the ‘IonoSolv’ biomass pre-treatment stages 

using an 80:20% [HN222][HSO4]:water ‘IL’ solvent mixture at a 1:10 biomass:solvent ratio. Pre-treatment is 

generally carried out at 120 C for 9 h. The cellulose-rich pulp was fractionated off while hemicellulose and lignin 

were dissolved into the water-doped IL. Lignin was precipitated at a later stage with water addition to the dried 

IL.257  

In this process it was said that the three main components of interest in lignocellulosic 

biomass (cellulose, hemicellulose and lignin) were fractionated from the biomass in a solid 

cellulose-rich pulp, dissolved in the IL and as a lignin precipitate respectively.257 Initially, both 

lignin and hemicellulose dissolved into the IL, however, lignin could be recovered with water 

addition following fractionation of the pulp. 99% of this IL could be recycled and did not lead 

to a reduction in pre-treatment efficiency with further cycles. The successful fractionation of 

these components, particularly with respect to the initial lignin and hemicellulose dissolution, 

had many advantages as the cellulose pulp was not contaminated with these components. As 

a result, saccharification yields improved in downstream pulp processing. In the enzymatic 

saccharification step, enzyme active sites were more available to cellulose for two reasons:  

1) there was less non-productive lignin and hemicellulose active site binding and, 2) there was 

less lignin available to bind to cellulose molecules which block neighbouring enzyme active 

sites. The latter was particularly beneficial for hardwoods and softwoods, which typically tend 

to contain more lignin than their grass analogues (Table 1.6.3.3- 1).257,306 

Table 1.6.3.3- 1. Lignocellulose of typical lignocellulosic materials (hardwoods, softwoods and grasses). Modified 

after Sels and co-workers.306 

 Lignocellulose composition / wt% 

Cellulose Hemicellulose Lignin 

Hardwoods 46-50 19-22 21-29 

Softwoods 40-46 17-23 18-25 

Grasses 28-37 23-29 17-20 
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 The role of water in this process remains somewhat of a black box, however, and is 

not currently fully understood. In 2017, Hallett and co-workers proposed three reasons for the 

beneficial role of water in biomass pre-treatment.257 The first supposition was that water was 

required to facilitate hydrolysis of ester, ether and other glycosidic bonds in biomass in order 

to separate the components. The second was to prevent the transfer of sulfuryl substituents 

(hydrogen sulfate in this case) to the hydroxyl-bearing biomass components in sulfation 

reactions and finally, the third was to lower solvent viscosity for greater mass transport. One 

key point to note is that lower molecular weight lignin oligomers were observed after  

pre-treatment, which suggested that lignin hydrolysis occurred.257 As well as this, lignin 

condensation was observed using an IL:water solvent system in ‘IonoSolv’ pre-treatment and 

condensation reactions were accelerated in the presence of excess acid  

(sulfuric acid  0.5).257 This was not a welcome finding, however, as condensed lignin has more 

application limitations.280 It was previously known that the organosolv pre-treatment process 

used molecular solvents as media to dissolve lignin and hemicellulose in the paper pulping 

industry308 and that lignin condensation reactions could be theoretically suppressed to zero as 

a function of increasing ethanol solvent content.280,309310 Therefore, recently this year (2020), 

Hallett and co-workers proposed a combined IL:organic solvent (combined 

organosolv/IonoSolv) biomass pre-treatment solvent.280 In this publication, they used organic 

solvents such as short chain alcohols (ethanol, butanol) and acetone in place of water. This 

lowered the overall solvent regeneration cost in the process, as volatile solvent removal 

required less energy than water removal.280 Furthermore, if ethanol produced by the 

biorefinery was used as the organic solvent source, the operating costs would reduce further. 

Most significantly, however, when short chain alcohols were used as the organic solvent 

source, lignin condensation reactions were suppressed, in a similar manner as previously 

demonstrated with an ethanol/water solvent and a HCl catalyst (0.2 M).309,310 Hallet and co-

workers observed an increased proportion of -alkoxylated -O-4 ether linkages in the lignin 

molecules280 – a similar result to that previously shown using alcohol solvents in organosolv 

processes.310 Reduced lignin condensation in these systems were said to be as a result of this 

-alkoxylation as lignin hydroxyl groups were no longer available to perform condensation 

reactions.280,310 Furthermore, lignin dissolution was also improved in the combined 

organosolv/IonoSolv process as this -alkoxylation increased its solubility in the IL:organic 

solvent, leading to a 10% higher saccharification yield than previously obtained in the 

IonoSolv process using water.280 

 While it is apparent that molecular solvents aid dissolution of lignin and hemicellulose 

in the IL:molecular solvent mixture during biomass pre-treatment,99,257,258,280,309,310 there are 

many questions concerning their explicit role in this process. Although short chain alcohol 
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addition to biomass has been more extensively studied,280,309,310 providing clarity in reasons 

for fewer lignin condensation reactions, the influence of water is still not well understood. 

 When considering protic ILs based on excess acid [HB][(HSO4)(H2SO4)n-1], due to the 

presence of molecular sulfuric acid in anionic clusters in its structure, these Brønsted acidic 

protic ILs were considered as catalysts for industrially relevant synthesis such as Fischer 

esterification27,211 and Beckmann rearrangement reactions.26 Taking Fischer esterifications as 

an example, three factors govern the rate and extent of ester product formation: 1) IL acidity 

2) reagent solubility in the IL and 3) IL phase separation from the reaction mixture.211 Factors 

one and two are kinetic parameters and factor three is a thermodynamic parameter. Using 

[HN222][(HSO4)(H2SO4)2] as a catalyst for the synthesis of butyl acetate, this protic IL had a 

high acidity (AN ca. 120) and successfully dissolved the starting reagents (butanol and acetic 

acid).211 Therefore, the most influential factor in this case was the phase separation of the ester 

from the IL solvent/catalyst medium. It is at this point that Brønsted acidic protic ILs are 

superior to their sulfuric acid catalyst benchmark. Using a sulfuric acid benchmark catalyst, 

butyl acetate yield can be increased by 11% when compared to its non-catalysed esterification 

reaction equivalent.211,311,312 However, using a [HN222][(HSO4)(H2SO4)2] protic IL, this 

reaction yield could be increased by a further 17% to 95% butyl acetate yield.211 This was 

achieved by driving the reaction equilibrium to the right-hand side via the formation of a 

biphase whereby the excess alcohol and ester product phase separated from the reaction 

mixture over time as the reagents were consumed and the ester product was formed  

(Figure 1.6.3.3- 2).26,211 

 

Figure 1.6.3.3- 2.  Left: Formation of a biphase at ambient temperature over time as Fischer esterification 

progressed and the ester product was produced. 12 mol% [Hmim][(HSO4)(H2SO4)2] as a solvent and catalyst. (a) 

monophasic, 5 min (b) turbid, 3 h (c) biphasic, 5 h. Reported by Gillner and co-workers.27 Right: Schematic 

highlighting the significance of biphase formation for ester product yield by comparing a sulfuric acid benchmark 

with 12% [HN222][(HSO4)(H2SO4)2] protic IL as a solvent and catalyst. Data taken from Swadźba-Kwaśny and co-

workers.211 

Catalyst loading was an important consideration in this instance as low catalyst loadings 

resulted in incomplete product phase separation.27,211 On the other hand, high catalyst loadings 



43 

 

resulted in acidic ester hydrolysis. Both these scenarios adversely impact the product 

conversion according to Le Chatelier’s Principle by pushing the reaction equilibrium to the 

left-hand side. As a result, a 12% catalyst loading was considered optimal to obtain good a 

phase separation without becoming adversely effected by acidic hydrolysis.27,211 Although a 

12% catalyst loading is considered high in industry, as seen in other Brønsted acidic ILs,311,312 

the protic IL has a dual function as both a solvent and a catalyst which is, importantly, easily 

recoverable and can be re-used with any significant loss in activity (ca. 98% butyl acetate 

yield).211  

 This method which uses Brønsted acidic protic ILs as substitutes for commercial 

industrial catalysts is very interesting and the has potential to surpass its commercial industrial 

rivals in some instances. For example, not only can Brønsted acidic protic ILs based on sulfuric 

acid be made for as little as 78 cents per litre,99,260–262 and achieve product yields close to the 

thermodynamic limit for dynamic equilibrium reactions,211 but they can also provide a  

one-step route to clean industrial product synthesis which would otherwise require work up 

steps such as neutralisation, for example, to isolate a pure product and generate waste.26  

 In both cases (catalysis and biomass treatment), there were unanswered questions with 

regards to liquid structure vs. performance.  It has not been well understood why switching 

from sulfuric acid to a similarly acidic ionic liquid (even with tri-fold excess of sulfuric acid 

over the base) improves phase separation from an organic solvent. Likewise, it was not well 

understood why ILs with ca. 20% of water perform better in biomass fractionation than neat 

ILs. These gaps in the knowledge gave us a strong impulse to perform neutron scattering 

structural studies of model protic ionic liquids based on pyridine, sulfuric acid, and water. We 

speculated that determination of a detailed atomistic description of each formulation and the 

changing nature of hydrogen-bonded networks and/or proton transfer would give insight into 

what underpins, at a molecular level, differences in phase behaviour and catalytic performance 

of these systems. Conclusions drawn from structural insights would aid in better design of 

these Brønsted acidic systems in catalytic design and in biomass pre-treatment. 

1.7. Motivation for this work 

The aim of this work focused on industrially relevant functional liquids. This was split into 

two parts: 1) designing functional liquids which have the potential to become attractive 

industrial prospects and/or have industrial relevance (TOPO-based eutectics) and  

2) studying the liquid structure of functional liquids to better tailor industrially relevant 

systems which are either currently attracting attention from the industrial sector or have 

industrial relevance (neat and molecular solvent doped Brønsted acidic protic ILs based on 

sulfuric acid). 
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2. Eutectics of trioctylphosphine oxide (TOPO) 

This chapter describes a short screening study of eighteen binary mixtures of TOPO with 

hydrogen bond donating components (HBDs). All HBDs were selected for their own unique 

role in extraction processes, therefore having the potential to introduce bifunctionality into 

TOPO-based eutectics.   

2.1. Introduction 

Our research group has had an interest in trioctylphosphine oxide (TOPO)-based functional 

liquids for the last decade.39,41–44 Initially, in 2013, TOPO-containing LCCs were used to 

generate liquid metal complexes - an alternative to chlorometalate ionic liquids.31,41 

Combination of metal chlorides with TOPO and other ligands gave highly concentrated metal-

containing liquids, synthesised in a one-step process, at low cost, surpassing in this context 

analogous chlorometalate ionic liquids.41 LCCs were later demonstrated to have catalytic 

activity in a range of reactions, such as in Friedel-Crafts benzene alkylation,42 

oligomerisations43 and Diels Alder [4+2] cycloadditions.44 In the context of this work, it was 

noted that TOPO generated mobile, liquid coordination complexes with numerous metal salts, 

and therefore was a good candidate to “liquefy” other compounds. Furthermore, it was 

recognised that TOPO is a weakly basic, hard Lewis base due to having a phosphine oxide 

moiety (P=O) and contains long alkyl chains. Thus, as well as having a low solubility in water  

(0.15 mg L-1),39,313,314 it can act as a co-ordinating ligand to metal complexes and as a hydrogen 

bond acceptor, making it a relevant compound for many applications. Drawing on this 

recognition, our39 and Kroon’s40 research groups concurrently described TOPO-based eutectic 

mixtures and placed emphasis on the ability to form highly TOPO-concentrated liquids  

(Figure 2.1- 1). 

 

Figure 2.1- 1. Structure of TOPO: used to formulate water-immiscible, functional eutectic liquids. Long (C8) alkyl 

chains help to induce hydrophobicity. 

 Research in our group focussed on the dual, innate ability of TOPO to act as a metal 

complexing agent for metal extraction, for example in lanthanide recovery,315,316 and to induce 

hydrophobicity in its resulting liquid formulations as a result of its long alkyl chains (Cn = 8).39 

In addition to this, TOPO had been shown to extract phenolics317–320 and organic acids321–324 
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from aqueous feedstocks and to act as a capping agent325–331 in nanoparticle synthesis; showing 

mileage, not only as a versatile extractant, but also in the field of nanomaterials. Typical TOPO 

applications require hydrocarbon diluents such as kerosene, or elevated temperatures to access  

TOPO-available liquids. This problem has been sidestepped with TOPO-based eutectics, 

which can achieve TOPO concentrations as high as ca. 2 M.39 However, in these first two 

proof-of-concept publications, phenol and N,N’-dihexylthiourea were deemed to be spectators 

in their respective mixtures with TOPO, and were present solely as a TOPO liquifying 

agent.39,40 The potential for bifunctionality, recognised in the conclusion part of our group’s 

first paper in the area, inspired screening studies discussed in this chapter. 

2.2. Experimental 

2.2.1. Materials 

TOPO (kindly gifted by Solvay) and all other components (suppliers listed in Table 2.2.1- 1) 

were used as received, except for catechol. Catechol was firstly recrystallised from hot toluene 

and subsequently sublimed on Schlenk line apparatus (80 C, 24 h, x10-2 mbar) before being 

combined with TOPO.  

Table 2.2.1- 1. List of compounds used in screening studies. All chemicals, except catechol, were used as received. 

Chemical supplier Compound Purity / % 

Solvay Trioctylphosphine oxide (TOPO) 97 

Sigma Aldrich Stearic acid, palmitic acid, catechol 99 

   

 Malonic acid, 2,6-xylenol, resorcinol, pyrogallol,  

4-tertbutylphenol 

99 

   

 (±)--lipoic acid 98 

   

 D-(+)-cellobiose, levulinic acid, gentisic acid, gallic 

acid, 8-hydroxyquinoline-2-carboxylic acid, (+)-

sodium L-ascorbate 

98 

Fluorochem Salicylic acid 98 

 Tropolone 95 

 

2.2.2. Preparation of mixtures 

TOPO (ca. 0.2 g, 0.5 mmol) was placed in a vial (20 cm3). A HBD from Table 2.2.1- 1 was 

added to achieve a desired molar ratio (TOPO). The samples were then stirred until 

homogeneous liquids formed (solventless, 60 C, 500 rpm, maximum 2 h). Equilibration to 

ambient temperature followed (3 h) prior to recording observations.  
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2.3. Results and discussion 

This chapter describes mixtures of TOPO with eighteen HBDs, all of which were recognised 

to have their own potential role or function in various extraction processes, in attempt to 

identify promising candidates for further in-depth physico-chemical and applications study 

(Chapter 3 and 4). Although hydrogen bonding is not a prerequisite for eutectic formation, it 

was hoped that dynamic hydrogen bonding interactions may help to disrupt lattice packing 

and aid ambient liquid formation. To efficiently identify the most interesting functional 

liquids, that would be liquid at ambient temperature, drying and purification procedures for 

starting materials were not carried out (bar catechol). Mixtures with different HBD groups are 

discussed, covering potential applications and physical appearance of each mixture. 

2.3.1. Polyols, polyphenols and phenolics 

Polyols and phenolic compounds were of interest in two areas of applications: nanomaterials 

synthesis and removal of phenolic contaminants. 

Typically, nanoparticles are synthesised via a ‘wet’, aqueous332 or ‘dry’, non-aqueous 

(e.g. organometallic, sol-gel)333,334 route. In either case, synthesis require the presence of: (i) a 

reducing agent to reduce metal ions in solution/liquid form to their zero oxidation state and 

(ii) a capping/stabilising agent to prevent metal atom aggregation and control particle shape 

and size.335–337 Although the aqueous synthesis route is simpler, nanoparticles synthesised via 

a non-aqueous route often have superior properties, such as higher crystallinity.334,338 This is 

due to the higher annealing temperatures used in these routes (ca. 350 C) which are 

unachievable using aqueous media.325,338  Due to TOPO metal co-ordinating ability combined 

with long alkyl chains that have the ability to sterically hinder interactions between metallic 

colloids to avoid aggregation,333 TOPO is an established capping agent in nanoparticle 

synthesis.325–331,333 Therefore, TOPO was combined with a number of potential reducing agents 

at several molar ratios in an attempt to form bifunctional liquids with the potential to be used 

in a non-aqueous, nanoparticle synthesis route. The potential reducing agents (HBD numbers 

1-5), along with the molar ratios used in their mixtures with TOPO and the appearance of the 

mixtures at ambient conditions, or upon cooling, are listed in Table 2.3.1- 1. 

 As detailed in Section 1.5.1, EU regulations restrict phenolic concentrations in potable 

water below 0.5 g L-1.79 Therefore, phenolics extraction from phenolic contaminated 

wastewater is required in downstream clean-up operations in many petrochemical plants, for 

example.146–148 If lignocellulosic biomass plants become an industrially prevalent source of 

renewable fuels or aromatic chemical building blocks in the future, they will likewise need 

phenolics removal system from their water streams. In the past, hydrophobic ILs152–154 and 

DESs155 have been used to extract phenolics from aqueous media, while TOPO has been 
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shown to form eutectics with phenol39 and is a known active phenolics extractant.317–320 

However, to the authors knowledge, there have not been any publications combining TOPO 

either in a hydrophobic eutectic to extract phenolic compounds from aqueous media, or 

through in situ eutectic formation with the direct addition of TOPO to aqueous, phenolic 

containing feedstock. Inspired by this potential gap in the knowledge, mixtures of model 

phenolic target molecules (HBD numbers 2-9)  with TOPO were studied to determine if TOPO 

could be used as a highly concentrated phenolics extractant via hydrophobic DES formation 

strategy (Table 2.3.1- 1). 

Table 2.3.1- 1. Hydrogen bond donating components screened in combination with TOPO to identify potentially 

interesting functional liquids for applications in nanoparticle synthesis or phenolics extraction. RT = room 

temperature. Tf is the enthalpy of fusion of the neat HBD components. Tf(TOPO) = 52 C. a Samples turned pink to 

brown over the period of a few hours/days. 

Number HBD Tf / C TOPO Appearance 

RT (20 C) In fridge (8.5 C) 

1 Cellobiose 

 

224339 0.50 

0.67 

0.88 

White solid 
" 
" 
 

- 

- 

- 

      

2 Catechol 

 

104340 0.40 

0.50 

0.60 

0.67 

Colourless liquid 
" 
" 

Gel 

Colourless liquid 
" 
" 
- 

      

3 Resorcinola 

 

109341 0.50 

0.67 

Colourless liquid 
" 

Colourless liquid 
" 

      

4 Pyrogallola 

 

133342 0.50 

 

0.67 

0.75 

Colourless liquid 

+ solid 

Colourless liquid 

Gel 

- 

 

Gel 

- 

      

5 Gallic acida 

 

258343 0.50 

 

0.67 

0.75 

Colourless liquid 

+ solid 

Colourless liquid  

Gel 

Gel 

 

Colourless liquid 

Gel 
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6 4-tert-butylphenol 

 

99344 0.50 Colourless liquid Colourless liquid 

      

7 2,6-xylenol 

 

44345 0.50 Colourless liquid Colourless liquid 

      

8 Gentisic acid 

 

205346 0.5 

 

0.67 

0.75 

Yellow liquid 

+ solid 

Yellow liquid 

Yellow gel 

Solid + liquid 

 

Yellow liquid 

Yellow gel  

(circular, beady) 

      

9 Salicylic acid 

 

158292 0.50 

0.67 

Colourless liquid 

White solid 

Colourless liquid 

- 

 

Cellobiose is a polyol and is classified as a reducing sugar. However, when it was 

combined with TOPO at the given mole ratios (TOPO = 0.50, 0.67 and 0.88), all samples 

formed white solids with no visual indication of component interaction. Thus, these mixtures 

would not be suitable as non-aqueous nanoparticle synthesis media. Several other polyphenols: 

catechol, resorcinol, pyrogallol and gallic acid formed colourless liquids when mixed with 

TOPO, at least for one studied composition; similarly to TOPO:phenol eutectic reported by 

our group.39 However, except for catechol, these liquid mixtures turned pink and eventually 

brown over a timescale of hours to days. This observation was believed to be a result of 

oxidation to -benzoquinone (red colour) by molecular oxygen and subsequent polymerisation 

reactions between -benzoquinone and residual polyphenol molecules to form polymers 

(brown colour). The phenomenon is akin to the process of fruit browning in the presence of 

polyphenol oxidase (PPO) enzymes, as shown in Figure 2.3.1- 1;347–352 a mechanism present 

to protect the mother plant from infection by pathogen/insect entry through damaged 

fruits.351,352 
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Figure 2.3.1- 1. Oxidation of substituted dihydroxyphenols in food products with O2 in the presence of polyphenol 

oxidase (PPO) enzymes. Oxidation products are o-quinones, which undergo further polymerisation reactions to 

form complex polyphenol polymers.353 

Although catechol appeared visually stable over this timescale (no discolouration), it 

was expected that it would also undergo similar reactions in the presence of TOPO given more 

time, like other polyphenols. These slower kinetics were expected to be due to the relatively 

lower acidity of catechol, pKa,1 = 9.34,354 when compared to resorcinol or pyrogallol,  

pKa,1 = 9.15355 and 9.12,354 respectively. Therefore, it was recognised that freshly prepared 

mixtures of TOPO and resorcinol, pyrogallol or gallic acid may be superior media for  

non-aqueous nanoparticle synthesis, as they readily undergo oxidation in the presence of 

TOPO. As TOPO is weakly basic, these components may benefit from augmented reducing 

capabilities. 

 Extraction of phenolics is relevant to all HBDs in this section (HBDs 2-9). In this 

context, the aim was to screen whether TOPO had the potential to act as a phenolic extractant 

via the formation of in situ TOPO:phenolic eutectics, or extract phenolics into a pre-formed 

TOPO-containing eutectic. It was found that all phenolic compounds formed ambient 

temperature liquids with TOPO in at least one of the mole ratios studied. Many of these 

mixtures, including compositions of TOPO with 4-tert-butylphenol, 2,6-xylenol, or gentisic 

acid, remained homogenous liquids below ambient temperature (8.5 C). 

TOPO:gentisic acid mixtures yield particularly interesting results. At TOPO = 0.50, the 

sample had both liquid and solid components. Increasing the TOPO ratio to TOPO = 0.67  gave 

a homogeneous liquid, whereas further increase in TOPO content through to TOPO = 0.75 

resulted in the formation of a beady gel (Figure 2.3.1- 2). 
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Figure 2.3.1- 2. TOPO = 0.75 TOPO:gentisic acid sample showing regions of differing interactions between the 

TOPO and gentisic acid components. To the naked eye, the sample is pale yellow in colour. 

This beady appearance was interesting and unusual as all other TOPO based gel samples 

appeared visually uniform. An interesting approach to future work on this topic would be to 

physically characterise each solid, liquid and gel component; particularly focusing on gelation 

using rheological studies as a function of temperature. 

 As TOPO:phenolic mixtures tend to have at least one composition whereby the sample 

is a homogeneous liquid, this screening study suggests that a TOPO-eutectic route to phenolics 

separation from aqueous sources is potentially viable.  

2.3.2. Carboxylic acids 

Carboxylic acids are target molecules for the extraction from biomass treatment/fermentation 

broths, from mixed breakdown products of some grasses/woods (e.g. levulinic acid, 4-

methoxybenzoic acid), as well as from paper waste, agricultural residue or foods (e.g. lipoic 

acid, palmitic acid). Typically, carboxylic acids are some of the costliest products to recover 

from via a bio-recovery route because of their low concentrations in solution.321,356–359  For 

example, citric acid recovery from its industrial bio-production process contributes to 30-40% 

of its total production cost.360 Conventionally, using a batch method, the acid moieties are 

captured in a resin, and high solvent volumes are required to elute them. The resulting solvent 

evaporation stage is highly energy intensive.321 In fermentation processes, this low carboxylic 

acid concentration can arise from a number of issues related to microbe sensitivity to toxins: 

1) carboxylic acid products alter microbe membranes and therefore inhibit microbes so that 

they can no longer function,40,361,362 2) solvents used in extraction may be toxic to the microbes 

used.324,363–365 To circumvent issue one, an in situ acid recovery process which removes acid 

molecules as they are produced is desirable.40,321,324 Furthermore, to address the second issue, 

TOPO in a hexane diluent was reported to be much less harmful to several microbes than other 
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active extractant/solvent combinations324,366,367 and diluted trialkylphosphine oxides have been 

traditionally used to extract low concentrations of carboxylic acids from aqueous feedstocks – 

including levulinic acid from aqueous feedstock containing sulfuric acid.322,368,369 Regardless, 

circumstances using an active extractant/diluent combination suffer from low extractant 

concentrations and consequential high solvent processing volumes.40,121 Meuldijk and co-

workers postulated that TOPO-based eutectics could be used to overcome TOPO 

concentration limitations using a TOPO:N,N’-dihexylthiourea mixture to extract volatile fatty 

acids from a model aqueous feedstock containing short chain carboxylic acids.40 However, 

these TOPO:N,N’-dihexylthiourea mixtures underperformed with respect to a diluted TOPO 

extracting phase using a range of aprotic solvents. Having said that, the experiments did not 

include microbes which would be present in fermentation broths and so it is not known how 

these mixtures would behave in real-life in situ extractive systems. Nevertheless, the results 

provide an insight into how carboxylic acids interact with TOPO in eutectic mixtures. 

Meuldijk and co-workers suggested that this sub-benchmark performance was due to 

competitive hydrogen bonding interactions between N,N’-dihexylthiourea and the short chain 

carboxylic acids with TOPO.40 To resolve this issue, the group suggested forming TOPO liquid 

mixtures with a non-hydrogen bonding component (a component with a low Hf).40 In this 

work, it was considered that if TOPO can form eutectics with the carboxylic acids themselves 

via in situ eutectic formation, it would possibly remove the need for a pre-formed eutectic, 

thus streamlining the extraction process and further lowering processing volumes. Mixtures of 

TOPO and carboxylic acids with relevance in biomass processing (HBD numbers 11-15) are 

listed in Table 2.3.2- 1, along with the molar ratios used and the mixtures’ appearance after 

equilibration at ambient conditions or upon cooling.  

 Another aspect of interest in the study of TOPO-carboxylic acid mixtures was the 

extraction of gallium. TOPO is known to extract gallium from acidic chloride aqueous 

feedstock.315,370,371 It is also known to form liquid coordination complexes (LCCs) with gallium 

salts, chiefly through TOPO-GaCl3.41–4441–44 Carboxylic acids and other carbonyl 

functionalities have also been reported as extractants in gallium separations,371–381 and a 

tris(acetylacetonato)gallium(III) complex has been reported.382 8-hydroxyquinolines such as 

Kelex 100, have also been shown to extract gallium from basic, aqueous feedstocks by acting 

as a chelating agent.371,376–381 Therefore, an 8-hydroxyquinoline-2-carboxylic acid structural 

motif was investigated in this screening study, for synergy between extracting properties of 

TOPO, the carboxylic acid functionality and the 8-hydroxyquinoline component. The mixtures 

of carboxylic acids of relevance to gallium extraction (HBD numbers 15-18) which had liquid 

compositions after ambient, or below ambient temperature equilibration, are listed in  

Table 2.3.2- 1. 
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Table 2.3.2- 1. Hydrogen bond donating components screened in combination with TOPO to identify potentially 

interesting functional liquids for applications in fermentation broth extraction and gallium extraction. RT = room 

temperature. Tf is the enthalpy of fusion of the neat HBD components. Tf(TOPO) = 52 C. 

Number HBD Tf / C TOPO Appearance 

RT  

(20 C) 

In fridge  

(8.5 C) 

11 Stearic acid 

 

70383 0.50 White solid - 

      

12 Palmitic acid 

 

63383 0.40 

0.50 

0.60 

0.70 

White gel 
" 
" 
" 

- 

- 

- 

- 

      

13 4-methoxybenzoic  

acid 

 

184384 0.50 Colourless liquid 

+ solid 

 

White solid 

      

14 Lipoic acid 

 

61385 0.50 Yellow liquid Yellow liquid 

      

15 Levulinic acid 

 

32386 0.50 Colourless liquid Colourless 

liquid 

      

16 Malonic acid 

 

135 0.67 Colourless liquid - 

      

17 8-Hydroxyquinoline-2-

carboxylic acid 

 

216387 0.50 

0.67 

0.75 

Yellow liquid 

Yellow Gel 

Yellow Gel 

- 

- 

- 

      

18 Diphenylacetic acid 

 

148388 0.50 Colourless liquid Colourless 

liquid 
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 The mixtures of TOPO with stearic and palmitic acids gave either white solids or gels 

at ambient temperature, resulting from the large number of Van der Waals interactions 

amongst the long alkyl chains. 4-Methoxybenzoic acid combined with TOPO at TOPO = 0.50 

was a biphasic solid/liquid sample, however, it is likely that a liquid sample would have been 

obtained at a different TOPO mole ratio. In contrast, the TOPO = 0.50 mixtures of TOPO with 

either lipoic or levulinic acids were liquid, both at ambient temperature and when chilled  

(8 C), indicating that they may be potentially interesting carboxylic acid components to target 

in situ eutectic formation in biomass treatment. TOPO:levulinic acid mixtures, which contain 

dicarbonyl functionality in the levulinic acid component may also be a prospective gallium 

extracting agent. As well as levulinic acid, malonic acid, 8-hydroxyquinoline-2-carboxylic 

acid and diphenyl acetic acid all formed liquids with TOPO at ambient temperatures, in at least 

one of the molar ratios screened, raising hopes for highly TOPO-concentrated, bifunctional 

gallium extracting liquids. See Figure 2.3.2- 1 as an example. 

 

Figure 2.3.2- 1. Left: Individual components used. Right: Formation of TOPO:malonic acid DES after heating at 

60 C until homogeneous liquid formed. NB. Not actual quantities of individual components used. The magnetic 

follower used is visible in the bottom right-hand corner of the TOPO = 0.67 sample. 

 At a practical level, the high price of 8-hydroxyquinoline-2-carboxylic acid would 

have prohibited its industrial use. However, the dicarbonyl functionality present in malonic 

and levulinic acids, combined with low price and low toxicity of these acids, makes the 

corresponding TOPO mixtures potentially promising for gallium extraction from aqueous 

sources. 

2.3.3. Hydroxyacids (tropolone) 

The mixture of TOPO with tropolone was studied in the context of waste valorisation and 

related extraction of silica/silicates. There is an interest in our research group to valorise wastes 

with a high silica/silicate content to form ultrapure silica; a high-value product. For example, 

generally, waste glass that doesn’t enter landfill is reused following cleaning. However, its 

integrity and quality reduces with each consecutive cycle, until it eventually degrades to waste 

quality and ends up as waste glass, which makes up 7-8 % of all refuse at landfill.389,390 Ground 
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waste glass, called glass cullet, is used for very low-value applications, such as filling in the 

construction industry. However, this material contains ca. 70-75% of amorphous silica.391 

Other wastes with high silica/silicate content and thus, potential for higher valorisation are 

pulverised fly ash (PFA) and ground granulated blast-furnace slag (GGBS). These wastes 

contain 59%392 and 32-40% SiO2,393 respectively. The high silica/silicate content  

(Table 2.3.3- 1) in these wastes indicate a white space for recycling and valorising these 

streams. 

Table 2.3.3- 1. SiO2 content in waste materials with potential for higher-value valorisation. 

Waste Si content / % Reference 

Glass cullet 70-75 391 

PFA 47-59 391,392 

GGBS 32-40 391,393 

 

Sodium silicate391,394 is a target species which is typically used as an intermediate in the  

sol-gel method towards porous silica glass synthesis.395–406 Industrially, sodium silicate is 

typically made by the reaction between melted sodium carbonate and silica (silicon dioxide) 

in a kiln, at temperatures in excess of 1000 C. However, there are technical, environmental 

and economic drawbacks associated with this method, chiefly originating from large CO2 

production due to the energy consumption.391,407 Focusing on waste glass cullet, hydrothermal 

and thermochemical methods have been used to form sodium silicate in the past.391,408–419 

However, silica dissolution using these methods was low at ambient temperature and required 

harsh conditions such as elevated temperatures in excess of 150 C and in some cases, self-

generated pressures. For example, below 100 C using the hydrothermal method, only ca. 26% 

of the available 70% of SiO2 dissolved.415–419 

 To improve this procedure one valorisation approach was to selectively leach silicon-

containing species from these waste materials under ambient conditions. Tropolone has been 

reported to increase the silica dissolution rate and solubility in aqueous solutions with respect 

to water due to forming a tropolonate-silicic acid complex; especially in aqueous, acidic 

media.394 This fits within a general theme whereby many compounds that contain a carbonyl 

and hydroxyl group are thought to have potential to form complexes with silicic acid.420 For 

example, groundwater present in oil fields has increased silica solubility attributed to 

complexation by dissolved aromatic, aliphatic, hydroxy- and keto-acids produced by microbial 

degradation of petroleum.420–424 

TOPO was combined with tropolone to determine if ambient temperature liquids 

formed at a given composition. It was hypothesised that these liquids could potentially, in turn, 

be used as media to dissolve silica-containing species from waste materials such as glass cullet, 
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PFA or GGBS under ambient conditions; in the first step of sodium silicate synthesis towards 

the formation of porous silica glasses. Compositions of TOPO-tropolone samples and their 

appearance at ambient or sub-ambient temperature equilibrations are shown in Table 2.3.3- 2. 

Table 2.3.3- 2. Hydrogen bond donor screened with TOPO to identify potentially interesting functional liquids for 

applications in waste silica glass functionalisation. RT = room temperature. Tf is the enthalpy of fusion of the neat 

HBD components. Tf(TOPO) = 52 C. 

Number HBD Tf / C TOPO Appearance 

RT  

(20 C) 

In fridge  

(8.5 C) 

10 Tropolone 

 

50425 0.25 

0.33 

0.50 

Yellow solid 
" 
" 

- 

- 

- 

 

 The TOPO:tropolone mixtures were yellow solids at ambient temperature at  

TOPO = 0.25, 0.33 and 0.50, making them unsuitable for this application at ambient 

temperature. However, other HBDs described earlier in this chapter, namely hydroxy acids 

gentisic acid and salicylic acid (HBDs 8 and 9, respectively, in Table 2.3.1- 1) and keto acid 

levulinic acid (HBD 15, Table 2.3.2- 1) all have dual functionality and yield least one mixture 

with TOPO that is liquid at ambient temperature, which makes them potentially suitable for 

the extraction of silica/silicates. 

