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“My propositions serve as elucidations in the following way: anyone who understands me 

eventually recognises them as nonsensical, when he has used them—as steps—to climb 

beyond them. (He must, so to speak, throw away the ladder after he has climbed up it.) He 

must transcend these propositions, and then he will see the world aright.” 

 

 — Ludwig Wittgenstein 

Tractatus Logico-Philosophicus 
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Abstract 
 
Understanding the thermophysical properties of fluids is crucial to the effective development 
of industrial processes and is dependent on models optimised against reliable experimental 
data that are always in short supply. Veridical since antiquity, the accelerating impact of 
climate change and unsustainable processes have promoted it to a problem of the utmost 
importance and urgency. The transition towards sustainability and net zero greenhouse gas 
emissions requires the resolution of many known unknowns and the dissolution of unknown 
unknowns. Of especial significance is the behaviour of the consistently asymmetric mixtures 
formed by carbon dioxide (CO2) and hydrogen (H2). This work provides some essential 
fragments of the information required; investigating the phase behaviour of mixtures of carbon 
dioxide with methanol and with isobutane, and of hydrogen with isobutane, alongside the 
behaviour of hydrogen mixtures more broadly. Low uncertainty experimental measurements 
have extended the range of available data and have been applied to optimise and assess 
thermodynamic models suitable for use in process design and simulation. A methodology by 
which such measurements may be conducted has been developed to allow for unprecedented 
levels of automation, necessary to address knowledge gaps with sufficient haste. The 
possibility of apparatuses capable of autonomously exploring entire phase spaces, including 
self-calibration and some density measurement, has been demonstrated. 
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Chapter 1: Introduction 
 
 
 
 
 
“Phlebas the Phoenician, a fortnight dead, forgot the cry of gulls, and the deep sea swell and 
the profit and loss. A current under sea picked his bones in whispers. As he rose and fell he 
passed the stages of his age and youth entering the whirlpool. Gentile or Jew, O you who turn 
the wheel and look to windward, consider Phlebas, who was once handsome and tall as you.” 
 

— T.S. Eliot 
The Waste Land IV: “Death by Water” 
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1.1 Industry, Energy, and their Impacts 

1.1.1 The Development of Industry and the Usage of Energy 

 
The story prefacing this work begins with onset of industrialisation, at least, when scope is 
restricted sensibly. At this time, the scales at which people could harness energy and matter 
ceased to be negligible within the overall global mass and energy balances. It is also the origin 
of modern chemical engineering. The two are deeply intertwined, as are their benefits and 
consequences. 
 
Technological development, much like learning and, pertinently, climate change, is an 
exponential process. The building up of infrastructure and understanding allows for further 
development to proceed at a faster rate, which, combined with economies of scale, provides 
impetus for a runaway feedback loop. It is here that the crux of the issues underlying the 
following discussions rests: the ability to utilise something does not require that the usage be 
sustainable (whether across the span of a second, a decade, or up to the limit of infinite time). 
 
Industrialisation allowed the processing of material at unprecedented scales, increasing in a 
manner that is roughly proportional to the energy required. Improvements in efficiency, such 
as with the development of the steam engine (and early thermodynamics with it), in many 
cases resulted ultimately in greater usage of energy and materials as noted as early as 1865 
by Jevons [1]. Jevons’ work was especially concerned with the usage and potential depletion 
of supplies of coal, however it is echoed throughout the anthropogenic use of energy [2]. 
 
Coal, like wood before it, was initially primarily limited to heating [3]. The development of 
thermodynamic cycles allowed for this thermal energy to do “work”, and their combination 
could then be dispatched to process chemicals. For example, coal could be heated in the 
presence of steam and limited oxygen (O2) to produce Town gas [4], a gaseous mixture rich 
in hydrogen (H2) and carbon monoxide (CO). Coal could provide the thermal energy required, 
both to sustain the reaction and to heat steam that could do work on turbines that, in turn, 
rotate compressors to do work on the Town gas, such that it may be conveyed through 
conduits for downstream use in producing light or heat. This process would also produce 
limited amounts of ammonia (NH3) [5], with the incorporated nitrogen (N2) coming from the 
atmospheric air fed in to provide oxygen. 
 
Fixed nitrogen, of which ammonia is a prominent example, is essential for the growth of 
biological organisms, yet the necessary breaking of the triple bond between nitrogen atoms is 
energy intensive. Growing populations and limited natural supplies of fixed nitrogen produced 
similar concerns of sustainability as were voiced with coal [6]. The solution to this problem 
stands as one of the greatest achievements of the 20th century: the Haber-Bosch process [7]. 
 
Coal could be gasified as before, but instead of burning the resulting mixture, it could be used 
as synthesis gas (syngas) from which more complex chemicals could be produced. Mixing 
this syngas with atmospheric air and performing the water-gas shift reaction and scrubbing 
could produce a high purity stream of nitrogen and hydrogen. Raising this mixture to high 
pressure (eg 20 MPa), in the presence of a catalyst, would promote the reaction to form 
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ammonia in accordance with Le Chatelier’s principle. Such ammonia could then be reacted 
further to produce fertilisers in a way that remains responsible for feeding most of the world’s 
population today, more than a century later [7]. It should be noted, for future reference, that 
the high pressures involved (especially in the presence of hydrogen) were thought to be 
unmanageable by most in industry at the time [8], yet engineering overcame this challenge 
mightily. 
 
The use of old carbonaceous energetic materials (fossil fuels), and their derivatives, grew and 
evolved substantially in the 20th century, providing the necessary energy and chemicals for 
socioeconomic growth. Many processes found extensive use during periods of war and some, 
such as the Bergius process, eventually ceased to exist [9] when the available feedstocks 
changed and new processes were developed. A notable example that remains relevant 
especially to the discussion that follows is the Fischer-Tropsch process for synthetic 
hydrocarbon production [10]. Natural gas, a methane-rich fossil fuel, has displaced the 
majority of coal usage, including as a source of hydrogen for the aforementioned reactions, 
with the majority of hydrogen now produced via steam-methane reforming [11]. Synthetic 
polymers would eventually be developed and applied both to everyday life and industry with 
great benefit [12]. 
 
Concerns around the use of these processes remained focussed on the finite, effectively non-
renewable, supply of feedstocks. Would coal run out? Would oil? Would natural gas? It was 
long evident that unsustainable growth would always be a concern; the broader considerations 
were only just beginning to be understood. It was now that a greater concern reared its head, 
one for which all of the world could bear witness. 
 

1.1.2 Climate Change 

 
Anthropogenic climate change represents one of the greatest obstacles facing humanity 
today. The reality of it is generally accepted worldwide and virtually unanimously accepted 
within the scientific community [13], while the consequences of this climate change have 
become ever more widely recognised with much attention focused on preventing the growth 
of this problem. 
 
While theories of small-scale climate change have existed since antiquity [14], it was not until 
the early 19th century that the potential for global climate change was realised. In 1824, 
Fourier theorised that the atmosphere played a significant role in warming the planet and 
recognised that human activities could influence global temperatures and change the climate 
[15]. By 1838, Pouillet had proposed that carbon dioxide (CO2) and water vapour may warm 
the atmosphere by trapping infrared (IR) radiation and, in 1959, Tyndall’s research into the 
absorption of IR radiation by various gases would give further credence to this theory [16]. 
 
The first significant calculations of the potential effect of this newly discovered global warming 
effect were performed in 1896 by Svante Arrhenius who found that doubling the level of carbon 
dioxide in the atmosphere would result in a warming of 5-6 °C, though modern estimates are 
lower [17]. It is worth noting that at the time of this startling observation atmospheric carbon 
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dioxide was 295 ppm [18], while in 2020 (at the start of this work) this had risen considerably 
to ~413 ppm and by 2025 to ~427 ppm [19]. The concept would gain the name “the 
greenhouse effect” in 1909 [20, 21], but would be met with heavy scepticism for many years 
to come. The development of spectroscopy further established the capacity of carbon dioxide 
to absorb IR radiation, and correlations between rising temperatures and atmospheric CO2 
levels were made, though largely ignored [22]. 
 
Despite the criticism, the evidence in favour of the greenhouse effect and the overarching 
concept of man-made climate change continued to grow, bolstered by new and more accurate 
techniques and the advent of computing. In 1960 and 1961 Keeling published his work on 
what would come to be called the “Keeling Curve” [23], showing the clear rise in atmospheric 
CO2 and accelerating the acceptance of Arrhenius’ work after more than half a century of 
doubt. Many chemicals would go on to be identified as greenhouse gases, such as methane, 
oxides of nitrogen, and a number of refrigerants.  
 
In the 21st Century, the mechanics and consequences of climate change are much better 
understood. The most immediately apparent issues result directly from the global temperature 
increase that greenhouse gases cause, for instance many organisms are not suited to higher 
temperatures and are incapable of adapting within a short timescale [24]. A large fraction of 
the world’s seasonal ice deposits has been melting earlier and to greater extent than seen 
historically, resulting in a feedback loop that has consistently decreased total ice coverage 
[25]. Sea levels have risen, driven both by the flow of terrestrially bound water to the ocean 
(eg melting glaciers) and the thermal expansion of water, and threaten to submerge vast areas 
of land. Weather has become more variable and extreme [26]. Food supplies are under threat 
[27, 28]. There is a litany of less direct effects, for instance, malaria-carrying mosquitoes are 
thriving in an ever growing area [29]. In contrast to these widespread issues, there are some 
regions that stand to benefit from climate change, for instance northern Russia expects to see 
reduced energy usage [30], but these cases are relatively few. 
 
The general scientific consensus from around the late 20th Century onwards was that 
anthropogenic climate change was indeed possible and of potentially significant concern, with 
organisations such as the Intergovernmental Panel on Climate Change (IPCC), set up in 1988, 
encouraging research and government action [31]. Public opinion, however, lagged 
substantially behind, in part due to the actions of companies who understood the issue as 
early as 1977 [32] but had a vested interest in downplaying the consequences. Today, much 
of the world has come to acknowledge the existence of climate change, though a non-
negligible fraction of people still question its anthropogenic nature [33]. 
 
The prevention and treatment of the problems of anthropogenic climate change is widely 
expected to be an expensive endeavour, especially in scenarios in which serious action is 
delayed [34]. The long term gains are considerable and cannot be neglected, and the resulting 
scientific advances will have widespread impact. The costs of unsustainable growth must 
always be paid; if society will not enforce payment, thermodynamics will do so unilaterally. 
 
Serious international attempts to combat climate change have been gaining traction, most 
notably resulting in the ratification of several multinational agreements beginning in earnest in 
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1972 with the United Nations Conference on the Human Environment in Stockholm. All 113 
countries in attendance opted to adopt the Stockholm Declaration, agreeing to take 
responsibility for their effects on the environment and officially recognising the fundamental 
human right to a safe and healthy environment [35]. This marked a turning point in climate 
science and demonstrated that a multilateral approach to fighting climate change was indeed 
possible. Building upon this momentum, the 1985 Vienna Convention for the Protection of the 
Ozone Layer and resultant 1987 Montreal Protocol on Substances that Deplete the Ozone 
Layer gained widespread support, and in 2009 became the first universally ratified treaties of 
the United Nations, ratified by all 196 countries at the time and the Holy See (by their 
definition). 
 
1992 saw the creation of the United Nations Framework Convention on Climate Change 
(UNFCCC) [36], the first major multilateral agreement explicitly aimed at controlling 
atmospheric greenhouse gas concentrations in general. At the centre of this was an 
agreement by signatory nations to stabilise their greenhouse gas emission at 1990 levels by 
the year 2000 [37]. At the first Conference of the Parties, held in 1995, to discuss the 
implementation of the UNFCCC, it was concluded that this goal was “not adequate” and in 
1997 the Kyoto Protocol was adopted [38], the first of two significant extensions to the 
UNFCCC. In 2010 the overarching target was changed to focus on limiting global warming to 
below +2 °C relative to pre-industrial levels. 
 
The Kyoto Protocol was succeeded by the Paris Agreement, which came into effect in late 
2016 [39]. Like the Kyoto Protocol before it, this agreement seeks to improve upon the goals 
of the UNFCCC with stricter targets and, in theory, better regulation. The Paris Agreement 
stipulates that the warming should be kept “well below” +2 °C and ideally limited to +1.5 °C. 
The achievability of these goals is questionable [40], but, should the past be any indication, it 
is likely new agreements will have to be negotiated. Warming had reached +1.1 °C in the 
2011-2020 period [41] and, in the 12 month period ending August 2024, the average warming 
peaked at +1.6 °C [42] following an El Niño. The rate of warming appears to be accelerating. 
 

1.1.3 Net Zero Emissions and Sustainability More Generally 

 
One of the most significant driving forces for anthropogenic climate change is the release and 
subsequent accumulation of greenhouse gases in the atmosphere. There is a wide range of 
direct and indirect greenhouse gases, whose properties and effects vary but are often 
simplified to global warming potential and longevity in the atmosphere. 
 
The concept of the global warming potential (GWP) is used to normalise the magnitude of a 
given gas’s ability to cause global warming, with CO2 being the reference, providing quick 
insight. However, different gases are capable of remaining in the atmosphere for longer or 
shorter periods, their potency varies with time, and there are indirect effects resulting from 
(among other things) degradation products. For example, the IPCC estimates that methane 
has a global warming potential 84 times that of CO2 20 years after its release into the 
atmosphere [43], but this degrades over time to a GWP of 28 over 100 years and then down 
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to 7.6 over 500 years [44]. Hydrogen has no direct global warming potential itself and is short 
lived in the atmosphere, yet has a 100 year GWP of 11.6 as a result of indirect effects [45]. 
 
Significant greenhouse gases are CO2, methane, and volatile fluorinated compounds. CO2 is 
most familiar, a direct product of carbonaceous fuel combustion, though the production of 
cement and steel are responsible for more than 13% of overall CO2 emissions [46]. There are 
no significant growing natural sources of CO2 (ie all non-anthropogenic CO2 entering the 
atmosphere is part of the normal carbon cycle). Methane is notably different in this regard, as 
natural sources account for around 40% of its emissions [47], with the majority coming from 
wetlands, where it is produced by microbes, and the remainder from various smaller sources. 
One of these sources is methane clathrates, methane trapped in a solid ice-like structure, the 
impact of which is still under debate [48]. Concerns have been expressed about the possibility 
of feedback loops leading to a “clathrate gun” scenario, as there are vast natural deposits of 
such clathrates that are bordering on thermodynamic instability as temperatures rise. The 
anthropogenic methane emissions come primarily from the agricultural (40%) and energy 
(37%) sectors [47]. Fugitive emissions of methane, that is to say, unintended emissions 
occurring during production, handling, and use, are a major concern with serious implications 
for feasibility of climate action. For example, it is, overall, more environmentally friendly (and 
generally more efficient) to extract and burn coal locally than to produce natural gas in the US 
and transport it across the globe in liquified form at low temperature (liquified natural gas, 
LNG) [49], as a result of current fugitive emission levels in the US (primarily avoidable 
emissions resulting from lax regulations). Finally, there are emissions of volatile fluorinated 
compounds, primarily related to refrigeration. These will be discussed further below and are 
responsible for approximately one tenth of the warming experience thus far [41]. 
 
The fine details and mechanics of the effects these compounds have on the environment are 
beyond the scope of this work and the curious reader is directed to the extensive works of 
bodies such as the IPCC [41, 50-55], now in its seventh assessment cycle, for a suitable 
starting point. Note that not all compounds with non-negligible atmospheric interactions 
promote warming, and some may mask the true extent of warming, like sulphurous 
compounds whose lifetimes are much shorter than the positive GWP compounds they are 
often emitted alongside. 
 
The most readily apparent solution to climate change is to greatly reduce greenhouse gas 
emissions and to remove historical emissions from the atmosphere; the intricacies of this are 
non-trivial and highly constrained. There are two broad options: directly reducing or removing 
the emissions sources, or offsetting/accounting for them in such a way that the there is no 
overall net impact. In practice, a mix is required [52, 55]. The literal complete removal of all 
anthropogenic emission sources would require the abandonment of all non-natural processes; 
impractical and, more crucially, unenforceable. At the other extreme, one could make no 
adjustments from ‘business as usual’ except to respond to every emission with a 
commensurate removal of greenhouse gases from the atmosphere; a similarly impractical 
(due to mass and energy constraints) and unenforceable (if equity is desired) approach. 
 
An exemplary case of the broader complexities faced is the concept of planting trees to offset 
emissions. On the face of it, this is an apparently simple and effective approach: trees take 
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energy from an external (depending on where one draws system boundaries) source, sunlight, 
and use it to reduce CO2 into more usable forms of carbon, including perhaps sequestering 
some of it within themselves. Reality is not kind to this concept [56, 57]. To express but a few 
reasons: 

 Trees are carbon positive in their early life 
 The carbon they process is either used (and re-released as CO2) or typically converted 

to methane by microbial action at the end of their lives 
 Trees are ubiquitous with capturing and using carbon yet are not the main biological 

group to do so (a title that instead adorns marine microbes) nor the most efficient 
 The logistics and realisation of planting trees have associated emissions, including 

secondary and tertiary emissions, such as those involved with transporting workers 
and those in powering a computer on which plans may be made 

 Effort and expenditure directed towards the planting of trees cannot also be used 
elsewhere 

 The most efficient implementation, the maximally verticalised use of a very limited 
number of species, has the greatest potential to disrupt existing ecosystems and is 
immensely vulnerable to disease and broader ailments (including the effects of 
warming temperatures) 

 The realisation of the concept may have unknown consequences that may only be 
recognised once it is too late, much as the solution to many human problems through 
the use of energy has led to the current situation 

 The monitoring, reporting, and verification of the emissions offset are borderline 
intractable 

 
Almost-paradoxical complexities like this are found in all aspects of climate change mitigation 
and typically grow in scale as their realities are appreciated. The energy polylemma is one of 
the better discussed broad examples [58-60]. Risk management and reasonable compromise 
are essential, thus the route pursued is a balanced one [61] (albeit woefully inadequate thus 
far). The overarching target is to ensure that, regardless of how it is achieved, the impact of 
emissions (whether CO2 or something that may be expressed in CO2 equivalent terms) must 
balance to have no further net contributions: the concept of net zero greenhouse gas 
emissions (simply: net zero) [52]. Beyond this is the realm of net negative emissions, which 
seek to reverse the harm already done by legacy emissions. The underlying concepts for net 
zero and negative emissions are identical, so little distinction shall be made in this work and 
net zero will be the preferentially used term. 
 
Simply hitting net zero does not ensure that all forms of climate change cease nor does it 
necessitate that all processes be sustainable, as has been alluded to already. The scale of 
the problem to be addressed is far beyond individual comprehension, and the timescale within 
which progress must be made shrinks as the problem accelerates. Humans are exceptionally 
talented at producing CO2, the only other compound processed on a comparable scale is 
water. Note here that water has its own plethora of sustainability issues [62, 63]. 
 
All solutions require the use of energy and key materials, such water, cement, iron, lithium, 
and copper. All can only be produced at finite scale, with new projects taking finite time to be 
commissioned (typically on the order of years), and all potential uses are in direct competition. 
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Any new processes take time to mature. Taking all of this into consideration, the mitigation of 
climate change represents the largest and most complex task ever undertaken and must be 
carried out at unparalleled pace. Focus now turns to (a non-exhaustive) discussion of how this 
may be achieved. 
 

1.2 Sustainable Processes 

1.2.1 Carbon Capture, Utilisation, and Storage 

 
One of the major cornerstones underpinning the management of climate change is the concept 
of carbon capture, utilisation, and storage (CCUS) [64-68]. CCUS is a broadly applicable 
approach that is the most mature and scalable form of “engineered” (in contrast to nature-
based) carbon abatement [64]. It remains in need of much further development, despite its 
relative maturity, from fundamental science and process design to regulation and insurance 
[69, 70]. It may be divided into two primary subcategories, defined by the processes following 
the carbon capture stage, where carbon dioxide may either be stored or go on to serve a 
specific function, called carbon capture and storage (CCS) and carbon capture and utilisation 
(CCU), respectively. While many more-overarching approaches contain elements of both of 
these, specific processes normally focus on just one. 
 
Both CCS and CCU both begin with capturing carbon dioxide. For point source capture (eg 
capturing the flue gas produced by a combined cycle gas turbine) this is often split into two 
major types: pre-combustion and post-combustion [71]. For cases of the latter where the 
source is does not involve combustion, as in the case of cement manufacture [72], the term 
may be viewed as post-CO2-production, though the term post-combustion remains prevalent 
in literature. 
 
Pre-combustion carbon capture aims to remove carbon dioxide from a process before it would 
normally have been generated. When hydrocarbons are combusted in air the two main 
products are water and, of course, carbon dioxide. Instead of this, pre-combustion capture 
begins by reacting the fuel to produce a syngas mixture containing mainly hydrogen and 
carbon dioxide, along with by-products such as carbon monoxide. The hydrogen can be 
separated from this mixture and used as fuel, where its combustion will yield only water 
vapour. Meanwhile, the carbon dioxide can be separated, compressed, and either stored or 
utilised in ways that will be discussed below. Capturing carbon in this way has advantages 
and disadvantages. For instance, hydrogen burns much more cleanly than traditional fuels, 
with exhausts that are simpler to manage. On the other hand, hydrogen’s low density can 
complicate transportation and storage, while also having increased safety risks [73], and 
higher flame temperatures make drop-in replacement challenging.  
 
Post-combustion carbon capture is the most common approach considered and implemented 
today and can be added to many processes retroactively [65, 67]. Here, one burns fuel as in 
traditional processes, producing a relatively dirty exhaust as a result of incomplete combustion 
and impurities present in the fuel and air streams. This exhaust is then processed to remove 
components such as ash and sulphurous compounds, before separating out carbon dioxide 
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and leaving behind a relatively clean exhaust. This approach is also conceptually identical to 
other forms of point source capture that do not involve combustion, differing mainly in which 
impurities are present and the temperature of the feed stream. 
 
There is a subset of post-combustion capture known as oxy-fuel processes [67]. Instead of 
burning fuel in air, one uses high purity oxygen that has been extracted from the air by 
upstream processes. This allows for significantly cleaner and more complete combustion, 
resulting in an exhaust stream that is primarily carbon dioxide and water vapour, significantly 
simplifying the downstream separation of CO2. This process can be combined with electrolytic 
hydrogen production, wherein oxygen is a byproduct, to yield a good example of process 
integration helpful in the net zero transition. 
 
Point source capture is the only variety of CCS to have reached large scale deployment, with 
~40 Mt of CO2 captured and stored this way yearly, though the total stored has yet to breach 
1 Gt and progress is lagging well behind targets [41]. For reference, accounting for “business 
as usual” emissions with CCS alone would require ~50 Gtpa, three orders of magnitude higher, 
while balanced approaches that heavily implement low-emissions energy sources and 
process efficiency improvements would require ~10 Gtpa [69]. At the other extreme there is 
direct air capture (DAC/DACCS), wherein CO2 is captured from atmospheric air wherein it is 
much more dilute [74]. This process is more energy intensive and roughly an order of 
magnitude more expensive, however it is the only negative emissions technology that is both 
sufficiently scalable to account for hard to decarbonise sectors and robustly quantifiable [64]. 
A growing number of multinational conglomerates are joining the voluntary carbon market and 
attempting to offset their emissions, primarily reliant on DAC, and are paying on the order of 
several hundred dollars per tonne of CO2 [74] compared to the ~$50 per tonne achievable in 
point source capture [75]. The cost of DAC is expected to continue to drop steadily in the near 
future [74, 76, 77] due to the relative infancy of the technology and the growing interest in it 
that is accelerating with the rate of climate change. 
 