2.4. Conclusions 

Mixtures of TOPO and various groups of hydrogen bond donors (polyols, polyphenols and 

phenolics; hydroxyacids; and carboxylic acids) were used in a rudimentary screening for 

bifunctional liquids. Out of these groups, formulations of TOPO with polyphenols and 

phenolics, and with carboxylic acids, appeared to be most promising – both in terms of ease 

of liquid formation and in terms of potential applications.  

 Except for cellobiose, polyphenols and phenolics readily formed ambient temperature 

TOPO-based liquids, with every component studied, for at least one composition. The 

following applications could be considered for further, expanded studies: 

1. Nanoparticle synthesis in mixtures of TOPO and phenolics (resorcinol, pyrogallol and 

gallic acid), due to the combination of capping and reducing properties. 

2. Phenolics extraction from aqueous streams with TOPO, in a DES-forming strategy. 

3. Extraction of carboxylic acids from biomass treatment or fermentation broths with 

TOPO, in a DES-forming strategy (lipoic acid and levulinic acid). 
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4. Metal extractions; in particular, malonic acid and 8-hydroxyquinoline-2-carboxylic 

acid formulations with TOPO for potential synergistic metal coordinating ability and 

wide pH usability range.   

5. Silicate separation for the valorisation of high silica/silicate containing materials 

(ultrapure silica glasses). 

Within the scope of work in this chapter, two TOPO:carboxylic acid mixtures were chosen for 

further physico-chemical studies, as discussed in Chapter 3. 
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3. Physico-chemical characterisation of trioctylphosphine 

oxide (TOPO):carboxylic acid eutectics 

 

This Chapter follows on from the initial screening studies described in Chapter 2 which aimed 

to improve upon the mono-functional TOPO-based eutectic liquids,39,40 to achieve bifunctional 

TOPO-based eutectic liquids. Two formulations have been selected for in-depth physico-

chemical study: TOPO:malonic acid and TOPO:levulinic acid. The structures of individual 

components are shown in (Figure 3- 1), and the justification behind this selection is given in 

Section 3.1.  

 

Figure 3- 1. Structure of TOPO, malonic acid and levulinic acid used in TOPO:malonic acid and TOPO:levulinic 

acid physico-chemical characterisation studies. 

Work described in this chapter has been published in Phys. Chem. Chem. Phys., 2020, 22, 

24744-24763. 

3.1. Introduction 

Malonic acid was chosen due to its relevance in gallium extraction, having both −carbonyl 

and carboxylic acid functionalities, which have been used in gallium extraction from both 

basic and acidic sources.371,372,374–376,426 In comparison, levulinic acid does not contain a 

−carbonyl functionality, but a dicarbonyl one (ketone and carboxylic acid), which have been 

used for gallium extraction from an acidic regime.371,372,374,375  In combination with TOPO, 

which is known to extract gallium from acidic chloride aqueous feedstock315,370,371 and to form 

LCCs with gallium(lll) species,41–44 it was hypothesised that these HBA-HBD combinations 

would be successful gallium extractants; potentially versatile, with a wide usable pH range. 

Physico-chemical characterisation of TOPO:malonic acid mixtures reported in this chapter 

was designed to provide a greater insight into their appropriateness for this application, 

including the identification of the compositional range in which samples are ambient 

temperature liquids, determination of compositions most suited to aqueous biphase 

applications (limited water miscibility and leaching), thermal stability limits etc. 

 Furthermore, levulinic acid was identified as a promising target molecule when 

considering carboxylic acid extraction from biomass treatment/fermentation broths. Named as 
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one of the US Department of Energy’s top 15 value-added chemicals derived from 

carbohydrates in 2004,427 levulinic acid is an important platform chemical.427–432 As high 

TOPO concentrations are toxic to microbes which reside in fermentation broths,121 other 

biomass treatment routes which either avoided or were downstream from the use of microbes 

were decidedly more suited to in situ carboxylic acid extraction by TOPO. Production of 

levulinic acid from liquefaction of lignocellulosic material typically occurred under acidic 

conditions; firstly via solvolysis/hydrolysis of the lignocellulosic materials to form monomeric 

five and six membered ring sugars (pentoses and hexoses) and then further acid catalysed 

reactions of the six membered ring sugars to form levulinic acid.322 TOPO diluted (30 wt%) 

in a methylisobutylketone (MIBK) diluent has been previously shown to extract levulinic acid 

from an aqueous acidic source without co-extracting acid.322 As TOPO combined with 

levulinic acid formed a eutectic mixture in screening studies, it was hypothesised that the 

addition of neat TOPO to a lignocellulosic biomass treatment broth could potentially extract 

levulinic acid by in situ eutectic formation and form a liquid-liquid biphase in the process, 

ultimately aiding separation. In a broader context, physico-chemical studies concerning 

TOPO:levulinic acid mixtures are interesting in their own right, to help understand interactions 

which may be relevant to levulinic acid extraction using TOPO in a MIBK diluent. 

 Lastly, it is admittedly difficult to design compounds with strong coordinating ability 

and strong hydrophobicity, as these are nearly oxymorons. In other words, small amount of 

leaching is probably unavoidable. In contrast to the previous report on TOPO:phenol mixtures, 

which leach phenol into the aqueous phase at concentrations ca. equal to 1 g L-1,39 potential 

leaching of these carboxylic acid components does not raise significant concern for 

environmental water, as similar carboxylic acids such as succinic acid are environmentally 

benign and readily biodegradable.433 

3.2. Experimental 

3.2.1. Materials and drying procedures 

All materials were dried by heating under vacuum using Schlenk line apparatus (x10-2 mbar, 

TOPO: 60 C, 24 h. Levulinic acid: 40 C, 48 h. Malonic acid: 60 C, 24 h) before use. Flasks 

were then filled with argon and transported to a glove box (MBraun Lab Master dp, argon 

atmosphere, 0.6 ppm H2O and O2) where they were stored until use. Prior to Schlenk line 

drying by heating, malonic acid was firstly dissolved in dry ethyl acetate and dried using 

anhydrous magnesium sulfate. Hot filtration was performed on the resulting suspension  

(70 C) and the solvent was removed from the filtrate using rotary evaporation (60 C). All 

samples were white solids after drying. Purity and dryness of neat components were confirmed 
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by 1H, 13C NMR and thermogravimetric (TGA) analysis, respectively (See Figure 8.1.1- 1 to 

Figure 8.1.3- 3 in Appendix). 

3.2.2. Mixture preparation 

TOPO:carboxylic acid mixtures were prepared in a glove box, under a dry argon environment, 

by mixing appropriate mole fractions of TOPO with either malonic or levulinic acid across the 

whole compositional range from TOPO = 0.10-0.90 (TOPO = 0.1); accurate to ±0.0003 g. 

Additional compositions were included at TOPO = 0.33 and 0.67 for both TOPO:malonic acid 

and TOPO:levulinic acid samples and at TOPO = 0.55 for a TOPO:malonic acid sample. 

Mixtures were then heated (60 C, 2 h, Tf,TOPO = 52 C). TOPO:malonic acid and 

TOPO:levulinic acid formulations formed homogenous ambient temperature liquids in the 

compositional range TOPO = 0.55-0.67 and TOPO = 0.30-0.50 respectively. All other 

compositions formed either white solids or a combination of solid-liquid phases in varying 

proportions. 

3.2.3. Thermogravimetric analysis 

Thermal stability was studied with TGA using a TA instruments Q5000 thermogravimetric 

analyser under nitrogen flow (25 mL min-1). Samples were prepared in a glove box (MBraun 

Lab Master, dp, 0.6 ppm H2O and O2) and sealed within Tzero aluminium pans and Tzero 

aluminium hermetic lids using a Tzero sample press. Solid/partially solid formulations were 

first heated to form homogenous liquids before being placed on the sample pan unless 

discolouration occurred. In this case, (TOPO:malonic acid formulations at TOPO = 0.00-0.33) 

mixtures were not heated prior to sample preparation. Dynamic heating methods were 

programmed with a 10 C min-1 ramp rate across the temperature range from ambient 

temperature to 400 C. Td (onset) was defined as the initial deviation from the baseline 

corresponding to the derivative of % weight with respect to temperature (DTG) and was 

determined visually. 

 Isothermal TGA methods were used to determine the initial rate of mixture 

decomposition or to identify the mass loss corresponding to the decomposing component at a 

given temperature within the first decomposition step. Samples were initially heated with a 

high heating ramp rate at 50 C min-1 before an isothermal method was applied. This high 

ramp rate was programmed to limit the extent of thermal decomposition which occurred before 

isothermal temperature control. Samples were held isothermally for 22 h and the mass loss 

was monitored over time. Both TOPO:malonic acid and TOPO:levulinic acid mixtures were 

held isothermally at 90 C and an additional TOPO:levulinic acid sample was held 

isothermally at 140 C to achieve a faster decomposition rate. These isothermal temperatures 
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selected were within the temperature range of the first decomposition step, ensuring that the 

second decomposition step did not occur. 

3.2.4. Gas chromatography-mass spectrometry (GC-MS) analysis of gas 

phase thermal decomposition products 

TOPO:malonic acid and TOPO:levulinic acid mixtures (TOPO = 0.33) were used in a detailed 

thermal decomposition product analysis. Fresh samples were prepared in a 2-necked round 

bottomed flasks under a dry argon environment, inside a glove box (MBraun Lab Master, dp, 

0.6 ppm H2O and O2), and sealed with vacuum taps. These samples were subsequently 

transported outside of the glove box, attached to a gas rig apparatus equipped with a GC-MS 

and the gas line purged with argon before analysis. Both TOPO:malonic acid and 

TOPO:levulinic acid samples were held isothermally at 90 C, and TOPO:levulinic acid 

samples were also held isothermally at 125 or 140 C to achieve a faster decomposition rate. 

CO2, CO, H2, O2 and H2O gases were monitored qualitatively throughout and volatile, gas 

phase thermal decomposition products consisting of these monitored gases were analysed in 

situ as they evolved. 

3.2.5. NMR spectroscopy 

NMR samples were prepared using the liquid proportion in TOPO = 0.50-0.67  formulations of 

TOPO:malonic acid and in TOPO = 0.30-0.50 formulations of TOPO:levulinic acid. Samples 

were loaded into NMR tubes containing sealed capillaries as neat liquid samples in a dry, 

argon environment within a glove box (MBraun Lab Master, dp, 0.6 ppm H2O and O2). 31P 

NMR (162 MHz, D3PO4) spectra were recorded on a Bruker Avance DPX 400 MHz 

spectrometer.  

 In addition, to determine liquid phase decomposition products, 13C NMR spectra were 

recorded for TOPO = 0.33 TOPO:malonic acid samples after dissolution in d6-acetone as 

samples were not homogeneous liquids at this composition. TOPO:levulinic acid samples were 

run neat with a d6-DMSO capillary reference. 

3.2.6. Differential scanning calorimetry (DSC) 

3.2.6.1. Establishing the thermal range limits 

Prior to DSC experiments, the apex of the thermal stability limit for each formulation was 

determined by thermogravimetric analysis (TGA), using the point of departure of the thermal 

curve from the idealised initial baseline, Td(onset). Thermal range for the DSC scans was 

capped at 80 C, below Td. 
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3.2.6.2. DSC studies 

DSC samples were prepared in a glove box (MBraun Lap Master dp, 0.6 ppm O2 and H2O) 

using Tzero aluminium pans, Tzero aluminium hermetic lids and sealed using a Tzero sample 

press. DSC measurements were performed using a TA instruments Q2000 DSC equipped with 

an RCS 90 refrigerated cooling accessory under nitrogen flow (50 mL min-1). Thermal 

methods were programmed in three looped cycles between -90 C and ≤80 C using a 2 C 

min-1 ramp rate. Samples were held isothermally at the extremities of their temperature regime, 

for 5 min, to ensure temperature equilibration before the next ramping cycle. The maximum 

peak position of all phase transitions was recorded, as is the convention when studying 

polymers and other materials that – by definition – have impaired crystallisation and broad 

phase transition peaks. 

3.2.6.3. DSC study of TOPO = 0.60 TOPO:malonic acid 

In a focused attempt to crystallise the TOPO = 0.60 TOPO:malonic acid composition, a DSC 

sample was prepared in the glove box, using the procedure described in Section 3.2.6.2. To 

enhance crystallisation, the bottom of the pan was scratched prior to filling it with the sample. 

The sealed DSC pan was removed from the glove box and placed in a fridge for 96 h, and then 

in a freezer for 1.5 h. The sample was removed from the freezer and immediately placed in a 

DSC chamber. A pre-programmed DSC programme was set up, which equilibrated the sample 

at 0 C for 10 minutes, then cooled to -90 C, equilibrated the sample isothermally at -90 C 

for 10 minutes and finally heated the sample to 70 C. 

3.2.7. Visual phase transition determination (solid-liquid cell, SLC) 

In the glove box, a sample aliquot (ca. 2 cm3) was transferred into a solid-liquid cell (Figure 

3.2.7- 1), so that the stirrer bar contained inside was completely covered by the sample. 
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Figure 3.2.7- 1. Solid liquid cell apparatus containing ca. 2 cm3 TOPO = 0.40 TOPO:levulinic acid to ensure that 

the stirrer bar is completely immersed in the sample. 

 Before transfer, the sample was heated below Td(onset) to form a homogeneous liquid - or a 

well-mixed sample where it was not possible to access homogeneous liquids below the 

temperature of thermal decomposition - and subsequently allowed to equilibrate to room 

temperature. Pre-filled solid-liquid cell apparatus were then transported outside of the glove 

box and fitted with a HH802U thermocouple thermometer secured around the exterior of the 

solid-liquid cell glass which was connected to an Omega type K (5SC) thermocouple. This 

thermocouple was used to report the temperature. The sample was then immersed in a 

thermostated ethanol bath and the temperature was allowed to equilibrate (30 min, 400 rpm). 

Following this, liquid nitrogen was added to the surrounding ethanol bath to achieve ca.  

-60 C and the sample was again equilibrated (ca. -60 C, 10 min), periodically adding small 

portions of liquid nitrogen. 

Once equilibration had been completed, additions of liquid nitrogen to the cooling 

bath was stopped, and the measurement was commenced. Visual observation was carried out 

while the sample was allowed to warm up to 0 C, (ca. 1-2 C min-1), as the temperature of 

the cooling bath was rising. Above 15 C, the ethanol bath was switched to a water bath  

pre-equilibrated at 15 °C, and above 68 C, the water bath was switched to a pre-temperature 

equilibrated (68 °C) silicon oil bath. Temperatures in the water or ethanol bath (0 C) were 

controlled using a Julabo circulating bath. In instances in which a silicon oil bath was required, 

the temperature was controlled using a Pt 1000 temperature probe connected to a Heidolph 

Hei-Tec heating plate. 
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 When visually determining phase transitions for crystalline samples, both the 

temperature corresponding to the onset of the stirrer bar movement and the temperature at 

which the sample formed a homogeneous liquid upon heating were recorded. For amorphous 

samples only the temperature corresponding to the onset of the stirrer bar movement upon 

warming was relevant and corresponded to the glass transition temperature. Visual 

determination of phase transitions was performed in duplicate for all samples. 

3.2.8. Density 

Density measurements were carried out using an Anton Paar DMA 4500 M density meter  

(20-50 C, 5 C increments). Both homogeneous liquid samples (TOPO = 0.55-0.67 

TOPO:malonic acid, TOPO = 0.30-0.50 TOPO:levulinic acid) and the liquid proportion of 

partially liquid samples (TOPO = 0.50 TOPO:malonic acid, TOPO = 0.10-0.20 TOPO:levulinic 

acid) were measured. Samples were prepared in the glove box (Section 3.2.2). A sample 

aliquot (ca. 4 cm3) was drawn into a syringe, the syringe was inverted and placed on a vortex 

mixer to remove bubbles. Samples were stored in the glove box until use. Prior to analysis, a 

small volume of argon (ca. 1 cm3) was drawn into the top of the syringe to protect the sample 

from air. It was then transported outside of the glove box, the argon was expelled, the sample 

was loaded into the density meter and was run immediately. 

3.3. Results and discussion 

TOPO:malonic acid and TOPO:levulinic acid formulations were prepared as described in 

section 3.2.2. The products were homogeneous liquids, solid-liquid biphases, or solids, 

depending on their composition. Prior to comprehensive physico-chemical studies, a simple 

aqueous miscibility test was carried out (Figure 3.3- 1). This was done as a rudimentary test 

to determine the suitability of these mixtures in potential aqueous extraction applications. 

 

Figure 3.3- 1. Left: TOPO = 0.67 TOPO:malonic acid-water biphasic system. Upper layer: TOPO = 0.67 

TOPO:malonic acid ( = 0.92060 g cm-3, 20 C). Lower layer: water ( = 0.99704 g cm-3, 20 C).434 Middle:  

TOPO = 0.50 TOPO:levulinic acid-water biphasic system. Upper layer: TOPO = 0.50 TOPO:levulinic acid  

( = 0.92604 g cm-3, 20 C). Lower layer: water. Right: TOPO:malonic acid (TOPO = 0.67) and 6 M HCl forming 

a biphase with TOPO:malonic acid eutectic as the less dense upper phase and aqueous HCl as the more dense, 

lower phase. A yellow colour was added to help with visual distinction of the phases. 
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 The TOPO = 0.67 TOPO:malonic acid and TOPO = 0.50 TOPO:levulinic acid mixtures 

were found to form biphases when mixed with water. Additionally, miscibility of a  

TOPO = 0.67 TOPO:malonic acid sample was also tested with aqueous HCl (6 M) and was 

also found to form a biphase when  mixed. The experiment showed that these 

TOPO:carboxylic acid mixtures formed aqueous biphases which suggested that they have 

potential in aqueous extraction applications. Furthermore, HCl was previously shown to 

successfully dissolve waste zinc leach residue to produce an acidic, aqueous metal 

feedstock.178 This indicated that there was potential to exploit metal recovery from this waste 

source using a TOPO:malonic acid extractant. 

3.3.1. Thermal stability 

The thermal stability of these TOPO:carboxylic acid mixtures was studied to determine their 

applicability to high temperature applications and otherwise understand their thermal limits. 

Thermal stability of neat TOPO, malonic acid, levulinic acid and TOPO:carboxylic acid 

mixtures was studied using dynamic and isothermal TGA. Dynamic TGA methods were 

implemented to determine the initial Td,(onset) temperature and to observe the effect of 

temperature, up to 500 C, on sample decomposition.  Isothermal TGA methods were used to 

determine the initial rate of mixture decomposition or to identify the mass loss corresponding 

to the decomposing component at a given temperature within the first decomposition step. 

Thermal stability limits of the mixtures have been defined as Td(onset) (see section 3.2.3) and 

the products of decomposition were identified using GC-MS and NMR spectroscopy. 

3.3.1.1. TOPO:malonic acid 

Dynamic TGA studies were carried out for TOPO:malonic acid mixtures across the 

compositional range (TOPO = 0.00-1.00), with a thermal range from ambient temperature to 

400 C with a 10 C min-1 ramp rate. TGA scans showing the relative mass loss profiles with 

respect to temperature are shown in Figure 3.3.1.1- 1. Further, Td(onset) and the temperature 

corresponding to the onset of the second stage of thermal decomposition, T2, as a function of 

composition is plotted in Figure 3.3.1.1- 2 and tabulated in Table 8.2.1- 1 for ease of 

interpretation. 
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Figure 3.3.1.1- 1. Mass loss profile of neat TOPO, malonic acid and TOPO:malonic acid mixtures as a function of 

temperature from ambient temperature to 400 C under dynamic heating at 10 C min-1. Neat components 

decompose in one stage, whereas TOPO:malonic acid mixtures decompose in two stages. 

Neat TOPO and neat malonic acid both decomposed via one stage decomposition, as 

evidenced by the cobalt blue (TOPO= 1.00) and red (TOPO= 0.00) lines in Figure 3.3.1.1- 1. 

All mixtures (TOPO = 0.10-0.90) lost mass in two stages, with the first stage of decomposition 

becoming increasingly pronounced as malonic acid content increased. The first stage of 

decomposition was typically complete by ca. 200 C and the following stage of mass loss did 

not occur until temperatures were in excess of 225 C. Mass loss had typically ceased by ca. 

340-375 C as samples had completely decomposed to 0% of their initial mass. 

 Td(onset) and T2 values were plotted in Figure 3.3.1.1- 2. For neat malonic acid, 

Td(onset) was determined to be 133 C and is in agreement with the literature (120-140 C).435  

Td(onset) for neat TOPO was determined to be 204 C, which is higher than the literature 

value. Kotova et al. , who used a Q-1500 derivatograph under a nitrogen filled atmosphere and 

a scan rate of 10 C min-1, reported that TOPO was only thermally stable up to 150 C.436 

However, their justification for their reported thermal decomposition temperature was because 

TOPO can ‘inflame’ at this temperature. This raises questions about the actual experimental 

conditions used as TOPO would not combust under an inert, nitrogen atmosphere. These 

authors also did not report if the TOPO sample was dried prior to analysis. 

The mixtures (TOPO = 0.10-0.90) began to decompose at slightly lower temperatures 

than the neat components (82-113 C vs. 133 C and 204 C, respectively). The thermal 

stability limits for acid-rich samples decreased with increasing mole ratio of TOPO until  

TOPO = 0.33, for which Td(onset) = 82 C. This composition corresponds to two malonic acid 
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molecules for every TOPO molecule. Above TOPO = 0.33, Td(onset) increased very slightly 

but steadily with increasing TOPO content, to 103 C at TOPO = 0.90. 

 

Figure 3.3.1.1- 2. Onset of the stages of thermal decomposition in neat components (red squares) and in 

TOPO:malonic acid mixtures across the compositional range, as a function of TOPO mole ratio. Considering 

TOPO:malonic acid mixtures, black and blue squares represent the onset of the first and second stages of thermal 

decomposition, respectively. TGA scans were run under dynamic heating conditions with a 10 C min-1 scan rate. 

 To understand the mechanism of the first stage of thermal decomposition, the  

TOPO = 0.33 TOPO:malonic sample was chosen for in-depth analysis. This sample was first 

heated with a high ramp rate (50 C min-1) and then held isothermally (22 h, 90 C). The high 

initial ramp rate ensured that thermal decomposition prior to isothermal temperature studies 

was limited. This isothermal temperature was high enough to ensure a satisfactory rate of 

decomposition, but low enough to ensure that the second stage of thermal decomposition did 

not occur. The isothermal TGA trace for this sample is shown in Figure 3.3.1.1- 3. 
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Figure 3.3.1.1- 3. Mass loss profile of TOPO = 0.33 TOPO:malonic acid held isothermally at 90 C. Initial ramping 

rate: 50 C min-1. 37% mass loss ca. related to loss of malonic acid in the first stage of thermal decomposition. 

Figure 3.3.1.1- 3 shows a non-continuous mass loss profile for the TOPO = 0.33 

sample, held isothermally at 90 C. This is indicative of thermal decomposition, as opposed to 

a continuous mass loss profile which indicates that a significant proportion of mass loss is 

attributed to an evaporation or sublimation event.437 Within the initial 3 h of the isothermal 

programme, the rate of mass loss was calculated to be 5.8%. After ca. 13 h (800 min), 37% of 

the initial sample mass was lost and the sample remained a constant weight (63% of its initial 

sample mass, see Figure 8.2.1- 1 in Appendix). 37% weight loss corresponded quite well to 

the malonic acid component of the mixture (35% of the initial sample mass). The remaining 

63%. corresponded to the mass of TOPO in the sample (65% of the sample mass). This was 

approximately concurrent with dynamic TGA, which resulted in 29% mass loss in the first 

step. Some overlap between masses lost in the first and second stages could be expected due 

to the dynamic heating conditions (10 C min-1) and the ultimate temperature-mass loss lag. 

The remaining mass was lost in the second thermal decomposition stage. 

 To confirm the assignments, of the two components decomposing at two stages, the 

experiment was replicated at a larger scale (ca. 3 cm3) by heating a TOPO = 0.33 sample in a 

round bottomed flask, under a flow of argon., with the composition of the gas phase 

qualitatively monitored in situ by GC-MS. The liquid phase was sampled an hour after 

reaching 90 C and analysed using 1H and 13C NMR spectroscopy.  

Visual observation indicated that bubbles evolved over time as the sample was held 

isothermally at 90 C and that the liquid component of the mixture turned cloudy. In addition, 
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a trace amount of a white crystalline solid gathered at the top of the round bottomed flask 

during heating. This white solid was identified as malonic acid by 13C NMR (Figure 8.2.1- 2, 

the appendix). When sampling the mixture after 1 h at 90 C, a strong and distinguishable 

vinegar odour was detected. This was aligned with the liquid phase by 13C NMR spectroscopy, 

identifying the presence of acetic acid in the mixture (Figure 8.2.1- 3, the appendix). During 

isothermal heating, evolved gas analysis using in situ GC-MS detected the presence of 

appreciable levels of CO2 in the gas phase along with lower levels of H2O and CO gases as 

shown in Figure 3.3.1.1- 4. 

 

Figure 3.3.1.1- 4. Qualitative identification of CO2, H2O and CO as gas phase products of decomposition using in 

situ GC-MS when TOPO = 0.33 TOPO:malonic acid was held isothermally at 90 C. 

The combination of the liquid and gas phase analysis indicated that acetic acid and CO2 were 

the main products of the first stage of decomposition. This was consistent with the thermal 

decomposition products of neat malonic acid produced via a decarboxylation 

mechanism.435,438–443 Moreover, in 2019, choline chloride:malonic acid eutectics were also 

shown to thermally decompose via a similar route.444 Coupled with results which indicated 

that the mass loss in the first decomposition step equates to malonic acid loss, this suggests 

that the first stage of decomposition in these TOPO:malonic acid mixtures occurs as outlined 

in Equation 3.3.1.1-1. 

CH2(COOH)2 → CH3COOH + CO2  Equation 3.3.1.1- 1 

As Td(onset) temperatures for TOPO:malonic acid mixtures across all compositions  

(TOPO = 0.10-0.90) were lower than the Td(onset) for neat malonic acid, it was concluded that 

TOPO aids the thermal decomposition of malonic acid. A commonly accepted, two-step 
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mechanism of decomposition of malonic acid proposed by Ouellette and Rawn443 is shown in 

Figure 3.3.1.1- 5. However, the scheme was modified with the phosphine oxide, demonstrating 

a possible base-catalysed modification of the original mechanism. It is likely that the 

interactions between TOPO and the hydrogen of the carboxylic acid functionality in the rate-

limiting step weaken the O-H bond (even though TOPO is too week a base to become 

protonated) and allow for the reaction to proceed at lower temperatures. 

 

Figure 3.3.1.1- 5. Mechanism of malonic acid decomposition proposed by Ouellette and Rawn443 modified by 

hydrogen bonding with TOPO, to illustrate a base-assisted thermal decarboxylation. 

 Detection of small quantities of H2O and CO in the gas phase can be explained by the 

subsequent decomposition of the primary decomposition product, acetic acid, which has been 

reported to proceed via two concurrent decomposition pathways (Equation 3.3.1.1-2 and 

Equation 3.3.1.1-3).445 

CH3COOH → CH4 + CO Equation 3.3.1.1- 2 

CH3COOH → CH2CO + H2O Equation 3.3.1.1- 3 

 Thermal decomposition coupled with evaporation and sublimation are common routes 

of mass loss for organic acids and often occur together.441 As identified in the case of  

TOPO = 0.33 TOPO:malonic acid mixtures, the initial mass loss related to Td(onset) and the 

first stage of thermal decomposition was caused by a combination of decarboxylation, 

evaporation, and sublimation events. At mole ratios up to this composition  

(TOPO = 0.10-0.33), both evaporation and sublimation events were expected as the samples 

were not homogenous liquids and had a solid phase component related to excess malonic acid 

present. It was expected that this malonic acid component at these compositions was free to 

sublime from the mixture. However, at higher TOPO values, all malonic acid was expected to 

be hydrogen bonded to TOPO molecules and, thus; base-assisted thermal decomposition was 

expected to be the dominant mass loss route at these compositions. 
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3.3.1.2. TOPO: levulinic acid 

Dynamic TGA studies were carried out for TOPO:levulinic acid mixtures across the 

compositional range (TOPO = 0.00-1.00), ramping from ambient temperature to 400 C at  

10 C min-1. TGA scans are shown in Figure 3.3.1.2- 1. In the thermal curves, there could be 

one, two or three decomposition stages distinguished. Td(onset) and the temperature 

corresponding to the onset of the second and third stages of thermal decomposition; T2 and T3, 

as a function of composition, are plotted in Figure 3.3.1.2- 2 and tabulated in Table 8.2.2- 1 

(appendix) for ease of interpretation. 

 

Figure 3.3.1.2- 1. Mass loss profile of neat TOPO, levulinic acid and TOPO:levulinic acid mixtures as a function 

of temperature from ambient temperature to 400 C under dynamic heating at 10 C min-1. Neat components 

decompose in one stage, whereas TOPO:levulinic acid mixtures decompose in two stages. 

Neat TOPO and levulinic acid undergo one-step decomposition as evidenced by the lilac 

(TOPO = 1.00) and red (TOPO = 0.00) lines in Figure 3.3.1.2- 1. In analogy to TOPO:malonic 

acid mixtures, most other compositions (TOPO = 0.10-0.30 and TOPO = 0.50-0.90) were 

characterised by a two-stage decomposition, with the first stage becoming increasingly 

pronounced as levulinic acid content increased. However, TOPO = 0.33 and 0.40 had an 

additional decomposition stage T3, which occurred between Td(onset) and T2. In contrast to 

malonic acid mixtures, which had clearly defined thermal decomposition stages, separated by 

a plateau between steps, the TOPO:levulinic acid mixtures had much less clearly defined 

stages of thermal decomposition (Figure 3.3.1.1- 1 vs. Figure 3.3.1.2- 1). It was attempted to 

amend this by lowering the heating ramp to improve the resolution, but even using a  

1 C min-1 heating rate did not bring significant improvement (Figure 8.2.2- 1, appendix). 

Nevertheless, it could be summarised that in a typical TOPO:levulinic acid mixture, the first 



71 

 

stage of decomposition Td(onset) was complete by ca. 275 C, whereas the final (T2) started 

after  275 C and has been concluded by ca. 340-390 C, with complete decomposition to 

volatile components (0% of the initial mass). The TOPO = 0.33 and 0.40 compositions were 

exceptions, for which the Td(onset) ended at a lower temperature, ca. 215 C, followed by  the 

additional decomposition stage (T3), which was completed by ca. 280 C. 

 Temperatures corresponding to thermal decomposition were determined by Td(onset) 

for all samples, plotted in Figure 3.3.1.2- 2 along with values of T2 and, where applicable, T3. 

 

Figure 3.3.1.2- 2. Onset of mass loss for neat components (red squares) and in TOPO:levulinic acid mixtures across 

the compositional range, as a function of TOPO mole ratio. Considering TOPO:levulinic acid mixtures, black 

squares represent Td(onset), the blue squares represent the onset of the second stage of mass loss and the green 

squares represent the onset of an additional thermal decomposition stage T3 in TOPO = 0.33 and 0.40 mixtures. 

TGA scans were run under dynamic heating conditions with a 10 C min-1 ramp rate. 

For neat levulinic acid under given experimental conditions (section 3.2.3), the onset of mass 

loss was found as Td(onset) = 107 C. Surprisingly, no literature reference related to the 

decomposition temperature could be found for comparison. In contrast, levulinic acid’s 

literature boiling point is said to be 245-246 C.446 However, due to the lack of previous 

thermal decomposition studies, it is difficult to conclusively ascertain whether this boiling 

point is due to levulinic acid or products of its thermal decomposition. In analogy to the 

TOPO:malonic acid mixture set, the lowest decomposition temperature, Td(onset) = 92 C, 

was recorded for TOPO = 0.33 TOPO:levulinic acid formulation, corresponding to two 

levulinic acid molecules for every TOPO molecule.  However, in contrast to TOPO:malonic 

acid samples at equivalent compositions, the acid-rich TOPO:levulinic acid formulations 

(TOPO ≤ 0.33) had all very similar decomposition temperatures, Td(onset) = 102-106 C, 
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approximately equal to that of neat acid, Td(onset) = 107 C. Decomposition of a carboxylic 

acid just above 100 C is suggestive of this reaction occurring via a dehydration pathway. In 

TOPO-rich mixtures (TOPO < 0.33), Td(onset) gradually increased with increase in TOPO mole 

ratio, to reach 198 C at TOPO = 0.90. For all compositions between TOPO = 0.40-0.90, the 

decomposition temperature, Td(onset) = 108-198 C, was above that of neat levulinic acid, 

Td(onset)  =107 C.  This suggested that TOPO stabilised the mixtures by supressing water 

elimination, potentially as a result of hydrogen bonding interactions between the components 

in this compositional range. The mass loss event labelled T2, which occurred between  

273-303 C in all compositions, can be related to the loss of TOPO from the mixture. Finally, 

the intermediate mass loss event labelled T3, identified only in TOPO = 0.33 and 0.40 at ca. 

179 C and 198 C, respectively, was difficult to attribute on the basis of the initial assessment 

alone. In addition, it is likely that the T2 onset temperature was slightly higher in TOPO = 0.33 

and 0.40 samples because of overlap between T2 and T3 peaks. An example overlay of TGA 

traces (Figure 3.3.1.2- 3) illustrates the difference between TGA traces showing two and three 

stage mass loss, in TOPO = 0.50 and 0.33, respectively. 

 

Figure 3.3.1.2- 3. Overlay of TOPO = 0.33 and TOPO = 0.50 TGA traces for TOPO:levulinic acid mixtures under 

dynamic heating at 10 C min-1 from room temperature to 400 C. The onset of each thermal event is determined 

from the initial deviation from the DTG) baseline (dashed line). Black TOPO = 0.33 showing 3-stage mass loss – 

T1 = 92 C, T2 = 308 C, T3 = 179 C. Blue: TOPO = 0.50 showing 2-stage mass loss – T1 = 130 C, T2 = 276 C. 

The TGA trace related to the TOPO = 0.50 sample (blue lines, Figure 3.3.1.2- 3) was 

uncomplicated and demonstrated two clear mass loss events. In contrast, the TGA trace related 

to the TOPO = 0.33 sample (black lines) was more convoluted, featuring two clear mass loss 
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maxima and an additional shoulder. Although small, this shoulder cannot be considered 

inconsequential as it evidently deviated from the DTG baseline. Based on TGA traces alone, 

it is difficult to speculate what each of these maxima represent due to peak overlap without 

baseline return. However, in line with compositional trends in TGA traces, it is likely that the 

1st and last events correspond to levulinic acid decomposition via water elimination and TOPO 

decomposition, respectively. 

 To understand the mechanism of thermal decomposition in greater detail, the most 

complicated and least stable, TOPO = 0.33 TOPO:levulinic acid sample was chosen for in-

depth analysis. Initially, two TGA samples were prepared for isothermal studies. Samples were 

heated with a high initial ramping rate (50 C min-1) and then held isothermally at either 90 or 

140 C – viz. (Figure 3.3.1.2- 4).  

 

Figure 3.3.1.2- 4. Isothermal TGA traces of individual TOPO = 0.33 TOPO:levulinic acid samples held isothermally 

at 90 C and 140 C. High initial ramping rate 50 C min-1. 

After 500 minutes at 90 C, the sample mass was 80% of its initial size. This 20% 

mass loss accounted for more than dehydration (6% of sample mass); however, it didn’t equate 

to the total mass of levulinic acid present in the initial sample (38%). In contrast, when the 

isothermal temperature was increased to 140 C, the sample mass was 62% of its initial size 

after 500 minutes (38% mass loss) and equated to total levulinic acid loss from the sample. 

The initial rate of mass loss increased from 4.0 to 45.8% h-1 when the isothermal temperature 

was increased from 90 to 140 C and fell steadily in both cases to ca. 2.5% h-1 and 2.6% h-1 

respectively after 2.5 h. It has been concluded that slow mass loss at 90 C suggests 
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evaporation to produce a sample with a low vapour pressure, whereas fast mass loss at 140 °C 

points to thermal decomposition.  

 To understand the mechanism of mass loss in more detail, the experiment was 

replicated on a larger scale (ca. 3 cm3) by heating a TOPO = 0.33 sample contained in a round 

bottomed flask, attached to a gas rig apparatus, under a flow of argon. The composition of the 

gas phase was qualitatively monitored in situ using GC-MS, while the liquid phase was 

sampled following heating at 125 and 140 C and analysed using 1H and 13C NMR 

spectroscopy. Visual observations identified deposition of liquid around the neck of the flask 

which solidified upon cooling (Figure 3.3.1.2- 5). This was confirmed as levulinic acid by 13C 

NMR (Figure 8.2.2- 2, appendix) 

 

Figure 3.3.1.2- 5. Levulinic acid deposition around the neck of the round-bottomed flask when the TOPO = 0.33 

TOPO:levulinic acid sample was heated at 140 C for an hour under a flow of argon. 

Upon isothermal heating, evolved gas analysis using in situ GC-MS qualitatively 

detected the presence of appreciable levels of H2O in the gas phase along with lower levels of 

CO2, CO and a trace amount of O2 (note the small y axis scale) as shown in Figure 3.3.1.2- 6. 
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Figure 3.3.1.2- 6. Qualitative identification of H2O, CO2, CO and O2 as gas phase products of decomposition using 

in situ GC-MS when TOPO = 0.33 TOPO:levulinic acid was held isothermally at 140 C. 

The levels of H2O and CO2 rose during initial ramping and then isothermal heating at 

140 C to a maximum, and then fell with time. GC-MS qualitatively determined the dominant 

gas phase decomposition product as H2O. This result is indicative of the first stage of -ketonic 

acid pyrolysis which occurs with water elimination from the enol form of the keto-enol 

tautomerism equilibrium to produce cyclic esters; explicitly furanones in the case of levulinic 

acid.447,448 Taking this into account, the dominant route of thermal decomposition at Td(onset) 

for the TOPO = 0.33 TOPO:levulinic acid sample at 140 C was the pyrolysis of levulinic acid 

to produce 2,3-dihydro-5-methylfuran-2-one and H2O (Figure 3.3.1.2- 7). 

 

Figure 3.3.1.2- 7. Schematic showing the products of levulinic acid pyrolysis which occurred via water elimination 

from the enol tautomer. Decomposition products: 6-methyl-3,4-dihydropyran-2-one and H2O. 

Additionally, CO2 was detected in the gas phase at 140 C for the TOPO = 0.33 TOPO:levulinic 

acid sample, consistent with the decarboxylation of levulinic acid to butanone and CO2 (Figure 

3.3.1.2- 8). 

 

Figure 3.3.1.2- 8. Schematic showing the products of levulinic acid decarboxylation evidenced by loss of CO2 in 

the GC-MS trace. Decomposition products: Butanone and CO2. 
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The 1H NMR spectrum of the sample analysed after being held isothermally at 140 C 

(Figure 8.2.2- 3, appendix) revealed that the TOPO mole ratio increased from TOPO = 0.33 to 

0.42, proving that levulinic acid was lost from the sample. However, other products of 

decomposition (2,3-dihydro-5-methylfuran-2-one and butanone) were not identified in the 1H 

NMR spectrum. The boiling points of 2,3-dihydro-5-methylfuran-2-one and butanone are 

167 C449 and 80 C,448,450 respectively. It is unknown why 2,3-dihydro-5-methylfuran-2-one 

is absent from the 1H NMR spectrum and is potentially due to further rapid decomposition. 

However, the absence of butanone in the liquid phase 1H NMR spectrum was likely due to its 

subsequent evaporation from the liquid phase as the isothermal temperature was above its 

boiling point. 

 Further analysis of the in situ GC-MS trace was used to deconvolute the complicated 

dynamic TGA traces and understand the three-stage mass loss in the TOPO = 0.33 and 0.40 

samples. The H2O peak present in the GC-MS trace had a sharp initial gradient, which 

indicated that water loss began soon after heating. However, the CO2 peak had a lower initial 

gradient which increased over time before flattening at its maximum peak height. As shown 

in Figure 3.3.1.2- 3, there was overlap between Td(onset) and the mass loss event labelled T3. 

Therefore, combined with the dynamic heating conditions used (10 C min-1), it was likely 

that the onset of T3 occurred at a lower temperature than 179 C as identified by the initial 

upwards inflection from the DTG curve. It was therefore likely that this T3 mass loss event 

was related to the CO2 decomposition product.  

 An interesting point in TOPO:levulinic acid thermal decomposition was that with 

increasing isothermal temperature from 125 to 140 C (see Figure 8.2.2- 4 vs.  

Figure 3.3.1.2- 4), the amount of water detected in the gas phase qualitatively increased. 

Although this GC-MS analysis was not a quantitative measure of how much gas was produced, 

as an approximation, it could also be said that the amount of carbon dioxide detected in the 

gas phase remained approximately constant (ca. 4.0 x10-13 A). This suggested that the process 

resulting in carbon dioxide loss was not as sensitive to temperature as that corresponding to 

water loss. This carbon dioxide loss may have been a result of base-assisted thermal 

decarboxylation; promoted at TOPO = 0.33, where TOPO and levulinic acid were present in a 

2:1 ratio, respectively. In addition, loss of these small molecules and detection in the gas phase 

did not follow the same trend. This suggested that they occurred independently, as two separate 

processes, and not as a result of a concurrent decomposition event such as in ketonic 

decarboxylation of long chain dicarboxylic acids by loss of equal amounts of water and carbon 

dioxide.451 
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3.3.1.3. Comparison of thermal stability in both systems 

To conclude thermal stability studies, and the comparison of thermal stability in two 

TOPO:carboxylic acid systems, Td(onset) for both TOPO:malonic acid and TOPO:levulinic 

acid systems have been plotted (Figure 3.3.1.3- 1). 

 

Figure 3.3.1.3- 1. Comparison of Td(onset) in TOPO:malonic acid and TOPO:levulinic acid mixtures across the 

compositional range under a 10 C min-1 dynamic heating regime.   

Mass loss of neat malonic acid or levulinic acid was evident in both systems via 

evaporation and/or sublimation as is characteristic for many organic acids during 

decomposition. In addition, the lowest Td(onset) value observed in both TOPO:malonic acid 

and TOPO:levulinic acid mixtures (82 and 92 C, respectively) was at the TOPO = 0.33 

composition.  However, these thermal decomposition studies have shown that no blanket 

decomposition pathway can be applied across the board for TOPO:carboxylic acid mixtures. 

Instead, they must be studied on a case-by-case basis. For example, Td(onset) of these 

TOPO:carboxylic acid systems differed from each other whereby TOPO:malonic acid 

mixtures had Td(onset) values lower than the neat acid in all cases. This was likely due to self-

catalysed thermal decarboxylation and the effect was more pronounced when TOPO was  

≥ 0.33. However, TOPO:levulinic acid mixtures were not detrimentally affected by the 

presence of TOPO. In contrast, below TOPO = 0.33, Td(onset) values were relatively unaffected 

by TOPO and lost mass at a similar temperature to that in neat levulinic acid. Furthermore, 

above TOPO = 0.33, mixtures were stabilised by the presence of TOPO and dehydration 

appeared to be inhibited as their Td(onset) values increased by as much as 90 C between  

TOPO = 0.40 and 0.90. It was also expected that higher TOPO mole ratios would raise the 
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boiling point of the TOPO:levulinic acid mixtures, consequently preventing mass loss due to 

evaporation as the vapour pressure of the mixture was reduced. 

3.3.2. Phase behaviour 

Phase diagrams for TOPO:carboxylic acid formulations were constructed across their 

compositional range using data from differential scanning calorimetry (DSC) and solid-liquid 

cell (SLC) apparatus. DSC traces for neat TOPO (Figure 8.3- 1) and levulinic acid  

(Figure 8.3- 2) can be found in the appendix. The melting points (Tf) and enthalpies of fusion 

(Hf) for the neat components are summarised, along with their literature comparisons in  

Table 3.3.2- 1. 

Table 3.3.2- 1. Melting point temperature (Tf) and enthalpy of fusion (Hf) related to neat components in this work, 

alongside their literature references. In this work, Hf was calculated by integration of the melting peak in the DSC 

trace. a Melting point determined using SLC apparatus. b a higher Hf reported was likely due to a higher degree of 

crystallinity given that the Tf agrees well with literature. 

Component Tf / C Hf / kJ mol-1 Reference 

TOPO 52 39.0 This work 

 53 53.5b 40 

Malonic acid 137a -a This work 

 134 23.1 452 

 136 - 453,454  

Levulinic acid 32 16.7b This work 

 33 9.2 455 

 

Using Hf  and differences in molar heat capacities in the liquid and solid phases (Cp,f), ideal 

liquidus phase boundaries can be calculated using Equation 3.3.2-1,50 where i is the mole 

ratio of component i in the formulation and i is the activity coefficient of component i at a 

given mole ratio. Hf  and Tf are the enthalpy of fusion and the temperature of fusion associated 

with the melting of neat components, with units kJ mol-1 and C, respectively. Cp,f  is the 

difference in molar heat capacity associated with the component i in the solid and liquid 

phases, respectively. Units of  Cp,f are J mol-1 K-1. R is the universal gas constant (8.314 J 

mol-1 K-1) and T is a given temperature. All units of temperature are in Kelvin.  

𝑙𝑛(
𝑖


𝑖) =  
𝐻𝑓 

𝑅
(

1

𝑇𝑓
− 

1

𝑇
) +  

𝐶𝑝,𝑓

𝑅
(

𝑇𝑓

𝑇
− ln

𝑇𝑓

𝑇
− 1)  Equation 3.3.2-1 

 Several common practice assumptions were made when calculating the ideal liquidus 

phase boundaries according to Equation 3.3.2-1. Firstly, it was assumed that the activity  

coefficients i = 1. Secondly, the specific heat capacity term was assumed to be zero  

(Cp,f  = 0) due to having a negligible contribution to the ideal liquidus phase boundaries when 

the neat components have similar melting points.50456457 Therefore, ideal liquidus phase 
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boundaries were approximated using a simplified version of this equation, using  

Equation 3.3.2-2.  

𝑙𝑛(
𝑖) =  

𝐻𝑓 

𝑅
(

1

𝑇𝑓
− 

1

𝑇
)  Equation 3.3.2-2 

Hf from this work (TOPO: 39.0 kJ mol-1 and levulinic acid: 16.7 kJ mol-1), were used to 

calculate the ideal liquidus phase boundaries, except for Hf, malonic acid. The malonic acid 

enthalpy of fusion literature reference (malonic acid: 23.1 kJ mol-1) was used in this case as 

DSC data was not recorded for samples which melted at or above their thermal decomposition 

onset to prevent damage to apparatus. 

3.3.2.1. TOPO:malonic acid 

Visual observations identified that TOPO:malonic acid formulations formed homogenous 

liquids at ambient temperature within the compositional range TOPO = 0.55-0.67. For lower 

TOPO loadings (TOPO = 0.10-0.50), samples were heterogeneous and contained both solid and 

liquid components at ambient temperature. The liquid proportion in these formulations 

increased with increasing TOPO mole ratio, up to TOPO = 0.50. At very high TOPO loadings 

(TOPO = 0.70-0.90), samples were solid at ambient temperature. However, the freshly prepared 

TOPO = 0.70 sample was biphasic and consisted of a majority solid phase with a small liquid 

proportion. This sample gradually solidified over the course of two weeks, likely due to slow 

crystallisation kinetics because its liquidus point was close to ambient temperature (ca. 30 C). 

TOPO:malonic acid samples with compositions TOPO = 0.10-0.33 decomposed upon liquidus 

melting, resulting in clear yellow liquids; analogous with neat malonic acid. For SLC 

observations in amorphous, glassy samples (TOPO = 0.60 and 0.40 for TOPO:malonic acid and 

TOPO:levulinic acid respectively), only the temperature corresponding to the onset of stirrer 

bar movement upon warming was relevant and corresponded to the glass transition 

temperature of these samples.  

 The TOPO:malonic acid phase diagram constructed over the entire compositional 

range from DSC and SLC data is shown in Figure 3.3.2.1- 1 and tabulated data are available 

in Table 8.3.1- 1 (appendix). This figure also includes ideal liquidus phase boundaries 

approximated using Equation 3.3.2-2 to show the deviation from ideality, attributed to 

interactions such as hydrogen bonding between the TOPO and malonic acid components. 

Individual DSC traces for TOPO:malonic acid formulations across the compositional range 

can be found in the appendix (Figure 8.3.1- 1 to Figure 8.3.1- 10). DSC scans were recorded 

over the temperature range from -90 C to above the sample liquidus temperature. This DSC 

procedure had an upper temperature limit of 70 C, which was below the onset of thermal 
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decomposition determined from dynamic TGA data for all samples. Those samples which had 

Td(onset) values below that of their liquidus temperature were not run above their sample 

liquidus point in the DSC (TOPO = 0.00-0.33). In this case, only SLC data was obtained for 

these samples and they were observed to change colour from colourless to yellow close to their 

liquidus point. 

 

Figure 3.3.2.1- 1. TOPO:malonic acid phase diagram constructed from DSC and SLC data across the whole 

compositional range from TOPO = 0.00-1.00. Ideal liquidus phase boundary comparison highlights the real liquidus 

phase boundary deviation from ideality to a lower liquidus temperature which was likely owed to intermolecular 

hydrogen bonding interactions which occurred between TOPO and malonic acid. 

The TOPO:malonic acid phase diagram was relatively uncomplicated and exhibited a 

simple eutectic behaviour. This type of phase diagram was classified by Nývlt as one in which 

the neat components do not form a compound and whereby the components are not miscible 

in the solid phase (S1 + S2), but are miscible in the liquid phase (L).51 In 2019, Meuldijk and  

co-workers published a similar simple eutectic phase relationship between TOPO and 

dodecanoic acid, for example.40 In their publication, eutectic points were identified at  

TOPO = 0.43 and 0.44 when considering TOPO:dodecanoic acid and  

TOPO:N.N’-dihexylthiourea formulations, respectively.40 

 In this work, when TOPO was ≤ 0.55, a clearly defined horizontal solidus line existed 

at ca. 11 C, identified by a sharp endothermic melting peak in the DSC trace (DSC T1) and 

the onset of stirrer bar movement when using SLC apparatus (SLC T2). This likely 

corresponded to the eutectic isotherm. The liquidus point in this region (SLC T1) corresponded 

to the melting of excess malonic acid in these samples. However, the TOPO = 0.55 sample only 

exhibited a melting event which resided on the eutectic isotherm line and did not have another 
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melting event related to the melting of an excess of one component. This suggested that the 

TOPO = 0.55 sample was only composed of the eutectic composition.  

 In addition, the sample at the TOPO = 0.60 composition had inhibited crystallisation 

and vitrified upon cooling; therefore, no melting event could be identified in either the DSC 

trace or when using SLC apparatus. This typically results from mixture heterogeneity. 

Although it was not included in the phase diagram, as it is kinetically governed and related to 

the thermal history of the sample,88 a glass transition was observed using SLC apparatus, 

identified by the onset of stirrer bar movement upon glass softening; and occurred, on average, 

at -4 C. An additional TOPO = 0.60 composition sample was then prepared in a scratched 

aluminium pan, sealed, and placed in the fridge and then the freezer. The sample was held 

isothermally in the DSC at 0 C and cooled very slowly (1 C min-1) in a bid to induce 

crystallisation (see section 3.2.6 for details). The DSC trace for this sample is shown in Figure 

8.3.1- 11 (appendix). Even under these slow cooling conditions, a sharp, first order melting 

event was not identified in the DSC trace. Instead, a small peak was present at -6 C which 

was assigned to enthalpic relaxation in the sample as it occurred 2 C above the average glass 

transition temperature (Tg = -4 C) recorded in SLC apparatus experiments.88,458 It is expected 

that if time and equipment allowed, this sample could have been stored close to its glass 

transition temperature for an extended period of time to approach equilibrium and promote 

crystallisation, however, this was outside the project scope in this case.88 

 Similarly uncomplicated phase behaviour was observed for TOPO ≥ 0.80, whereby 

samples melted to homogeneous liquids between 40-50 C. There was no evidence of eutectic 

melting in this TOPO-rich region. However, following an experiment which held a  

TOPO = 0.80 sample isothermal at 30 C overnight, ‘wet patches’ were observed. This 

indicated that, although not visible from results, the eutectic isotherm likely extended to 

include samples with composition TOPO ≥ 0.80; but that the kinetic dissolution of TOPO was 

too slow for the DSC timescale. 

 DSC thermograms were more complicated for TOPO = 0.67 and 0.70 samples (Figure 

3.3.2.1- 2).  
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Figure 3.3.2.1- 2. TOPO:malonic acid DSC traces. Top: TOPO = 0.67. Bottom: TOPO = 0.70. Temperature scan 

rate: 2 C min-1. 

The TOPO = 0.67 sample had a broad, two-stage cold crystallisation event which occurred at 

low temperatures between -30 and -90 C, followed by two overlapping melting events in its 

heating cycle. The TOPO = 0.70 sample was even more complex, whereby it contained a broad, 

two-stage overlapping crystallisation event in its cooling cycle and three endothermic events 

in its heating cycle; two of which overlapped. The endothermic event, labelled DSC T2 in 
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Figure 3.3.2.1- 1, was speculated to be a solid-solid transition. Despite the more complex 

nature of these thermograms, DSC T1 and SLC T2 aligned well with the horizontal eutectic 

isotherm and DSC T3 and SLC T1 traced the liquidus line corresponding to the melting of 

excess TOPO in good agreement. 

 It is expected that an unsaturated, homogeneous solution of TOPO and malonic acid 

was present above the liquidus line traced by DSC T3 and SLC T1 datapoints in the region ‘L’. 

Below the horizontal eutectic isotherm line, in the region S1 + S2, heterogeneous mixture of 

solid malonic acid and TOPO were present. Between the horizontal eutectic isotherm line and 

the liquidus line, it is expected that, depending on whether a composition was within a  

TOPO-rich (S2 + L) or malonic acid-rich (S1 + L) region of the phase diagram, either solid 

TOPO or malonic acid, respectively, co-existed with a saturated solution of TOPO and 

malonic acid. When the real liquidus lines observed were compared to the ideal liquidus lines 

approximated, it was clear that there was deviation from ideal mixing behaviour when these 

components were combined between  0.33  TOPO  0.80. This suggested that intermolecular 

interactions occurring between TOPO and malonic acid were most significant in this region 

and contributed to deep eutectic behaviour. 

3.3.2.2. TOPO:levulinic acid 

Visual observations identified that TOPO:levulinic acid formulations formed homogenous 

liquids at ambient temperature within the compositional range TOPO = 0.30-0.50. In TOPO-

poor mixtures (TOPO = 0.10-0.20), samples were heterogeneous and contained both solid and 

liquid components at ambient temperature. The liquid proportion in these formulations was 

dominant and increased with increasing TOPO mole ratio. The TOPO = 0.60 appeared to be a 

gel at ambient temperature, however compositions with a TOPO ≥ 0.67 were solid at ambient 

temperature. 

 The TOPO:levulinic acid phase diagram constructed over the entire compositional 

range from DSC and SLC data is shown in Figure 3.3.2.2- 1 and tabulated in Table 8.3.2- 1 

(appendix). This figure also includes ideal liquidus phase boundaries approximated using 

Equation 3.3.2-2 to show the deviation from ideality because of interactions between the 

TOPO and levulinic acid components. Individual DSC traces for TOPO:levulinic acid 

formulations across the compositional range can be found in the appendix (Figure 8.3.2- 1 to 

Figure 8.3.2- 9). DSC scans were recorded over the temperature range from -90 C to above 

the sample liquidus temperature. This DSC procedure had an upper temperature limit of  

70 C, which was below the onset of thermal decomposition determined from dynamic TGA 

data for all samples. 
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Figure 3.3.2.2- 1. TOPO:levulinic acid phase diagram constructed from DSC and SLC data across the whole 

compositional range from TOPO = 0.00-1.00. Ideal liquidus phase boundary comparison highlights the real liquidus 

phase boundary deviation from ideality to a lower liquidus temperature which was likely owed to intermolecular 

hydrogen bonding interactions which occurred between TOPO and levulinic acid. 

The phase diagram for TOPO:levulinic acid was markedly different from the 

TOPO:malonic acid phase diagram. This can be attributed to two reasons: 1) melting point of 

levulinic acid is significantly lower than that of malonic acid (32 vs. 137 C. respectively) and 

2) levulinic acid has one carboxylic acid group, and malonic acid has two. This 

TOPO:levulinic acid phase diagram had characteristics of a ‘Type 2-IIIa’ binary phase 

diagram classified by Nývlt (Figure 1.2- 2),51 in which the neat components do not form a 

compound and whereby the components are miscible in the liquid phase (L) and partially 

miscible in the solid phases. This partial miscibility gives rise to solid solutions (S and S), 

defined as when “crystals of a compound are fitted into the lattice of another crystal”.459 In 

this work, the lowest melting event occurred at the TOPO = 0.40 composition, similar to other 

TOPO formulations with dodecanoic acid and N.N’-dihexylthiourea (TOPO = 0.43 and 0.44, 

respectively).40 

 Levulinic acid-rich regions of the phase diagram with TOPO ≤ 0.20 were very complex. 

The liquidus line represented by SLC T1 and SLC T2 was present slightly above ambient 

temperature. In addition to this, a phase transition was found at DSC T1 which corresponded 

to a first order, endothermic melting event slightly below the ambient temperature. 

Interestingly, there was no additional first order transition which corresponded to a melting 

event in the DSC thermogram which was in the same region as SLC T1 and SLC T2 – viz. 

Figure 3.3.2.2- 2 as an example.   
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Figure 3.3.2.2- 2. TOPO = 0.20 TOPO:levulinic acid DSC trace. Temperature scan rate: 2 C min-1. 

This temperature difference may have been owed to discrepancies in the two methodologies, 

or the presence of two different polymorphs of levulinic acid. Furthermore, two additional low 

temperature endothermic events were present at these compositions around -20 C, 

represented by DSC T2. These endothermic events were speculated to be due to solid-solid 

phase transitions between heterogeneous solid mixtures (S + S) and a solid solution (S) 

whereby TOPO crystals were fitted into a levulinic acid crystal matrix. 

 Between TOPO = 0.30-0.40, the DSC thermograms (Figure 8.3.2- 2 to  

Figure 8.3.2- 4 in appendix) featured only one, low enthalpy melting event. In SLC 

experiments, TOPO = 0.30-0.40 samples vitrified upon cooling to a clear, glassy solid. Samples 

TOPO = 0.30 and 0.33 partially crystallised during warming to ambient temperature using SLC 

apparatus, while the TOPO = 0.40 sample did not crystallise and remained vitrified until it 

passed through its glass transition temperature. Thus, it is expected that the DSC samples were 

also only partially crystalline in their heating cycle. This is thought to be the reason for the 

low enthalpy endothermic events in DSC thermograms. The TOPO = 0.50-0.67 samples also 

featured a broad shoulder which aligned with the melting events in TOPO = 0.30-0.40 samples 

and have been labelled DSC T3 – viz. Figure 3.3.2.2- 3 as an example. 
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Figure 3.3.2.2- 3. TOPO = 0.67 TOPO:levulinic acid DSC trace. Temperature scan rate: 2 C min-1. 

It was concluded that the melting event that occurred around ca. -2 C was the horizontal 

solidus line corresponding to the eutectic isotherm. 

 Compositions with TOPO ≥ 0.70 were solid at ambient temperature. DSC thermograms 

for these compositions featured one endothermic melting event and temperatures recorded 

aligned well with observations from SLC experiments (Figure 3.3.2.2- 1). 

 It is expected that an unsaturated, homogeneous solution of TOPO and levulinic acid 

was present above the liquidus line traced by DSC T1, SLC T1 and SLC T2 datapoints in the 

region ‘L’. In the regions denoted S and S, solid solutions of TOPO in a levulinic acid matrix 

and levulinic acid in a TOPO matrix existed, respectively. Below the horizontal eutectic 

isotherm line, in the region S + S, a heterogeneous mixture of conjugated solid solutions 

existed. Finally, between the horizontal eutectic isotherm line and the liquidus line, a 

heterogeneous equilibrium existed between the conjugated solids and saturated liquid phases 

which are dependent on the composition. Discontinuous solid solutions of this type are 

common in binary mixtures of fatty acids, for example, whereby the compounds are miscible 

in the solid phase in a restricted compositional range and are analogous to azeotropic-

heterogeneous mixtures.460 They result from structural differences which exist between the 

individual components.460,461 
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3.3.3. NMR spectroscopy 

The 31P NMR chemical shift ( 31P) is highly sensitive to changes in phosphorous environment 

and varies as a function of solvent and concentration. The changes in 31P NMR chemical shift 

of TOPO with changing NMR solvent are summarised in Table 3.3.3- 1. 

Table 3.3.3- 1. TOPO 31P NMR chemical shift with changing NMR solvent. A no temperature data is given, 

however, Tf,TOPO = 52 C. 

NMR solvent ca.  31P / ppm Reference 

d3-acetonitrile 46 462 

d6-acetone 45 This work428 

d-chloroform 49 463 

d6-benzene 44 463 

N/A (neat)a 50 44 

 

For example, the  31P ≈ 50 ppm when 31P NMR spectrum of TOPO is recorded neat  

(Tf = 52 C).44 However, when TOPO is dissolved in d6-benzene, the signal is much more 

shielded,  31P = 44 ppm ( 31P = 6 ppm). As a result, 31P NMR spectroscopy is regularly 

used as a technique to measure the degree of interaction between phosphorous moieties and 

other components, such as strong Lewis acids. For example, TOPO-containing liquid 

coordination complexes (LCCs) formed when the phosphine oxide moiety complexes to Lewis 

acidic metal halides results in deshielding of the 31P NMR signal by as much as  31P = 36 

ppm (to 75-86 ppm) when strongly Lewis acidic metal chlorides, such as AlCl3 or GaCl3, are 

used. Furthermore, shorter chain variant of TOPO, triethylphosphine oxide (TEPO), is widely 

used as a probe to quantify the hydrogen bond strength464 and the Lewis acidity,465–468 using 

the Gutmann or Gutmann-Beckett method.  

 In this work, ambient temperature liquid compositions of TOPO:carboxylic acid 

formulations were studied using 31P NMR spectroscopy to investigate the strength of 

interactions which occurred between the components; namely between the phosphine oxide 

and carboxylic acid functionalities. The  31P obtained have been plotted in Figure 3.3.3- 1 and 

tabulated in Table 3.3.3- 2 to show the relationship between chemical shift and composition. 

Stacked 31P spectra for TOPO:malonic acid and TOPO:levulinic acid formulations can be 

found in Figure 8.4- 1 and Figure 8.4- 2 (appendix), respectively. 
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Figure 3.3.3- 1. 31P NMR chemical shifts as a function of TOPO in neat TOPO:carboxylic acid ambient temperature 

liquid formulations. 31P chemical shifts have a linear relationship with TOPO in ambient temperature liquid samples. 

NMR solvent: D3PO4 (capillary). 

All liquid TOPO:carboxylic acid formulations, measured neat, had  

 31P ≈ 53-57 ppm. All of these formulations were shifted downfield of the chemical shift 

reported for neat TOPO ( 31P ≈ 50)44 by ca. 3-7 ppm which demonstrated that hydrogen 

bonding occurred between the TOPO and carboxylic acid components of these mixtures. 

These chemical shifts were similar to those reported for neat TOPO:phenol formulations at 

TOPO = 0.10-0.60 ( 31P ≈ 49-60 ppm), consistent with TOPO hydrogen bonded to phenol.39 

Each incremental increase in acid loading, TOPO = -0.1, induced a downfield shift by about 

 31P ≈ 1.5-2.3 ppm, which followed a linear trend, pointing to proportionally stronger 

interaction of TOPO with increasing amounts of an acid. 

 As shown in Figure 3.3.3- 1, 31P NMR chemical shifts recorded for TOPO:malonic 

acid were more shielded than 31P NMR signals from TOPO:levulinic acid, measured at 

corresponding TOPO values. It has been hypothesised that this is merely due to the difference 

in the number of carboxylic acid groups in both acids. To test this hypothesis, chemical shifts 

were compared in terms of the hydrogen bonding motif ratios, rather than the TOPO values 

(Table 3.3.3- 2). That is, the ratio of TOPO to carboxylic acid group (TOPO:acid unit) was 

considered. 
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Table 3.3.3- 2. 31P NMR chemical shifts of neat TOPO:carboxylic acid ambient temperature liquid samples and 

their relevant phosphine oxide:acid ratios. NMR solvent: D3PO4 (capillary). 

TOPO:acid unit 

 
TOPO 31P / ppm  TOPO 31P / ppm 

TOPO:malonic acid  TOPO:levulinic acid 

 

1:2 

 

 

1:1 

 

0.50 

 

57.17 

 0.30 

0.33 

56.38 

55.95 

0.55 56.12    

0.60 54.92  0.40 54.84 

0.67 53.11  0.50 52.95 

 

One TOPO was interacting with two carboxylic acid groups (1:2) at TOPO = 0.33 when 

monocarboxylic levulinic acid was concerned, but at TOPO = 0.50 when dicarboxylic malonic 

acid was used. When represented in terms of TOPO:acid units,  31P values were very similar 

for the same TOPO:acid unit, corresponding to one (1:1) or two (1:2) hydrogen bonding motifs 

per one phosphine oxide. For example, TOPO = 0.67 TOPO:malonic acid and TOPO = 0.50 

TOPO:levulinic acid formulations both had one hydrogen bonding motif present and had  

 31P ≈ 53 (53.11 ppm and 52.95 ppm, respectively). Therefore, as both malonic acid  

(pKa,1 = 2.82)469 and levulinic acid (pKa = 4.59)470 have roughly similar pKa values (pKa = 

1.77), the strength of interaction between TOPO and the carboxylic acid component depends 

primarily on the ratio of phosphine oxide:carboxylic acid functionalities present. 

From the solid state crystal structures, it is known that the phosphine oxide 

functionality can form either one471,472 or two473 hydrogen bonds simultaneously, without 

losing strength in negative cooperativity. Thus, it has been dubbed an ambidextrous hydrogen 

bonding functionality.473 Furthermore, computational studies using the electron localisation 

function suggest that the phosphine oxide functionality has the ability to partake in as many 

as three simultaneous hydrogen bonds in the solid state.473–475 It is also expected that the ability 

of the phosphine oxide functionality to form multiple hydrogen bonds should translate into the 

liquid state.473 In this case, a higher ratio of phosphine oxide:carboxylic acid units led to a 

more deshielded phosphorous environment (greater downfield  31P), likely due to an 

increased number of hydrogen bonding motifs.  

 Conclusions drawn from this 31P NMR study were relevant in the context of carboxylic 

acid leaching from the organic phase. The linear nature of changes in  31P, as the acid loading 

increases, combined with literature data on multiple hydrogen bonding available to phosphine 

oxides, lead to the assumption that even at high acid loadings they will be hydrogen bonded 

to TOPO, which may prevent to a certain extent leaching, or enhance extraction from the 

aqueous feed.   Nevertheless, to limit the extent of carboxylic acid component partitioning into 

an aqueous phase upon contact (in metal extraction application), a key design factor should 
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encompass choosing carboxylic acids which are high on the hydrophobicity scale. When 

designing systems for selective extraction of carboxylic acids, it can be expected that 

hydrophobic acids will be extracted better. This was confirmed by Meuldijk and co-workers 

in 2019 when they showed that the extent of volatile fatty acid extraction into a TOPO:N,N’-

dihexylthiourea extractant was dependent on the hydrophobicity of the acid being extracted 

(butyric  propionic  acetic acid).40 

3.3.4. Density and molar volume 

A difference in density between phases is of paramount importance for trouble-free phase 

separation. The densities of the liquid compositions of TOPO:carboxylic acid formulations 

were studied over the temperature range from 20 to 50 C, in 5 C increments. Furthermore, 

the liquid parts of the TOPO = 0.10-0.20 TOPO:levulinic acid formulations were also tested. 

The density data, as a function of temperature, is plotted in Figure 3.3.4- 1 and tabulated in 

Table 8.5- 1 (appendix). 
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Figure 3.3.4- 1. Density of TOPO:carboxylic acid formulations as a function of temperature. Top: TOPO:malonic 

acid. Bottom: TOPO:levulinic acid. 

At 20 C, the density of both TOPO:malonic acid and TOPO:levulinic acid 

formulations decreased with increasing TOPO. This was expected considering that, at standard 

temperature and pressure, the density of TOPO is 0.86 g cm-3, whereas the densities of malonic 

acid and levulinic acid are 1.62 and 1.13 g cm-3 (at 35 C),476 respectively. The density of the 

TOPO = 0.10 TOPO:levulinic acid sample was significantly higher than densities of 

compositions with higher TOPO. This was attributed to the liquid structure of this sample 
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strongly resembling neat levulinic acid, accounting for the large difference in relative 

molecular masses between these components (RMMTOPO = 386.63 g mol-1, RMMlevulinic acid = 

116.12 g mol-1) – and to the fact that only the liquid portion of this composition was sampled. 