The separation of CO2 from whatever stream it is present in is carried out using either 
absorption, adsorption, or to a lesser extent, membranes (alternatives such as cryogenic 
separation are possible but rarely implemented to date). The classic process for comparison 
in contemporary technoeconomic assessments is the reactive absorption with aqueous 
monoethanolamine (MEA) solution [78], though real extant processes prefer blends that are 
often proprietary. In this process, CO2 is brought into contact with an aqueous MEA solution 
where it reacts to form carbamates and carbonates, then passed to a desorption column to 
regenerate the MEA and produce a CO2-rich outlet stream. The enthalpy of reaction is high, 
such that processes of this type are (at first approximation) assessed based upon the reboiler 
duty required. Not all absorptive capture processes are reactive, physisorption is also possible 
and well established, for example in the Rectisol process [79]. This simple and flexible process 
[80], originally specific to acid gas sweetening (wherein CO2 is such an acid gas), uses low 
temperature (~230 K) methanol to absorb the CO2 at low (<1 MPa) pressures, with 
regeneration achieved through simple pressure and/or temperature swings. Adsorption-based 
processes, such as those using zeolites or metal organic frameworks [77], are the solid-fluid 
equivalent to the purely fluid-based absorption processes, and may similarly rely on either 
physisorption or chemisorption. These approaches are especially beneficial when handling 
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dilute gas streams, as in the extreme case of DACCS [81]. Membrane-based processes are 
the most distinct in their mechanism and may theoretically have negligible thermal energy 
requirements. In practice, they are not widely used for CCUS, involve non-negligible pressure 
duties and the membranes themselves are almost always polymeric or built upon a polymeric 
support [82], and thus susceptible to CO2 induced swelling resulting in loss of performance. 
 
High selectivity is desired in all capture processes, especially in comparison to nitrogen, 
carbon monoxide, and methane. Water is not handled trivially as an impurity by any of these 
processes, increasing energy requirements overall, but may be removed upstream (for 
example using desiccants such molecular sieves or silica gel). Almost all sorbents and 
membranes face issues with degradation, only avoided by stable molecules like methanol, 
and purge and makeup streams may be required in any case. Degradation may be driven by 
specific impurities and not all potential impurities are present in a given process, thus a degree 
of tailoring is beneficial. There may also be strict requirements on impurity tolerances that may 
otherwise result in corrosion or unwanted phase separations downstream of the capture 
process [83]. 
 
Regardless of the capture technique considered, one is left with carbon that must then go 
somewhere. The bulk of the burden lies in carbon storage, as this is what primarily contributes 
to climate change mitigation. Where the store may be, what it might involve, and how 
permanent it is, are not inherently set. 
 
When deciding on a means to store carbon, one must consider carefully the planned duration 
of storage and the uncertainties associated with it. It is not possible to say with certainty if any 
method will be truly permanent, however such a strict requirement is not necessary as such 
infinite timescales are irrelevant when addressing a problem that is occurring over a short finite 
time. This slackens the requirement to simply needing to be sufficiently certain that the storage 
endures for long enough to have been worthwhile, on balance. In a system with many stores 
of differing nature, this requirement is that the average failure/reemission rate and extent be 
acceptable. This requirement is still vague, yet its form is one that may have meaningful values 
ascribed to it, even if the reasoning behind any particular set of values is imperfect. For 
example, the target could be that 95% of stores retain, on average, 95% of the CO2 initially 
stored within them, after 100 years. This is a quantifiable, verifiable, and (not to be neglected) 
insurable requirement. It is similar to what has been successfully applied in other sectors, such 
as the storage of nuclear waste or the sealing of natural gas reservoirs. Further discussion is 
neglected for brevity and because it is an area of ongoing debate. 
 
The form this store might take is another important consideration. In principle, storage could 
be in either a manufactured structure or a naturally occurring one, however, the sheer volume 
of carbon to be stored renders the former impractical. Instead, one can rely on various existing 
underground geological formations, effectively naturally occurring storage tanks, a vastly less 
labour intensive approach with storage capacities of scales incomparable to any artificial 
structures. 
 
While conventional forms of storage, like tanks, are generally large uninterrupted volumes 
encompassed by an impermeable barrier, geological storage takes a very different form. The 
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rock formations considered for carbon storage typically consist of porous rock containing many 
microscopic interconnected voids beneath a layer of denser cap rock [84]. CO2 can be injected 
into these formations, permeating through the porous rock and occupying any available pore 
space, while the impermeable cap rock keeps the CO2 trapped and unable to return to the 
atmosphere. Such structures are, of course, less space efficient than conventional forms of 
storage on a volume stored per total volume basis, but, at the massive scales considered, one 
can store vast quantities of CO2. There are two main types of formations that are suitable for 
this storage: saline aquifers and depleted oil and gas reservoirs, although deep coal seams 
also represent a notable potential storage volume [85]. 
 
The most explored of these options is storage in oil and gas fields. The reason for this is 
simple, geological stores are not just unoccupied volumes, they contain fluids that must be 
displaced. For reservoirs containing oil and gas, the CO2 displaces these more valuable fluids, 
which can be recovered, processed, and sold, providing an economic incentive to carbon 
sequestration. The most common implementation of this process is known as enhanced oil 
recovery (EOR), which has been applied since 1972 [86], beginning with the Sleipnir field 
(whose subsurface CO2 plume has been characterised over time). Enhanced oil recovery can 
be a form of both carbon storage and carbon utilisation, dependant on whether or not notable 
quantities of CO2 remain trapped within the rock. In either case, the fuel produced may to go 
on to be combusted with the CO2 emissions being released to atmosphere, making the 
environmental benefits of such processes questionable [87]. There are more than just financial 
benefits to storing carbon in reservoirs, depleted or otherwise. Many such formations have 
been explored in great detail and have existing infrastructure that can be repurposed, and one 
can benefit from decades of operational experience. 
 
On the other hand, detailed understanding of saline aquifers is less developed. Additionally, 
exploration and development of these aquifers lack the great financial incentive that benefit oil 
and gas fields. In spite of this, saline aquifers hold a lot of promise. They represent the largest 
available geological store of CO2, with capacity for an estimated (1 to 10) Tt of CO2, potentially 
more than oil and gas reservoirs and coalbeds combined [85]. They are also more likely to 
have public opinion in their favour; as the effects of climate change are realised and public 
(and political) support of fossil fuel production wanes, the more challenging it grows to continue 
EOR. The same cannot necessarily be said for the extraction of all valuable contents of 
geological formations, such as helium or hydrogen. 
 
Coupled to the question of the form of the store itself is the matter of what form should the 
carbon be in while stored. When injected into the subsurface it is typically as a compressed 
liquid-like phase or dissolved in aqueous solution (eg formation brine). The movement of this 
CO2 is complex and formation dependent, for instance it will certainly not move isotropically 
and may rise or sink depending on the depth of the formation (as a result of barotropy). 
Furthermore, geological structures are interconnected, especially when faults are present. For 
certain structures, such as those rich in olivine [88], the CO2 will mineralise to form solid 
carbonates, the permanence of which is practically assured on timescales relevant to life on 
Earth. At an extreme, the carbon may be returned to its original hydrocarbon state, such as 
synthetic oil; while a poetic example of lessons learned and mistakes corrected, this approach 
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is not practical. This is not to say that synthetic hydrocarbons as an overarching family are not 
practical however, as is seen with CCU [89]. 
 
Carbon capture and utilisation is a concept that, in some ways, attempts to go a step beyond 
the goals of the more tradition approaches of CCS. In place of storage, it considers how 
undesirable carbon may be able to benefit the world by giving it purpose anew. 
 
There are many different ways in which one could utilise carbon once it has been captured, 
and it should be noted that CCU is not inherently carbon neutral nor negative. Consider the 
case of carbonating beverages with captured carbon where, upon a brief period of storage, 
CO2 is re-emitted to atmosphere. A similar, more practical case is the production of synthetic 
fuels intended to be combusted. Here, CO2 could be captured, converted into fuel, and used 
to produce energy, leaving it in the same form it started as. Should one repeat this process 
indefinitely, the chemical recycling of CO2 would be established, resulting in little to no new 
primary emissions overall [90]. If this energy would previously have been produced by 
conventional means from fossil fuels, some amount of emissions can be said to have been 
successfully abated, however caution is advised not to equate all instances of CO2 emitted or 
avoided. There are, of course, also many cases where a clearer positive impact is achieved, 
with nature inspiring some simple examples. For instance, carbon may be incorporated into 
cement and concrete in various ways [91] where it may remain for hundreds of years, though 
it is challenging to monitor and verify what happens to the carbon, especially as the average 
modern building is not built to last a century. A similar set of concerns surrounds the use of 
trees in construction, though in this case the longevity is more assured than in their natural 
environment. These examples help illustrate the three route major routes one may consider 
for industrial scale CCU: non-transformative utilisation, chemical synthesis, and biomass 
cultivation. 
 
One form of non-transformative technique has been mentioned already, due to some overlap 
with CCS, which is enhanced oil recovery. Here carbon is put to use in an effective, albeit 
environmentally questionable, way, only requiring that it be compressed and transported to an 
injection site. As with the beverage example also, these approaches often do not accomplish 
notable emissions reductions. 
 
Therefore, to ensure a more meaningful impact, one turns to transformative techniques, 
beginning with chemical synthesis. Chemical synthesis involving CO2 is by no means new, 
most notably when it is part of a syngas mixture along with CO, H2, and water, where it is used 
in processes like Fischer-Tropsch [10]. The more recent developments come in the form of 
synthesis using captured carbon under the umbrella of CCU. CO2 is now increasingly being 
used to produce carbon-neutral and low-carbon fuels such as alcohols [92], which can even 
be upgraded to more conventional fuels like gasoline [93] (often called efuels). Alternatively, 
one could produce non-fuel industrial chemicals such as polycarbonates, like PPC [94], acetic 
acid [95], urea [96], or PVC. Chemical synthesis from CO2 can also be done, partially or 
entirely, via biological routes, where it is a feedstock for biomass. The photosynthetic 
processes of plants provide a highly efficient means of converting CO2 to more valuable forms, 
whether this be carried out by trees, vats of microalgae, or anywhere in between. Further 
processing can then yield more useful products, for instance the pyrolysis of biomass 
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producing bio-oil [97]. The concept of bioenergy with carbon capture and storage (BECCS) 
takes this further, burning the biomass or its derivatives then capturing and sequestering the 
emissions. This is a rare instance of a form of negative emissions technology that may be 
economically viable without subsidy, though biomass is in high demand for many other “green” 
processes, as well as for food [98]. 
 

1.2.2 Other Sustainable Processes 

 
CCUS has a crucial role in decarbonisation, but it is not the only one, nor do all unsustainable 
processes involve CO2. The strongest workhorse in the transition to net zero emissions is 
undoubtedly electrification and the complementary growth of low emission energy sources 
such as solar, wind, and nuclear power [69]. That said, the majority of considerations in 
electrification are solved problems with demonstrated functionality and known physical 
behaviour. Further, there is an economic drive behind electrification, with solar power now 
being the cheapest form of electricity and existing agreements such as the United Kingdom’s 
(UK) Contracts for Difference scheme [99] guaranteeing a minimum (strike) price. 
 
Not all things may be electrified; for instance, one cannot (beyond the realm of exotic physics) 
make plastic out of electricity. All fossil fuel derived products, an especially pervasive group in 
modern society, must find alternative carbon sources if they are to continue to be used into 
the distant future. Carbon dioxide may fill this role, through CCU, though it is not the only 
source of carbon, and it remains that such approaches depend on efficient handling of a broad 
range of mixtures relating not only to CO2 but also to hydrogen. 
 
Improvements to general process efficiency remain a priority, both for established processes 
and new sustainable alternatives. Jevons’ paradox endures in some of these situations; 
however, the aim is to have processes that are fundamentally sustainable, which necessarily 
avoid negative outcomes. For example, it is desirable to produce hydrogen more efficiently, 
as the roughly (100 to 130) Mt are produced annually [100], involving a non-negligible fraction 
of worldwide primary energy usage and resulting emissions [101]. Less than 1% of global 
hydrogen production is currently from low emissions sources (primarily methane-derived 
hydrogen with CCS [100]). Escalating usage of hydrogen in this manner is at odds with net 
zero targets [11, 102-106], however the vision of hydrogen production and usage in the coming 
decades is drastically different from that which has come before. Countries such as the UK 
have committed to ambitious low carbon hydrogen production plans [107]. The IEA report that 
approximately 25% of hydrogen production in 2030 is expected to be low-carbon, based on 
currently announced projects, and that this number is growing significantly year-on-year [100]. 
This paints an encouraging future for the ‘clean’ use of hydrogen, should the expected 
emission reductions be achieved and excessive fugitive emissions be avoided.  
 