As a result, it was thought that calculation of molar volumes (Vm) of these samples would be 

more appropriate for a meaningful comparison. 

 Vm of samples at each TOPO composition were calculated, for each temperature 

studied, using Equation 3.3.4-1.  

𝑉𝑚 =  
𝑅𝑀𝑀

𝑟
 Equation 3.3.4-1 

Vm represents molar volume (cm3 mol-1), RMM represents relative molecular mass (g mol-1) 

and  represents density (g cm-3). The Vm values for TOPO:malonic acid and TOPO:levulinic 

acid mixtures, over a range of compositions and temperatures, were plotted as a function of 

temperature (Figure 3.3.4- 2) and tabulated in Table 8.5- 2. 

Again, as expected, the Vm values of the samples increased with increasing 

temperature and with increasing TOPO, in both TOPO:carboxylic acid systems. The latter trend 

is attributable to an increasing proportion of the less dense TOPO component.  
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Figure 3.3.4- 2. Molar volume (Vm) of TOPO:carboxylic acid formulations as a function of temperature.  

Top: TOPO:malonic acid. Bottom: TOPO:levulinic acid. 

Plotting Vm as a function of temperature demonstrated a linear relationship between 

these variables in the liquid compositions (or liquid proportions of heterogeneous formulations 

of TOPO = 0.10-0.20, TOPO:levulinic acid). Although densities of the TOPO = 0.10 

TOPO:levulinic acid sample were considerably higher than other compositions, the 

corresponding molecular volumes didn’t divert from the general trend. This confirmed that the 
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density disparity observed was due to the large difference in RMM between components 

TOPO and levulinic acid. 

 For both linear regression plots of density and molar volume data was plotted as a 

function of temperature and fitted to Equation 3.3.4-2 and Equation 3.3.4-3, respectively. 

𝑟 = 𝑎 + 𝑏𝑇 Equation 3.3.4-2 

𝑉𝑚 = 𝑎 + 𝑏𝑇 Equation 3.3.4-3 

In these equations,  represents density (g cm-3), Vm represents molar volume (cm3 mol-1), T 

represents the temperature (C), a represents the y axis intercept and b represents the gradient 

of the line. The equation fitting parameters are listed in Table 3.3.4- 1. 

Table 3.3.4- 1. Density and molar volume linear trendline fitting parameters for liquid compositions and liquid 

proportions of TOPO:carboxylic acid formulations over the temperature range from 20-50 C. Density data had a 

negative gradient while molar volume data had a positive gradient. 

Mixture TOPO Density () Molar volume (Vm) 

  a -b a b 

TOPO:malonic acid 0.50 0.9705 0.0007 252.6 0.1973 

 0.55 0.9580 0.0007 270.7 0.2016 

 0.60 0.9465 0.0007 288.9 0.2187 

 0.67 0.9340 0.0007 313.9 0.2358 

TOPO:levulinic acid 0.10 1.0644 0.0008 134.4 0.1061 

 0.20 0.9883 0.0007 172.1 0.1378 

 0.30 0.9819 0.0007 200.8 0.1569 

 0.33 0.9738 0.0007 210.8 0.1645 

 0.40 0.9578 0.0007 234.0 0.1823 

 0.50 0.9399 0.0007 267.3 0.2076 

 

 The calculation of excess molar volume (Vm
E) would have idealily provided insight 

into the types of interactions which occurred in these TOPO:carboxylic acid liquids. Vm 

typically increases (+Vm
E) with physical, Van der Waals forces interactions such as London 

forces or dipole-dipole interactions.477–481 On the other hand, Vm typically decreases (-Vm
E) 

with chemical or specific interactions such as chemical bond formation, charge transfer or 

hydrogen bonding interactions. Furthermore, structural contributions arising from greater 

packing efficiency because of differences between different molecule sizes also decreases Vm 

(-Vm
E). With this in mind, Vm

E would be expected to have a negative sign in the case of 

TOPO:carboxylic acid liquid formulations, assuming that hydrogen bonding interactions 

occur between TOPO and the carboxylic acid. However, in both mixtures at least one 

component is a crystalline solid at ambient temperature, therefore it inevitably has a low Vm, 

which increases upon transition to a liquid. Unfortunately, this made it impossible to attribute 

changes in Vm to interactions occurring between components. 
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 Another important physical property to understand is viscosity, if these functional 

liquids were to be used industrially as extraction solvents, for example. I had initially tried to 

study viscosity using the rolling ball method, similar to that described in section 5.3.6. 

However, samples were too viscous to be introduced into the capillary without bubbles. In 

future work, these viscosities could be measured using a cone and plate viscometer to allieviate 

sample preparation issues. At the current time however, this apparattus is out of order. 

3.4. Conclusions 

This chapter covers studies of thermal stability, phase behaviour and density in TOPO-

carboxylic acids mixtures, in addition to probing the strength of interactions between the 

components by 31P NMR spectroscopy. 

Thermal stability studies have shown that no all-encompassing thermal decomposition 

route can be used to describe TOPO:carboxylic acid mixtures. Depending on the molar 

composition and the acid used, the presence of TOPO has been shown to either increase or 

decrease the Td(onset) temperature. Increase in thermal stability in the presence of TOPO arose 

from its ability to inhibit decomposition via dehydration; decrease in thermal stability was 

attributed to base-catalysed decarboxylation. In conclusion, the presence of TOPO could be 

used to stabilise carboxylic acids that decompose via dehydration. 

Similarly, phase behaviour and the type of phase diagram were dependant on the 

structure of the carboxylic acid. While both TOPO:malonic acid and TOPO:levulinic acid 

mixtures had phase diagrams which showed that the components did not form a compound 

and were miscible in the liquid phase, they differed in miscibility in the solid phase. 

TOPO:malonic acid mixtures exhibited simple eutectic behaviour in which the components 

were immiscible in the solid phase (Type 2-Ia1 behaviour). In contrast, TOPO:levulinic acid 

mixtures were partially miscible in the solid phase and their phase behaviour suggested the 

presence of solid solutions. Therefore, these mixtures exhibited type 2-IIIa phase behaviour.51 

The lowest temperature phase transitions occurred at TOPO = 0.55 and TOPO = 0.40 for 

TOPO:malonic acid and TOPO:levulinic acid formulations, respectively. It should also be 

noted, however, that the TOPO = 0.60 TOPO:malonic acid composition exhibited glass-

forming behaviour and therefore did not crystallise in either the DSC cycles or in SLC 

apparatus. 

 When using TOPO based functional liquids to achieve highly concentrated TOPO 

solutions, a good rationale would be to use high TOPO compositions which are liquid, but not 

necessarily at the eutectic composition. 31P NMR and density studies provided useful 

information related to application of these mixtures in extractions, for example. 31P NMR 
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concluded that liquid compositions with high TOPO concentrations had stronger interactions 

with the carboxylic acids and thus, suggested that these stronger interactions may help to limit 

leaching. Furthermore, density studies concluded that high TOPO compositions were the best 

choice for extraction applications as they are characterised by the lowest density. An enhanced 

density disparity between the TOPO based liquid and water suggested that compositions with 

high TOPO  values would facilitate greater phase separation in extraction from aqueous sources. 

 This physico-chemical study is expected to guide further research into greater design 

of TOPO based functional liquids and their potential as solventless extractants. 
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4. Extraction of gallium from acidic chloride streams 

using TOPO-based eutectics 

Following on from the fundamental physico-chemical studies, it has been decided to explore 

an application of a TOPO-carboxylic acid mixture. Gallium was focused on as it is an element 

in critical supply, with an increasing pressure on its high demand. This has been outlined in 

greater detail in section 4.1 and its subsections. This chapter covers the extraction of gallium 

from an aqueous, acidic stream using a TOPO = 0.67 TOPO:malonic acid eutectic, complete 

with speciation of gallium in the aqueous and in the organic extractant phase, studies of 

malonic acid leaching as well as insights into competitive metal extraction and gallium 

stripping. 

 Aspects of work described in this chapter has been published in Phys. Chem. Chem. 

Phys., 2020, 22, 24744-24763. 

4.1. Introduction 

Gallium is a metallic element found in group 13 of the periodic table. It  has found importance 

in industry in recent years due to its semi-conducting properties observed with the combination 

of gallium with group 15 elements, such as gallium arsenide (GaAs) or gallium nitride 

(GaN).482–486 For example, GaN chips have been crucial for the provision of 5G networks. 

However, the European Chemical Society has recently identified that gallium has a serious, 

vulnerable supply threat in the next 100 years. Furthermore, in 2018, the US government 

named gallium as one of the 35 critical elements or minerals related to national security and 

economic prosperity, as they are heavily dependent on importation from other nations.487 

China currently produces 95% of the world’s gallium and, thus, is widely in control of the 

world’s supply. Therefore, as in any dominance from a single global superpower, there is 

global interest related to dispersing long term supply. In addition to this, the spike in global 

demand for gallium has prompted a search for a range of economically and environmentally 

sustainable gallium sources and extraction methods to deal with heightened demand. 

4.1.1. Gallium sources 

It is known that gallium is present in the lithosphere in trace amounts, at levels of 

approximately 10 ppm.381 Under natural conditions, the fact that gallium has an ineptitude to 

form minerals of its own type means that it is quite scarce.488 Due to its geochemical 

similarities to aluminium, it is often found as a secondary element in aluminium ores, such as 

bauxite. It has been suggested that there is the worldwide potential for around 2 million tonnes 

of gallium to be recovered from bauxite ores.489 Within these, typically aluminium is 

substituted by gallium in aluminosilicates, alunite and apatite, where these minerals act as 



98 

 

hosts.381 It can also be found in sulphurous compounds, substituting copper and zinc in 

minerals such as sphalerite (ZnS) and chalcopyrite (CuFeS2).381,484 Gallium can also be found 

in coal490–497 and in coal fly ash at levels up to 100 ppm (existing as either Ga2O3 or Ga3+ in 

aluminosilicate substitutes);498–500 leading to attempts to recover gallium from these sources 

on both the laboratory and industrial scale.484,501,502 Other known sources of gallium are from 

red mud as waste from the Bayer process,381,503 which contains gallium present as -GaOOH, 

Ga(OH)3 or [Ga(OH)4]- species504,505 and from flue dust generated as a result of phosphorus 

production with Xu et al., reporting a gallium composition of 0.053 wt% in the flue dust.506 

Furthermore, the Apex mine in Utah has unusually high gallium contents averaging around 

2860 ppm; mostly in the form of jarosite hosts.371,507–509 Major gallium sources, compiled in 

2017 by Xiao et al., are summarised in Table 4.1.1- 1.504,510–513 

Table 4.1.1- 1. Major gallium sources and their estimated gallium content.504,510–513 

Raw material  

Estimated reserve  

/109 tons 

Ga average content  

/ ppm 

Ga potential resources  

/106 tons 

Bauxite 55-75 50 1 

Zinc ore 1.9 50 0.095 

coal 1000 10 10 

 

As gallium has an ineptitude to form minerals on its own, it is not mined independently, but 

instead is acquired as a by-product of other metal recovery processes such as from the 

aluminium or zinc manufacturing industry and by recycling waste electronics.381,506,514,515 This 

is achieved from these sources industrially by companies such as Vital Materials, DOWA 

Electronics Materials Co. Ltd. and Neo Rare metals, respectively. However, the major 

industrial gallium source is currently from aluminium processing – that being Bayer 

Liquour.504 

Focusing on potential future gallium production from a US or European perspective, 

none of the top ten bauxite reserves are located in the USA or Europe.516 Furthermore, in the 

same US government report that named gallium as a critical element, it also named bauxite as 

one of the 35 critical minerals related to national security and economic prosperity due to 

heavy dependency on importation from other nations.487 In contrast, two of the top ten zinc 

reserves are located in the USA and Europe, producing 552,400 tonnes and 122,463 tonnes of 

zinc, respectively in 2019; the latter located in the Republic of Ireland.517,518  As a result, this 

research focused on gallium extraction from the by-product of the zinc manufacturing 

industry. It is also noted, however, that as gallium resources are finite, recycling of gallium 

containing electronics will become critical for sustainability in the future.  

Gallium is present in the solid waste from zinc production streams at levels up to  

0.3 wt % within a multi-metal mixture containing Fe and Zn as the predominant components 
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and is difficult to separate without previous treatment.176,177,519–521 Table 4.1.1- 2 shows how 

composition varies with location and mine site.177,178,520 

Table 4.1.1- 2. Chemical composition of three, solid zinc leach residues prior to leaching shows that composition  

varies widely with location and is specific to each mining site. a Source: Southern China. b Source: Japan. 

Components Weight % 

Residue 1a,177 Residue 2b,178  Residue 3 a,520 

Zn 16.2 10.0 24.45 

S 8.9 - - 

Fe2+ - - 7.88 

Fe3+ 23.1 7.6 3.74 

SiO2 11.2 - 9.14 

Pb 3.7 - 0.46 

Ga 0.043 0.030 0.27 

Na 0.046 - - 

Ca 2.5 - - 

Ag 0.054 - - 

Al - 5.3 - 

As - 2.1 0.98 

In - 1.1 - 

Cu - 0.3 5.55 

Ge - - 0.36 

 

A 6 M HCl solution has been shown to successfully leach gallium and the metals present in 

residue 2 into a feed solution whereby, after filtrate dilution threefold with 6 M HCl, a 

feedstock containing ca. 12 mg L-1 gallium was achieved (Table 4.1.1- 3).178  
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Table 4.1.1- 3. Metal concentrations in the 6 M HCl filtrate before and after dilution following zinc leach residue 

immersion in 6 M HCl (20 cm3) at ambient temperature (24 h).178 

Metal Concentration / mg L-1 

6 M HCl filtrate (before dilution) Feedstock (following dilution) 

Zn 9300 3100 

Fe 4500 1500 

Al 4200 1400 

As 1800 600 

In 960 320 

Cu 261 87 

Ga 36 12 

 

The focus of this work was to explore whether gallium could be selectively extracted from this 

leachate, opening up a novel, relatively inexpensive route to extract gallium from zinc leach 

residue. Understanding the speciation of gallium in the presence of different pH conditions 

and in the presence of various ligands is indispensable. 

4.1.2. Gallium speciation in aqueous solutions 

4.1.2.1. GaCl3 solutions in water 

In GaCl3 solutions in water, the extent of hydrolysis is related to the concentration of GaCl3 in 

solution.522,523 At low GaCl3 concentrations, gallium tends to hydrolyse and, thus, is present as 

either GaCl3, Ga(OH)Cl2 or Ga(OH)2Cl. However at high gallium concentrations, above 4 mol 

kg-1 GaCl3, hydrolysis is somewhat suppressed and so the gallium speciation also includes the 

complexation product, tetrachlorogallate, [GaCl4]-.522,523 

4.1.2.2. Acidic GaCl3 solutions 

GaCl3 hydrolysis is also strongly correlated to the acidity of the aqueous solution, as GaCl3 

associates with chloride ions at high HCl acidity to form [GaCl4]- as the dominant species in 

solution. However, hydrolysis is promoted in low acid conditions.524 The presence of 

predominant tetrahedral, [GaCl4]-, species in 6.3 M HCl solutions were identified by 

Woodward and Nord in 1956 using Raman spectroscopy.525 Furthermore, the degree of 

hydrolysis experienced can be calculated using a number of equations as outlined by Das  

et al.524 It is also noted that due to either hydrolysis reactions, or the addition of HCl to suppress 

said reactions, it is only possible to analyse solutions of mixed GaCl3 starting material, 

products of hydrolysis and/or HCl.523  
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4.1.2.3. Basic Ga(OH)3 solutions 

Ga3+ within the basic regime in aqueous solution is inclined to form polynuclear hydroxide 

species.526,527 Therefore, it is difficult to measure absolute concentration of species present in 

solution. As a result, Wood and Samson predicted gallium hydrolysis products as a function 

of pH and temperature in a 2006 publication related to the solubility of GaO(OH) in aqueous 

solution. This is shown in Figure 4.1.2.3- 1.526 

 

Figure 4.1.2.3- 1. Gallium speciation of mononuclear gallium hydroxide species as a function of pH and 

temperature. (0: Ga3+, 1: [GaOH]2+, 2: [Ga(OH)2]+, 3: Ga(OH)3, 4: [Ga(OH)4]-).526 

Analysing gallium speciation at 25 C (relevant in extraction systems), it is apparent that 

[Ga(OH)2]+ and Ga(OH)3 are not dominant species at any pH.526 Ga3+ is dominant at pH < 3 

and [Ga(OH)4]- predominant at pH > 4, in addition to a small window of [Ga(OH)]2+ 

predominance at pH = 3-4.526 The coordination number of the hydrated Ga3+ metal ion centres 

is known to be 6, giving octahedral hydrated gallium species.526,528–531 While considering the 

effects of temperature on gallium speciation an increase in temperature leads to a decrease in 

the range of pH predominance for Ga3+ and [Ga(OH)]2+, but an increase in the predominance 

of [Ga(OH)2]+ and Ga(OH)3 across a greater pH range.526 At all temperatures, [Ga(OH)4]- has 

the greatest pH field of predominance and is not greatly affected by temperature increase, aside 

from a slight increase in the pH value at which [Ga(OH)4]- becomes predominant.526  

4.1.2.4. Ga2(SO4)3 and Ga(NO3)3 solutions 

Although there is less information available on the speciation of gallium in aqueous solutions 

of these complexes, in 1969, Izatt et al. studied gallium sulfate complexes and deduced that 
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[Ga(SO4)]+ and [Ga(SO4)2]- where the two dominant gallium sulfate species present in aqueous 

solution.504,532 

 There is no information available about the speciation of gallium in Ga(NO3)3 

solutions, however, in 2017 Lu et al. reasoned that due to similarities between the [NO3]- and 

Cl- complexing abilities,532 it could be assumed that [Ga(NO3)4]- is likely to be present in 

aqueous solutions with a high acid content.504  

4.1.3. Gallium speciation in extraction from acidic feeds 

Most early work on the extraction of gallium from aqueous, acidic chloride streams with 

organophosphorus extractants began in the 1960s using tributyl phosphate (TBP).371,533–535 

These studies showed that, using a TBP extractant, the gallium distribution ratio (DGa) 

increased with increasing HCl concentration, until it reached its optimum HCl concentration 

between 8-9 M HCl. Any further increase in acidity above 8-9 M HCl resulted in lower DGa 

values. Similarly, trioctylphosphine oxide (TOPO) diluted with a hydrocarbon diluent has also 

been used to extract gallium from acidic, aqueous streams.370,371,536,537 Ishikawa and co-workers 

deduced that TOPO behaved similarly to TBP as an extractant.315,371 However, TOPO had the 

added advantage that it achieved higher gallium distribution ratios when compared with TBP 

at any given acid concentration. Furthermore, the optimum DGa value for TOPO was reached 

at 6 M HCl, which is the concentration typically used in publications on dissolving zinc 

leachate residue.178 

Further studies showed that the efficiency of gallium extraction depended on the 

interplay between the concentrations of HCl, of the extractant and of the gallium species.371,533–

535 This can be attributed to gallium extraction efficiency being directly tied to its speciation 

in the aqueous feed, which depends on acidity and on the chloride content. It has been reported 

that the addition of chloride salts also enhanced gallium extraction; not only the chloride anion 

was found important, but also the nature of the salt cation (size and charge) had an effect on 

gallium extraction efficiency.315,371,533  

Whereas speciation of gallium in the aqueous acidic, chloride-rich feed is quite well 

understood, its speciation in the extracted phase was highly contested and there is no consistent 

and robust agreement in the literature with regards to gallium speciation in the extracted phase. 

For example, considering TBP at low acidity, its low extraction efficiency is attributed to 

gallium in the extracted phase existing as a hydrated solvate, [GaCl3∙mH2O∙nTBP]org.371,538 

TOPO was said to behave similarly at low acidity, with gallium present as [GaCl3∙nTOPO], 

where n = 1 or 2. These authors used Jobs plots to determine the number of species around the 

central gallium ion. However, using far-infrared spectroscopy they did observe the presence 
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of stretching bands related to both Ga-O at 395-400 cm-1 and Ga-Cl at 375 cm-1 in the organic 

phases. No structures were proposed in this study. 

With increasing aqueous acidity, however, the debate about gallium speciation in the 

extracted phase becomes further contested. Some authors claimed that with an increased 

acidity there was a greater propensity for a proton to associate with [GaCl4]- in aqueous 

solution and extract gallium into the organic phase with TBP or TOPO as 

H[GaCl4∙3TBP]371,533,534,539 or H[GaCl4∙3TOPO], respectively.370,371 Again, these authors did 

not consider any spectroscopic techniques and based this speciation solely on the results from 

Jobs plots; nor did they propose any structures. Other authors claimed that gallium was 

extracted as GaCl3⋅2TOPO in super-stoichiometric TOPO conditions;537 similar to extraction 

of bivalent metal cations with TOPO540 or TBP;541 and as [GaCl3⋅TOPO] in sub-stoichiometric 

TOPO conditions at high acidity.315 None of these researchers have explicitly considered 

fundamental knowledge about gallium coordination chemistry; Ga3+ is known to exist in 

tetrahedral, octahedral and in rare, sterically hindered cases, trigonal bipyramidal 

complexes.542–544. Therefore, it is my opinion that [GaCl3⋅TOPO] or [GaCl3⋅2TOPO] 

complexes are more plausible at higher HCl concentrations under sub and super-stoichiometric 

TOPO concentrations, respectively as speciation such as H[GaCl4∙3TOPO] would exceed the 

gallium standard coordination number. For these same reasons, it is also my opinion that it is 

more likely that in the case where gallium is said to be extracted as [GaCl3⋅2TOPO]370,371 in 

super-stoichiometric TOPO conditions, that a six coordinate, octahedral, neutral and dimeric 

complex is formed as opposed to a five coordinate trigonal bipyramidal complex  

(Figure 4.1.3- 1). 

 

Figure 4.1.3- 1. Possible geometries associated with a [GaCl3⋅2TOPO] complex. (A) Trigonal bipyramidal.  

(B) Octahedral. It is likely that this GaCl3⋅2TOPO species is extracted as a dimeric, octahedral complex as gallium 

is most commonly known to exist in tetrahedral and octahedral geometries.542 
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4.1.4. Gallium extraction from acidic feeds in competition with other metals 

There are limited literature reports on competitive extraction of gallium from acidic waste 

streams. For example, when TBP was used to extract gallium from waste germanium solutions 

at 8-9 M aqueous acidity,371,545 it was found that iron co-extraction was problematic. This was 

partially circumvented by TBP dilution to 10%, resulting in a higher DGa than DFe.175,371 

However, as the iron concentration in the feed largely exceeded that of gallium, a pre-reduction 

step to reduce Fe3+ to Fe2+ using iron powder and HCl and SO2 scrubbing was ultimately 

required. In this case, 99% of gallium was extracted. In addition to this, a patent developed 

by Nagumo and Murakoshi in 1964 also described the separation of gallium from iron using a 

TBP extractant diluted to 20% in kerosene and a 6 M HCl solution, however, it was also 

expected to suffer from similar co-extraction issues.371,546 

 To my knowledge, there have been no studies reporting the extraction of gallium from 

either acidic or basic aqueous solutions using deep eutectic solvents prior to this work. 

4.2. Experimental 

4.2.1. Materials 

Trioctylphosphine oxide (TOPO, 97%) was kindly supplied by Solvay free of charge. 

Gallium(lll) chloride (99.999%) was purchased from Alfa Aesar. Hydrochloric acid (37%), 

malonic acid (99%), iron(lll) chloride (97%), ammonium chloride (≥99.5%), lead(ll) chloride 

(98%), sodium hydroxide (≥97%),  potassium chloride (≥99%) and sodium chloride (≥99.5%) 

were purchased from Sigma Aldrich. Zinc chloride (≥97%) was purchased from Honeywell 

Fluka. Calcium chloride (≥95%) was purchased from Fischer Scientific. All chemicals were 

used as received. 

4.2.2. Preparation of mixtures 

4.2.2.1. Aqueous acid and acidic metal chloride stock solutions 

All aqueous stock solutions were made with deionised water, polished to 18.2 M cm-1 and 

recovered from a Barnsted de-ionisation system. Aqueous HCl stock solutions were prepared 

between 1-8 M HCl with addition of a known amount of acid to 25 cm3 of de-ionised water in 

a volumetric flask and made up to volume by dilution with deionised water. 

Acidic gallium chloride stock solutions were prepared by weighing a known quantity of 

GaCl3 into a two-necked round bottomed flask under a dry, argon atmosphere within the glove 

box (mBraun Lab Master dp, 0.6 ppm O2 and H2O). The round bottomed flask was sealed, 

transferred to Schlenk line apparatus and a steady flow of argon was passed over the flask. A 

pre-prepared HCl stock solution was added dropwise to the two-necked round bottomed flask 

containing GaCl3 using a pressure-equilibrated dropping funnel under a flow of argon, with 
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stirring (500 rpm) and cooling in an ice-bath. Once all GaCl3 had dissolved, the acidic gallium 

chloride stock solution was equilibrated ambient temperature, transferred to a volumetric flask 

and made up to volume by dilution with the same pre-prepared HCl stock solution.  

 Other individual solutions of acidic metal chloride, FeCl3, ZnCl2, NaCl, CaCl2, stock 

solutions were prepared by weighing a known quantity of metal chloride, MClx, into a round 

bottomed flask in a fume hood. A pre-prepared HCl stock solution was added dropwise to the 

round bottomed flask with stirring until all MClx dissolved. The sample was equilibrated to 

ambient temperature, transferred to a volumetric flask and made up to volume by dilution with 

the same pre-prepared HCl stock solution.  

The multi-metal stock solution was prepared by dissolving a known quantity of each 

individual metal chloride in 10 cm3 of 6 M HCl. AlCl3 and GaCl3 solutions were weighed into 

two-necked round bottomed flasks in the glove box, under a dry, argon environment (mBraun 

Lab Master dp, 0.6 ppm O2 and H2O). The round bottomed flasks were sealed, transferred to 

Schlenk line apparatus and a steady flow of argon was passed over the flask (as above) until 

complete dissolution was observed. All other metal chlorides, FeCl3, InCl3, CuCl2 and ZnCl2 

were weighed into round bottomed flasks in a fume hood with subsequent HCl addition. These 

solutions were then equilibrated to room temperature, combined in a volumetric flask and 

made up to volume with 6 M HCl. 

 The metal content of all aqueous acidic metal stock solutions was determined by 

inductively coupled plasma (ICP) using an Agilent Technologies 5100 ICP-OES spectrometer 

prior to use. Stock solution samples were diluted with de-ionised water to ensure that the metal 

content entering the spectrometer fell within the required calibration range (1-10 ppm). 

4.2.2.2. TOPO:malonic acid extractant 

Known amounts of TOPO and malonic acid were combined with stirring (solventless,  

500 rpm) in a round bottomed flask by combining mole fractions of TOPO and malonic acid 

at TOPO = 0.67. These mixtures were heated (2 h, 60 C) or until a colourless, homogenous 

liquid formed. Samples were then equilibrated to ambient temperature before use.  

4.2.3. Extraction procedure 

Unless stated, typical metal extraction experiments involved combining equivolumes of  

TOPO = 0.67 TOPO:malonic acid and an acidic metal chloride stock solution in a 

polypropylene centrifuge tube, followed by shaking on a mechanical shaker (Burrell model 

75, 10 min). Prior to extraction, to ensure that any volume changes did not occur for more 

accurate determination of extraction efficiency and distribution coefficient (DGa) estimates by 

aqueous acid extraction for example, extractant phases were first pre-equilibrated (10 min) 
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with an equivolume of aqueous HCl of the same molarity to that used in extraction, absent of 

gallium.533,541 After mixing, samples were centrifuged (5 min) and the organic and aqueous 

phases separated. Metal content in the aqueous raffinate phase post-extraction was determined 

by ICP-OES analysis following dilution to between 1-10 ppm of the metal (if required).  

 Extraction efficiencies were calculated, as shown by Equation 4.2.3-1, chosen as the 

best way to represent results due to a high number of extraction experiments resulting in 100% 

extraction.  

Extraction efficiency = [100 −
([M](aq,final)∗100)

[M](aq,init)
] Equation 4.2.3-1. 

Here, extraction efficiency is recorded as a percentage (%), where [M](aq, init) and [M](aq, final) are 

the initial and final metal concentrations (ppm) in the aqueous phase before and after extraction 

respectively. 

Distribution coefficient estimates were calculated as shown in Equation 4.2.3-2.  

𝐷M =
[𝑀]𝑜𝑟𝑔

[𝑀]𝑎𝑞
=  

[𝑀𝑎𝑞,𝑖]−[𝑀𝑎𝑞,𝑓]

[𝑀𝑎𝑞,𝑓]
 Equation 4.2.3-2. 

Here DM represents the distribution coefficient of the metal in question, [M]org and [M]aq are 

the concentrations of the metal in the organic and aqueous phases after extraction, respectively 

and [M,aq,i] and [Maq,f] the initial and final metal concentrations in the aqueous phase, 

respectively. 

Separation factor estimates were calculated as shown in Equation 4.2.3-3. 

𝛽𝑀1
𝑀2

⁄
=  

𝐷𝑀1

𝐷𝑀2

 Equation 4.2.3-3. 

Here, M1/M2 represents the separation factor of metal one, M1, over metal two, M2. This is 

calculated from the ratio of the distribution coefficient estimates for each of these metals in 

the multi-metal extraction experiment. 

4.2.4. Typical leaching experiment procedure 

Two TOPO:malonic acid liquid samples at the extremities of the homogeneous liquid range 

(TOPO = 0.55 and 0.67) were chosen. Either de-ionised water (polished to 18.2 M cm-1) or a  

6 M HCl aqueous phase made with de-ionised water was added to a shaking tube and an 

equivolume of TOPO:malonic acid mixture added. The sample was shaken on a mechanical 

shaker (Burrell model 75, 20 min, ambient temperature) and subsequently centrifuged (5 min) 

to obtain good phase separation. Malonic acid concentration in the aqueous phase for samples 
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shaken with de-ionised water was determined by both FT-IR and total organic carbon content 

(TOC) as described in sections 4.2.6 and 4.2.7. 

4.2.5. Gallium speciation 

TOPO = 0.67 TOPO:malonic acid samples were prepared as outlined in section 4.2.2.2. A 

known volume of TOPO = 0.67 TOPO:malonic acid (5 cm3) was pre-contacted with an 

equivolume of 6 M HCl, shaken on a mechanical shaker (Burrell model 75, 20 min, ambient 

temperature), centrifuged (5 min) and the aqueous layer removed. A known quantity of GaCl3 

was then added to this pre-contacted TOPO = 0.67 TOPO:malonic acid sample under an argon 

environment and stirred (30 min, 500 rpm) to ensure complete dissolution. Once gallium 

dissolution was complete, 71Ga NMR spectroscopy was recorded as outlined in section 4.2.8. 

4.2.6. IR spectroscopy 

For leaching experiments, the malonic acid concentration in the aqueous phase following 

TOPO:malonic acid samples shaken with de-ionised water was determined by  

FT-IR. Measurements were recorded on an Agilent Technologies Cary 630 FT-IR 

spectrometer equipped with an ATR attachment.  

4.2.7. Total organic carbon content 

For leaching experiments, malonic acid concentration in the aqueous phase following 

TOPO:malonic acid samples shaken with de-ionised water and 6 M HCl were determined by 

TOC using a Shimadzu TOC-L analyser. For TOC calculations, the amount of carbon relating 

to malonic acid (g L-1) was calculated using Equation 4.2.7-1. 

[𝑀𝐴] =  
𝑇𝑂𝐶𝑟𝑎𝑤−𝑇𝑂𝐶𝑤∙𝑑∙𝑅𝑀𝑀𝑀𝐴

(1000)∙𝑅𝑀𝑀𝑡𝑜𝑡𝑎𝑙 𝑐𝑎𝑟𝑏𝑜𝑛
  Equation 4.2.7-1. 

[MA] is the concentration of malonic acid (g L-1). TOCraw is the raw concentration of carbon 

in the sample and TOCw is the concentration of carbon in a blank water sample (ppm). d is the 

dilution factor.  RMMMA is the relative molecular mass of malonic acid and RMMtotal carbon is 

the relative molecular mass of the total number of carbons present in the sample (g mol-1). 

4.2.8. NMR spectroscopy 

Gallium speciation in the TOPO = 0.67 TOPO:malonic acid mixture was determined by 71Ga 

NMR spectroscopy. TOPO = 0.67 TOPO:malonic acid pre-contacted with 6 M HCl and 

containing 0.00568 M or 0.100 M gallium was loaded into an NMR tube and 71Ga NMR 

spectra recorded on a Bruker Avance DPX 600 MHz spectrometer at 183 MHz. Spectra were 

referenced to a 1.1 m solution of Ga(NO3)3 in D2O (71Ga = 0 ppm). 
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4.2.9. Gallium stripping studies 

TOPO = 0.67 TOPO:malonic acid mixtures containing gallium were prepared as outlined in 

section 4.2.5. Two methods were used to try to recover gallium from the TOPO:malonic acid 

extracting agent – cyclic voltammetry and pH change. 

4.2.9.1. Cyclic voltammetry  

TOPO = 0.67 TOPO:malonic acid mixtures containing gallium were placed in a glass sample 

holder and electrodes immersed in the liquid, ensuring that each electrode was in contact only 

with the TOPO = 0.67 TOPO:malonic acid liquid mixture containing gallium and did not touch 

the walls of the container. A three-electrode system was used - a glassy carbon electrode 

working electrode (W), a platinum electrode counter electrode (C) and an Ag+/Ag reference 

electrode (R). The reference electrode was separated from the bulk of the system via a glass 

frit. Voltage was applied from +2 to -2 volts (scan rate = 10 mV s-1). 

 Two types of Ag+/Ag silver reference electrode were used (aqueous and molecular). 

The aqueous reference involved a silver wire immersed in aqueous silver chloride solution 

(BASI RE5B). The molecular reference involved a silver wire immersed in  

a silver nitrate-saturated TOPO = 0.67 TOPO:malonic acid mixture. This molecular reference 

was prepared with TOPO = 0.67 TOPO:malonic acid (3 cm3) made as outlined in section 4.2.2.2 

and subsequent addition of silver nitrate (8.5 x10-3 g) with stirring  

(30 C, 16 h, 500 rpm). Most silver nitrate, although not all, dissolved. 