There is also a growing interest in naturally occurring hydrogen, often termed gold or white 
hydrogen, as evidence mounts that significant quantities of hydrogen exists in subsurface 
formations and deeper, within the mantle [108]. The competitiveness of this production route 
remains unclear at this stage, though the case for it is well founded in natural gas extraction. 
One can only wonder where the world would be should such deposits have been explored 
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before the widespread production of fossil fuels. There are many different hydrogen production 
routes that have been proposed, often described in “colours” as above [109-113], though 
usage is inconsistent and overlapping. Not all forms are equally environmentally friendly [112], 
or necessarily environmentally friendly at all, notably grey hydrogen production from methane 
without CCS (the currently predominant route) involves both the intentional emission of CO2 
and the fugitive emission of methane and hydrogen. Such a route makes little economic sense 
for energy conversion, worse in every practical respect compared to the normal combustion 
of methane, and is instead the current standard explicitly because hydrogen has not (for the 
intervening years between Town gas’s replacement and now) been used outside of where it 
is chemically required [100]. 
 
The most publicly prominent role of hydrogen in the net zero transition is as an energy carrier 
[114-119], though this should not be taken to mean that this is where it is best suited. It is in 
many ways analogous to natural gas and familiar from its legacy in Town gas; it is readily 
transported and reacted on demand to release its chemical energy as heat (which can in turn 
be converted to electrical energy) or directly as electrical power using fuel cells. Production of 
hydrogen by electrolysis of water is a promising route to energy storage; evening out power-
supply curves [120-123], such as during dunkelflautes, and answering the dispatchable power 
problem. At the largest scale, underground hydrogen storage (UHS) utilising vast subsurface 
reservoir formations has a potential capacity commensurate with the projected demand of at 
least 1000 TWh that might be required by some estimates [100]. A major criticism of its use 
as an energy carrier is the inefficiencies in conversion compared to fully electric systems 
where green electrons from renewable sources are used directly. Nevertheless, there remain 
situations in which a chemical fuel is preferable: at a small scale, this can apply to off-grid 
locations; while at a much larger scale, it can provide energy storage more efficiently, on much 
longer timescales and with less environmental impact than batteries. To facilitate 
transportation and storage, hydrogen may also be converted into other chemicals, such as 
ammonia, methanol, methane [124], or liquid organic hydrogen carriers [125]. 
 
Where hydrogen’s prominence is more assured is in industry, where it is often required 
chemically. The efficient large-scale production of industrial commodities such as ammonia 
and methanol will always require the large-scale handling of hydrogen, regardless of the 
means by which this hydrogen is produced. In the near term, hydrogen will still be required for 
refining of petrochemicals, then after in the production and refining of efuels and other 
industrial chemicals that would normally be derived from fossil fuels. Hydrogen may also be 
used to help decarbonise the production of cement [126] and in iron and steel making [127, 
128], where hydrogen might replace carbon as a reducing agent. 
 
Many more green processes featuring hydrogen and CO2 may be developed, however the 
scale of these processes is negligible in comparison to those mentioned, which collectively 
represent significant fractions of global energy usage and greenhouse-gas emissions [52]. 
The development of novel sustainable processes remains essential to industrial advancement 
and the potential for their future importance can never be ruled out (as this would require non-
sequiturial knowledge of unknown unknowns or a perfect understanding of fundamental and 
emergent behaviours), though this does not compel prioritisation. Regardless of whether they 
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are novel or long established, all processes must be designed with the entire life cycle (from 
cradle to grave) in mind if it is to be sustainable with low uncertainty. 
 
One final group of processes that warrants mention is refrigeration, air conditioning, and other 
heat-pumping processes. The thermodynamic cycles underlying these processes represent 
the primary method by which heat may be removed from a system, able to achieve coefficients 
of performance greater than unity (ie they may move more energy than they require as work), 
far outperforming alternatives like the thermoelectric effect. Refrigeration cycles are present 
throughout industry as well as domestic and commercial sectors [129], though usage is 
growing rapidly for the latter two as a result of climate change and the net zero transition [130, 
131]. Increasing ambient temperatures require greater use of air conditioning units to maintain 
safe living spaces in hot climates, while this heat may alternatively be extracted from the 
environment and used to provide heat in cold climates (where the process unit is often referred 
to as a heat pump, the distinction being semantic). Several generations of refrigerants, the 
working fluids for these cycles, have been developed over the years and have themselves 
seen a “cycle” [132, 133]. 
 
First generation refrigerants like ammonia worked but were toxic or otherwise dangerous, such 
as highly flammable propane. Second generation refrigerants were then non-toxic and non-
flammable: partially or fully halogenated chlorofluorocarbons (CFCs) such as 
dichlorodifluoromethane (R12). This generation were championed by the talented engineer 
Midgley and served as his second of three notable demonstrations that apparently-brilliant 
ideas may have unintended consequences (the first being tetraethyl lead and the last the 
contraption that killed him), a valuable lesson that should always be kept in mind [134, 135]. 
In this case, it was discovered that CFCs were degrading the ozone layer in the Earth’s 
stratosphere, resulting in the establishment of the aforementioned Montreal protocol [136]. 
The third generation were the closely related hydrofluorocarbons, whose atmospheric 
reactions did not have a high ozone depletion potential (ODP), though it would soon be 
realised that these compounds (like CFCs) had high GWPs. The archetypal example, 
tetrafluoroethane (R134a) has a 100 year GWP of 1430, while R12 has a GWP of 10900 [137]. 
It is these high GWPs that allow fluorinated refrigerants to have such an outsized impact on 
the climate compared to methane and CO2 which are present at scales several orders of 
magnitude higher. In turn, HCFs were replaced with low ODP and GWP fourth generation 
refrigerants. Some of these, such as hydrofluoroolefines, are but a stopgap (appropriate for 
drop-in use but still with non-negligible GWP), but those that are currently expected to endure 
are familiar: the “natural” or “green” refrigerants such as CO2, isobutane, and ammonia [133]. 
Much research remains to be done for these “green” refrigerants, especially with regards to 
blends (mixed refrigerants). 
 

1.3 Scope and Objectives 
 
There are two common themes underlying the furthering of sustainable processes and the 
transition to net zero emissions. First are the industrially pervasive mixtures involving CO2 and 
hydrogen. Second are the repeated dire shortcomings in establishing crucial processes, 
encompassing fundamental understandings of physical behaviours to high level 
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considerations and large scale deployment, that must be rapidly overcome. As such, this work 
proceeds with four objectives: 
 

1. Review the literature for the availability of data and models for processes relevant to 
the net zero transition and sustainable processes more generally, focussing especially 
on knowledge gaps regarding the phase behaviour of mixtures of CO2 and/or H2 with 
their accompanying compounds. 
 

2. Generate new experimental data on the fluid phase behaviour of selected important 
asymmetric binary mixtures, ensuring that the measurements cover both uncharted 
territory and regions sufficiently well studied a priori to provide validation. Regions 
displaying complex behaviour that is challenging to predict but could facilitate efficient 
separation processes are of especial interest. 
 

3. Improve the methodology with which such experimental data may be generated, 
especially with regard to realising low uncertainties and high degrees of measurement 
automation. 
 

4. Assess and optimise thermodynamic models suitable for use in process simulators, 
and in process design more generally, against the newly generated experimental data 
and curated literature data. 

This work does not seek to determine which processes should be developed and deployed or 
how, whether within the scope of the net zero transition or in industry more generally; instead, 
it aims to provide some essential fragments of the information required to make such 
decisions. 
 

1.3.1 Mixtures Selected for Investigation 

 
The value in investigating the mixtures selected shall only be truly appreciable in later 
chapters, yet it would be beneficial to raise which particular mixtures are of focus now to serve 
as exemplary systems in the picture of thermophysics which follows. Please note that some 
of these justifications have been voiced in papers published [138] and in preparation, and are 
adapted here in overarching form. This work focuses on three binary mixtures made from four 
molecules. The first two molecules are apparent: carbon dioxide and hydrogen. These are the 
more volatile component in each of their respective binary pairs; their less volatile 
accompaniments are isobutane (for both CO2 and H2) and methanol (for CO2). 
 
Isobutane (2-methylpropane) is the simplest isomeric alkane; a structural isomer of n-butane 
with a tertiary carbon atom at its centre. The differences in its behaviour compared with n-
butane can offer meaningful insights into how isomers behave, helpful both for a deeper 
understanding of chemical physics and the development of group contribution methods, 
especially for the functional group CH. Beyond theoretical value, isobutane is a substance of 
great importance in various existing and nascent processes, including those on the path to net 
zero. 
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An increasingly important application of isobutane is in the area of refrigeration, where, under 
the name R600a, it has become one of the leading “green” or “natural” refrigerants [139]. 
Isobutane has effectively zero ODP and a low GWP, the direct GWP is 0.006 [50] while the 
estimates of the indirect GWP are in the rough range of (3 to 7) [140, 141], though largely 
based on n-butane. It has a simple, stable structure, making it an ideal choice of refrigerant. 
CO2 is also a green refrigerant (R744), with zero ODP and a GWP of one by definition. Blends 
of isobutane with CO2 have been considered and investigated [142-146] and offer a 
compromise on important properties, improving positive qualities like coefficient of 
performance while mitigating the negatives. For instance, isobutane is extremely flammable 
and so leaks present a fire risk, whereas CO2 is non-flammable and provides a reduction in 
mixture flammability. On the other hand, CO2 cycles operate at relatively high pressure and 
incur greater capital costs to withstand that pressure, while isobutane cycles operate at a much 
more moderate pressure. Beneficially, both are non-toxic, unlike ammonia, another potential 
green refrigerant [139]. Unfortunately, there is currently insufficient thermophysical property 
data available in the literature to develop refrigeration systems using isobutane + CO2 blends, 
in one case forcing propane + CO2 to be used as a substitute in modelling [142]. 
 
Isobutane is present in large scales across the energy and chemical industry. Isobutane is 
primarily produced from the isomerisation of n-butane [147], the majority of which is then used 
to produce 2,2,4-trimethylpentane, the fuel additive commonly known as isooctane, in 
alkylation units. It can also be produced from CO2 and H2 [148], either with a more classical 
route using syngas or a greener approach using captured CO2 and low-emission hydrogen. 
Knowledge of the behaviour of isobutane with CO2 and H2 is thus highly pertinent to these 
processes as well as those downstream and ancillary, doubly so with regards to separations 
therein. These compounds will inevitably continue to persist as minor components and 
impurities far downstream of their introduction, including potentially in CO2 and H2 pipelines. 
Along a similar vein, research is being conducted into the blending hydrogen and natural gas, 
wherein isobutane is a relevant constituent under investigation [149, 150]. All considered, 
investigating the behaviour of isobutane + CO2 and isobutane + H2 represents an essential 
step on many fronts; with the former previously better investigated (and thus more appropriate 
as a first step) while the latter had extremely little data available. 
 
Methanol is a potential platform chemical for which the chemical synthesis CCU route is a 
promising option [151, 152], whether it be the final product or an intermediary. Methanol itself 
is a very important industrial chemical produced at scales matched by few others [153, 154] 
and sees a broad variety of applications. While it is used in commercial products from 
denatured alcohol to antifreeze, its industrial uses are most important, where it is used as a 
feedstock and fuel [155]. It is primarily used in the production of formaldehyde where it may 
then go on to produce more complex molecules such as polymers [156]. It can be used as a 
stand-alone fuel, both for combustion engines and fuel cells, including in blends for the former 
case (such as in China [157]). Perhaps the most notable use as a fuel is in ships [158, 159], 
where a growing fraction of newly commissioned vessels are leveraging it to decarbonise the 
sector’s traditionally unfriendly fuels. Growing attention has also been given to the 
development of methanol-based efuel processes [92] as a potential replacement for 
traditionally produced fossil fuels. 
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The ability to produce methanol in a sustainable manner coupled with its capacity of CO2 
chemical recycling leads to an intriguing, unconventional concept, the methanol economy 
(championed by Asinger and Olah) [151, 154]. This concept is similar to the hydrogen 
economy and, while it is less developed, it does offer distinct advantages. The methanol 
economy aims to replace fossil fuels for the purposes of energy storage, fuel, and as a 
feedstock for many synthetic hydrocarbons. Methanol’s greater density, on both mass and 
energy bases, and liquid form at standard conditions avoid many of the more substantial 
issues facing the hydrogen economy. Additionally, it’s carbon content affords it greater 
potential to replace fossil fuels industrially. The future infrastructure involving methanol likely 
may not reach the scales considered in Olah’s vision of a methanol economy [160]. 
Regardless, the processes that are necessary for any realistic expectations of future 
development (whether following business as usual or the strictest uptake of low emissions 
technologies) involve methanol at large scales, with estimates from (100 to 500) Mt per annum 
in the coming decades [161, 162]. Methanol production currently accounts for ~10 % of the 
CO2 emissions of the chemical sector [162], thus increased usage must involve low emissions 
production that cannot be practically achieved without CCUS. 
 
Methanol is conventionally produced from natural-gas-derived syngas, although coal 
gasification may also provide a starting point [163], in a highly exothermic reaction that 
requires complex reactors [92]. It is straightforward to switch between feedstocks in principle, 
through the water-gas shift reaction and reforming/Sabatier reactions, but this incurs an 
energy penalty. There are two (reversible) reaction pathways, the historically favoured using 
CO as a reactant while the other uses CO2 [164-166] (in practice, both reactions are present 
and both require H2). The enthalpy of reaction is lower in the latter case [167], simplifying 
reactor requirements, and the accessibility of CO2 as a feedstock is expected to grow in future, 
while CO is currently conveniently produced within the main hydrogen production routes, 
though the reforming process is energy intensive [168]. 
 
Three major routes to decarbonise methanol exist today. The first is to inject CO2 captured 
from point sources (eg power generation flue gas) into the steam-methane reformer and 
methanol reactor of an otherwise conventional methanol production process, achieving a 
degree of CCU and potentially improving process efficiency, as has been pursued by 
Mitsubishi Heavy Industries and QAFAC [169]. This approach is the most limited, though it 
may be used in combination with some alternative processes that seek to use conventionally 
CO-favoured reactions (leveraging greater experience and the potential for retrofitting). The 
second major route involves such a process, where the syngas feedstock is replaced with a 
biomass-derived source [170], such as reformed bio-methane (examined by BioMCN) or 
gasified waste wood products (established by Enerkem) [169]. These biomass-based routes 
technically using CO2 as the carbonaceous-feedstock and convert it to CO, though the 
efficiency penalty is partially alleviated by the high efficiency of biological photosynthesis (and 
its downstream processes). Much as with BECCS, there are a litany of concerns about the 
sustainability and environmental impact of the biomass sources, and scale is similarly limited 
(as the two are in competition). The only route that is sufficiently scalable and decarbonisable 
is to produce methanol from captured CO2 and low emission H2, occasionally termed green 
methanol production. The concept is similar to that which is applicable to most hydrocarbons 
and related chemicals. CO2 may come directly from a point source (as done with flue gas by 



36 
 

Carbon Recycling International (CRI) [89, 92]) or from ambient air (as done with via DACCS 
in the Haru Oni project [171]). In the latter case, when used in conjunction with H2 produced 
from the electrolysis of water, one obtains a source of methanol (and through it, more complex 
chemicals) that is accessible across the vast majority of the planet and whose feedstocks are 
virtually undepletable (dependent not on fresh or archaic biomass, but on three of the most 
abundant elements in the solar system and broader universe). 
 
It is apparent that any practical process relating to methanol must involve, or have involved, a 
mixture containing both it and CO2. Understanding this mixture is thus essential, from the initial 
production and separation of a crude methanol stream to all manner of downstream 
processes, which may involve a methanol-rich sub-stream used to capture CO2 such as in 
Rectisol-like processes. As such, low uncertainty measurements of the behaviour of methanol 
+ CO2 is crucial and widely applicable, but the large body of extant data is in a problematic 
state that compels new investigations. 
 
Significant attention will also be placed on hydrogen mixtures more broadly, primarily through 
literature review and analysis of critical behaviour. Knowledge/understanding of the behaviour 
of hydrogen mixtures is far less developed than for other industrial mixtures, in juxtaposition 
to its importance in the ongoing net zero transition. Even for common mixtures such H2 with 
light alkanes, there is scant thermophysical property data available in the literature, much of 
which is antiquated [172-176] and lacking details of experimental uncertainty. For example, 
for phase behaviour (the most commonly studied property), it has been found that, for all 
binary hydrogen mixtures combined, there are little more than four times as many datasets as 
there are for just methanol + CO2, even when including the many single-point datasets for 
hydrogen mixtures. The situation for higher order mixtures is even more dire. The phase 
behaviour of the main components of syngas (H2 + CO + CO2), a mixture that has repeatedly 
come up thus far as being both essential and commonly used, has only three studies available 
in the literature totalling only 98 datapoints [177-179] (though it should be noted that there is 
an as-of-yet unpublished dataset produced by the original version of apparatus in this work 
[180], prior to the commencement of this work). 
 
It is not uncommon to see recent works which handle either modelling or measurement of 
hydrogen mixtures that do not explicitly comment on or compare to prior data/models or 
mistakenly claim there are none (as recently seen, for instance, with H2 + isobutane [181]). 
This is, in part, due to the limited scope and currency of reviews in the literature. The lack of 
data coupled with shortcomings in the communication of available data and models presents 
a significant hurdle in the development of hydrogen-containing processes; a problem 
exacerbated by the non-trivial asymmetry presented by these mixtures. This affects both those 
under conditions typical today and those increasingly prevalent in the near future, where high 
pressure pipelines and the use of liquid hydrogen render hydrogen accessible at temperatures 
between (20 and 300) K and pressures up to 200 MPa. Detailed review and discussion would 
thus be of great benefit. 
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Chapter 2: Chemical Engineering 

Thermophysics 
 
 
 
 
 
“Ce qui est simple est toujours faux. Ce qui ne l’est pas est inutilisable.” (“What is simple is 
always wrong. What is not is unusable.”) 
 

— Paul Valéry 
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2.1 Introduction to Thermophysics 
 
The development of thermophysical theories has been propelled by two strong “forces”: 
curiosity about the nature of physical systems and technological development. These “forces” 
are coherent, especially within the domain of engineering, and aim to produce evermore 
meaningful descriptions of what is. In the first chapter it has been established that there is a 
great need for further technological development in order for the world to smoothly transition 
to net zero emissions. Thermophysics is one of the tools that engineers must employ, so this 
chapter shall explain firstly what “thermophysics” is and then how it is applied in practice. 
 
This work pertains to (a subset of) the science of thermodynamic and, more generally, physical 
properties. The latter refers to measurable characteristics of systems governed by universal 
relations. This meaning is broad; examples of physical properties within chemical engineering 
are given for the classical case of the distillation of a binary (two component) mixture, listed 
non-exhaustively in increasing order of complexity:  

 The intermolecular potential between two molecules, either an identical pair or one 
molecule of each component 

 The resultant density of a fluid consisting of those molecules under some specified 
conditions 

 The amount of energy needed to change the temperature of that fluid, called its heat 
capacity 

 The reboiler duty required to heat the contents of the distillation column sufficiently to 
produce a fluid of the desired composition at the outlet of the column 

 The capital and operating costs of building, using, and eventually decommissioning 
the distillation column 

 
The development of industrial processes is ultimately determined/governed/informed by the 
more complex of such properties, but they are dependent on the more fundamental properties 
[182, 183]. Physical properties like the first three are examples of thermodynamic properties, 
describing the interrelation of energy and matter at equilibrium. The related properties at 
disequilibrium are termed the transport properties. Together, these fall under the umbrella of 
thermophysics [184] (though it should be noted that the term thermodynamics is sometimes 
extended to cover thermophysics, with transport phenomena being referred to as non-
equilibrium thermodynamics). 
 
Only a small amount of basic thermophysics will be discussed here, as many works have 
covered the field in detail [184-187]. The behaviour of matter within a system can be described 
in terms of its energy, which can, in turn, be described in terms of different energetic 
contributions. The internal energy U is given by 

 j jdU X dY  (2.1) 

where Xj is the state variable for the energetic contribution j, and Yj is the partial derivative of 
U with respect to Xj, together forming conjugate pairs of natural variables. 
 
Numerous types of energy and work are possible in the real world [188], several of which are 
listed in table 2.1, however the corresponding thermodynamic space is impractically large and 
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not all energetic contributions are non-negligible for a given application. A convenient 
approximation is the set (T,p,μ1:N), which may be described in combinations of ensembles, as 
these state variables are those that are most relevant to industrial processes. Here, μi is the 
chemical potential of the ith species in a system of N components. 
 
Table 2.1: Conjugate pairs of variables that contribute to the energy of real systems, adapted 
from [188, 189] 

Category Intensive Xj Extensive Yj 

Thermal Temperature T Entropy S 
Mechanical Pressure p Volume V 
 Surface tension* γ Area A 
 Stress ε Strain σ 
 Gravitational potential ψ Mass m 
Electromagnetic Electric potential φi Charge Qi 
 Electric field E Electric moment P 
 Magnetic field B Magnetic moment m 
Chemical Chemical potential μi Amount ni 
*note that the usage of surface tension can vary significantly in terms of scale and dimensionality 
(eg if it is represented as a tensor), for instance the IUPAC gold book [190] makes no stipulations 

 
These variables are related to each other with a finite number of degrees of freedom F, 
dictated by the phase rule, derived from the combinatorial geometry of convex polytopes [189]. 
The general form of the phase rule may be written as 
 1F j P    (2.2) 

where j is the number of the number of relevant conjugate pairs and P is the number of 
equilibrium phases [189], note that other ways of writing it are possible [191-194]. For the 
thermodynamic space (T,p,μ1:N) the phase rule can (when system size effects are neglected) 
be reduced to the classical Gibbs phase rule 
 2F N P    (2.3) 
 
The intricacies and limitations of the classical rule were discussed in great detail within the 
original work of Gibbs [195], though it remains effective in most general applications. Careful 
consideration should be taken when applying the phase rule to avoid overcounting or 
neglecting constraints (such as in the case of reactions). The particular choice of variables, 
how they may be added and/or substituted, is complicated [188, 191]. Significant deviations 
from the classical phase rule will not be discussed here and can be found in the literature, for 
example the stress-based phase transition in vanadium dioxide [196], magnetism-based 
transition in helium-3 [197], or the more common cases in colloidal systems [194, 198, 199]. 
 
Knowledge of a subset of the extant thermodynamic variables allows for the determination of 
a larger set of thermodynamic variables through Euler and cross derivatives, such as the 
Maxwell relations. This allows experimental measurements of carefully selected properties to 
provide a great deal of information about a compound, for instance the speed of sound in a 
fluid provides a great deal of information about its volumetric properties [200]. 
 
The majority of this work shall assume that the set (T,p,μ1:N) is a sufficient approximation of 
the real system, though the existence and relevance of the broader thermodynamic space is 
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occasionally evident. For example, within the experimental methods, the location of fluid 
surfaces is important and the minimisation of the surface area is both crucial and often rate 
limiting (both in this work and similar works [201, 202]). Similarly, in industrial applications, the 
electrolysis of water to produce green hydrogen is dependent on electrochemical potentials. 
Additionally, in both cases, the mass of fluids produce buoyant forces and beneficially promote 
settling. 
 
As mentioned, thermodynamic properties are equilibrium properties. A system is said to be in 
stable equilibrium when it has achieved its minimum free energy, when there are local minima 
in the energy there are also metastable states, with transitions between states occurring 
spontaneously when the transition would decrease the Gibbs free energy G 
 G U pV TS    (2.4) 
which, for future reference, is closely related to the Helmholtz free energy A 
 A U TS   (2.5) 
A convenience of equilibrium properties is that temporal energetic contributions may be 
neglected. This is not to say that time (or  its conjugate, frequency) does not exist, and changes 
may occur at small scales, such as individual molecules changing velocity under the influence 
of intermolecular interactions, but the system displays time-reversible symmetry (wherein the 
derivative of the overall internal energy with respect to time is zero). 
 