4.2.9.2. pH change 

Unless stated, a typical pH change stripping study involved addition of TOPO = 0.67 

TOPO:malonic acid containing gallium (0.00568 M, 1 cm3) to a centrifuge tube, contacted 

with an equivolume of aqueous stripping agent using a mechanical shaker (Burrell model, 20 

min, ambient temperature) and then centrifuged (5 min). After centrifugation, the aqueous 

layer was removed and submitted for ICP-OES analysis. 

4.3. Results and discussion 

This section covers results of extraction from an aqueous, acidic feedstock, extractant loading 

capacity and competitive metal extraction, including from simulated zinc residue leachate. 

Also covered includes gallium recovery from the extractant phase and speciation of gallium 

present in the extractant phase, along with leaching studies. 
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4.3.1. Liquid-liquid extraction of gallium from acidic chloride feedstock 

using TOPO:organic acid liquid mixtures 

In this proof-of-concept feasibility study, a TOPO:malonic acid extractant was used to extract 

gallium from acidic chloride feedstock. An acidic chloride system was chosen for two reasons: 

(1) TOPO is known to extract gallium from acidic chloride aqueous feedstock,315,370,371 and  

(2) HCl has been shown to effectively dissolve solid zinc leach residue powder waste from the 

zinc manufacturing process.178 The TOPO = 0.67 composition of the TOPO:malonic acid 

mixture was chosen as an extractant to produce a highly TOPO-concentrated extractant (88 

wt% TOPO, 2.095 M), with a significantly higher TOPO concentration than that used in the 

benchmark (0.004 M TOPO)315 and in other apolar solvents, such as kerosene. This TOPO 

molar ratio (TOPO = 0.67), aside from providing the most highly concentrated TOPO mixture 

from liquids formed between TOPO = 0.55-0.67 had the potential for: (1) lowest leaching of 

malonic acid to the aqueous phase and (2) greater partition from aqueous streams as it was the 

TOPO molar ratio with the lowest density ( = 0.91732 g cm-3 at 25 C).  

 All extraction experiments were performed in glass shaking tubes with ca. 10 cm3 

volume capacity using equivolume aqueous and organic phases (3 cm3). Organic phases were 

first pre-contacted with an aqueous acid solution prior to extraction, with 10 min pre-contact 

and extraction steps – see section 4.2.3 for detail. A standard benchmark experiment was 

replicated from the literature,315 using 0.004 M TOPO dissolved in benzene, with extraction 

performed at 6 M HCl – the HCl concentration correlating to the highest reported DGa. For 

comparison, the TOPO = 0.67 TOPO:malonic acid mixture has been used as the extractant 

phase under the same conditions as those described in the literature. Experiments with the 

TOPO = 0.67 TOPO:malonic acid mixture were repeated over a HCl concentration range 

between 1-8 M HCl (see Figure 4.3.1- 1and Table 4.3.1- 1).  

 As a distribution coefficient is a ratio depending on species equilibrated between 

phases, this was reserved for extraction experiments that did not result in extraction to the 

limits of detection. As metal content in the organic phase was calculated by the difference in 

metal content between pre- and post- extraction samples in the aqueous phase, this assumed 

equilibrium mass transfer and no significant liquid volume changes. As a result, distribution 

coefficients were calculated as estimates.  
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Figure 4.3.1- 1. Gallium extraction from acidic aqueous chloride feedstock as a function of HCl concentration from 

1-8 M HCl. Extracting phase: TOPO = 0.67 TOPO:malonic acid. Literature benchmark: 0.004 M TOPO in benzene 

at 6 M HCl. Conditions: ambient temperature, initial GaCl3 concentration = 0.006 M, org:aq volume ratio 1:1, pre-

contact and extraction time 10 min. 

The replicated benchmark extracts 66% of gallium present in the initial feedstock at 

6 M HCl (DGa = 1.96, 0.00372 mmol mL-1) using 0.004 M TOPO dissolved in benzene. 

Ishikawa and co-workers reported a DGa = 1.30 (this was not explicitly stated, but had to be 

read from a Log graph within).315 The lower value, when compared to the result of this work, 

may arise from the difference in quantifying the gallium content. In the literature, for the 

organic gallium content determination, gallium was first stripped from the organic phase into 

an aqueous phase using 0.1 M HCl, which was then analysed using EDTA titration. This 

required an explicit assumption that all gallium was successfully stripped from the organic 

phase. In contrast, in this work, the difference in aqueous gallium content pre- and post-

extraction was analysed, which could contribute to the higher recorded gallium content. 

Considering the extraction using TOPO = 0.67 TOPO:malonic acid as the organic 

extractant phase, gallium extraction efficiency increased with increasing HCl concentration 

from 50% at 1 M HCl to 100% at 4 M HCl, above which extraction also occurred to the limits 

of detection (0.1 ppm, 100% extraction). This increase in extraction with increasing HCl 

concentration was thought to be relayed to changing speciation of gallium chloride. With 

increasing HCl concentration, there was an increasing Cl- ion concentration, leading to the 

formation of a more easily extractable [GaCl4]- species in the aqueous phase. As reported in 
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the literature,315,533 both TBP and TOPO dissolved in a diluent have high propensity to extract 

[GaCl4]-, as further discussed in Section 3.3.2. 

Table 4.3.1- 1. Gallium extraction from acidic aqueous chloride feedstock as a function of HCl concentration from 

1-8 M HCl. Extracting phase: TOPO = 0.67 TOPO:malonic acid. Literature benchmark: 0.004 M TOPO in benzene 

at 6 M HCl. Conditions: ambient temperature, initial GaCl3 concentration = 0.006 M, org:aq volume ratio 1:1, pre-

contact and extraction time 10 min. 

Organic extractant phase HCl concentration / M Extraction efficiency / % 

0.004 M TOPO in benzene 

(Benchmark) 

6 66 

TOPO = 0.67  

TOPO:malonic acid 

1 50 

2 79 

4 100 

5 100 

6 100 

8 100 

 

It should be noted that, even at HCl concentrations as low as 1-2 M HCl, the  

TOPO = 0.67 TOPO:malonic acid mixture has shown a high extractive performance, with 

extraction efficiencies comparable to that of the literature benchmark maximum at 6 M HCl 

(50-79% vs. 66% respectively). This comparable extractive abilities at much lower HCl 

concentrations could prove beneficial if acidity can be lowered in other stages of the process, 

thereby reducing the corrosivity of the system in cases where acidity presents a problem. 

Due to extraction to the limits of detection using TOPO in super-stoichiometric 

conditions, where TOPO was in excess compared to gallium, sub-stoichiometric TOPO 

conditions were used in order to determine the loading capacity of  TOPO = 0.67 

TOPO:malonic acid (concentration of gallium was increased by about x100). This experiment 

was also performed to better identify trends in extraction efficiency with increasing HCl 

concentration. The comparison of super and sub-stoichiometric TOPO conditions, along with 

the literature benchmark, is shown in Table 4.3.1- 2 
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Table 4.3.1- 2. Number of moles of gallium extracted (mmol) from the aqueous feedstock by TOPO = 0.67 

TOPO:malonic acid when TOPO is in excess of gallium [GaCl3] = 0.006 M and when gallium is in excess of TOPO 

[GaCl3] = 0.504 M demonstrating loading capacity of the extractant along with comparison with benchmark. 

Ambient temperature, pre-contact and extraction time: 10 min. When [GaCl3]aq = 0.006 M, org:aq = 1:1. When 

[GaCl3]aq = 0.504 M, org:aq = 1:5. 

Initial [GaCl3]aq / M [HCl] / M Ga extracted / mmol mL-1 Extraction efficiency / % 

0.00568 

(Benchmark) 

6 0.00372 66 

0.00568 1 0.00294 50 

 5 0.00502 100 

 6 0.00562 100 

 8 0.00516 100 

0.504 1 0.792 34 

 5 1.18 57 

 6 1.34 60 

 8 1.28 58 

 

 As expected, in contrast to the plateauing of gallium extraction efficiency at low initial 

gallium content (0.006 M gallium) above 4 M HCl, where TOPO was present in super-

stoichiometric conditions with respect to gallium, when a higher initial gallium content was 

considered (0.504 M gallium) extraction efficiency of gallium increased with increasing HCl 

concentration to ca. 6 M HCl. A further increase in HCl concentration to 8 M HCl led to a 

slight decrease in gallium extraction efficiency. This maximum loading capacity at ca. 6 M 

HCl, was in agreement with the literature. Ishikawa and co-workers315 and Riley, Jr. and co-

workers537 found that the optimum loading capacity of TOPO in hydrocarbon diluents  

(0.004 M TOPO in benzene and 0.1 M TOPO in cyclohexane, respectively) were  

6.0 M and 6.5 M HCl, respectively. This decrease in extraction efficiency with further increase 

in HCl acidity past optimum has also been shown in gallium extraction with hydrocarbon-

diluted TOPO315 and is due to competitive hydrogen bonding interactions between HCl and 

TOPO.533,537  

The major finding from these loading capacity experiments indicated that  

TOPO = 0.67 TOPO:malonic acid had a loading capacity ca. three orders of magnitude greater 

than that of the benchmark standard (1.34 mmol mL-1 vs. 0.00372 mmol mL-1 respectively). 

This high loading capacity was due to the inherently high concentration of TOPO achievable 

in these liquids and suggested that TOPO = 0.67 TOPO:malonic acid could be used as a multiple 

stage contact gallium extractant. 

4.3.2. Competitive metal extraction 

A potential gallium source is zinc leach residue, also known to contain a wide range of metals 

such as zinc, iron, aluminium, indium, lead, sodium, calcium and copper for example; the 

composition of which varies with location – viz. Table 4.1.1- 2.177178 To test for the competitive 
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metal extraction, some individual metal chloride salts present in zinc leach residues were 

prepared. Three transition metals (iron, zinc, and lead) and two alkali metals (sodium and 

calcium) were chosen for this study. Lead(ll) chloride did not visibly dissolve in HCl stock 

solutions between 1-6 M HCl; it is known to dissolve very slowly in HCl with low solubility. 

Literature reports that PbCl2 required intense heating at 100 C for several hours for dissolution 

in 0.5375 N HCl.547 A lead content of 1.561 g L-1 was determined following heating at 100 C 

and then stirring at 25 C for 24 h. Compared to other metals, for which dissolution occurred 

immediately at 25 C, it was concluded that lead leaching of lead(II) chloride from zinc leach 

residue to acidified water would be unsubstantial, therefore further experiments were not 

carried out.  

Hydrochloric acid solutions of individual metals (zinc and iron) common to all zinc 

leach residues, regardless of location, were tested for the extraction over a range of HCl 

concentrations (1-8 M HCl) using a TOPO = 0.67 TOPO:malonic acid extractant. In addition 

to this, two alkali metals (sodium and calcium) found in some zinc leach residues were also 

tested individually. The metal content in the aqueous phase was determined pre- and post-

extraction using ICP-OES spectroscopy – see Figure 4.3.2- 1 and Table 4.3.2- 1.  

Figure 4.3.2- 1. Extraction efficiency of gallium compared with competitive metals zinc, iron, sodium and calcium 

found in zinc leach residue as a function of HCl concentration. Extracting phase: TOPO = 0.67 TOPO:malonic acid. 

Conditions: ambient temperature, initial metal chloride concentration = 0.006 M, org:aq volume ratio 1:1, pre-

contact, and extraction time 10 min. 
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Table 4.3.2- 1. Metal chloride extraction from acidic aqueous chloride feedstock as a function of HCl concentration 

from 1-8 M HCl using metals typically found in zinc leach residue. Extracting phase: TOPO = 0.67 TOPO:malonic 

acid. Conditions: ambient temperature, initial GaCl3 concentration = 0.006 M, org:aq volume ratio 1:1, pre-contact 

and extraction time 10 min. 

HCl concentration / M Extraction efficiency / % 

 Ga Zn Fe Na Ca 

1 50 100 100 0 0 

2 79 100 100 0 0 

4 100 100 100 0 0 

5 100 100 100 0 0 

6 100 100 100 0 0 

8 100 100 100 0 0 

 

The results showed that while zinc and iron were extracted to the limits of detection (0.1 

ppm, 100%) across all HCl concentrations studied between 1-8 M, sodium and calcium were 

not extracted (0%). In addition to this, gallium extraction efficiency increased with increasing 

HCl concentration from 50% at 1 M HCl to 100% at 4 M HCl, after which gallium was also 

extracted to the limits of detection (0.1 ppm, 100%). This highlighted that sodium and 

calcium would not be competitively extracted from zinc leach residue; however, iron and zinc 

would be. Positively, however, these results also suggested potential for gallium to be 

recovered from the TOPO = 0.67 TOPO:malonic acid extractant with pH change, as iron and 

zinc comparatively showed an increasingly greater affinity for TOPO = 0.67 TOPO:malonic 

acid than gallium at low HCl concentrations, below 4 M HCl.  

Following this initial test, a model 6 M HCl solution of metal chloride salts was prepared, 

at similar concentrations to that of a leachate obtained from real zinc leach residue which was 

immersed in 6 M HCl for 24 hours, as reported by Nii and co-workers (Table 4.1.1- 3, before 

dilution). This solution was then contacted with a TOPO = 0.67 TOPO:malonic acid extractant 

and the metal content in the aqueous phase was determined pre- and post-extraction using ICP-

OES spectroscopy. The percentage extraction achieved for each metal shown in  

Figure 4.3.2- 2 and tabulated in Table 4.3.2- 2. 
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Figure 4.3.2- 2. Extraction efficiency of gallium compared with competitive metals zinc, iron, aluminium, indium 

and copper. A simulated zinc leach residue leachate at 6 M HCl was used. Extracting phase: TOPO = 0.67 

TOPO:malonic acid. Conditions: ambient temperature, volume ratio 1:1, pre-contact, and extraction time 10 min. 

 

Table 4.3.2- 2. Metal chloride extraction from a simulated zinc leach residue leachate at 6 M HCl. Extracting phase: 

TOPO = 0.67 TOPO:malonic acid. Conditions: ambient temperature, org:aq volume ratio 1:1, pre-contact and 

extraction time 10 min. 

MClx Real leachate concentration prior 

to dilution / ppm178 

Initial concentration / ppm 

(this work) 

Extraction 

efficiency / % 

Zn 9300 9450 65 

Fe 4500 4550 100 

Al 4200 4450 0 

In 960 920 97 

Cu 261 220 16 

Ga 36 29 100 

 

The results showed that 100%, DGa = 289 of the gallium present in a simulated zinc leach 

residue leachate at 6 M HCl was extracted into the TOPO = 0.67 TOPO:malonic acid phase 

under these extraction conditions. This extractant was also selective towards gallium when 

compared to aluminium, as 0%, DAl = 0 of the aluminium present in the simulated solution 

was extracted, despite being present at high concentrations (4450 ppm). The extractant was 

also relatively selective over copper during extraction as only 16% of copper, DCu = 0.2 was 

extracted. This resulted in a gallium separation factor, Ga/Cu = 1482. However, the TOPO = 

0.67 TOPO:malonic acid extractant was less selective towards iron, indium and zinc in 

extraction. 65%, DZn = 1.8 of the zinc present in the simulated zinc leach residue leachate was 
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extracted into the TOPO = 0.67 TOPO:malonic acid phase, which resulted in a separation 

factor, Ga/Zn = 157. Indium was 97% extracted, DIn = 29.1 with a separation factor, Ga/In = 10. 

Finally, 100%, DFe = 26763 of the iron present in the system was also extracted. The separation 

factor, Ga/Fe = 0.01 indicated that gallium was not selectively extracted over iron in this 

system. The separation factors obtained for gallium over the competitive metals present in this 

simulated zinc leach residue leachate at 6 M HCl are summarised in Table 4.3.2- 3 and ordered 

in terms of best to worst selectivity with respect to gallium. 

Table 4.3.2- 3. Gallium separation factors obtained during extraction from a simulated zinc leach residue leachate 

at 6 M HCl. Extracting phase: TOPO = 0.67 TOPO:malonic acid. Conditions: ambient temperature, org:aq volume 

ratio 1:1, pre-contact and extraction time 10 min. 

Competitive metal ion Gallium separation factor,  

Al3+ Unmeasurably high 

Cu2+ 1482 

Zn2+ 157 

In3+ 10 

Fe3+ 0.01 

 

When these results were compared to literature which used a 3 fold diluted real zinc leach 

residue leachate (12 ppm gallium) and a surfactant extractant, only 67% of the gallium present 

was extracted.178 However, they did obtain better gallium separation factors in their study; 

particularly with the addition of ascorbic acid. With the addition of ascorbic acid, Ga/Fe = 870 

were achieved. This publication also performed tests using a synthetic zinc leach residue 

leachate, however, they used “much smaller amounts of each metal”, without stating values. 

As a result, this synthetic solution was not used for comparison. 

 The benefits of ascorbic acid addition observed in this publication, particularly in 

terms of gallium selectivity over iron, did lend itself well to help to devise ideas about the 

future design and optimisation of these TOPO-based eutectic extractants for gallium 

extraction. For example, after consulting the results of this study, it is now hypothesised that 

a TOPO:ascorbic acid eutectic may be an improved system for gallium extraction from these 

media – see Section 4.5 for more detail. In addition, the results from individual competitive 

metal extraction studies over a range of HCl concentrations highlighted potential for gallium 

to be selectively recovered from the TOPO = 0.67 TOPO:malonic acid extractant with pH 

change, as iron and zinc comparatively showed a greater affinity for the TOPO = 0.67 

TOPO:malonic acid eutectic than gallium at low HCl concentrations, below 4 M HCl.  
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4.3.3. Gallium stripping studies 

Following on from the extraction studies, the ability to recover gallium from the organic phase 

is of crucial importance. The common methods to recover metals from an organic (or ionic 

liquids) phase are back-extraction, precipitation or electrodeposition.62,548–551 

Specific to separation of the metallic gallium from ionic liquid phase, chlorogallate 

ionic liquids have produced gallium films using electrowinning methods.552 Therefore, in this 

work, gallium deposition via cyclic voltammetry was tested as a method to recover gallium. 

The high atom efficiency associated with this method made it a highly desirable recovery 

technique. The cyclic voltammogram recorded for a 0.1 M GaCl3 in TOPO = 0.67 

TOPO:malonic acid sample pre-contacted with 6 M HCl is shown in Figure 4.3.3- 1.  

 

Figure 4.3.3- 1.  Cyclic voltammogram of 0.1 M GaCl3 in TOPO = 0.67 TOPO:malonic acid pre-contacted with  

6 M HCl. Glassy carbon (W), platinum (C) and Ag+/Ag (R) electrodes. Scan rate 10 mV s-1, RT. 

The working electrode current was low given the molecular nature of the bulk 

TOPO:malonic acid, however, minimal conductivity was achieved through pre-contact with  

6 M HCl. Both aqueous and molecular Ag+/Ag references were used, prepared as outlined in 

section 4.2.9.1. Unfortunately, no peaks associated with gallium reduction were observed in 

the cyclic voltammogram. The only peaks present (centred around ± 0.8-1.0 V) corresponded 

to chloride/dichloride oxidation/reduction (± 1.0-1.4 V),553–555 due to chloride ions present in 

the DES from the pre-contact with HCl. This was further supported by the observation of the 

formation of a yellow-green colour around the anode. It was likely that the molecular Ag+/Ag 
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reference was more accurate than the aqueous reference as it more closely resembled the 

TOPO-based electrolyte. However, the cyclic voltammogram trace resembled that obtained 

for symmetric, tetrahedral, [GaCl4]- species present in Lewis acidic chlorogallate ionic liquids 

at GaCl3 = 0.50 (Figure 4.3.3- 2),552 in which peaks corresponding to gallium species reduction 

were also not present. 

 

 

Figure 4.3.3- 2.  Cyclic voltammogram of a [C8mim][GaCl4] system where GaCl3 = 0.50 and gallium is present in 

the anion as tetrachlorogallate species. Platinum working and counter electrodes, Ag/Ag+ reference electrode, scan 

rate = 50 mV s-1, 20 C.552 

Both cyclic voltammograms lack significant oxidation/reduction peaks corresponding 

to gallium species, except the difficult [GaCl4]- oxidation, reported elsewhere ca. +2 V.552 

[C8mim][GaCl4] has a very wide electrochemical window (3.6-3.7 V),552,556 owing to the 

absence of Cl- and [Ga2Cl7]- shortening the anodic and cathodic limits, respectively. This 

suggested that the gallium-rich organic phase, studied in this work, contains only difficult to 

reduce, monomeric gallium complexes. Thus reduction did not occur within the potential 

window of our system. This was in contrast to [Ga2Cl7]-, where the Ga3+→Ga0 electroreduction 

occurred at a moderate potential (ca. -0.5 V). 552 

Subsequently, gallium recovery from TOPO = 0.67 TOPO:malonic acid was attempted 

via pH change. The gallium-rich TOPO:malonic acid extractant phase was contacted with an 

equivolume of an aqueous stripping phase. A range of acidic and basic aqueous stripping 

phases was tested: de-ionised water, 0.5 M HCl, 0.5 M and 1.0 M NaOH and 1.0 M and  

2.0 M NH3,(aq) – viz. Table 4.3.3- 1.  
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Table 4.3.3- 1. Back extraction efficiency using aqueous stripping agents. Loaded extractant phase:  

TOPO = 0.67 TOPO:malonic acid containing gallium, pre-contacted with 6 M HCl. Equivolume extractant:stripping 

agent, contact: 20 min, centrifugation (5 min). aHeated to 70 C with stirring at 500 rpm.  
bSample solidified on contact with stripping phase. Did not allow complete separation of phases after centrifugation, 

therefore, an accurate value of gallium recovered could not be determined due to unknown aqueous phase volume 

after separation.  

Stripping phase Initial [Ga]org / M Back-extraction efficiency / % 

H2O 0.00568 0.4 ≈ 0 

0.5 M HCl 0.00568 0.3 ≈ 0 

0.5 M HCla 

0.5 M NaOH 

1.0 M NaOH 

0.00568 

 0.00568  

0.00568 

0.2 ≈ 0 

2 

3 

1.0 M NH3(aq) 0.00568 100 

1.0 M NH3(aq) 0.169 47 

2.0 M NH3(aq) 0.141 N/Ab 

 

Competitive metal extraction studies (Figure 4.3.2- 1) indicated that gallium 

extraction into a TOPO = 0.67 TOPO:malonic acid system was more susceptible to pH change 

than iron and zinc. Therefore, the gallium-rich (0.006 M) TOPO:malonic acid phase was first 

contacted with a weakly acidic 0.5 M HCl aqueous stripping phase, in an attempt to strip 

gallium. A similar technique was used by Ishikawa and co-workers whereby loaded gallium 

was stripped from a benzene diluted TOPO or TBP organic phase with 0.1 M HCl.315 However, 

in contrast to stripping studies performed by Ishikawa and co-workers, this weakly acidic 

aqueous stripping phase was ineffective at recovering gallium from a TOPO:malonic acid 

eutectic. Nor was neutral, de-ionised water. Therefore, stripping was then performed using a 

basic aqueous stripping phase, where using 0.5 M and 1.0 M NaOH resulted in a 2-3%  

back-extraction efficiency into the aqueous phase. However, a white solid was found to be 

present at the aqueous-organic phase boundary after contact with aqueous NaOH (Figure 

4.3.3- 3).  

 

Figure 4.3.3- 3. Presence of white solid after contact with aqueous NaOH stripping agent. (A) Cloudy extractant 

and stripping phases after contact. (B) Presence of white solid between extractant and stripping phases after 

centrifugation. (C) White solid at the bottom of the centrifuge tubes after extractant phase centrifuged once stripping 

phase was removed. 
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It was not possible to isolate this white solid as it was present in very low quantities, 

however, it was speculated that this solid is Na[Ga(OH)4] due to the amphoteric nature of 

gallium – viz. Figure 4.1.2.3- 1.557  

In a bid to improve these results, a metal-free, organic base was used to prevent a 

possible metal contamination in the isolated gallium species. A 1.0 M NH3(aq) stripping phase 

was shown to successfully recover 99.9% of gallium from the organic TOPO:malonic acid 

phase into the aqueous phase, with 402 ppm of gallium stripped into the aqueous phase, leaving 

only 10 ppm of gallium retained in the TOPO = 0.67 TOPO:malonic acid. A 25 fold increase 

in the initial gallium content in the TOPO = 0.67 TOPO:malonic acid resulted in 47% (5569 

ppm) of the gallium recovered into the aqueous phase using 1.0 M NH3(aq), indicating that this 

is an effective stripping agent to recover gallium from TOPO = 0.67 TOPO:malonic acid. When 

the concentration of NH3(aq) was further increased to 2.0 M, TOPO = 0.67 TOPO:malonic acid 

was unstable, and the sample solidified upon contact with the stripping phase. In conclusion, 

a 1.0 M NH3(aq) stripping phase was identified as an efficient and inexpensive strategy to 

recover gallium from the organic extractant. 

4.3.4. Gallium speciation and extractant functionality involved in extraction 

When studying extraction of gallium from different solutions (Section 4.3.1), it has been 

observed that increasing HCl concentration resulted in increasing gallium extraction, most 

likely due to altering speciation of gallium complexes in the aqueous phase. This effect has 

been investigated using TOPO = 0.67 TOPO:malonic acid as the extractant. The aqueous phase 

was a 1 M HClaq solution containing gallium 0.00568 M, to which KCl was added in 0.5 M 

increments, from 0.5 M to 3.0 M KCl. The quantity of gallium removed from the aqueous 

phase upon contact with TOPO = 0.67 TOPO:malonic acid was recorded by aqueous phase 

ICP-OES analysis pre- and post-contact with the extracting phase. The results were plotted in 

Figure 4.3.4- 1 and tabulated in Table 4.3.4- 1. 
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Figure 4.3.4- 1. Left: Gallium extraction efficiency as a function of KCl concentration. Right: LogDGa vs. Log[Cl]- 

Job plot. Extracting phase: TOPO = 0.67 TOPO:malonic acid. Conditions: ambient temperature, HCl concentration 

= 1 M, initial GaCl3 concentration = 0.006 M, org:aq volume ratio 1:1, pre-contact and extraction time 10 min. 

Results plotted in Figure 4.3.4- 1 indicated that there was a greater propensity for 

gallium extraction with increasing aqueous Cl- ion concentration in the 1 M HCl aqueous feed. 

Gallium extraction efficiency increased linearly from 50% at 1 M HCl without additional Cl- 

ions, to 96% at 1M HCl with an additional 1.5 M Cl- ions (provided by KCl). Similar to TOPO 

and TBP diluted in apolar organic solvents,315,558 this strongly suggested that the driving factor 

for gallium extraction using a TOPO = 0.67 TOPO:malonic acid eutectic was the Cl- ion 

concentration in the aqueous phase. 

Table 4.3.4- 1. Extraction of gallium from an aqueous acidic chloride feedstock as a function of chloride 

concentration showing increasing extraction with increasing KCl salting out agent used. Gradient of the blue line 

is ca. 2 while the gradient of the red line is ca. 4 indicating changing chlorogallate speciation from Ga(OH)Cl2 to 

[GaCl4]- with increasing [Cl]-. 

KCl  

concentration / M 

Extraction  

efficiency / % 

Log[Cl]- DGa LogDGa Gradient 

(blue) 

Gradient 

(red) 

0.0 50 - - -  - 

0.5 63 -0.30 1.67 0.22 1.6 - 

1.0 84 0.00 5.18 0.71 4.3 

1.5 96 0.18 26.60 1.42  

2.0 99 0.30 102.50 2.01  

2.5 100 - - -  - 

3.0 100 - - -  - 

 

Considering the non-linearity of the log-log plot of gallium distribution coefficient as 

a function of chloride ion concentration in Figure 4.3.4- 1 (right), it can be assumed that  

speciation of gallium changes with increasing Cl- ion concentration. Rudimentary estimations 

of the line gradient, made between points in this Job’s plot, suggested that in regions of low 

Cl- ion concentration (blue line, 1.5-2.0 M Cl-), between 0.5-1.0 M KCl at 1 M HCl, the 

gradient of the line, Extraction efficiency = a[KCl]+b, is a = 2. In regions of high Cl- ion 

concentration (red line, 2.0-3.0 M Cl-), between 1.0-2.0 M KCl at 1 M HCl, the gradient of the 

line is a = 4. This suggested that gallium was present in the aqueous phase as two different 
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species in these two different regions. Based on the literature, these could be assumed to be 

Ga(OH)Cl2 and [GaCl4]- at low and high Cl- ion concentrations, respectively. The presence of 

Ga(OH)Cl2 correlated with the incomplete hydrolysis of gallium chloride species at low acid 

concentrations,524 suggesting that GaCl3 had not fully hydrolysed to Ga(OH)2Cl. The presence 

of [GaCl4]- suggested that hydrolysis under these conditions was supressed with further 

association of GaCl3 with Cl- ions, supported by Woodward and Nord,525 who determined that 

tetrahedral tetrachlorogallate species dominate at high acidity (6.3 M HCl).  This explained 

the observed gallium extraction efficiency increase from 79% to 100% when moving from  

2 M HCl to 4 M HCl. A higher HCl concentration was a source of additional chloride ions, 

which meant that there was a greater propensity to form [GaCl4]- in aqueous solution; the more 

easily extractable gallium species.533 

This experiment suggested that the driving factor for gallium extraction using a  

TOPO = 0.67 TOPO:malonic acid eutectic was the total aqueous Cl- ion concentration. To 

confirm this, organic and metal chloride salts were added to a stock solution containing 1 M 

HCl and 0.00568 M Ga, and the results from extraction using TOPO = 0.67 TOPO:malonic 

acid were compared (Table 4.3.4-2). 

Table 4.3.4- 2. Effect of chloride salts on gallium extraction efficiency showing increased extraction efficiency 

with increased metal cation size and charge. Extracting phase: TOPO = 0.67 TOPO:malonic acid.. Conditions: 

ambient temperature, initial GaCl3 concentration = 0.006 M, org:aq volume ratio 1:1, HCl concentration = 1 M, 

chloride salting out agent concentration = 1 M, pre-contact and extraction time 10 min. 

Chloride salts Chloride concentration / M Extraction efficiency / % 

No salt - 50 

[NH4]Cl 1 50 

NaCl 1 53 

KCl 1 84 

CaCl2 2 91 

 

Results in Table 4.3.4-2 showed that the extraction efficiency does not depend solely 

on the chloride concertation, but the cation has a major influence, too. Interestingly, these 

results did not follow the Hofmeister series associated with the ability of salts to act as salting-

out agents.113,559–562 Following the Hofmeister series, we would expect cations to follow the 

sequence of [NH4]+  K+  Na+  Ca2+.113,559–562 However, results followed the trend Ca2+  K+ 

 Na+  [NH4]+ for increasing gallium extraction efficiency. These results indicated that 

gallium extraction increased with increasing cation charge, as increasing cation charge from 

M1+ to M2+ led to an additional mole of Cl- ions to solution. Furthermore, when considering 

metal cations of the same charge, (K+ and Na+), gallium extraction efficiency increased with 

increasing cation radius, likely resulting from weaker Cl- ion association to the larger cation. 

This further supported the hypothesis that the driving factor for extraction was the total 
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chloride ion concentration through driving the formation of [GaCl4]-, by providing Cl- ions 

into solution. It is then thought that once [GaCl4]- has formed in solution, cation trends would 

favour the salting-out effect as interactions with solvent molecules would no longer be over-

ridden by additional Cl- ions. This was shown by Sundararajan and co-workers using TBP 

diluted in benzene at aqueous HCl concentrations higher than 3 M.533 

In order to shed some light on the coordination chemistry of gallium in the extracted 

phase, gallium NMR spectroscopy was used to study the TOPO = 0.67 TOPO:malonic acid 

after extraction at 6 M HCl. There are two NMR-active Gallium nuclei, 69Ga and 71Ga. The 

69Ga nucleus has a higher relative abundance than the 71Ga nucleus (60% vs. 40%, 

respectively). However, the 71Ga nucleus has a lower quadrupole moment, Q than 69Ga (0.112 

vs. 0.178 x10-28 m3, respectively).563 As a result of this, the NMR resolution achieved using 

the 71Ga nucleus is ca. four fold greater than for the 69Ga nucleus and, therefore, is the preferred 

nucleus of choice for gallium NMR spectroscopy. The 71Ga NMR of the TOPO = 0.67 

TOPO:malonic acid after extraction at 6 M HCl, when the gallium concentration in the organic 

phase is 0.006 M and 0.100 M, is shown in Figure 4.3.4- 2. 

 

Figure 4.3.4- 2. Overlaid 71Ga NMR spectra showing tetrahedral gallium environment in TOPO = 0.67 

TOPO:malonic acid, pre-contacted with 6 M HCl. Blue line = 0.00568 M Ga, Red line = 0.1 M Ga. Referenced 

externally to Ga(NO3)3 in D2O (Figure 8.6- 1). 

Gallium is known to exist in octahedral or tetrahedral geometry.542 The 71Ga NMR spectra 

featured a single peak each, at 245.6 ppm (0.006 M gallium, concentration) and 248.1 ppm 

(0.100 M gallium concentration), respectively. Both were in agreement tetrahedral gallium 

species, reported to give signals at 240-275 ppm.564 These results corroborate with the results 

from the electrochemical stripping studies (section 4.3.3). 
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A 71Ga chemical shift indicative of tetrahedral [GaCl4]- present in chlorogallate ionic 

liquids is reported to be 273 ppm,552,565 for which is about 25 ppm downfield from signals 

recorded in this work. It is known that replacing a chloride ligand with an O-donor results in 

a more shielded signal; by about 20-35 ppm – e.g. [GaCl4]-/H2O = 240-275 ppm.563 This could 

suggest the presence of the tetrahedral [GaCl3⋅TOPO]org as the main extracted species  

(Figure 4.3.4- 3), with the small shift between the two spectra in Figure 4.3.4- 2 due to the 

concentration effect. 

 

Figure 4.3.4- 3. Proposed tetrahedral structure of extracted [GaCl3(TOPO)]org gallium species. TOPO likely 

extracted gallium into the TOPO = 0.67 organic phase as a neutral complex, via solvation. 

The extraction through coordination to TOPO occurred most likely via  

Equation 4.3.4-1, by expelling a chloride ligand in dissociative substitution from the aqueous 

tetrachlorogallate species to form the neutral, monomeric, tetrahedral [GaCl3⋅TOPO] species.  

H+
aq [GaCl4]-

aq + TOPOorg → [GaCl3⋅TOPO]org + HClaq Equation 4.3.4-1. 

A neutral complex would likely preferentially exist in the organic phase over an ionic species. 