In this work, the transitions of interest are spontaneous changes in the number of stable 
phases (the concept of phase equilibria). Focus is placed on equilibria involving fluid phases. 
The distinction between different fluid states is non-trivial; the terms gas, vapour, liquid, and 
supercritical fluid are commonly used but are only understood contextually [184]. The following 
are but a few examples of the confusion that this can cause. A gas may be taken to mean any 
fluid above its critical temperature, or simply a low density fluid. A liquid is typically a high 
density fluid, but need not be the densest fluid in a multiphase system. A vapour is sometimes 
strictly a low density fluid in coexistence with a higher density phase (fluid or otherwise), 
though this definition can cause contradictions. A supercritical fluid is often taken to be a fluid 
above its critical temperature or above both its critical temperature and pressure, though the 
boundaries are vague and there are frequent overlaps with descriptions used for gases or 
liquids, additionally it is sometimes described as being a fluid that is indistinguishable from 
either gas or liquid. Furthermore, there are clear regions in which fluids exhibit “critical 
enhancements” in some properties, yet these regions do not correspond with any of the 
preceding definitions. Perhaps the most classical distinction between a liquid and a gas is that 
both can flow (ie are fluid) but only a gas expands to fill its container, however this definition 
is meaningless as both liquids and gases expand or contract to fill their container and can be 
made to transition between each other (or other phases) under suitable conditions. 
 
The most meaningful common distinctions between fluid phases are all made on relative terms 
and apply only to limited cases. For example, for pure simple compounds that adhere to the 
classical Gibbs phase rule, there may only be two coexisting fluid phases wherever there is 
one degree of freedom, where one phase is consistently more dense, viscous, and has higher 
intermolecular potential energy but lower kinetic energy. This phase is what is commonly 
termed the liquid, while the other is the gas or vapour. The rigor of this definition disappears 
when applied to mixtures, where an arbitrarily large number of fluid phases may form (though 
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in practice it is rare for there to be more than four). For example, there is no longer any 
requirement for a phase that generally appears to be a gas (a gas-like phase) to be less dense 
than a phase that generally appears to be a liquid (a liquid-like phase), whether referring to 
density on a mass or molar basis (it should be noted that density is preferentially used to refer 
to molar density in this work). The distinction beyond the critical point, for pure fluids or 
mixtures, is similarly problematic. 
 
It is possible to simply refer to all of these phases simply as fluids, however this reduces the 
information that may be conveyed about a given phase. Relative definitions are used for the 
remainder of this work; the term liquid shall be used to refer to a liquid-like state, vapour and 
gas to refer to a gas-like state, and simply “fluid” only when there is sufficient ambiguity. Such 
usage may be considered correct when the objects/concepts to which the terms are applied 
may pass a “duck test” based on contextually reasonable/meaningful descriptors. Much like 
the aforementioned usage of descriptors of fluid states, to pass such a test for the which the 
descriptor is “duck” an object should “walk like a duck, swim like a duck, and quack like a 
duck”. For instance, if a fluid is above its critical temperature (debatably gas-like), has a high 
(liquid-like) density, but an unusually high (supercritical-fluid-like) thermal conductivity, then it 
does not appear that said fluid is truly liquid-like or gas-like, thus the use of a more 
conservative term like fluid may be justified. Note, also, that the fluid is not likely to be a duck, 
however the descriptors selected were perhaps inappropriate to make that particular 
assessment. 
 
An inexact example shall be given for illustration, using the near-critical phase diagram of pure 
CO2, shown in Figure 2.1. In this pT projection, the black curve represents the vapour-liquid 
coexistence (or saturation) curve for CO2, which terminates at the critical point. Fluid states 
whose properties are entirely consistent with those of a liquid or a gas exist on either side of 
this curve and persist at temperatures and pressures above the critical point. The pT region 
exceeding the critical point is shown bounded by dotted lines, while it is challenging to draw 
boundaries for strictly liquid/gas-like behaviour. It is perhaps simplest to instead illustrate a 
bounded region within which a fluid can confidently be said to be neither entirely liquid-like or 
gas-like (instead, in this case, supercritical-fluid-like). To do so requires some criteria for 
assessment, in this case based on the location of Widom-like lines (as in literature [203-205], 
though alternative criteria exist [206]), each defined as the loci of an inflection point in a 
thermodynamic property. The blue curve is the Widom-like line for the thermal conductivity (in 
this case the boundary between unconfidently liquid-like and confidently not liquid-like) while 
the red is the corresponding line for the speed of sound (in this case the boundary between 
unconfidently gas-like and confidently not gas-like). The dashed black curve is the critical 
isochore (the pT isochore for a system at the critical density). 
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Figure 2.1: pT projection of the phase diagram of pure CO2 in the vicinity of the critical point, 
showing the saturation curve ―, thermal conductivity ― and speed of sound ― Widom-like 
lines, and the critical isochore – –, calculated using the EoS of Span & Wagner [207], along 
with the boundary ⋯ of Tr ≥ 1, pr ≥ 1 
 
We move now to how one applies knowledge of thermophysics to further process 
development. Simply observing the behaviour of thermodynamic and other physical properties 
under specific conditions provides a first step, but such a discrete and finite description is of 
little practical use. Models, that is to say relationships by which a set of quantities may be 
mapped onto other quantities, are required to proceed beyond this. Such models may vary 
tremendously, from ab initio relationships based on fundamental principles to purely empirical 
models. The simplest way in which one may try to determine the value of a property under 
specified, but unstudied, conditions is to interpolate (or less reliably, extrapolate) it from known 
values under a different set of conditions, however such a method provides little understanding 
of the underlying mechanisms governing the properties and eventually requires more work 
than attempts to describe properties universally. 
 
The type of model that is most important for the behaviours discussed in this work is what is 
known as an equation of state (EoS) [185], a mathematical description of the dependence of 
a number j of state variables X such that 

  1: 0jf X   (2.6) 

 
The origins of EoS modelling lie in attempting to develop mechanical devices that utilise 
working fluids, initially with air [208] but most notably with steam during the advent of steam 
power [209]. It was observed that, within a system, some properties (which are examples of 
what would go on to be termed thermodynamic conjugate variables) were related to each 
other. For example, the volume V of a system is (approximately) proportional to its temperature 
T and to the amount of substance n within it, while inversely proportional to pressure p. The 
combination of these observations leads to the most fundamental EoS, the ideal gas equation 
[210] 
 pV nRT  (2.7) 
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where R is a constant of proportionality known as the gas constant, which is the product of 
two more fundamental constants: the Avogadro constant NA and the Boltzmann constant kB. 
 
This empirically-derived equation, strictly applicable only to an “ideal” gas (distinct from a real 
gas and other real fluids), is able to describe adequately the behaviour of low density gases, 
and forms the basis of many EoS [185]. Mathematically, it may only describe one phase for a 
given set of conditions, as it does not permit multiple values of extensive properties to occur 
simultaneously. A simple description of a multiphase system, including for mixtures, may be 
achieved through combination of the ideal gas equation with Henry’s law or Raoult’s law for 
an ideal liquid, but the concept of a phase transition is still eluded. To describe fluid phases 
continuously and allow for the existence of phase transitions, an EoS of mathematical form 
permitting multiple simultaneous values of at least one extensive property is required, first 
achieved by van der Waals [211, 212]. 
 

2.2 Cubic Equations of State 
 
From this point, the extensive properties within thermodynamic space will be rendered 
intensive by treating them on a molar basis, for instance the volume is replaced by the molar 
volume Vm 

 m

V
V

n
  (2.8) 

This treatment is convenient but not strictly necessary, and the requirement that the 
description of multiple phases depends on multiple simultaneous values of extensive 
properties still applies to these molar-intensified, otherwise extensive, properties. 
 
The ideal gas equation treats molecules as infinitesimally small points, but molecules are 
known to have a finite volume. For brevity, discussion of the ambiguous nature of this volume 
in reality, subject to similar ambiguities as surface areas [213, 214], is excluded. Additionally, 
there are intermolecular forces that attract molecules to each other, up until a sufficiently small 
separation that a repulsive force takes over, as may be described approximately by a Lennard-
Jones-like potential [215]. Such is to say, that the behaviour of molecules is dependent on the 
presence of other molecules. More strictly, it is also dependent on the presence of external 
fields [216], but this is similarly neglected for brevity in this work due to the complexity of these 
interactions and the negligible effect they have under the circumstances considered here. 
 
The molecular volumes and intermolecular attractions were included, in a way, in a 
modification of the ideal gas equation [211], producing the van der Waals equation of state 

 
2

m m

RT a
p

V b V
 


 (2.9) 

where a is a parameter that arises from intermolecular attractions and b is related to the 
volume occupied by molecules when treating them as hard (perfectly incompressible) 
spheres. The first term in this equation is referred to as the repulsive term while the second 
the attractive term. These two parameters are specific to a given compound and may be 
obtained directly from experimental pVT measurements. 
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This equation is a third order polynomial in the molar volume, not readily apparent from the 
above form, though it may be rearranged to give 

 3 281 3 1
0

3 3
r

r r r
r r r

T
V V V

p p p

                  
 (2.10) 

where reduced parameters, pr, Tr, Vr, have been used for clarity. These reduced parameters 
and the fraction of that parameter compared to its value at the critical point 

 r
c

X
X

X
  (2.11) 

where X represents the parameter being reduced and Xc its value at the critical point. 
 

Figure 2.2: A prVr projection of the van der Waals EoS shown in reduced terms for three 
reduced temperatures, ― Tr = 0.9 (● roots of the cubic equation at the saturation pressure), 
― Tr = 1 (♦ critical point), ― Tr = 1.1 
 
This equation is a third order polynomial, also known as a cubic equation. EoS that adopt this 
general functional form are termed cubic equations of state, though they are occasionally 
referred to engineering EoS because of the ease and effectiveness of their application, and 
resulting widespread use in chemical engineering [217]. Their form allows for Vm to assume 
either one or three values for a given value of temperature and pressure, transitioning 
smoothly between them at subcritical temperatures, while at supercritical temperatures only 
one value may be obtained. This behaviour is shown in figure 2.2 for three isotherms: a 
subcritical isotherm, the critical isotherm, and a supercritical isotherm. 
 
Not all regions where three values of Vm are present are stable, at any one subcritical 
temperature there may only be one pressure (for pure compounds) for which multiple stable 
phases can form [218]. This is the saturation pressure, and the locus of Vm at the saturation 
pressure for varied temperatures is termed the binodal, while the locus of local maxima and 
minima of Vm form the spinodal. Wherever three simultaneous values of Vm are present, one 
always lies between the spinodal points, in a region that is both mechanically and 
thermodynamically unstable, such that no bulk phase may ever exist in equilibrium at this 
molar volume. As such, cubic EoS may predict either one or two stable phases for pure fluids. 
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In the multiphase region, the phase with the smaller molar volume is the coexistence or 
orthobaric liquid, and the phase with the larger molar volume is the coexistence or orthobaric 
gas, commonly termed the vapour. The unstable intermediate molar volume is not typically 
used in thermodynamical modelling, though is not uninteresting [219-222]. 
 
The qualitative capabilities of the van der Waals equation are remarkable, its only major failing 
under industrially relevant conditions being the inability to predict the transition to solid phases, 
though that challenge remains unsurmounted after one and half centuries (with the possible 
exception of one recent machine-learning based model [223], though non-EoS continuous 
modelling has been demonstrated [224]). The same cannot be said about its quantitative 
capabilities, which fall short especially for the liquid phase [217]. Three major approaches 
have managed to surpass it on this front: empirical corrections focussed mainly on the 
attractive term, semi-empirical corrections of both the attractive and repulsive terms, and 
equations of radically different forms that are dependent on increasingly many parameters. 
The former shall be discussed in this section, while the latter two are discussed in the following 
section. 
 
The van der Waals EoS has been modified in many different ways, though one of the more 
notable improvements is the Redlich-Kwong EoS [225], which considered the attraction 
between molecules to be dependent on temperature. This temperature dependence was 
further improved by Soave [226], who described the attraction as a function of both 
temperature and the acentric factor ω (roughly a qualitative description of the sphericity of a 
molecule), yielding the Soave-Redlich-Kwong (SRK) EoS 

  m m m

RT αa
p

V b V V b
 

 
 (2.12) 

where α is the alpha function, in this case the version introduced by Soave though others are 
available [227-230], and is given by 

   2

1 1 rα κ T    (2.13) 

where κ is a second order polynomial of the acentric factor, not listed here as it is functionally 
identical to the version used more extensively in this work, which shall be given below. 
 