Furthermore, this speciation is in agreement with Ishikawa and co-workers who determined 

that the principle extracted species by sub-stoichiometric TOPO dissolved in benzene at high 

acidity (4-7 M HCl) is [GaCl3⋅TOPO].315   

In contrast to these corroborating arguments, other reports postulate that TOPO 

extracts gallium by solvation with two TOPO molecules, leading to the formation of 

[GaCl3⋅2TOPO], when the concentration of TOPO is greater than gallium, in a scenario similar 

to extraction of bivalent metal cations with TOPO537,540 or TBP.541  

In order to assume the postulated [GaCl3⋅2TOPO] stoichiometry, the gallium complex 

could either adopt a trigonal bipyramidal or octahedral geometry. However, trigonal 

bipyramidal complexes of Ga3+ usually only occur in sterically hindered cases and Ga3+ 

typically exists as tetrahedral or octahedral complexes.542–544 Therefore, gallium would likely 

be extracted as dimeric octahedral species (Figure 4.3.4- 4), but this would result in a chemical 

shift around 0 ppm, which has not been observed. This postulation is further supported by the 

tendency for Ga3+ to form polymeric species in LCCs using O-donors; including TOPO.41 
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Figure 4.3.4- 4. Proposed octahedral structure of extracted [GaCl3(TOPO)2]org gallium species. Bond lengths are 

not drawn to scale. 

The speciation in these [GaCl3⋅2TOPO] species, extracted with TOPO in a diluent, would 

therefore require NMR spectroscopy and in depth Raman studies. This should be done to 

confirm both the geometry of the extracted gallium species and whether or not bridging 

chloride species are present in the structure. 

 Furthermore, it has been reported that the purported [GaCl3⋅2TOPO] complex would 

form only if the formation energy were greater than competing interactions with TOPO, such 

as competitive acid extraction537 or competitive hydrogen bonding with malonic acid. In the 

presence of strongly hydrogen-bonding malonic acid, it appears that gallium is present as a 

tetrahedral, monomeric complex, such as [GaCl3⋅TOPO]. Quite disappointingly, this 

speciation suggested that the targeted cooperative extraction of gallium species by malonic 

acid and TOPO did not occur. 

4.3.5. Malonic acid aqueous leaching studies  

As TOPO:malonic acid liquid samples formed a biphase with water, and they have been 

identified as extractants to extract gallium from aqueous feedstock in liquid-liquid extraction, 

information on component leaching was required to determine the level of re-usability of 

TOPO:malonic acid eutectics as extractants.  

TOPO has very low solubility in water (0.15 mg L-1)313,314 and has been shown not to 

contaminate the aqueous phase when considering TOPO:phenol DESs.39 Therefore malonic 

acid leaching was studied to determine the aqueous stability of TOPO = 0.55 and 0.67 

TOPO:malonic acid mixtures – the two mole ratios at the extremity of the liquid range. 

 Common approaches to monitoring leaching of organic to aqueous phase include  

UV-vis and IR spectroscopies, as well as total organic carbon content (TOC). It had been 

attempted to use UV-vis spectroscopy, but it was an unsuitable method to detect small 
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quantities of malonic acid. This is due to weak electron transitions between non-bonding and 

anti-bonding orbitals (n→*) in carbonyl functionality because of poor orbital overlap. 

Consequently, no max was present at 275 nm. Two other techniques, namely FT-IR 

spectroscopy (with an ATR attachment) and TOC analysis gave better results. A calibration 

curve of malonic acid concentration in deionised water (3.25-90.00 g L-1) was first obtained 

by plotting a known aqueous malonic acid concentration against transmittance with an R2 value 

of 0.9981 (Figure 8.6- 2). The linear equation (a = bx + c) was used to determine the malonic 

acid content of unknown samples. The R2 value of the linear trendline for 6 M HCl samples 

was unsatisfactory. Therefore, for samples shaken with 6 M HCl, malonic acid concentration 

was determined by total organic carbon content (TOC.) The results are summarised in Table 

4.3.5- 1. 

Table 4.3.5- 1. Malonic acida leaching from eutectic phase into aqueous phase after contact. Equivolume org:aq, 

ambient temperature, shaking time: 20 min. At 25 C: 107.8 g L-1 malonic acid in TOPO = 0.67 TOPO:malonic acid 

and 150.2 g L-1 malonic acid in TOPO = 0.55 TOPO:malonic acid. B = before contact, A = after contact.  

[HCl] / M TOPO [Malonic acid]aq / g L-1 Mass loss at single contact / %Malonic acid 

 B A FT-IR TOC FT-IR TOC Average 

0 0.67 0.70 15 14 14 13 14 

 0.55 0.66 59 56 39 37 38 

6 0.67 0.79 - 50 - 46 - 

 0.55 0.76 - 92 - 61 - 
aMalonic acid solubility in H2O = 763 g L-1 at 25 C.566  

 

Similarly to the earlier-reported TOPO:phenol systems,39 the hydrogen bond donor (malonic 

acid) was shown to leach from the TOPO:malonic acid mixture into the aqueous phase. 

Considering the composition used in gallium extraction (TOPO = 0.67), when contacted with 

deionised water, the malonic acid percentage mass loss was between 13-14%, which is quite 

high. Furthermore, the mass loss rose significantly when contacted with 6 M HCl (46%); the 

HCl acid concentration yielding optimum gallium extraction efficiency. In contrast to 

TOPO:phenol systems across a range of acidities between 0-3 M HCl, where [phenol]aq were 

ca. 1 g L-1, this indicated high aqueous stability sensitivity of the TOPO:malonic acid mixtures 

on the acidity of the aqueous feedstock. When studying leaching from the TOPO = 0.55 

TOPO:malonic acid mixture, the relative increase in malonic acid content (150 vs. 108 g L-1) 

resulted in further increase in malonic acid leaching. This highlighted the importance of 

designing an extracting a liquid with the highest mole ratio of TOPO possible to limit leaching 

- TOPO = 0.67 in this case.  

Although neat malonic acid is highly soluble in water, when combined with TOPO at 

TOPO = 0.67, only 13-46% leached, indicating that TOPO plays a significant role in retaining 

malonic acid in the organic phase. These levels of leakage effectively prevent the use of this 
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component as a recyclable extraction agent. Furthermore, it must be recognised that the 

composition of the post-extraction organic phase would have been altered from the original 

composition (Table 4.3.5- 2). 

Table 4.3.5- 2. Change in TOPO:malonic acid composition (TOPO) due to malonic acid leaching to the aqueous 

phase during contact with 1:1 equivolume aqueous:organic phases. 

[HCl] / M TOPO before contact TOPO after contact TOPO 

0 0.67 0.70 0.03 

 0.55 0.66 0.11 

6 0.67 0.79 0.12 

 0.55 0.76 0.21 

 

It becomes important to recognise the extent of this leaching when considering the reusability 

of this TOPO:malonic acid system in extractive applications from aqueous streams. For 

example, taking the TOPO = 0.67 TOPO:malonic acid eutectic relevant used in this work for 

the extraction of gallium, following contact with a 6 M HCl stock solution, its composition 

changed from TOPO = 0.67 to 0.79, a TOPO = 0.12. The TOPO:malonic acid phase diagram 

in chapter 3 (Figure 3.3.2.1- 1) indicated that a TOPO:malonic composition with TOPO = 0.79 

would exhibit solid phase behaviour. Therefore, a compositional change of this magnitude 

would result in crossing the liquidus phase boundary. However, in contrast, we observed that 

the sample remained liquid after extraction. This suggested that there may have been an 

additional factor at play, such as the partial phase transfer of either de-ionised water or 6 M 

HCl into the TOPO:malonic acid phase upon contact with the aqueous phase. In addition, 

TOPO-GaCl3 LCCs are liquid at ambient temperature, which may also explain the retention 

of a liquid phase. 

Despite this leaching, malonic acid leaching into the aqueous stream did not raise the 

same level of concern as phenolic contaminated waste-water. In fact, malonic acid is expected 

to be environmentally benign and readily biodegradable based on the screening of analogous 

dicarboxylic acids.433 

4.4. Conclusions 

This chapter covers the extraction of gallium from an aqueous, acidic stream using a  

TOPO = 0.67 TOPO:malonic acid eutectic, complete with speciation of gallium in the aqueous 

and in the organic extractant phase, studies of malonic acid leaching, as well as insights into 

competitive metal extraction and gallium stripping. 

 Extraction studies have shown that a TOPO = 0.67 TOPO:malonic acid eutectic can be 

used to successfully extract Ga3+ species from an acidic, aqueous chloride feedstock with a 
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loading capacity ca. three orders of magnitude above that of the benchmark due to the 

inherently high TOPO concentrations achieved in these liquids (2.095 M TOPO) compared to 

apolar solvents such as benzene (0.004 M TOPO) or kerosene.315 Gallium species can then be 

successfully stripped from the extractant phase with high efficiency (ca. 100%) using a 1.0 M 

NH3,(aq) stripping phase. Competitive metal extraction studies showed that a TOPO = 0.67 

TOPO:malonic acid eutectic did not show any affinity for alkali or alkaline earth metals 

studied. However, transition metal ions such as Fe3+ and Zn2+ also had a high affinity for the 

extractant across a range of HCl concentrations. 100% gallium extraction was achieved from 

a simulated zinc leach residue leachate at 6 M HCl and the TOPO = 0.67 TOPO:malonic acid 

eutectic showed good selectivity for gallium over aluminium and copper. However, significant 

coextraction of iron, indium and zinc also occurred which has led to new ideas proposed as 

future work in Section 4.5. 

 Gallium speciation in the aqueous phase, and therefore gallium extraction efficiency, 

was highly dependent on the aqueous chloride concentration. Aqueous gallium speciation 

varied from Ga(OH)Cl2 at low chloride concentration to [GaCl4]- at high chloride 

concentration. In the organic extracted phase, 71Ga NMR showed the presence of one 

coordination environment at ca. 250 ppm. A 71Ga chemical shift in this region is indicative of 

tetrahedral gallium species,563 pointing towards the formation of [GaCl3⋅TOPO] as the 

extracted species. Unfortunately, there was no evidence of malonic acid participation in 

extraction. 

 Leaching studies using a TOPO = 0.67 TOPO:malonic acid eutectic showed significant 

malonic acid leaching to the aqueous phase upon contact with 6 M HCl (46% loss), meaning 

that complete recyclability cannot be achieved. Despite this, the organic phase remained liquid 

post-extraction. Coupled with the high loading capacity of this organic phase, this suggests 

that it may still have potential as a multiple stage extractant. In any case, the application of 

these extracting liquids has the potential to significantly reduce processing volumes. 

 Although malonic acid is expected to be environmentally benign and readily 

biodegradable,433 to improve these systems, two potential methods could be used to approach 

future work: 1) increase hydrophobicity to prevent leaching of the HBD component or 2) 

combine TOPO with a sacrificial reducing agent to achieve greater selectivity in real zinc leach 

residue systems. Method 2 is a particularly interesting approach. Literature methods have 

shown improved selectivity towards gallium over competitive metals from a 6 M HCl zinc 

residue leachate with the co-addition of an ascorbic acid reducing agent.178 Therefore, it is 

thought that a synergistic approach could be achieved by combining TOPO with the cyclic 
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polyol, ascorbic acid, provided that ambient temperature eutectic formation can be achieved 

at a given TOPO:ascorbic acid mole ratio – viz. Figure 4.4- 1. 

 

Figure 4.4- 1. Proposed schematic for improved gallium selectivity using a TOPO:ascorbic acid eutectic. Ascorbic 

acid is preferentially leached into the aqueous phase where it reduces competitive metal ions to less extractable 

species. 

4.5. Future work 

Although these TOPO-based eutectics were a promising approach towards a new route to 

gallium extraction, the malonic acid component of the TOPO:malonic acid eutectic used in 

this work was shown not to have a synergistic effect on extraction as had hoped and suffered 

extensive leaching. These TOPO-based eutectics have been shown to be effective gallium 

extractants, however, they suffer competitive metal coextraction when applied to a simulated 

zinc leach residue leachate (Section 4.3.2). In order to address this issue and improve the 

design of these liquids, we may be able to take advantage of this leaching with benign 

components. Therefore, it is suggested that future work should involve designing a  

TOPO-based eutectic with a sacrificial reducing agent with the ability to leach into the aqueous 

phase, such as ascorbic acid – see Figure 4.5- 1. This would likely reduce Fe3+ to Fe2+, a less 

easily extractable form of iron. Gallium stripping should then be applied using 1 M NH3,(aq) to 

determine whether or not gallium can be selectively stripped from the extractant. This work 

has shown that both iron and zinc have a greater affinity for a TOPO:malonic acid eutectic 

over a wide HCl concentration range, especially below 4 M HCl. As metals such as indium 

have been electrodeposited from ionic liquids in the past,567 cyclic voltammetry should also be 

studied as a purification route. 
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Figure 4.5- 1. Proposed, improved TOPO-based eutectic for gallium extraction applications based on TOPO and 

ascorbic acid. 

Furthermore, in order to fully utilise this chemistry, a more suitable industrial gallium source 

would be desired for future work. Notably, the extractant showed complete selectivity for 

gallium over aluminium in this study which suggested that the most relevant gallium resource 

should come from a waste source of which a large composition is aluminium. There are two 

main categories to choose from which fit this specification: 1) Bayer liquor and 2) fly ash – 

for example, from electrostatic precipitator dust produced in the calcination of aluminium 

hydroxide in aluminium production, or from coal fly ash produced from coal-fired power 

plants. The former of these is currently used as the main industrial route towards gallium 

production.504 However, to the best of my knowledge, there has only been one pilot plant 

commissioned to valorise fly ash for gallium production on an industrial scale,568 despite its 

large gallium reserves. The typical composition of coal fly ash is shown in Table 4.5- 1. 

Table 4.5- 1. Typical composition of coal fly ash. Values are an average of 8 samples of Puertollano IGCC fly 

ash.484 

Major components Weight % x Trace components ppm 

C 5  Ba 397 

Al2O3 20  Bi 8 

CaO 4  Co 39 

Fe2O3 4  Cs 188 

K2O 4  Cu 277 

MgO 1  Ga 198 

Na2O 1  Ge 283 

P2O5 1  Mo 114 

SiO2 59  Sb 522 

SO3 3  Th 21 

TiO2 1  U 12 

- -  V 4822 

- -  W 61 

- -  Zn 5435 

 

With the exception of Fe, the major metal components present in coal fly ash – Al, Ca, K, Mg 

and Na are not expected to partake in competitive extraction using a TOPO-based eutectic. 

Neither aluminium, nor the alkali or alkaline earth metals tested in this work were extracted 

from an acidic aqueous chloride feedstock using TOPO = 0.67 TOPO:malonic acid. This 

suggests that this may be a more compatible feedstock for these TOPO-based eutectics. 
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 Another, more sustainable approach towards gallium recovery in the future using these 

TOPO-based eutectics would be to recycle LED and semiconductor waste, where gallium is 

present in the form of gallium nitride, GaN and has been successfully leached into a 4 M HCl 

solution between 25-100 C.569 The composition of the leachate obtained after these conditions 

had been applied is shown in Table 4.5- 2. 

Table 4.5- 2. Composition of raw metal organic vapour deposition (MOCVD) semiconductor dust waste and of 

leachate following immersion of MOCVD semiconductor dust in 4 M HCl. Leaching conditions: 4 M HCl, 1 h, 

400 rpm. aPreviously underwent mechanochemical treatment up to 1300 C. 

Leaching temperature Composition / w/w% 

Ga In Al Fe 

N/A (raw MOCVD semiconductor dust) 92.8 4.3 1.4 1.5 

25 26.4 1.8 0.7 0.1 

100 40.1 1.9 0.6 0.1 

100a 73.1 0.001 - - 
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5. Pyridine-sulfuric acid liquid structure studies 

This chapter describes physico-chemical studies into a model inexpensive Brønsted acidic 

protic ionic liquid, formulated from pyridine and sulfuric acid. Standard physico-chemical 

characterisation included TGA, density and viscosity studies, as well as FT-IR spectroscopy. 

These data underpinned the investigation of liquid structure of such systems via neutron 

scattering. Experimental neutron diffraction data was collected at 25 C and analysed using 

empirical potential structure refinement (EPSR). This was conducted to 1) understand the 

structure of the anionic and cationic component in mixtures with excess of sulfuric acid, 

beyond traditionally postulated discrete dimers [HSO4∙H2SO4]-; 2) understand the structural 

change in such system upon doping with water; 3) to extrapolate this atomistic description of 

the liquid structure to help explain differences in phase behaviour and/or catalyst performance 

in industrially relevant processes. The structures of the individual components used to prepare 

Brønsted acidic protic ILs for this study are shown in Figure 5- 1. 

 

Figure 5- 1. Structures of components used to prepare Brønsted acidic protic ILs based on sulfuric acid. 

Aspects of this work have been recently submitted for publication as an invited paper in Phys. 

Chem. Chem. Phys. 

5.1. Introduction 

The disordered, average isotropic nature of liquids makes it challenging to elucidate their 

structure.570 Or rather, techniques to study this structure differ from those used for crystalline 

solids. The combination of neutron diffraction and empirical potential refinement (EPSR) 

simulation methods is a valuable tool used to study the real liquid structure, as this approach 

iteratively drives the simulation model towards the experimental data.17,571,572 Neutron 

scattering has been used to determine the liquid structure of a wide range of liquid systems - 

spanning neat, simple molecular liquids such as water571,573 or organic solvents574–577 through 

to more convoluted systems such as ionic liquids and deep eutectic solvents.14,21,28,228,245 

 The principles of neutron diffraction have similarities with x-ray diffraction. However, 

the critical difference lies in the site of interaction within the atom; x-ray photons interact with 

the electron cloud, whereas neutrons primarily interact with the nucleus. Therefore, diffraction 

ability in neutron diffraction is not dependent on the atomic number, Z, as occurs in x-ray 
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diffraction. Instead, the extent of diffraction primarily varies with mass number, A, of a given 

element. Thus, isotopes of the same element can have considerably different scattering cross 

sections (Figure 5.1- 1).   

 

Figure 5.1- 1. Schematic showing the difference between x-ray and neutron scattering cross sections. X-ray 

scattering cross sections are small for light elements and vary as a function of atomic number, Z. In contrast, neutron 

scattering cross sections are dependent on mass number, A, and are significantly larger for light elements than the 

respective x-ray scattering cross section. This makes neutron scattering particularly suitable for the structural study 

where the sample is composed of light elements. 

This detail is vital for the effective study of systems containing light elements with low atomic 

numbers. Isotopic substitution is a valuable technique to obtain detailed information on the 

orientational structure of the system.574 This contrast variation takes advantage of the 

difference in scattering lengths between isotopes and is particularly effective for hydrogen  

(1H, bH = -3.74 fm) and deuterium (2H, bD = 6.67 fm).571,573,574 A schematic for this approach 

is shown Figure 5.1- 2. 

 

Figure 5.1- 2. Top: Simplified atomistic model of 1H and 2D showing the difference between nuclei. Bottom: How 

contrast variation can allow switch on/off for different parts of a system. 

Therefore, data is collected on a range of samples with varying hydrogen/deuterium 

substitution. Samples range from fully protiated to fully deuterated in order to achieve the best 
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quality, highly informative data, whereby system components can be “switched on/off” by 

altering their isotopic substitution. 

5.1.1. Speciation in systems based on sulfuric acid 

The aim of this study was to elucidate the difference in the liquid structure of: neat sulfuric 

acid, protic ionic liquids with excess of sulfuric acid, and protic ionic liquids doped with water, 

and to understand how differences at the atomistic level are reflected in macroscopic phase 

behaviour (viz. miscibility with esters, biomass fractionation). For full rationale see Section 

1.6. 

 The liquid structure of sulfuric acid was first elucidated in 1986 using x-ray and 

neutron diffraction techniques. The results showed an ordered structure, with approximately 

tetrahedral {SO4} groups involved in four hydrogen bonds;578 similar to the structure of solid 

sulfuric acid (Figure 5.1.1- 1).579,580  

 

Figure 5.1.1- 1. Structure of solid sulfuric acid showing the tetrahedral arrangement of hydrogen bonds between 

sulfate {SO4} moieties in a tetrahedron sheet (hydrogen atoms have been excluded for clarity).580 

Aqueous sulfuric acid solutions based on (H2SO4)n(H2O)1-n where n = 0.00 to 0.75 (0.25 

increments) and 0.86 were also studied. These maintained the same, approximately tetrahedral 

arrangement of {SO4} groups in concentrated solutions (n ≥ 0.50). As expected, at low 

concentrations of sulfuric acid in water, the solution structure more closely resembled H2O; 

albeit with stronger hydrogen bonding interactions elucidated by intermolecular rO···O 

hydrogen bond distances ca. 0.2 Å shorter than in pure H2O.  

 In addition, sulfuric acid hydrate liquid structures have been studied using either 

powder neutron or x-ray scattering techniques. These hydrates include: sulfuric acid 

tetrahydrate (H2SO4·4H2O),581 hemitriskaidekahydrate (H2SO4·6½H2O)582 and a water-rich 

octahydrate (H2SO4·8H2O).583 All systems studies shared a similar tetrahedral [SO4]2- layer, 

however, the surrounding ‘water’ layers differ in their composition and arrangement; resulting 

in differences to their 3-D network (i.e. lattice types and space groups). Tetrahydrate and 

octahydrate systems only involved charged species in their ‘water’ layer. In tetrahydrate 
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systems this was in the form of Zundel cations [H5O2]+,581 whereas in octahydrate systems this 

in the form of both Zundel cations [H5O2]+ and hydronium cations [H3O]+.583–585 Interestingly, 

in contrast to both the tetrahydrate and octahydrate structure, the hemitriskaidekahydrate 

species consists of a layered ‘ice-like’ structure comprised of both neutral water and charged 

hydronium species (H2O and H3O+ respectively).582 These tended to surround the [SO4]2- layers 

alternating between charged Zundel cation layers and neutral hydronium layers 

(Figure 5.1.1- 2).582  

 

Figure 5.1.1- 2. Structure of solid sulfuric acid hydrates with nH2O = 4,581 6½582 and 8.583 showing a common 

tetrahedral structure of sulfate {SO4} moieties surrounded by a ‘water’ layer which differs with water composition 

and contains either neutral (H2O) and/or charged species (H3O+, H5O2
+). 

As a result, lattice types and space groups differ for each of these hydrates. Tetrahydrate 

species are present as a tetragonal lattice with P4̅21c space group and hemitriskaidekahydrate 

and octahydrate species have monoclinic lattices with Cm and I2 space groups, 

respectively.581–583  

 From this, it was evident that systems based on neat sulfuric acid, aqueous sulfuric 

acid solutions or sulfuric acid hydrates form strongly hydrogen bonded networks, with explicit 

differences dependent on water:acid stoichiometry. Building on this, the liquid structure of 

Brønsted acidic protic ILs based on sulfuric acid, containing excess acid or addition of water, 

were expected to also form such hydrogen-bonded network; however, no x-ray or neutron 

scattering data on such ILs were available prior to this study.  

5.2. Experimental 

5.2.1. Materials 

Sulfuric acid (95%), pyridine (≥ 99%) and deuterium oxide-d2 (99.9%) were purchased from 

Sigma Aldrich. Deuterated d5-pyridine- (d = 99.5%) and d2-sulfuric acid- (96%, d = 99%) 

were purchased from Goss Scientific Instruments Inc. (Cambridge Isotope Laboratories Inc.). 

De-ionised water used for protiated 1:1:2 sulfuric acid:pyridine:water samples was polished 
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to 18.2 M cm-1 using a Barnsted de-ionisation system. All materials were used without 

further purification, as received. 

5.2.2. Sample preparation 

Sulfuric acid (ca. 2.5 g, 25 mmol) was weighed directly into a glass vial and placed in an ice 

bath. Subsequently, pyridine was weighed into a glass syringe and added to sulfuric acid 

dropwise (solventless) with flow controlled by a syringe pump (2 cm3 h-1, 500 rpm) to achieve 

a desired molar ratio (H2SO4). After pyridine addition ceased, samples were stirred for an 

additional 30 minutes.  

 Samples with two mole equivalents of water were first prepared via the same 

procedure to yield solid samples. This was followed by addition of two mole equivalents of 

water while placed on a balance (ca. 0.8 g, 43 mmol, accurate to x10-4 g). Samples containing 

sulfuric acid, pyridine and water were then sealed with screw caps and heated (40 C, 30 min) 

or until a homogenous liquid was formed. Samples were then equilibrated to ambient 

temperature (3 h) before use.  

5.2.3. Thermogravimetric analysis 

Sulfuric acid:pyridine mixtures thermal stabilities were assessed using a TA instruments 

Q5000 TGA (ambient temperature to 600 C, 5 C min-1). Samples were loaded into open-

topped, high temperature platinum pans immediately before analysis. 

5.2.4. Density measurements 

Density of sulfuric acid:pyridine and sulfuric acid:pyridine:water samples were measured on 

a Mettler Toledo DM40 density meter (20-50 C, 10 C increments) with an additional 

measurement recorded at 25 C. Under atmospheric conditions, samples were filled into a 

glass syringe and bubbles were removed prior to density measurement. Samples were not dried 

prior to analysis. 

5.2.5. Viscosity measurements 

Viscosity measurements were carried out on sulfuric acid:pyridine and sulfuric 

acid:pyridine:water samples using an Anton Paar AMVn rolling ball viscometer at 20, 25 and 

40 C between angles 30-80 . Samples were not dried prior to analysis. 

5.2.6. NMR spectroscopy 

Neat sulfuric acid:pyridine and sulfuric acid:pyridine:water samples were loaded into an NMR 

tube containing a sealed DMSO-d6 capillary used as the sample reference. 1H (400 MHz) 

spectra were recorded on a Bruker Avance DPX 400 MHz spectrometer. 
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5.2.7. Infra-red spectroscopy 

Sulfuric acid:pyridine and sulfuric acid:pyridine:water samples were analysed by infra-red 

spectroscopy using an Agilent Technologies Cary 630 FT-IR spectrometer equipped with an 

ATR attachment. Samples were not dried prior to analysis. 

5.2.8. Neutron scattering  

Four sample sets were prepared for neutron scattering experiments. Samples based on pure 

sulfuric acid, 1:0:0; sulfuric acid:pyridine:water, 1:1:2; and sulfuric acid:pyridine, 2:1 and 3:1 

were prepared. Their corresponding isotopic substitution17 ratio i.e. level of protiation (H), 

deuteration (D) or 50:50 protiation:deuteration (H/D) is outlined in Table 5.2.8-1.  

Table 5.2.8- 1. Sample compositions used for neutron scattering experiments as ISIS including ratios of 

acid:pyridine:water and their levels of protiation and/or deuteration 

Sample number H2SO4  Acid:Pyridine:Water Sulfuric acid Pyridine Water 

1 1.00  1:0:0 H   

2 1.00  1:0:0 H/D   

3 1.00  1:0:0 D   

4 0.25  1:1:2 H D H 

5 0.25  1:1:2 H/D D H/D 

6 0.25  1:1:2 D D D 

7 0.25  1:1:2 D H D 

8 0.25  1:1:2 D H/D D 

9 0.25  1:1:2 H H H 

10 0.25  1:1:2 H H/D H 

11 0.67  2:1:0 H D  

12 0.67  2:1:0 H/D D  

13 0.67  2:1:0 D D  

14 0.67  2:1:0 D H  

15 0.67  2:1:0 D H/D  

16 0.67  2:1:0 H H  

17 0.67  2:1:0 H H/D  

18 0.75  3:1:0 H D  

19 0.75  3:1:0 H/D D  

20 0.75  3:1:0 D D  

21 0.75  3:1:0 D H  

22 0.75  3:1:0 D H/D  

23 0.75  3:1:0 H H  

24 0.75  3:1:0 H H/D  

 

In the case of sulfuric acid:pyridine:water (1:1:2) samples, the level of water deuteration was 

chosen based on the sulfuric acid deuteration level, as hydrogen/deuterium exchange would 

only occur between labile hydrogen/deuterium species. 

 Neutron scattering data were recorded for the twenty-four samples using the 

SANDALS spectrometer at the Rutherford Appleton Laboratory’s ISIS Neutron and Muon 

Source. Samples were contained within corrosion resistant quartz sample cells during active 
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counting. Each quartz cell had an internal cavity thickness of 1 or 2 mm. 2 mm cells were used 

for samples with high levels of deuteration (samples 2, 3, 5, 6, 7, 8, 12, 13, 15) and 1 mm cells 

for samples with lower deuteration (samples 1, 4, 9, 10, 11, 14, 16, 17) and 1000 A of data 

collected on each. Data was collected at 25 C (298 K) and the temperature was maintained 

using an FP50 Julabo. GUDRUN software was used to reduce data.586 For the aim of 

calibration and background subtraction using GUDRUN software, data was also collected on 

a 3.1 mm vanadium niobium alloyed plate standard, the empty SANDALS instrument and an 

empty 1 mm quartz cell.21 

5.3. Results and discussion 

5.3.1. Sample selection 

The set of prepared samples in Table 5.2.8- 1 were selected due to their relevance in both the 

catalysis concerning Fischer Esterification27,211 - samples 11-24 with excess sulfuric acid and 

in lignocellulosic biomass pre-treatment99,257 - samples 4-10 with water addition. In the latter, 

more specifically, a sulfuric acid:pyridine:water molar ratio equal to 1:1:2 was selected as it 

was the closest full stoichiometry which corresponded to the optimal water content for biomass 

fractionation (17% vs. 20% water, respectively). 

 Neutron scattering studies were preceded by 1H NMR and FT-IR spectroscopic studies 

to give preliminary insights into the structure and to confirm alignment with earlier work on 

these systems.211 Thermal stability was studied because some applications use elevated 

temperatures, and densities for both protiated and deuterated samples were measured as 

required input data for neutron scattering. 

5.3.2. Infra-red spectroscopy 

To give some indication towards the type of species present in protic ILs based on sulfuric 

acid, infra-red spectra were recorded. According to literature,587 sulfate core modes related to 

stretching (S-O) bands appear at 899 cm-1 and 902-957 cm-1, while (S=O) bands appear at 

1035-1133 cm-1 and 1158-1359 cm-1 for [HSO4]- in sulfuric acid monohydrate, [H3O][HSO4], 

and neat H2SO4 species, respectively. Bending (O-H) bands also appear at 1290 cm-1 and 

1240 cm-1 as weak shoulders for [HSO4]- in [H3O][HSO4], and neat H2SO4, respectively. 

Absorption bands were analysed in the fingerprint region between 650-1450 cm-1 and results 

plotted in Figure 5.3.2- 1. 
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Figure 5.3.2- 1. Comparison of FT-IR spectra of neat H2SO4 and H2SO4:py:H2O mixtures at 1:1:2, 2:1:0 and 3:1:0 

mole ratios, in the fingerprint region between 650-1450 cm-1. Black dashed lines: S-O stretching. Blue dashed lines: 

S=O stretching. Green dashed lines: O-H bending. 

The results indicated that a number of (S-O) and (S=O) stretching modes, as 

indicated by black and blue dashed lines, respectively, were present in all samples. An 

additional (O-H) bending mode, as indicated by the green dashed line, was present in all 

samples, excluding neat H2SO4 as there was no visibly distinct equivalent feature relating to 

(O-H) in H2SO4, expected at ca. 1240 cm-1, although spectra were broad in this region. Key 

IR band assignments were tabulated in Table 5.3.2- 1. 

 Bands below 800 cm-1 in samples containing pyridine, were expected to be due to  

C-H bending modes in aromatic systems. 

Table 5.3.2- 1. IR band assignments of sulfate core modes in neat H2SO4 and H2SO4:pyridine:H2O mixtures at 

1:1:2, 2:1:0 and 3:1:0 mole ratios, in the fingerprint region between 650-1450 cm-1. Ratio corresponds to 

H2SO4:pyridine:H2O. s = symmetric stretch. as = asymmetric stretch. 

Ratio Wavenumber / cm-1 

(S-O) (S=O) (O-H) 

[HSO4]-
  

 

H2SO4  

(s + as) 

[HSO4]- 

(s) 

[HSO4]-, (as) +  

H2SO4, (s) 

H2SO4 

(as) 

[HSO4]- H2SO4 

1:1:2 854 - 1029 1156 1394 1308 - 

1:2:0 861 932 1021 1122 1387 1334 - 

1:3:0 865 928 1029 1122 1379 1327 - 

1:0:0 883 943 1044 1118 1349 - - 
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 Neat, concentrated H2SO4 is known to exist in equilibrium with [HSO4]- and [H3SO4]+ 

ions as a result of autoprotolysis.588,589 In addition, sulfuric acid monohydrate. [H3O][HSO4] 

can form when sulfuric acid is exposed to water vapour.587 Our data showed IR bands 

characteristic of both H2SO4 and [HSO4]- in each of the spectra. The 1:1:2 sample had a 

spectrum distinctly different from the other samples and exhibited fewer bands. These bands 

were identified as being related to the [HSO4]- anion. The band present at 1156 cm-1 was 

previously attributed to complex vibrations from the {SO3} unit211 and it is likely that this band 

is related to (S=O) in [HSO4]-, along with residual H2SO4 vibrations. 2:1:0 and 3:1:0 samples 

have spectra which suggest that they have a structure which is similar to neat sulfuric acid, 

albeit, with a greater extent of [HSO4]- formation, as expected. 

5.3.3. NMR spectroscopy 

The 1H NMR spectra for neat samples of sulfuric acid:pyridine:water mixtures at mole ratios 

corresponding to 1:1:2, 2:1:0 and 3:1:0 were recorded on a Bruker Avance DPX 400 MHz 

spectrometer at ambient temperature and the overlaid spectra shown in Figure 5.3.3- 1. 

 

Figure 5.3.3- 1. Overlaid 1H NMR spectra of neat sulfuric acid:pyridine:water samples. NMR solvent: d6-DMSO 

(capillary). Black line: 1:1:2. Blue line: 2:1:0. Red line 3:1:0. 

All samples had three signals in the aromatic region between 7.2-8.0 ppm which corresponded 

to the protons on the pyridine ring. However, more useful information was drawn from the 

chemical shift region between 11.0-13.0 ppm. The 2:1:0 and 3:1:0 samples had a singlet at 

11.5 ppm which integrated for three protons, and another one at 11.0 ppm, which integrated 
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for five protons. This peak corresponded to the protons attached to the sulfate core. It was 

observed that this signal shifted by ca. 0.5 ppm to a slightly more shielded environment with 

increasing acid ratio (Table 5.3.3- 1). 

Table 5.3.3- 1. 1H NMR chemical shifts of neat sulfuric acid:pyridine:water samples associated with protons 

attached to the sulfate core and protonated pyridinium cations. NMR solvent: d6-DMSO (capillary). 

Ratio 

(acid:pyridine:water) 

Chemical shift / ppm 

O-H Aromatic ring S-O-H N-H 

1:1:2 6.8 7.2 - - 

7.7 

8.0 

2:1:0 - 7.3 11.5 12.5 

7.8 

8.0 

3:1:0 - 7.3 11.0 12.1 

7.9 

8.0 

 

These results suggested that, as the acid ratio was increased, the negative charge in the 

hydrogen bonded network of acid-hydrogen sulfate moieties became more delocalised. In 

addition, these 2:1:0 and 3:1:0 samples had a signal with a non-Lorentzian, multiplet shape at 

12.5 ppm and 12.1 ppm, respectively, which each integrated for one proton. This peak 

corresponded to the protonated nitrogen of the pyridine ring and was a multiplet due to proton 

coupling to nitrogen. The non-Lorentzian shape of this signal became more pronounced with 

increasing acid ratio. This suggested that there was a stronger interaction between the nitrogen 

and proton as the negative charge in the hydrogen bonded network of acid-hydrogen sulfate 

moieties became more delocalised. This N-H signal was present in a very deshielded 

environment, owing to the electron withdrawing nature of the pyridine ring, and also due to 

hydrogen bonding with the anion. It was observed that this N-H signal shifted by ca. 0.4 ppm 

to a slightly more shielded environment with increasing acid ratio. This suggested that as the 

negative charge in the acid-hydrogen sulfate hydrogen bonded network became more 

delocalised, there were weaker cation-anion interactions in the system. Similar trends in 

chemical shifts were noted in 1H NMR spectra for the hydrogen at the C2 position in various 

imidazolium based ionic liquids with excess acid.590 In this study, the anions used had a range 

of co-ordinating abilities. For example, relatively non-coordinating anions such as 

bis(trifluoromethanesulfonyl)imide, [NTf2]-, resulted in the C2 hydrogen of the imidazolium 

cation having an upfield chemical shift relative to when coordinating anions such as acetate, 

[OAc]- were used - 8 ppm vs. 10 ppm, respectively. 

 As expected, these results suggested that pyridine was protonated by a sulfuric acid 

proton in each case. They also showed that increasing acid ratio resulted in a more delocalised 
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hydrogen bonded network which, in turn, reduced the cation-anion interactions with increasing 

sulfuric acid mole ratio. However, where these changes were previously attributed to discrete 

di- and tri-nuclear anionic clusters of [(HSO4)(H2SO4)n]-,211 it is now hypothesised that these 

Brønsted acidic protic ILs systems based on sulfuric acid experience a networked 

delocalisation of anionic charge through three dimensional hydrogen bonds; which extend 

across all acid-hydrogen sulfate moieties. 

 The spectrum for the 1:1:2 sample containing two mole equivalents of water was 

markedly different from the spectra of samples with excess acid. Neat water typically occurs 

in 1H NMR spectra as a singlet at 4.8 ppm.591 This spectrum, however, did not have any peaks 

present in this region, but instead, had a very broad, unresolved feature centred around  

6.8 ppm. This is indicative of an O-H bond exchanging on the NMR timescale between sulfuric 

acid and water.592,593 In contrast to 2:1:0 and 3:1:0 samples with excess acid, the 1:1:2 sample 

with excess water did not show any peaks in the chemical shift region between 11.0-13.0 ppm 

related to protons attached to the sulfate core, or the N-H bond of the pyridinium cation. This 

was thought to be due to proton exchange between these species and water on the NMR 

timescale. The most interesting result from this data was that there was no peak related to the 

N-H bond of the pyridinium cation in these systems. This was in contrast to the 2:1:0 and 3:1:0 

samples with excess acid which showed a strong, non-exchanging protonation of nitrogen. 

However, proton exchange was expected between this N-H bond and water. 

5.3.4. Thermal stability 

The thermal decomposition of protic ILs based on sulfuric acid were studied from ambient 

temperature to 500 C under a nitrogen atmosphere and compared to neat sulfuric acid (18 M). 

The results have been plotted in Figure 5.3.4- 1and tabulated in Table 5.3.4- 1. 
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Figure 5.3.4- 1. Mass loss profiles (solid lines) and DTG curves (dashed lines) for protiated H2SO4:pyridine:H2O 

mixtures under dynamic heating regimes. Heating rate: 5 C min-1. 

The results showed that neat sulfuric acid decomposed in a single stage, the 1:1:2 sample 

decomposed in two stages, while the 2:1:0 and 3:1:0 samples decomposed in three stages. 

DTG curves for the 2:1:0 and 3:1:0 indicated a shoulder (T2) which became more pronounced 

when the sulfuric acid content was increased. Thermal decomposition was typically complete 

by 375-450 C for H2SO4:pyridine:H2O mixtures, while the neat sulfuric acid thermal 

decomposition process had ceased by 275 C. 

Table 5.3.4- 1. Thermal decomposition events in H2SO4:pyridine:H2O mixtures under dynamic heating regimes. 

Heating rate 5 C min-1. Onset values were determined from the initial deviation of the DTG curve from the 

baseline. Peak max values were determined from the peak maximum of the DTG curve. a onset. b shoulder. 

Sample H2SO4:py:H2O H2SO4 Temperature / C 

T1 T2 T3 

Onset Peak 

max 

Onset Peak 

max 

Onset Peak 

max 

9 1:1:2 0.25 31 87 - - 171 368 

16 2:1:0 0.33 83 131 202b 298b 334 385 

23 3:1:0 0.67 94 130 184b 301b 315 353 

1 1:0:0 1.00 - - 150a 265 - - 

 

Mass loss in the first stage for the 1:1:2 sample began around 31 C and was complete by  

154 C. The second stage of mass loss in this system (T3) did not begin until 262 C and was 

complete by 410 C. 20 % mass loss occurred in the first mass loss event and was attributed 
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to the loss of water from the sample. The mass of water added to the sample contributed to 

17% of the sample mass. The additional 3% water loss was likely due to the self-catalysing 

decomposition of residual H2SO4 in the sample to release H2O and SO3 as decomposition 

products, as occurs in H2SO4 at elevated temperatures.594 This will be discussed further when 

considering mixtures with an excess of H2SO4. 79% of the total mass was lost in the second 

stage. This was attributed to the loss of pyridinium hydrogen sulfate, [Hpy][HSO4], (83% of 

the sample mass, minus H2O lost during decomposition of residual H2SO4). 1% of the sample 

mass remained at the end of the TGA scan. 

 In the 2:1:0 sample, mass loss began around 77 C and was complete by 182 C. The 

second stage of mass loss began shortly after, at 202 C. This stage of mass loss was a shoulder 

in the TGA trace which was not clearly resolved from the third stage of mass loss which began 

at ca. 334 C, as shown in Figure 5.3.4- 1. Nevertheless, 6% mass loss occurred in the first 

stage of thermal decomposition and was attributed to the loss of one mole equivalent of water. 

Water was not added to this sample, however, if it was assumed that one mole equivalent of 

sulfuric acid and pyridine reacted together to form [Hpy][HSO4], one mole equivalent of 

undissociated H2SO4 was therefore present in the sample. H2SO4 is known to thermally 

decompose into water and sulfur trioxide as shown in Equation 5.3.4-1 at temperatures 

between 127-427 C.594 

H2SO4 → H2O + SO3 Equation 5.3.4-1. 

However, in the presence of the conjugate base of sulfuric acid, [HSO4]-, it was likely that this 

decomposition event was catalysed and occurred at slightly lower temperatures. Calculations 

showed that if undissociated H2SO4 were to decompose in this way, the water produced would 

contribute to 6% of the sample mass; as shown by TGA. Furthermore, ca. 27% mass loss 

occurred in the second decomposition event. This was attributed to the SO3 thermal 

decomposition product from the same decomposition event (29% of the sample mass), which 

likely dissolved in the sample at lower temperatures, until it was released in the second mass 

loss event between 202-334 C. Finally, ca. 65% mass loss occurred in the third decomposition 

event, which was attributed to the loss of [Hpy][HSO4] from the sample (64% of the sample 

mass). 2% of the sample mass remained at the end of the TGA scan. 

 In the 3:1:0 sample, the first stage of mass loss began around 94 C and was complete 

by 167 C. The second stage of mass loss occurred soon after, at 184 C. This stage of mass 

loss was also a shoulder in the TGA trace and was not clearly resolved from the third stage of 

thermal decomposition, however, it was slightly more resolved than for the 2:1:0 sample. The 

third stage of mass loss began at ca. 315 C. In this sample, 5% of the sample mass was lost 
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in the first stage of thermal decomposition. This, again, was attributed to the loss of one mole 

equivalent of water from the sample. In a similar manner, if it was assumed that one mole 

equivalent of sulfuric acid and pyridine reacted together to form [Hpy][HSO4], two mole 

equivalents of undissociated H2SO4 were therefore present in this sample. Calculations showed 

that if two mole equivalents of undissociated H2SO4 were to decompose, the water produced 

would contribute to 10% of the sample mass. This indicated that only one mole equivalent of 

H2SO4 decomposed to release H2O (5% of the sample mass) in this mass loss event, as 

evidenced by TGA. Therefore, one mole equivalent of H2SO4 and [Hpy][HSO4] remained in 

the sample after this first decomposition event. In the second mass loss event, ca. 48% of the 

sample mass was lost. This was attributed to the loss of undissociated H2SO4, in addition to 

the loss of the SO3 thermal decomposition product from the first decomposition event. It is 

known that SO3 dissolves in H2SO4 to produce oleum, also known as fuming sulfuric acid as 

shown in Equation 5.3.4-2.595 

SO3 + H2SO4 → H2S2O7  Equation 5.3.4-2. 

Therefore, the second stage of thermal decomposition was attributed to the loss of one mole 

equivalent of oleum from the sample (48% of the sample mass), as evidenced by TGA. Finally, 

ca. 45% mass loss occurred in the third decomposition event. This was attributed to the loss 

of [Hpy][HSO4] from the sample (47% of the sample mass). 2% of the sample mass remained 

at the end of the TGA scan. 

 This thermal decomposition study highlighted the importance of scrutinising the DTG 

curve in TGA to observe small, but not insignificant changes to mass in thermal profiles. This 

comes as many authors had not considered these small mass losses when determining the onset 

of thermal decomposition for many protic ILs based on sulfuric acid. For example, many 

authors considered the onset of thermal decomposition as the temperature corresponding to 

the intercept between the tangent drawn to the steepest part of the TGA curve and the 

extrapolated, horizontal line taken from a point prior to mass loss. This technique fails to 

identify thermal decomposition events which relate to the release of a low molecular weight 

molecule such as water. An example of thermal profiles which showed a small degree of mass 

loss prior to the main thermal decomposition event in protic ILs based on sulfuric acid are 

shown in Figure 5.3.4- 2. 
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Figure 5.3.4- 2. Thermal mass loss profiles for protic ILs based on sulfuric acid. Top (left to right): 

methylpyrrolidinium, [Mpyr][HSO4]; ethylammonium hydrogensulfate, [EAm][HSO4]; pyrazolium 

hydrogensulfate,  [P][HSO4].596 Bottom: 1:1, 2:1 and 3:1 H2SO4:Et3N.211 

Thermal decomposition temperatures (Td) related to [Mpyr][HSO4], [EAm][HSO4] and 

[P][HSO4] were reported as 254 C, 324 C and 334 C,596 respectively, while 1:1, 2:1 and 3:1 

H2SO4:Et3N samples were said to be thermally stable above 200 C.211 However, visual 

observation of their TGA traces indicated that a small extent of mass loss had occurred prior 

to these reported temperatures. This mass loss was not considered in [Mpyr][HSO4], 

[EAm][HSO4] and [P][HSO4] samples. In H2SO4:Et3N samples, this was attributed to water 

loss, however, crucially, detailed thermal analysis of the DTG curve was not carried out to 

determine whether this was solely due to inherent ‘wetness’ of the sample, or water released 

as a thermal decomposition product. This detail could drastically change the Td(onset) 

temperature reported for these samples. 

 In addition to this, other authors cycle a temperature program to oscillate between  

90-105 C to remove water, prior to determining the thermal decomposition temperature of 

the sample.99 However, this may have the effect of masking some thermal decomposition 

events which may occur in this region, such as those shown in the results above.  

 In terms of understanding the benefit of the addition of water to protic ILs based on 

sulfuric acid for biomass pre-treatment, these thermal stability studies may provide insight into 

processes occurring in the ionic liquid at the 120 C pre-treatment temperature. For example, 

results showed that it was likely that a small extent of thermal decomposition occurred in the 



147 

 

1:1:2 H2SO4:py:H2O sample below 120 C, which likely released 3% H2O as a gas and 

dissolved SO3 into the IL. Furthermore, [C4mim][HSO4] has been shown to be resistant to 

strong oxidisers such as SO3 which was thought to be due to the presence of the [HSO4]- 

anion.597 

5.3.5. Density measurements 

Density of all samples with varying isotopic substitution ratios, numbered 1-24 in  

Table 5.2.8-1, were studied as a function of temperature between 20-50 C. A comprehensive 

table of density data is shown in Table 8.7- 1 (appendix). However, this data has been 

summarised, plotted and tabulated in Figure 5.3.5- 1and Table 5.3.5- 1, respectively to include 

only fully protiated and fully deuterated samples for ease of data interpretation. 

 

Figure 5.3.5- 1. Density of fully protiated and fully deuterated H2SO4:pyridine:H2O samples as a function of 

temperature. Squares and circles represent fully protiated and fully deuterated samples, respectively. Black, blue 

and red symbols represent 1:1:2, 2:1:0 and 3:1:0 H2SO4:pyridine:H2O samples, respectively.  

The density of all samples decreased with increasing temperature, as expected. 

Chrobok and co-workers had previously reported a slightly more negative gradient 

from -0.0006 to -0.0008 g cm-3 C-1 with increasing H2SO4 from 0.50-0.75 in imidazolium and 

triethylammonium protic ionic liquids based on sulfuric acid.26 The group attributed this to a 

lesser contribution from Columbic interactions and a greater contribution from weaker 

hydrogen bonding interactions which would be more disrupted by temperature in higher H2SO4 
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compositions. However, considering the protic ILs studied in this work, there was minimal 

change to the linear trendline gradient with increasing H2SO4 from 0.67 to 0.75.  

Table 5.3.5- 1. Density of fully protiated and fully deuterated H2SO4:pyridine:H2O samples as a function of 

temperature. D = fully deuterated. H = fully protiated. 

Sample Density (g cm-3) at temperature / C 

20 25 30 40 50 

H2SO4 = 0.25 (1:1:2) 

D 1.4495 1.4458 1.4426 1.4357 1.4291 

H 1.3801 1.3765 1.3733 1.3666 1.3603 

H2SO4 = 0.67 (2:1:0) 

D 1.6286 1.6241 1.6202 1.6119 1.6043 

H 1.5752 1.5710 1.5673 1.5594 1.5522 

H2SO4 = 0.75 (3:1:0) 

D 1.6788 1.6741 1.6699 1.6610 1.6529 

H 1.6316 1.6271 1.6231 1.6146 1.6069 

 

The linear trendline fitting parameters obtained for H2SO4:pyridine:H2O protic ILs 

over the temperature range between 20-50 C are outlined in Table 5.3.5- 2.  

Table 5.3.5- 2. Density linear trendline fitting parameters for H2SO4:pyridine:H2O samples over the temperature 

range from 20-50 C. Density data had a negative gradient. 

Sample Acid:pyridine:water H2SO4  Isotopic 

substitution 

a / g cm-3 -b / g cm-3 C-1 

6 1:1:2 0.25 D 1.4629 0.0007 

9   H 1.3931 0.0007 

 13 2:1:0 0.67 D 1.6444 0.0008 

16   H 1.5903 0.0008 

20 3:1:0 0.75 D 1.6958 0.0009 

23   H 1.6478 0.0008 

 

Further to the results discussed above, sample density as a function of H2SO4 is outlined in 

Figure 5.3.5- 2. 
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Figure 5.3.5- 2. Density of fully protiated and fully deuterated H2SO4:pyridine:H2O samples as a function of 

composition at 20 C. 

 Samples were, as expected, less dense than pure protiated and deuterated sulfuric acid 

(1.8365 and 1.87235 g cm-3, respectively) and more dense than pure protiated and deuterated 

pyridine (0.9833 and 1.04815 g cm-3, respectively) at 20 C. They showed a trend of increasing 

density with increasing H2SO4 from H2SO4 = 0.25-0.75. However, the trend between  

H2SO4 = 0.25 and H2SO4 = 0.67-0.75 is not linear as H2SO4 = 0.25 also has two moles of water 

present which is not present in samples H2SO4 = 0.67-0.75 and lowered its density quite 

significantly. In addition, isotopic substitution of pyridine, sulfuric acid and water substituents 

from protiated to deuterated increased the density of the samples. These experimental results 

for H2SO4:pyridine:H2O and H2SO4:pyridine show an increase in density with heavier 

components in a similar manner to experimental results598 and computational calculations599 

using the path integrated Monte Carlo method for isotopically substituted water  

(i.e. water = 1H  2D  3T). This is due to the atomistic density for these H2SO4:pyridine:H2O 

and H2SO4:pyridine samples remaining the same, however, with an added neutron with 

isotopic substitution from 1H to 2D, the mass of each atom increases, increasing their mass per 

volume. 

5.3.6. Viscosity measurements 

Viscosity measurements were performed on protiated H2SO4:pyridine:H2O mixtures at 20 C, 

25 C and 40 C. The results were plotted in Figure 5.3.6- 1 and tabulated in Table 5.3.6- 1. 
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Figure 5.3.6- 1. Viscosities of fully protiated H2SO4:pyridine:H2O samples at 20 C, 25 C and 40 C. Results from 

six repetitions were recorded at each temperature. 

The viscosity of these samples decreased non-linearly with increasing temperature, as is 

typical for viscosity dependence on temperature. At all temperatures studied, sample viscosity 

followed the order 1:1:2  3:1:0  2:1:0. Samples containing excess sulfuric acid had a higher 

viscosity than those with an excess of water. This can be explained by sulfuric acid having a 

significantly higher viscosity than water (ca. 21 vs. 0.89 mPa s) at 25 C.600,601  

 Notably, samples with an excess of sulfuric acid showed a decrease in viscosity with 

increasing sulfuric acid content. Previously, this reduced viscosity had been attributed to the 

dispersion of anionic charge through cluster anions based on [(HSO4)(H2SO4)x]- with increased 

sulfuric acid content.26 However, it is my opinion that it was more likely that intermolecular 

Coulombic interactions were effectively diluted by weaker, hydrogen bonded interactions with 

the addition of molecular sulfuric acid and that the anionic charge was dispersed over a larger 

hydrogen bonded network in the 3:1:0 sample than in the 2:1:0 sample; thereby lowering 

viscosity. 
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Table 5.3.6- 1. Average viscosity of fully protiated H2SO4:pyridine:H2O samples at 20 C, 25 C and 40 C. The 

average viscosity was calculated using results from six repetitions at each temperature. 

Sample H2SO4 Acid:pyridine:water Dynamic viscosity (mPa s) at Temperature / C 

  20 25 40 

9 0.25 1:1:2 21.1250 18.2585 11.4441 

 16 0.67 2:1:0 92.5230 77.2432 42.2764 

23 0.75 3:1:0 45.4935 38.9121 23.5944 

 

There was a marked difference in changes of viscosity as a function of temperature. 

Temperature had the least impact on the 1:1:2 sample, with  = 9.6809 mPa s, between  

20-40 C. In contrast, the viscosity of the 2:1:0 sample was most affected by temperature 

change,  = 50.2466 mPa s and the 3:1:0 sample had a viscosity change of  = 21.8991 

mPa s over the same temperature range. Another interesting point highlighted by these results 

was that the viscosity of the 3:1:0 sample was less affected by temperature change than the 

2:1:0. This potentially suggested that there were a greater number of hydrogen bonding 

interactions present in the 3:1:0 sample that would need to be overcome to alter viscosity. In 

addition to this, the viscosity of the 1:1:2 sample was much less affected by temperature 

change than the 2:1:0 and 3:1:0 samples. It could be speculated that this was due to the 

relatively larger size of the sulfuric acid molecule than the water molecule, whereby the 

smaller water molecule could continue to come in close enough contact with other moieties to 

maintain some degree of hydrogen bonding in the liquid, even at elevated temperatures. 

5.3.7. Neutron scattering study 

Experimental neutron scattering data was collected at 25 C. Data analysis using EPSR was 

conducted by Anne McGrogan and experimental data was iteratively driven towards the best 

fit with a Monte Carlo simulation model. Data analysis was then conducted as part of the work 

for this thesis. 

5.3.7.1. Container selection 

The standard can used in ISIS for neutron scattering experiments on liquids is made of 

titanium-zirconium alloy (TiZr). Due to the acidic nature of the samples in this study, corrosion 

tests were carried out on TiZr sample cans prior to neutron diffraction experiments, to 

determine whether they were suitable sample holders for this experiment. An example from 

this corrosion test is shown in Figure 5.3.7.1- 1. 
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Figure 5.3.7.1- 1. Left: TiZr sample can following polishing with metal wool before drops of the most acidic, neat 

H2SO4 and H2SO4 = 0.75 samples were added. Right: TiZr sample can following the removal of the neat H2SO4 and 

H2SO4 = 0.75 samples which were placed on the TiZr cans for 20 h. 

Neat protiated acid and the protiated H2SO4 = 0.75 sample were placed on top of the TiZr 

sample can for 20 h, after which they were removed. Results from this corrosion study 

indicated that these TiZr cans were not suitable for this experiment as they were corroded - 

indicated by metal discolouration seen after the removal of the samples. As expected, the most 

acidic, neat H2SO4 sample resulted in the largest extent of discolouration, however, significant 

discolouration was also observed for the H2SO4 = 0.75 sample. Similarly, very slight 

discolouration was observed after the least acidic sample, H2SO4 = 0.25, was placed on a TiZr 

can for 20 h. Additionally, a TiZr can was fully immersed in a sample of the least acidic, 

protiated, H2SO4 = 0.25 sample for 20 h. This can was weighed prior to and following 

immersion. Although no mass change was observed using a three-digit balance after 20 h, a 

significant discolouration of the H2SO4 = 0.25 liquid was observed. Furthermore, when the 

TiZr can was removed from the H2SO4 = 0.25 liquid and washed, it had a more polished 

appearance than could have been achieved by washing alone. This suggested that the TiZr can 

was also corroded by the least acidic H2SO4 = 0.25 sample. In consequence, the samples were 

studied in quartz cells (a filled cell is shown in Figure 5.3.7.1- 2), which are extremely resistant 

to corrosion, but also much more brittle and therefore prone to mechanical damage during 

handling. 

 

Figure 5.3.7.1- 2. Example of a quartz sample cell with a 2 mm internal cavity diameter used during neutron 

scattering experiments.  
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5.3.7.2. Structure of neat sulfuric acid 

The atom types for the EPSR simulation representing this system were described using a 

molecular description of sulfuric acid, as shown in Figure 5.3.7.2- 1. 

 

Figure 5.3.7.2- 1. Atom types used for the EPSR simulation of neat sulfuric acid using a molecular description.  

The comparisons between simulated and experimental data for both Q-space, S(Q), and real 

space, gij(r), have been plotted in Figure 5.3.7.2- 2 and tabulated in Table 5.3.7.2- 1. 

 

Figure 5.3.7.2- 2. Comparison between simulated and experimental, S(Q), data (left) and subsequent Fourier 

transform to real, gij(r), space (right) for sulfuric acid modelled using a molecular H2SO4 description. 

 

 

 

 

 



154 

 

Table 5.3.7.2- 1. Intermolecular distances calculated from the peak maximum of radial distribution functions 

(RDFs) between atom types modelled using a molecular description of sulfuric acid. The relative coordination 

numbers (Ncoord) and errors associated with the Ncoord are also listed. 

Interaction RDF distances / Å Ncoord ± 

OA2···OA2 2.7 5.3 1.1 

OA1···OA1 3.2 4.6 1.3 

OA2···OA1 2.6 6.7 1.2 

OA1···OA2 2.6 6.6 1.1 

HF···OA1 - - - 

HA···OA1 1.7 0.8 0.7 

HA···OA2 1.7 1.0 0.5 

 

The simulation models for each sample showed a good fit to experimental data. Intermolecular 

distances and coordination numbers, Ncoord, derived from COM RDFs which described the 

sulfate environment were concurrent with the literature. For example, the O···O distances 

obtained in this work were between 2.6 Å and 3.2 Å, depending on the atom types. As 

expected, these were shortest and longest for S=O···S-O and S-O···S-O, respectively. This 

was consistent with the literature values which had an O···O intermolecular distance range 

between 2.4 Å578 and 3.1 Å.602 Furthermore, the S···S coordination number obtained in this 

work was 11 which was consistent with the literature value of 12602 and demonstrated the 

tetrahedral geometry of the hydrogen bonded sulfate network, as previously reported.578,602,603 

5.3.7.3. Structure of 2:1:0 sulfuric acid:pyridine:water 

The atom types for the EPSR simulation representing this system were described using a 

pyridinium cation, [Py-H]+, a hydrogen sulfate anion, [HSO4]- and a molecular description of 

sulfuric acid H2SO4 as shown in Figure 5.3.7.3- 1. 

 

Figure 5.3.7.3- 1. Atom types used for the EPSR simulation of the 2:1:0 sulfuric acid:pyridine:water system. These 

include a pyridinium cation, a hydrogen sulfate anion and molecular sulfuric acid. 

This ionic description of the pyridinium and hydrogen sulfate components of the system was 

chosen in line with previously published infra-red spectroscopy spectra604 of pyridinium ions 

and the pyridinium hydrogen sulfate the crystal structure.605 The comparisons between 

simulated and experimental data for both Q-space, S(Q), and real space, gij(r), have been 

plotted in Figure 5.3.7.3- 2. 
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Figure 5.3.7.3- 2. Comparison between simulated and experimental, S(Q), data (left) and subsequent Fourier 

transform to real, gij(r), space (right) for 2:1:0 sulfuric acid:pyridine:water. The system was defined as [Py-H]+ 

[HSO4]- and H2SO4 in the EPSR simulation. 

The O···O distances obtained for the 2:1:0 sulfuric acid:pyridine:water sample shown in  

Table 5.3.7.3-1 were very similar to those of neat sulfuric acid, 2.6-3.3 Å vs. 2.6-3.2 Å, 

respectively. However, the average coordination number associated with these O···O 

interactions decreased when moving from concentrated H2SO4 to PIL. In the latter, one protic 

hydrogen was tied up in the pyridinium cations, resulting in a  relative reduction in the number 

of protic hydrogen atoms available for hydrogen bonding to oxygens, from 2:1 to 3:2.  
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Table 5.3.7.3- 1. Intermolecular bond distances obtained from the peak position of the COM RDFs and their 

corresponding coordination numbers calculated out to a maximum of 4 Å (minimum after first peak). a sharp.  
b broad. c weak. Sh  shoulder. 

Interaction RDF distances / Å Ncoord ± 

O1···O1 3.0b 0.5 0.7 
O2···O2 3.3sh 2.9 0.9 
OA1···OA1 2.6-3.0b,c 2.2 1.1 
OA2···OA2 3.20 1.9 1.0 
O1···O2 2.7a 4.5 1.1 
O1···OA1 3.0 1.1 1.0 
O1···OA2 2.8 1.4 1.2 
O2···O1 2.7a 1.5 0.7 
O2···OA1 2.6a 1.1 1.0 
OA1···O1 3.0 0.6 0.7 
OA1···O2 2.6a 1.7 1.1 
OA1···OA2 2.6 3.3 1.1 
OA2···O1 2.8 0.7 0.7 
OA2···O2 2.6a 2.4 1.2 
OA2···OA1 2.6 3.3 1.1 

 

Possibly the most interesting observation was that, in contrast to the close cation-anion 

interactions which occur in archetypal ILs, the primary type of 1st coordination sphere 

interactions in these Brønsted acidic protic ILs in were anion-anion interactions. Correlations 

followed the trend anion-anion  cation-anion  cation-cation (Figure 5.3.7.3- 3), contrasting 

with anion-cation > cation-cation > anion-anion interactions commonly encountered in typical 

archetypal ILs.245 

 

Figure 5.3.7.3- 3. Overlay of specific site-site correlations from COM RDFs obtained following Fourier transform 

of experimental and simulated S(Q) data to real gij(r) space. Plot (a) shows SO4···SO4 correlations, (b) Hpy···Hpy 

correlations, (c) Hpy···SO4 correlations. 



157 

 

The S=O···S-O interactions occurred between 2.6-2.8 Å. SHARM diagrams (Figure 5.3.7.3- 

4, left) illustrated that the central [HSO4]- ion S-O site had the most association with other 

[HSO4]- ions while the S=O site had the most association with neutral H2SO4 molecules. The 

coordination numbers associated with these showed that sulfate interactions followed a trend 

of [HSO4]-···[HSO4]- (N = 4.5)  H2SO4···H2SO4 (N = 3.3)  [HSO4]-···H2SO4 (N = 1.1), 

indicating that while hydrogen bonds between same-charge {SO4} moieties were most 

strongly correlated, they also occurred between neutral and negatively charged {SO4} 

moieties, with coordination number above one – strongly suggesting that the {SO4} network 

extended throughout all {SO4} types. 

 

Figure 5.3.7.3- 4. SHARM diagrams illustrating - Left: coordination of [HSO4]- (yellow) and H2SO4 (green) around 

[HSO4]- in the 1st coordination sphere out to 7 Å. Right: coordination of [HSO4]- around [HSO4]- in the 1st (red) 

and 2nd (yellow) coordination spheres out to 9 Å. Smoothing factor = 7, probability = 30%. 

Figure 5.3.7.3- 4, right, also demonstrated a highly symmetrical and alternating tetrahedral 

arrangement of [HSO4]- ions in the 1st and 2nd coordination spheres which suggested an 

extensive hydrogen bonded {SO4} network. 

 Cation-anion and cation-cation interactions were less strongly correlated and did not 

appear to significantly contribute to the local structure. Although pyridinium cations played a 

role in balancing charge distributed throughout the sulfate network, the cation-anion 

interactions demonstrated that pyridinium cations sat discretely, in holes formed in the {SO4} 

network. Only a shoulder in the Hpy···{SO4} COM RDF at 4.1 Å indicated that there was 

some weak correlation between cation-anion in these systems, reminiscent of typical 

interactions in archetypal ILs. Likewise, cation-cation interactions were diffuse and centred 

around 6 Å. This intermolecular distance is significantly larger than that which would be 

typical for face-face -stacking interactions in ILs, which typically occur below 5 Å.574  

Building on this, the EPSR simulation box snapshot (Figure 5.3.7.3- 5) suggested that these 

random interactions had time-averaged face-edge interactions, likely between the + 

hydrogens of ring and the electron-rich aromatic core. 
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Figure 5.3.7.3- 5. EPSR simulation box snapshot of the 2:1:0 sulfuric acid:pyridine:water mixture showing the 

retention of a hydrogen bonded, sulfate network; contrary to primary interactions which occur in archetypal ILs. 

These results suggested a number of significant distinctions between these Brønsted acidic 

protic ILs based on sulfuric acid and archetypal ILs: 1) Cation-anion associations are typically 

the dominant interactions in archetypal ILs whereby anion hydrogen bonding is less 

significant.606,607 As anion-anion associations are dominant in these Brønsted acidic protic ILs 

based on sulfuric acid, this results in more charge segregation than would usually be typical 

for an IL. 2) Other protic ILs based on quaternary ammonium cations typically exhibit 

substantial cation-anion Coulombic interactions.28,229 3) Face-face associations are the primary 

type of aromatic interactions in aromatic ILs due to the favourable low charge density above 

and below the plane of the ring.245  

 This 2:1:0 sulfuric acid:pyridine protic IL retained many of the structural features of 

neat sulfuric acid which were driven by the extensive hydrogen bonded {SO4} network. There 

was, however, some degree of dimensionality loss due to the reduction in the number of protic 

hydrogens available to participate in hydrogen bonds when compared to neat sulfuric acid. As 

a result, holes formed in the {SO4} network structure were filled by pyridinium cations. This 

resulted in pyridinium ions encapsulated in the {SO4} network and significant charge 

segregation. 

 Future work on these functional liquids may involve changing the size of the cationic 

species present to manipulate their network porosity and resulting structure. 

5.3.7.4. Structure of 1:1:2 sulfuric acid:pyridine:water 

The atom types for the EPSR simulation representing this system were described using a 

pyridinium cation, [Py-H]+, a hydrogen sulfate anion, [HSO4]- and a molecular description of 

H2O as shown in Figure 5.3.7.4- 1. 
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Figure 5.3.7.4- 1. Atom types used for the EPSR simulation of the 1:1:2 sulfuric acid:pyridine:water system. These 

include a pyridinium cation, a hydrogen sulfate anion and molecular water. 

The comparisons between simulated and experimental data for both Q-space, S(Q), and real 

space, gij(r), have been plotted in Figure 5.3.7.4- 2. 

 

Figure 5.3.7.4- 2. Comparison between simulated and experimental, S(Q), data (left) and subsequent Fourier 

transform to real, gij(r), space (right) for 1:1:2 sulfuric acid:pyridine:water. The system was defined as [Py-H]+ 

[HSO4]- and H2O in the EPSR simulation. 

The primary type of interactions which occurred in these ternary mixtures in the 1st 

coordination sphere were H2O···H2O, H2O···[HSO4]-, H2O···[HPy]+, [HSO4]-···[HSO4]- and 

[HSO4]···[HPy]+ interactions (Figure 5.3.7.4- 3). There were also [HPy]+···[HPy]+ 

correlations, however, these were more diffuse and occurred at longer intermolecular 

distances. 
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Figure 5.3.7.4- 3. Overlay of specific site-site correlations from COM RDFs obtained following Fourier transform 

of experimental and simulated S(Q) data to real gij(r) space. Plot (a) shows SO4···SO4 correlations, (b) Hpy···Hpy 

correlations, (c) Hpy···SO4 correlations, (d) H2O···Hpy correlations, (e) H2O···SO4 correlations and (f) H2O···H2O 

correlations Dashed lines are to highlight distinction between correlations with H2O and other Hpy and SO4 

correlations excluding H2O. 