The SRK EoS remains widely used industrially alongside a similar equation developed several 
years later: the Peng-Robinson (PR) EoS [231] 

    m m m m

RT αa
p

V b V V b b V b
 

   
 (2.14) 

 
Variants of this equation are the primary modelling focus in this work, and as such shall be 
discussed in greater detail. The attractive parameter a is given by 

 
 2
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p
  (2.15) 

and the repulsive parameter b by 

 0.07780 c

c

RT
b

p
  (2.16) 
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The Soave version of the alpha function is used, taking the same form as previously with κ for 
this EoS given by 
 20.37464 1.54226 0.26992κ ω ω    (2.17) 
 
The PR EoS is able to predict liquid densities more accurately than the earlier models [230, 
231], but still fails to approach the accuracies of measurements. A further improvement is 
achieved by simply translating the volumes slightly based on empirical correlations, as was 
done by Peneloux et al [232] for the SRK EoS. The same approach may be applied (with 
appropriate adjustments) to any cubic EoS. These volume translations may be implemented 
such that there is no change to calculated compositions of coexisting phases, as is done in 
this work, or otherwise, with implications for other thermodynamic properties [233]. A notable 
source of the shortcomings of EoS such as SRK and PR is that only the attractive term is 
modified from the vdW EoS, a cost that is paid to retain the convenience of its cubic nature. 
 
The models mentioned thus far have been shown as they would be used for pure fluids, to 
extend them to mixtures requires the introduction of a composition dependence. The most 
simple approach is to assume that the above models hold true for mixtures when the 
component specific parameters are replaced with values representing the mixture as a 
hypothetic pure fluid; this is known as the one fluid approach. The parameters for the 
hypothetical fluid are calculated from mixing rules, such taking the arithmetic or geometric 
means as is done in the van der Waals (vdW) mixing rules [211] 

 i j ij
i j

a x x a  (2.18) 

 i j ij
i j

b x x b  (2.19) 

Here, xi and xj are the mole fraction of component i and j, respectively, and aij and bij are 
calculated from the pure component parameters as 

 (1 )ij ij i ja k a a   (2.20) 

 (1 )
2

i j
ij ij

b b
b l


   (2.21) 

where kij and lij are binary interaction parameters (BIPs) matrices, equal to zero for i = j, that 
may be regressed from experimental data. It should be noted that kij and lij are symmetric N 
by N matrices. The combination of this mixing rule with the PR EoS shall be referred to as PR-
vdW. When BIPs are set to zero, as was standard until 1953 [234], a model is said to be used 
in a purely predictive manner. These BIPs have little physical basis, and are effectively used 
by some as “fudge factors”, though this indelicate description should not be taken to imply that 
they are not effective. 
 
A semi-predictive approach for estimating BIPs is the group contribution approach [235, 236], 
wherein the BIPs are described in terms of the functional groups present within the molecules. 
Two examples of group contribution EoS are used in this work and will be discussed further 
below. This approach is especially valuable when little to no data exists for a specific 
compound, but data are available for related compounds such as those within the same 
homologous series. Small molecules are often treated by a single encompassing group, as is 
the case for CO2, H2, and methanol, while larger molecules are more reliably subdivided, as 
shown in figure 2.3 for isobutane. It is preferable to fit the group interaction parameters starting 
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with the simplest molecule for a given group, as such isobutane is the ideal candidate for 
parameterising the tertiary CH group [138]. 
 
 

Figure 2.3: The molecular structure of isobutane, showing how it is treated within a group 
contribution approach, consisting of three primary CH3 groups ● and one tertiary CH group ● 
 
Regardless of how one obtains BIPs, a model will still be limited by the quality of its mixing 
rule. The van der Waals mixing rule is effective for many simple systems, but it struggles when 
it comes to highly non-ideal systems, such as asymmetric mixtures. Many alternative mixing 
rules have been developed over the years [221, 237, 238]. The most effective are probably 
those that introduce a description of the excess Gibbs free energy GE through an activity 
coefficient model, referred to as a cubic + GE model. One method of implementing GE is the 
traditional γ – φ method [217], but this is of limited applicability, especially for mixtures that 
include supercritical components (as are investigated in this work), so this will be neglected in 
favour of more thermodynamically consistent methods. 
 
One such mixing rule that suitably introduces GE, which may be calculated from any activity 
coefficient model with suitable considerations, is the Wong-Sandler (WS) mixing rule [239] 

  1

a QD

RT D



 (2.22) 
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where Q is given by 
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and where the last term is 
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where kij here is a similar, though not identical, BIP to that of the vdW mixing rule. The D term 
in the mixing rule is given by 
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where C is a constant used for clarity 

 
ln( 2 1)

2
C

  (2.27) 

and 𝐴ஶ
ா  is the excess Helmholtz energy at the limit of infinite pressure, approximately equal to 

GE [240, 241], calculated from an activity coefficient model. In this case the non-random two-
liquid (NRTL) model [242] is used, though the one-fluid van Laar model [243-245] or alternative 
two-fluid models from the simple Wilson model [246, 247] to the more sophisticated UNIQUAC 
[248, 249] and COSMOSPACE [250] models may, alternatively, be applied. Here, 𝐴ஶ

ா  is given 
by 
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where τij is an adjustable parameter, formally based on the difference in the interaction 
energies between like and unlike molecules (but, in practice, of lesser meaning), and Gij is 
 exp( )ij ij ijG α τ   (2.29) 

where αij is a further adjustable parameter called the non-randomness parameter. It should be 
noted that, unlike kij and lij in PR-vdW, τij is an asymmetric N by N matrix. 
 
These two-fluid models treat mixtures differently to the one-fluid approach mentioned 
previously. Instead of assuming that the mixture behaves as a hypothetic pure fluid with scale-
independent composition, it instead has local composition variations, only realising the overall 
composition at sufficiently large scales. This approach is not considered theoretically rigorous 
[217] (though neither is the one fluid approach) but may describe the behaviour of real liquids 
satisfactorily, including capturing the effects of molecular association in a rudimentary fashion. 
The NRTL model neglects surface contributions, reducing its predictive capabilities, however, 
in this work parameter optimisation is favoured. Furthermore, UNIQUAC suffers an 
inconsistency when used the WS mixing rule for asymmetric mixtures [251], which likely also 
applies to COSMOSPACE, thus NRTL is more suitable for the mixtures considered here. 
 
A shortcoming of the original WS mixing rule is that it cannot reproduce exactly the behaviour 
of vdW mixing rule. Orbey and Sandler [252] proposed a modified version of the WS mixing 
rule (mWS) to rectify this, given specifically for use with a modification of NRTL, for which the 
vdW mixing rule was a special case. Equation 2.25 is now 
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RT RT

       
 (2.30) 

and Equation 2.29 is now 
 exp( )ij i ij ijG b α τ   (2.31) 

which may reproduce the vdW mixing rule for lij = 0, also known as the one parameter vdW 
rule, while lij ≠ 0 cannot be mapped onto PR-mWS-NRTL. An additional benefit of this form is 
that it facilitates consistency checking, as any implementation of the model which fails at this 
reduction would evidently be misprogrammed. 
 
The combination of the PR EoS with the mWS mixing rule utilising the NRTL free energy model 
(PR-mWS-NRTL) includes four adjustable parameters for a binary mixture (kij, τ12, τ21, and αij), 
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increasing the difficulty of optimisation. A common approach to manage the size of the 
parameter space is to assume a value of αij . When setting it to zero NRTL reduces to the 
Margules model [253], exactly for the original version of NRTL, and something akin to it in the 
case of the modified version in mWS. The original publication of NRTL included recommended 
values for different categories of mixtures [242], with a value of 0.3 suggested for many cases 
of vapour-liquid equilibrium. The original recommendations produce conflicting and 
ambiguous cases for some systems and numerous systems are best represented by values 
of αij outside the range that is consistent with the proposed underlying theory [254], including 
instances where negative values (ie hyper-random arrangement) performed best [254, 255]. 
Shortcomings in the applicability of the theory to real mixtures may be responsible, though use 
in process engineering does not necessarily require rigorous theory. From a mathematical 
perspective, the primary effect of the sign of αij within PR-mWS-NRTL is to change the sign of 
τij, and the magnitude of αij is inversely correlated with the magnitude of τij. 
 
An alternative method is to set one of the values of τij to be infinitely large, such that the 
corresponding value of Gij is equal to zero. This not only reduces the cardinality of the 
parameter space by one but also reduces the number of calculations required, as several 
terms may now be removed. This special simplified case of the NRTL model will be referred 
to as sNRTL and the overall model PR-mWS-sNRTL. Strictly, this model describes a 
seemingly unphysical situation where the local composition around molecules of one type is 
effectively pure, however it may be used to obtain initial values when optimising PR-mWS-
NRTL and will be shown later to perform well for mixtures of methanol + CO2. 
 
The final cubic EoS used in this work is the Enhanced Predictive Peng-Robinson 78 (EPPR78) 
model [256-258]. It is another cubic + GE model, with a van Laar activity coefficient model, 
utilising a group contribution approach to determine the BIPs. It is especially tailored to 
petrochemicals, features 40 different functional groups, but is not currently parameterised for 
alcohols. 

 

2.3 Alternative Equations of State 
 
The models used today are almost exclusively those that have come about since the advent 
of the digital computer, with one important exception: the virial equation 

 
2 3

1 ...
m m m

B C D
Z

V V V
      (2.32) 

where B is the second virial coefficient, C the third virial coefficient, and so on, and Z is the 
compressibility factor 

 mpV
Z

RT
  (2.33) 

Effectively the deviation from the ideal gas equation, with an ideal gas having Z = 1. 
 
The equation is a Maclaurin series in terms of the molar density (the inverse molar volume), 
which may be expanded up to infinite terms for exact correctness but is often truncated after 
the third term. Unlike the other EoS mentioned thus far, the virial equation may be derived 
rigorously from statistical mechanics, based originally upon the virial theorem though it may 
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be alternatively derived from the grand canonical ensemble [259]. In the limit of zero density, 
or when truncated after the first term, it reproduces the ideal gas equation. Each virial 
coefficient represents the effects of increasingly many-bodied interactions, starting with 
pairwise interactions for B with later terms growing increasingly important at higher densities 
and in the vicinity of critical points. It should be noted that the virial equation as it is known 
today is not identical to that originally favoured by Kamerlingh Onnes [260], and that the 
preceding statement is only true of the modern version. 
 
The virial equation itself is not used within this work, but played a pivotal role both in the history 
of fluid thermodynamics and in the development of the mixing rules described previously, 
especially in adhering to the behaviour of the second virial coefficient [217]. 
 
The virial equation does not converge at high densities [259], nor is it applicable to complex 
systems, despite the mathematical requirement that some infinite series must exist that 
perfectly describes real fluid behaviour. This result is unsurprising as the equation is only 
statistical-mechanically exact within the simple thermodynamic space (T,p,μ). This 
shortcoming is emblematic of many of the issues faced by the EoS discussed in this work thus 
far. Capturing the behaviour of real fluids requires the capacity to describe the impact of all 
present forms of work (eg polarizability and the resulting molecular association) on the overall 
system energy. The most successful attempts thus far describe systems in terms of the 
Helmholtz free energy and fall under the categories of molecular EoS based on perturbation 
theory and empirical multiparameter EoS. 
 
The molecular EoS are statistical-mechanically based models that describe fluids based upon 
a reference system with an exact solution and a series of perturbations from that reference 
system. This approach originates from the works of van der Waals [211], developed further by 
Barker & Henderson [261, 262] and contemporaries, and was advanced significantly by 
Wertheim [263-266] with his “thermodynamic perturbation theory” (TPT) [267]. The general 
form of a perturbative EoS in terms of the Helmholtz free energy can be written as 

 ref pert
i

i

A A A   (2.34) 

where Aref is the Helmholtz energy of the reference fluid and Ai
pert is the residual energy 

contribution from the ith perturbation term. This particular expression is not normally used, but 
illustrates that perturbation theory is capable of achieving what the virial EoS attempted to 
when extended as an infinite series. 
 
Building upon TPT, Chapman et al [268] proposed the statistically associating fluid theory 
(SAFT) model. This model provides not only a more rigorous description of the behaviour 
captured by cubic EoS but also allowed for the description of directional molecular association 
explicitly. 
 