The {SO4} O···O distances obtained for the 1:1:2 sulfuric acid:pyridine:water sample are 

shown in Table 5.3.7.4- 1 and were within the range of 3.1-3.8 Å, slightly longer than those 

values for neat sulfuric acid (2.6-3.3 Å) or the 2:1:0 sample (2.6-3.2 Å). The water Ow···Ow 

distance in this work (2.9 Å) was consistent with the literature values for neat water, with 

Ow···Ow intermolecular distances around 2.8-3.0 Å.16,608 Charged [H3O]+ or [H5O2]+ species 

have much shorter Ow···Ow intermolecular distances (2.55 Å609 and  

2.40-2.45 Å,610 respectively), than what we observe in this system. Therefore, unlike the water 

species in solid sulfuric acid hydrates,581–583 it was unlikely that the water species in this system 

existed in a charged form. 

Table 5.3.7.4- 1. Intermolecular bond distances obtained from the peak position of the COM RDFs and their 

corresponding coordination numbers calculated out to a maximum of 4 Å (minimum after first peak). a sharp.  
Sh  shoulder. 

Interaction RDF distances / Å Ncoord ± 

O1···O1 3.22 0.6 0.7 
O1···O2 3.1 4.8 0.9 
O2···O1 3.1 1.6 0.7 
Ow···O1 3.1 0.9 0.8 
O1···Ow 3.1 1.7 1.3 
Ow···O2 3.0 2.8 1.2 
O2···Ow 3.0 1.9 1.3 
O2···O2 3.8sh 2.6 0.7 
Ow···Ow 2.9a 2.9 1.3 
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The average coordination number associated with {SO4} O···O interactions in the 1:1:2 

sulfuric acid:pyridine:water sample also decreased with respect to neat sulfuric acid. However, 

SHARM diagrams (Figure 5.3.7.4- 4, left) illustrated that there was preferential hydrogen 

bonding of H2O to the S=O site of the central [HSO4]- ion, which locally displaced [HSO4]- 

from its tetrahedral arrangement. This generated a time-averaged snapshot in which there was 

a more directional sheet or layer-like orientation of {SO4} in the 1st coordination sphere.  

 

Figure 5.3.7.4- 4. SHARM diagrams illustrating - Left: coordination of [HSO4]- (yellow) and H2O (green) around 

[HSO4]- in the 1st coordination sphere out to 7 Å. Right: coordination of [HSO4]- around [HSO4]- in the 1st (red) 

and 2nd (yellow) coordination spheres out to 9 Å. Smoothing factor = 7, probability = 45%. 

In contrast, Figure 5.3.7.4- 4, right, showed the presence of a tetrahedral arrangement of 

[HSO4]- ions in the 2nd coordination sphere. This suggested that, although there was local 

displacement of {SO4} moieties in the 1st shell, the bulk of the sample remained as a 

tetrahedrally arranged, hydrogen bonded {SO4} network. 

 The coordination numbers associated with this system showed that sulfate interactions 

followed a trend of [HSO4]-···[HSO4]-  H2O ···H2O. The coordination numbers associated 

with these [HSO4]-···[HSO4]- and Ow···Ow interactions were 4.8 Å and 2.9 Å, respectively. 

While this Ow···Ow coordination number indicated that water was most likely to interact with 

itself, it also showed a large deviation from the coordination number of  

4.7 which exists in neat, tetrahedrally structured water.611 This suggested that the typical 

tetrahedral, hydrogen bonded network which occurs in water was perturbed by hydrogen 

bonding to sulfate moieties. Furthermore, given that both the H2O···S=O and H2O···H2O 

coordination numbers were equivalent (2.8 vs. 2.9, respectively), this suggested that there was 

a time-averaged formation of a {SO4} network, bridged by oligomeric chains of water 

molecules. The strong anion-anion correlation and the deviation of the Ow···Ow coordination 

number from that in neat water (2.9 vs. 4.7, respectively) are both inconsistent of ‘electrolyte 

in water’ or simple dilution. Rather, the ternary mixture of sulfuric acid:pyridine:water (1:1:2) 

has a unique structure of hydrogen-bonded strands of hydrogen sulfate/water, with pyridium 

cations in the holes, which is different from either of the parent components. These 
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observations can also be qualitatively inferred from the EPSR box snapshot, (Figure 5.3.7.4- 

5) in which there is a much more planar orientation of the sulfate network. 

 

Figure 5.3.7.4- 5. EPSR simulation box snapshot of the 1:1:2 sulfuric acid:pyridine:water mixture showing the 

retention of a hydrogen bonded, sulfate network with water doping. It also shows that water has been integrated 

into this network.  

5.3.7.5. Comparison of 1:1:2, 2:1:0 sulfuric acid:pyridine:water and sulfuric 

acid 

The most noteworthy and somewhat surprising result from this study was the retention of a 

prolific and extended {SO4} network from that of neat sulfuric acid to a Brønsted acidic protic 

IL with excess acid and through to a Brønsted acidic protic IL doped with water. These {SO4} 

intermolecular distances occurred at much shorter intermolecular distances than one would 

expect for an IL, whereby the primary correlations that occur are typically that of cation-anion 

associations. A comprehensive overlay of site-site centre of mass radial distribution functions 

(COM RDFs) have been plotted for neat sulfuric acid along with 2:1:0 and 1:1:2 sulfuric acid 

pyridine water in Figure 5.3.7.5- 1. These detail the most significant interactions which 

occurred in 1st and 2nd coordination spheres in these systems. 
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Figure 5.3.7.5- 1. Overlay of specific site-site correlations from COM RDFs obtained following Fourier transform 

of experimental and simulated S(Q) data to real gij(r) space. Blue line = neat sulfuric acid. Green line = 2:1:0 

sample. Red line = 1:1:2 sample. Plot (a) shows SO4···SO4 correlations, (b) Hpy···Hpy correlations, (c) Hpy···SO4 

correlations, (d) H2O···Hpy correlations, (e) H2O···SO4 correlations and (f) H2O···H2O correlations Dashed lines 

are to highlight distinction between correlations with H2O and other Hpy and SO4 correlations excluding H2O. 

With regards to {SO4}···{SO4} correlations in the 1st and 2nd coordination spheres, these COM 

RDFs have been overlaid in graph (a) within Figure 5.3.7.5- 1. In this work, neat sulfuric acid 

gave a {SO4···SO4} intermolecular distance in the 1st coordination sphere equal to 4.4 Å. This 

mapped well to distances published previously in the literature602,612 – in particular to results 

from MD simulations reported by Guàrdia and co-workers. In the Brønsted acidic protic ILs 

based on sulfuric acid, this {SO4}···{SO4} distance in the 1st coordination sphere was slightly 

elongated to 4.7 Å in the 2:1:0 system and then further elongated out to 4.9 Å in the 1:1:2 

sample. There were two factors thought to be the cause of this extension of the 1st coordination 

sphere. 1) The insertion of water bridges into the {SO4} network and 2) a simple dilution 

effect. When analysing results from the 2nd coordination sphere, there was an obvious 

compression of the {SO4}···{SO4} intermolecular distances from 9.0 Å in both neat acid and 

2:1:0 samples to 7.8 Å in the 1:1:2 system, where the 2nd coordination sphere also became 

more defined. This shell compression implied that the {SO4} network was likely drawn into a 

more planar system whereby {SO4} chains had a greater degree of linearity with water doping 

due to bridging water molecules. This was also suggested by the comparable H2O···S=O 

(Ow···O2) and H2O···H2O (Ow···Ow) coordination numbers which were 2.8 and 2.9, 

respectively and could be qualitatively observed when comparing EPSR simulation box 

snapshots (Figure 5.3.7.4- 5 vs. Figure 5.3.7.3- 5). 
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 When 1st coordination sphere correlations were compared in terms of anion and 

cations associations from graph (a)-(c) in Figure 5.3.7.5- 1, all systems showed the same 

trends. The anion-anion correlation was most pronounced, followed by the cation-anion 

correlation, while the cation-cation correlation was least pronounced. This is very atypical IL 

behaviour which usually follow the trend of highest correlation to lowest: anion-cation  

cation-cation  anion-anion. The HPy···{SO4} also had a small correlation at ca. 4.1 Å, a 

distance typical of cation-anion correlations in ILs. However, this was not the distance at 

which the majority of these correlations occurred. The majority of HPy···{SO4} associations 

occurred at intermolecular distances in excess of 5 Å and so the {SO4}···{SO4} interaction 

remained the predominant correlation in these Brønsted acidic protic ILs based on sulfuric 

acid. In addition to these predominant interactions, the addition of water into the 1:1:2 system 

had a minor effect on HPy···HPy correlations. When water was added to these systems, there 

was a marginal increase in HPy···HPy correlations at ca. 4 Å. In aromatic IL systems, 

associations around this distance are usually indicative of face-face interactions of - 

systems.574 Therefore, it is thought that water may have a small influence of the cation-cation 

directionality in these systems. 

 These COM RDFs also indicate that interactions in the 1:1:2 system between water 

and, either itself, the cations or the anions follow the trend of highest correlation to lowest: 

H2O···H2O  H2O···{SO4}  H2O···HPy. 

5.3.7.1. The structure-property relationship 

As outlined in sections 1.6 and 5.1.1, this work was carried out in order to aid understanding 

of how the structure of these Brønsted acidic protic ILs based on sulfuric acid, at an atomistic 

level, may influence their macroscopic properties. It was noted that these Brønsted acidic 

protic ILs, doped with either water or excess acid had favourable properties in industrial 

processes such as esterification and lignocellulosic biomass pre-treatment.  

 As a result of these structural studies, it is now understood that the key factor 

explaining the greater performance of Brønsted acidic protic ILs in these applications is their 

ability to form extensive, hydrogen bonded {SO4} networks that can incorporate water into 

their structure. In esterifications, water produced as a by-product is strongly bound in the IL, 

becoming part of the extended, hydrogen bonded network. This essentially separates water 

from the organic phase more effectively, thus, driving the reaction equilibrium to the right 

hand side. At the same time, this water incorporation into the {SO4} network resulted in a 

functional liquid with greater hydrogen bonding abilities, as evidenced by the contraction of 

the second {SO4} coordination sphere. As a result, it is not energetically favourable to include 

esters in the protic IL matrix. For the same reasons, this likely has the opposite effect on the 
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extent of lignin dissolution which occurs in these systems when used for biomass pre-treatment 

applications. It is likely that lignin dissolution is favoured in these water-doped protic ILs 

when compared to the neat, dry IL due to greater interactions with the lignin hydroxyl 

functional groups. 

5.4. Conclusions 

The Brønsted acidic protic ILs based on sulfuric acid described in this work have industrial 

relevance in both catalysis and biomass pre-treatment processes. In both instances, water 

present either inadvertently with increasing concentration, as a product of esterification 

reactions, or with intentional doping led to favourable phase behaviour, when compared to 

their benchmarks in these processes. This chapter covered infra-red and NMR spectroscopy 

studies, studies of thermal stability, density and viscosity measurements of Brønsted acidic 

protic ILs based on sulfuric acid. 

 The results from infra-red spectroscopy indicated that while the 2:1:0 and 3:1:0 

sulfuric acid:pyridine:water samples had both molecular, H2SO4, and ionic, [HSO4]-, species 

present in their structure, the 1:1:2 sample only had ionic, [HSO4]-, species present. NMR 

spectroscopy studies also suggested increasing charge delocalisation with increasing acid 

molar ratio in the 2:1:0 and 3:1:0 systems and also indicated pyridine protonation. No signal 

characteristic of an N-H bond was detected in the 1:1:2 sample, however, it was expected that 

it exchanged with water hydrogens on the NMR timescale. In addition, sample viscosity 

decreased with increased acid ratio when moving from the 2:1:0 to the 3:1:0 system. This 

further suggested greater charge delocalisation with increasing acid ratio. 

 Thermal stability studies highlighted the importance of a comprehensive analysis of 

thermal stability in these systems. The 2:1:0 and 3:1:0 samples lost water which equated to ca. 

5% of the sample mass in a mass loss event which started at temperatures as low as  

77-94 C. This was previously attributed to inoffensive water loss from inherent sample 

wetness in the literature. However, the analysis in this work suggests that this water loss is 

likely as a result of residual H2SO4 decomposition to water and sulfur trioxide and catalysed 

by the presence of mildly basic [HSO4]- anions. 

 Analysis of neutron scattering data has shown that these Brønsted acidic protic ILs 

did not behave like archetypal ILs and had a marked reduction in the extent of cation-anion 

association that would be expected for IL – both protic and aprotic. Instead, these sulfuric 

acid:pyridine:water IL systems were dominated by anion-anion, anion-sulfuric acid and/or 

anion-water and/or water-water interactions which formed part of an extended sulfate and, 

where present, water hydrogen bonded network of anions and polar, neutral moieties. This 
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meant that in the absence of water, the 2:1:0 sulfuric acid:pyridine water mixture inherited 

many structural characteristics found in neat sulfuric acid – significantly, an approximately 

tetrahedral {SO4} network that persisted with sulfuric acid incorporation into an IL. These 

systems are, therefore, an idiosyncratic type of functional liquids. 

 Remarkably, this {SO4} network was also retained in the presence of two mole 

equivalents of water (17 wt%). Results from EPSR showed that water was actively 

incorporated into the sulfate network. Interestingly, this incorporation of water tended to shift 

the {SO4} network from a highly symmetrical and 3-dimensional {SO4}···{SO4} array to one 

which resembled a system with more 2-dimentionality or planarity. In addition, equal 

H2O···S=O and H2O···H2O coordination numbers suggested that the water molecules were 

incorporated into this {SO4} network in the form of oligomeric water bridges between {SO4} 

moieties. Furthermore, it was unlikely that water existed in these systems as charged species 

as the H2O···H2O intermolecular distances of 2.9 Å coincided with that in neat water and at 

distances much too large than would be expected for charged [H3O]+ or [H5O2]+ species. 

 In an ideal scenario, we would want to study these Brønsted acidic PIL systems in the 

presence of water and, either esters or lignocellulosic biomass. However, simulations using 

this level of molecular complexity are not currently achievable using EPSR. That aside, given 

the results from these structural studies, it is reasonable to assume that water has a beneficial 

effect on the phase behaviour of these functional liquids due to its incorporation into the {SO4} 

network. Water incorporation into the {SO4} network makes the system more water-like and 

increases its hydrogen bonding abilities. Therefore, it is speculated that this leads to applicative 

advantages whereby weakly hydrogen bonding molecules, such as esters, are rejected from the 

protic IL phase in esterifications, but that molecules with a high hydrogen bonding ability have 

greater solubility, aiding fractionation of lignocellulosic biomass. Future work may involve 

neutron scattering structural studies of model compounds in both wet and dry protic ILs based 

on sulfuric acid and comparison of the extent of their solvation in each. 
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6. Summary and conclusions 

The overarching theme of this thesis was the relationship between fundamental physical 

properties and industrially relevant applications – with prospective or current relevance. This 

encompassed both hydrophobic eutectics and acidic ILs. 

 Chapter 2 focussed on screening the eutectic behaviour of trioctylphosphine oxide 

(TOPO) with three classes of hydrogen bond donors: polyols, carboxylic acids and 

hydroxyacids. Eighteen hydrogen bond donors with potential relevance in nanomaterial 

synthesis, removal of phenolic contaminants from wastewater, organics extraction and waste 

valorisation in terms of metal extraction and extraction of silica/silicates were screened at a 

number of compositions for liquid formation. The two most promising candidates for potential 

in metal and organics extraction were taken forward for further physico-chemical 

characterisation in Chapter 3. 

 Chapter 3 focused on the physico-chemical characterisation of two TOPO:carboxylic 

acid mixtures - TOPO:malonic acid and TOPO:levulinic acid. In particular, this research 

addressed thermal stability, phase behaviour, density and the strength of interactions using 31P 

NMR spectroscopy. Thermal stability studies have shown that no all-encompassing thermal 

decomposition route can be used to describe TOPO:carboxylic acid mixtures. TOPO has been 

shown to either inhibit or promote decomposition via dehydration and decarboxylation, 

respectively. Similarly, no all-encompassing phase behaviour can be used to describe the phase 

behaviour of these liquids. TOPO:malonic acid mixtures exhibited simple eutectic behaviour 

(Type 2-Ia1), however, TOPO:levulinic acid mixtures were partially miscible in the solid phase 

(Type 2-IIIa). 31P NMR spectroscopy concluded that liquid compositions with high TOPO 

concentrations had stronger interactions with the carboxylic acids and thus, suggested that 

these stronger interactions may help to limit leaching. Furthermore, density studies concluded 

that high TOPO compositions were the best choice for extraction applications as they are 

characterised by the lowest density. An enhanced density disparity between the TOPO based 

liquid and water suggested that compositions with high TOPO  values would facilitate greater 

phase separation in extraction from aqueous sources. 

 Chapter 4 focused on the application of TOPO = 0.67 TOPO:malonic acid eutectic as 

a gallium extractant. The loading capacity of this extractant was ca. three orders of magnitude 

greater than that of the benchmark due to the high TOPO concentrations achieved in these 

liquids (ca. 2 M). It was also selective for gallium over aluminium and copper, however, there 

was competitive extraction of iron, indium and zinc in a simulated zinc leach residue leachate 

at 6 M HCl. 71Ga NMR spectroscopy identified tetrahedral gallium species present in the 

TOPO:malonic acid phase after contact with 6 M HCl which pointed towards the formation of 



168 

 

[GaCl3⋅TOPO] as the extracted species. Unfortunately, however, combining TOPO with 

another potentially active gallium extractant, malonic acid, did not provide the synergistic 

effect that we had hoped for, and malonic acid suffered significant leaching into the aqueous 

phase. Nevertheless, this work has paved the way for future work in gallium extractions 

whereby a eutectic made from TOPO and an environmentally benign, sacrificial reducing 

agent such as ascorbic acid, to reduce Fe3+ to Fe2+, has been identified as a strategy which 

could benefit these systems.  

 Chapter 5 focused on the physico-chemical characterisation and neutron scattering 

structural studies of Brønsted acidic protic ILs based on sulfuric acid which have industrial 

relevance in both catalysis and biomass pre-treatment processes. FT-IR spectroscopy 

confirmed that both H2SO4 and [HSO4]- species were present in acid rich samples, however 

only [HSO4]- species was present in samples with equimolar acid:base ratios and two mole 

equivalents of water. NMR spectroscopy showed that pyridine was fully protonated, as 

expected. Structural studies using neutron scattering have helped to propose structural reasons 

for differences in phase behaviour with water doping. Remarkably, the extended {SO4} 

network, like that found in neat sulfuric acid, was also identified in these ILs. The strong anion-

anion associations present in these Brønsted acidic protic ILs based on sulfuric acid are 

atypical of interactions commonly found in archetypal ILs. Importantly, neutron scattering 

data indicated that water doped into these Brønsted acidic protic ILs was incorporated into the 

extended {SO4} network and formed oligomeric water bridges between {SO4} moieties. This 

lowered the symmetry of the highly symmetrical, 3D, {SO4} network to one with lower 

symmetry and greater planarity. Thus, water incorporation into the sulfate network increased 

its hydrogen bonding ability. This likely results in the rejection of weakly hydrogen bonding 

molecules or acceptance of highly hydrogen bonding molecules into the protic IL matrix and 

leads to the favourable phase behaviour observed when using these protic ILs in industrial 

processes. 
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8. Appendix 

8.1. Checking dryness and purity of starting materials used for  

TOPO:carboxylic acid physico-chemical characterisation 

studies. 

8.1.1. TOPO 

 

Figure 8.1.1- 1. 1H NMR of TOPO. NMR solvent: d6-acetone. 
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Figure 8.1.1- 2. 13C spectrum of TOPO. NMR solvent: d6-acetone. 

 

 

Figure 8.1.1- 3. TGA trace of TOPO under dynamic heating conditions (10 C min-1). No water present identifiable 

by mass loss at 100 C. 
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8.1.2. Malonic acid  

 

Figure 8.1.2- 1. 1H spectrum of malonic acid. NMR solvent: d6-DMSO. Purity 99.5%: Ethyl acetate impurity: 

0.28% (0.33 mol%), acetic acid impurity: 0.19% (0.33 mol%). 

 

 

Figure 8.1.2- 2. 13C NMR spectrum of malonic acid. NMR solvent: d6-DMSO. 
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Figure 8.1.2- 3. TGA trace of malonic acid under dynamic heating conditions (10 C min-1). No water present 

identifiable by mass loss at 100 C. 

 

8.1.3. Levulinic acid 

 

Figure 8.1.3- 1. 1H spectrum of levulinic acid. NMR solvent:d6-DMSO. 
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Figure 8.1.3- 2. 13C spectrum of levulinic acid. NMR solvent: d6-DMSO. 

 

 

Figure 8.1.3- 3. TGA trace of levulinic acid under dynamic heating conditions (10 C min-1). No water present 

identifiable by mass loss at 100 C. 
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8.2. TOPO:carboxylic acid thermal analysis 

8.2.1.  TOPO:malonic acid mixtures 

Table 8.2.1- 1. Td(onset) and second thermal decomposition step onset (T2) for TOPO:malonic acid mixtures across 

whole compositional range TOPO = 0.00-1.00. 

TOPO Td (onset) / C T2 / C 

1.00 204 - 

0.90 103 235 

0.80 99 227 

0.70 92 236 

0.67 90 239 

0.60 89 233 

0.50 86 231 

0.40 83 237 

0.33 82 232 

0.30 99 236 

0.20 100 232 

0.10 113 239 

0.00 133 - 

 

 

 

Figure 8.2.1- 1. TOPO = 0.33 TOPO:malonic acid sample held isothermally at 90 C. Initial temperature ramping 

rate: 50 C min-1. 63% mass remains after ca. 800 minutes. 
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Figure 8.2.1- 2. 13C NMR spectrum of white solid collected around the top of the round bottomed flask during 

heating TOPO = 0.33 isothermally at 90 C. Identified as malonic acid. NMR solvent: d6-acetone. 

 

 

Figure 8.2.1- 3. 13C NMR spectrum of TOPO = 0.33 TOPO:malonic acid mixture after held isothermally at 90 C 

for 1 hour. NMR solvent: d6-acetone. 
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8.2.2. TOPO:levulinic acid mixtures 

Table 8.2.2- 1. Td(onset), second thermal decomposition step onset (T2) and third decomposition step onset (T3) for 

TOPO:levulinic acid mixtures across whole compositional range TOPO = 0.00-1.00. 

TOPO Td (onset) / C T2 / C T3 / C 

1.00 204 - - 

0.90 198 303 - 

0.80 181 273 - 

0.70 169 279 - 

0.67 155 273 - 

0.60 141 276 - 

0.50 130 276 - 

0.40 108 304 198 

0.33 92 308 179 

0.30 102 272 - 

0.20 106 276 - 

0.10 106 273 - 

0.00 107 - - 

 

 

Figure 8.2.2- 1. TOPO = 0.33 TOPO:levulinic acid TGA scan using a slow, 1 C min-1 heating rate. 
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Figure 8.2.2- 2. 13C NMR spectrum of white solid that solidified around the neck of the round bottomed flask 

following cooling after TOPO = 0.33 sample held isothermally at 140 C. Identified as levulinic acid. NMR solvent: 

d6-DMSO. 

 

Figure 8.2.2- 3. 1H NMR spectrum of TOPO = 0.33 TOPO:levulinic acid after being held isothermally at 140 C. 

Before heating: TOPO hydrogens integrated for 25.80 (1:2.0 TOPO:levulinic acid molecules, TOPO = 0.33).  

After heating: TOPO hydrogens integrated for 35.67 (1:1.4 TOPO:levulinic acid molecules, TOPO = 0.42), 

indicating that levulinic acid was lost during heating. NMR solvent: d6-DMSO (capillary). 
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Figure 8.2.2- 4. In situ GC-MS trace when TOPO = 0.33 TOPO:levulinic acid was held isothermally at 125 °C. 

 

8.3. TOPO:carboxylic acid phase behaviour 

 

Figure 8.3- 1. Neat TOPO DSC trace. Temperature scan rate: 2 C min-1. 
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Figure 8.3- 2. Neat levulinic acid DSC trace. Temperature scan rate: 2 C min-1. 

 

8.3.1. TOPO:malonic acid  

 

Figure 8.3.1- 1. TOPO = 0.10 DSC trace. Temperature scan rate: 2 C min-1. 
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Figure 8.3.1- 2. TOPO = 0.20 DSC trace. Temperature scan rate: 2 C min-1.  

 

 

Figure 8.3.1- 3. TOPO = 0.30 DSC trace. Temperature scan rate: 2 C min-1. 



217 

 

 

Figure 8.3.1- 4. TOPO = 0.33 DSC trace. Temperature scan rate: 2 C min-1. 

 

 

Figure 8.3.1- 5. TOPO = 0.40 DSC trace. Temperature scan rate: 2 C min-1. 
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Figure 8.3.1- 6. TOPO = 0.50 DSC trace. Temperature scan rate: 2 C min-1. 

 

 

Figure 8.3.1- 7. TOPO = 0.55 DSC trace. Temperature scan rate: 2 C min-1. 
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Figure 8.3.1- 8. TOPO = 0.60 DSC trace. Temperature scan rate: 2 C min-1. 

 

 

Figure 8.3.1- 9. TOPO = 0.80 DSC trace. Temperature scan rate: 2 C min-1. 
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Figure 8.3.1- 10. TOPO = 0.90 DSC trace. Temperature scan rate: 2 C min-1. 

 

 

Figure 8.3.1- 11. TOPO = 0.60 DSC trace after the sample was placed in a scratched pan and sealed with a hermetic 

lid. The sample was first placed in a fridge for 96 h and then a freezer for 1.5 h. DSC temperature programme was 

equilibrated at 0 C for 10 min, then cooled to -90 C, held isothermal for 10 min and heated to 70 C. Temperature 

scan rate: 1 C min-1. 
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Table 8.3.1- 1. DSC and SLC data used to construct TOPO:malonic acid phase diagram. a Tg from an average 

stirrer bar onset temperature. 

TOPO  Phase change temperature / C 

DSC  SLC 

T1 T2 T3  T1 T2 Tg
a 

0.00 - - -  137 - - 

0.10 10 - -  130 12 - 

0.20 10 - -  120 12 - 

0.30 11 - -  114 11 - 

0.33 11 - -  110 12 - 

0.40 11 - -  89 11 - 

0.50 11 - -  35 12 - 

0.55 10 - -  10 10 - 

0.60 - - -  - - -4 

0.67 8 - 18  19 11 - 

0.70 9 -12 29  31 11 - 

0.80 - - 44  45 40 - 

0.90 - - 49  50 48 - 

 

8.3.2. TOPO:levulinic acid 

 

Figure 8.3.2- 1. TOPO = 0.10 DSC trace. Temperature scan rate: 2 C min-1. 



222 

 

 

Figure 8.3.2- 2. TOPO = 0.30 DSC trace. Temperature scan rate: 2 C min-1. 

 

 

Figure 8.3.2- 3. TOPO = 0.33 DSC trace. Temperature scan rate: 2 C min-1. 
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Figure 8.3.2- 4. TOPO = 0.40 DSC trace. Temperature scan rate: 2 C min-1. 

 

 

Figure 8.3.2- 5. TOPO = 0.50 DSC trace. Temperature scan rate: 2 C min-1. 
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Figure 8.3.2- 6. TOPO = 0.60 DSC trace. Temperature scan rate: 2 C min-1. 

 

 

Figure 8.3.2- 7. TOPO = 0.70 DSC trace. Temperature scan rate: 2 C min-1. 
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Figure 8.3.2- 8. TOPO = 0.80 DSC trace. Temperature scan rate: 2 C min-1. 

 

 

Figure 8.3.2- 9. TOPO = 0.90 DSC trace. Temperature scan rate: 2 C min-1. 
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Table 8.3.2- 1. DSC and SLC data used to construct TOPO:levulinic acid phase diagram. a Tg from an average 

stirrer bar onset temperature. 

TOPO  Phase change temperature / C 

DSC  SLC 

T1 T2 T3  T1 T2 Tg
a 

0.00 32 - -  - - - 

0.10 18 -22 -  30 29 - 

0.20 13 -21 -  29 25 - 

0.30 - - 6  8 - -14 

0.33 - - -3  3 - -24 

0.40 - - 1  - - -36 

0.50 9 - -3  13 0 - 

0.55 34 - -2  35 30 - 

0.60 40 - -2  41 38 - 

0.67 42 - -  43 39 - 

0.70 47 - -  48 44 - 

0.80 49 - -  50 48 - 

0.90 52 - -  52 - - 

 

8.4. TOPO:carboxylic acid 31P NMR 

 

 

Figure 8.4- 1. Stacked 31P NMR spectra of neat, ambient temperature liquid TOPO:malonic acid samples. NMR 

solvent: D3PO4 (capillary). 
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Figure 8.4- 2. Stacked 31P NMR spectra of neat, ambient temperature liquid TOPO:levulinic acid samples. NMR 

solvent: D3PO4 (capillary). 

 

8.5. TOPO:carboxylic acid density and molar volume 

Table 8.5- 1. Density of TOPO:carboxylic acid formulations as a function of TOPO and temperature. 

TOPO Density (g cm-3) at temperature / C 

20 25 30 35 40 45 50 

TOPO:malonic acid       

0.50 0.95566 0.95249 0.94917 0.94574 0.94219 0.93832 0.93393 

0.55 0.94441 0.94106 0.93770 0.93432 0.93094 0.92752 0.92405 

0.60 0.93282 0.92951 0.92618 0.92282 0.91941 0.91596 0.91236 

0.67 0.92060 0.91732 0.91401 0.91069 0.90736 0.90399 0.90061 

TOPO:levulinic acid       

0.10 1.04842 1.04448 1.04050 1.03652 1.03253 1.02854 1.02456 

0.20 0.97337 0.96961 0.96584 0.96209 0.95836 0.95461 0.95089 

0.30 0.96738 0.96373 0.96009 0.95644 0.95280 0.94918 0.94555 

0.33 0.95942 0.95581 0.95220 0.94859 0.94499 0.94139 0.93780 

0.40 0.94370 0.94015 0.93660 0.93306 0.92953 0.92600 0.92247 

0.50 0.92604 0.92258 0.91911 0.91564 0.91218 0.90873 0.90527 
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Table 8.5- 2. Molar volume of TOPO:carboxylic acid formulations as a function of TOPO and temperature. 

TOPO Molar volume (cm3 mol-1) at temperature / C 

20 25 30 35 40 45 50 

TOPO:malonic acid       

0.50 256.7 257.6 258.5 259.4 260.4 261.5 262.7 

0.55 274.8 275.7 276.7 277.7 278.7 279.8 280.8 

0.60 293.3 294.4 295.4 296.5 297.6 298.7 299.9 

0.67 318.7 319.8 321.0 322.2 323.3 324.6 325.8 

TOPO:levulinic acid       

0.10 136.6 137.1 137.6 138.1 138.7 139.2 139.7 

0.20 174.9 175.6 176.2 176.9 177.6 178.3 179.0 

0.30 203.9 204.7 205.5 206.3 207.0 207.8 208.6 

0.33 214.1 214.9 215.7 216.5 217.3 218.2 219.0 

0.40 237.7 238.6 239.5 240.4 241.3 242.3 243.2 

0.50 271.5 272.5 273.5 274.5 275.6 276.6 277.7 

 

Table 8.5- 3. Absolute average deviation of data fitted to a linear regression trendline y = a + bT for density and 

molar volume data in TOPO:carboxylic acid formulations. Density units: g cm-3. Molar volume units: cm3 mol-1. 

Mixture TOPO Absolute average deviation of the fit / x10-5 

Density () Molar volume / (Vm) 

TOPO:malonic acid 0.50 0.4658 8.5714 

 0.55 -0.4286 -5.2857 

 0.60 -0.4648 -14.857 

 0.67 0.4296 -4.8571 

TOPO:levulinic acid 0.10 0.4658 3.5714 

 0.20 0.0015 -14.0000 

 0.30 0.2847 5.7143 

 0.33 -0.2490 12.1429 

 0.40 -0.2158 -9.5714 

 0.50 0.5015 13.5714 
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8.6. Extraction of gallium from acidic chloride aqueous streams 

using TOPO-based functional liquids 

 

Figure 8.6- 1. 71Ga NMR spectrum of reference solution of 1.1 m Ga(NO3)3 in D2O. 
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Figure 8.6- 2. Calibration curve used in leaching studies showing FT-IR transmission as a function of malonic acid 

concentration. Malonic acid dissolved in de-ionised water at concentrations 3.8-90.0 g L-1. 
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8.7. Density of protic ionic liquids based on sulfuric acid  

Table 8.7- 1. Comprehensive list of densities recorded for H2SO4:pyridine:H2O formulations as a function of 

temperature. See   

Table 5.2.8- 1 in chapter 5 for isotopic substitution ratio and composition. 

Sample Density (g cm-3) at temperature / C 

20 25 30 40 50 

1 1.8365 1.8311 1.8264 1.8163 1.8163 

2 1.8545 1.8490 1.8441 1.8339 1.8246 

3 1.8724 1.8669 1.8620 1.8516 1.8422 

4 1.4100 1.4063 1.4030 1.3961 1.3896 

5 1.4272 1.4235 1.4203 1.4133 1.4068 

6 1.4495 1.4458 1.4426 1.4357 1.4291 

7 1.4214 1.4178 1.4146 1.4078 1.4015 

8 1.4348 1.4312 1.4280 1.4211 1.4147 

9 1.3801 1.3765 1.3733 1.3666 1.3603 

10 1.3896 1.3861 1.3828 1.3760 1.3760 

11 1.6015 1.5971 1.5933 1.5853 1.5781 

12 1.6147 1.6103 1.6064 1.5983 1.5909 

13 1.6286 1.6241 1.6202 1.6119 1.6043 

14 1.6027 1.5984 1.5945 1.5864 1.5790 

15 1.6170 1.6126 1.6087 1.6005 1.5930 

16 1.5752 1.5710 1.5673 1.5594 1.5522 

17 1.5880 1.5837 1.5799 1.5720 1.5648 

18 1.6484 1.6438 1.6396 1.6310 1.6231 

19 1.6736 1.6689 1.6647 1.6559 1.6478 

20 1.6788 1.6741 1.6699 1.6610 1.6529 

21 1.6673 1.6626 1.6583 1.6494 1.6414 

22 1.6663 1.6615 1.6574 1.6486 1.6406 

23 1.6316 1.6271 1.6231 1.6146 1.6069 

24 1.6384 1.6339 1.6298 1.6213 1.6135 

 