Many variants of the SAFT EoS have been developed; only two closely related recent variants 
are discussed in this work, SAFT-VR-Mie [269] and SAFT-γ-Mie [270], reviews of other 
variants can be found in the literature [271-274]. SAFT-VR-Mie treats molecules as chains of 
spherical segments (note that the chain length may be one for monoatomic molecules) whose 
interactions are described by the Mie potential, a generalised variable range Lennard-Jones 
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potential. Soft spherical monomers with Mie repulsion act as the reference fluid, improving 
upon a similar model from 2006 [275] wherein hard spheres were the reference fluid. The 
overall Helmholtz free energy is typically written as 
 ideal mono chain assocA A A A A     (2.35) 
where Aideal is the ideal gas Helmholtz free energy, Amono the monomeric contribution, Achain the 
chain contribution, and Aassoc is the contribution from molecular association. Further terms may 
be added for more complex systems, such as those featuring ions [276], and modifications for 
positional isomers are also available [277], however these are not necessary for the mixtures 
considered in this work. 
 
SAFT-γ-Mie is a generalisation of SAFT-VR-Mie as a group contribution approach [270]. Both 
of these versions of SAFT still require both pure component and mixture interaction 
parameters to be regressed against experimental data, though the SAFT-γ family express 
these in terms of functional groups. As such, they may be considered semi-empirical models. 
In particular, the unlike dispersion energy εkl is generally treated as an adjustable parameter 
[270], much like kij in cubic EoS, as too sometimes is the unlike repulsive exponent λr

kl. 
 
The final category of EoS considered here are the multiparameter EoS, noting that the EoS 
that bear this name should not be confused with the preceding EoS which often feature 
multiple adjustable parameters themselves. Multiparameter EoS are entirely empirical models 
that describe the Helmholtz free energy in terms of an arbitrarily large set of temperature and 
density dependent functions of arbitrary form. The parameters of such EoS are specific to a 
given compound or mixture and are not transferable between different compounds as they are 
not based in any rigorous thermodynamic theory. The loose requirements for these equations 
result in a range of unphysical predictions [278, 279], such as multiple van der Waals loops 
[221], but also allow for exceptional performance within the range of conditions under which 
they were optimised [280], currently capable of exceeding any other model except in the 
description of helium (for which incomparably accurate ab initio models are available up to 
moderate pressure [281]). The caveat is that the accuracy is dependent on the availability of 
a large number of experimental datapoints across multiple properties (eg vapour pressure, 
density, speed of sound), as such these models have negligible predictive capabilities. 
 
Several pure fluid multiparameter EoS [207, 282-284] have been used in this work for the 
calculation of pure component densities as part of the experimental methods, where the model 
uncertainties are comparable to experimental uncertainties and at least one order of 
magnitude better than any other model discussed here. Only one multiparameter EoS for 
mixtures has been used in this work: GERG-2008 [285], an update to GERG-2004 [286], that 
is the current ISO standard for single phase properties of natural-gas-like mixtures [287] and 
generally applicable to multiphase properties. This model is applicable to mixtures of 21 
different fluids focused on mixtures found in natural gas but also relevant to the use of 
hydrogen, to CCUS, and to cryogenic separations. 
 
The general structure of GERG-2008 is 

 Δo r r
i oiα α x α α    (2.36) 

where α is the dimensionless Helmholtz free energy, αo is the ideal gas contribution, αr
oi is the 

pure component contribution of component i, and Δαr is the departure function. The non-ideal 
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α terms are functions of density and temperature that have been reduced by reducing 
functions. Not all mixtures have been optimised to the same extent, for example isobutane + 
CO2 has a specifically adjusted reducing function but no departure function, while isobutane 
+ H2 has no fitting and relies on linear combining rules. Hydrogen mixtures, even those with 
greater degrees of fitting, are documented to be modelled poorly, though extension of the 
GERG approach by Beckmüller et al [288] has improved the performance for mixtures with 
four of the other twenty components. 
 
The detailed workings of any multiparameter EoS have been excluded due to the limited 
relevance and may instead be found in literature [207, 280, 282-284, 289, 290]. 
 

2.4 Practical Considerations for the use of Thermodynamic Models 
 
The above models do not have analytical solutions for mixtures and so must be solved 
numerically for multiphase systems (though cubic EoS have analytical solutions for pure fluid 
and single-phase mixture properties). The calculations are carried out using computer 
programs. In research, such programs are often purpose-built standalone programs, either 
developed in-house by the researcher(s) or by third parties, and may be open or closed in 
terms of access and/or source code. 
 
In this work, the Peng Robinson models were computed using in-house software, implemented 
in three different languages for different applications. A VBA implementation in Microsoft Excel 
was used for BIP optimisation using the non-linear generalised reduced gradient decent 
method, design of experiments, and general use. A MATLAB implementation was developed 
for BIP optimisation using grid searching and some general use. The core EoS functionality 
was also applied elsewhere in the MATLAB-based modelling of DAC process separations by 
Zervidi [291] and colleagues. A Keysight VEE implementation was developed for the 
automation of the experimental apparatus, though not fully implemented. 
 
The pure component multiparameter EoS were computed using the Reference Fluid 
Properties (REFPROP) 10.0 program developed by NIST [292, 293]. All the other EoS used 
were computed using the open source software package Clapeyron [294] implemented in 
Julia. Strictly, the usage of Clapeyron required some (in-house) programming, though this 
simply involved the adaptation of some examples (from the package documentation) as well 
as the adaptation of part of the MATLAB grid searching program (in the case of SAFT-γ-Mie 
optimisation). 
 
In industrial applications, such models are often contained within process simulators, such as 
Aspen [295], gPROMS [296], and Petro-Sim [297]. The majority of process simulators are 
closed source and costly, presenting a significant barrier to process development especially 
on the research and development side. Open source options are slowly becoming available, 
such as DWSIM [298] and OpenModelica [299], and Clapeyron-based simulators are under 
development [300]. 
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Only the in-house implementations will be discussed in detail, specific details of the third party 
programs can be found within their respective documentations.  
 
The main numerical method used is what is known as a flash algorithm [301], wherein the 
pressure, temperature, and overall composition of the system are specified and the equilibrium 
compositions of any coexisting phases are calculated. The flash algorithm used in this work 
attempts to find any region with coexisting phases for a given temperature and pressure, 
regardless of the overall composition specified (including negative flashes), though the 
specified value affects the speed and feasibility of convergence. Alternative approaches are 
available [302]. The flash is based on the necessary requirement of equal fugacity, generally 
suitable for two phase calculations though it is not sufficient to guarantee stability [303] (the 
requirement that the Gibbs free energy be minimised). It is specifically programmed for one or 
two phase systems, and preferentially converges to vapour-liquid equilibria over liquid-liquid 
equilibria. 
 
The BIPs were regressed from experimental data generated in this work and selected 
literature values through two methods. One was the non-linear generalised reduced gradient 
method [304], used as implemented in Excel’s built-in solver to minimise the sum squared 
error S in composition between the experimental value xexp and the calculated value xcalc.  

 2
calc exp( )S x x   (2.37) 

 
The ranges of the BIP values were constrained to improve convergence, starting from broad 
ranges (eg -2 to 2) and increasingly tightened as the near optimal region was identified. A 
constraint that the flash algorithm must converge successfully was also applied. This approach 
consistently produced near optimal solutions, albeit typically after many attempts with different 
initial values and constrains. 
 
The major limitation of smart/dynamic optimisation methods like the one above is that the 
parameter/solution space is non-convex. The number of local minima (in one or more 
dimensions) scales with the number of experimental datapoints. The difficulty in finding the 
optimal solution grows immensely as the cardinality of the space grows. The four BIPs in PR-
mWS-NRTL are significantly harder to regress as the flexibility that they offer also results in 
multiple near-optimal solutions. 
 
The alternative method employed was grid searching the solution space by calculating the 
error for all potential values of a parameter to a given resolution, effectively optimising by brute 
force. This approach is much more computationally intense but able to locate the global 
optimal solution. 
 
The MATLAB model could converge one flash calculation every millisecond on average. 
Performing a 1000 x 1000 grid search of the error for 100 experimental datapoints, as would 
be done if optimising PR-vdW, could be done in 28 hours. If one searched the same number 
of parameter values for each of the four BIPs in PR-mWS-NRTL the calculation would take 
three millennia. In practice, such a large number of calculations are not required, as one starts 
with a rough low-resolution search and focusses on a shrinking area of interest with increasing 
resolution, such that PR-vdW could be fit in less than an hour and PR-mWS-NRTL in about 
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one week. This approach also has benefits when using temperature dependent BIPs, as one 
merely fits a function to the locus of optimal solutions at each temperature instead of 
increasing the number of parameters being simultaneously optimised. 
 
The program was not explicitly written to perform these calculations as fast as possible, 
improvements to the way the calculations are coded and the use of more efficient 
programming languages would allow for meaningful improvements, especially should 
parallelised calculations be used. The combination of these improvements would allow for a 
minimum of a 100-fold improvement in speed on an typical modern workstation and high 
power computing clusters may be used for further improvement. A simple test of parallelisation 
across multiple CPU cores found minimal overhead, such that 10 cores/workers could conduct 
the same grid search as a single core in approximately one tenth of the time. 
 
It appears that there is little justification for not using a grid search when optimising models for 
binary mixtures with four parameters or fewer. Only when optimising models with many 
parameters or for a large number of systems, such that the runtime would be on the order of 
months, is the reduced quality of optimisation sensible (especially when the data such models 
are optimised against take months or years to produce per dataset). 
 
The final consideration to be discussed here is the choice of objective function to be minimised 
during optimisation. The minimisation of sum squared error in composition, given previously, 
has been used in this work and the preceding works [305, 306]. The first justification for this 
is that the experimental relative uncertainties of alternative parameters (ie the temperature or 
pressure) are generally far smaller than for composition, and the second reason is that the 
particular flash calculations used are designed to output composition for a given pressure. 
This approach struggles when there are rapid changes in composition for very small changes 
in pressure, and similarly the use of pressure struggles in the opposite case. Orthogonal 
distance regression is occasionally used to mitigate this issue [307], accounting for errors in 
multiple dimensions simultaneously, but requires more computation and was not explored in 
this work. 
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Chapter 3: Phase Behaviour of 

Mixtures 
 
 
 
 
 
“What could apparently be simpler than a drop of liquid?” 
 

— J.S. Rowlinson 
A Drop of Liquid 
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3.1 The Behaviour of Asymmetric Mixtures 
 
When two or more different compounds are present in a system at once they will 
assume/display behaviour that differs from either of the compounds when pure. This situation 
is common; the concept of a truly pure fluid is merely hypothetical at industrially relevant 
scales. High purities are achievable (for instance, 99.999% pure hydrogen is used in this 
work), however, the presence of trace impurities is a practical certainty. Radioactivity and 
quantum mechanics alone are sufficient to ensure this, though impurities are typically process 
related. 
 
Each additional component increases the cardinality of the thermodynamic space by one and, 
in doing so, frees up another state variable to contribute to the possible number of coexisting 
phases [188, 195]. For example, for a specified value of temperature in the space (p,T,μ1), the 
classical Gibbs phase rules states that that there is only one pressure for which two phases 
may coexist. In the space (p,T,μ1:2) there is an additional degree of freedom, such that two-
phase equilibria (classically the vapour-liquid equilibria) may occur across a range of 
pressures for a specific temperature and vice versa. 
 
The additional degree of freedom does not necessitate that the maximum number of phases 
will occur for any values of the state variables. Phase stability remains dictated by the 
minimum free energy criteria, which are sufficient to simultaneously satisfy the phase rule. 
One should consider why it could be energetically favourable for a homogenous mixture to 
separate into two phases. 
 
A simple exemplary case is a mixture of hard spheres of two different diameters at high 
packing fraction (ie solid-like density), with finite (non-zero) kinetic energy and no attractive 
forces. If the spheres are of similar diameter then there shall not be a significant difference in 
the achievable packing fraction, however, once the size ratio is sufficiently large the two sizes 
of spheres will disrupt each other’s packing structures [308]. In this situation, they could 
achieve more favourable structures (for the same overall composition) by separating into two 
phases, one richer in spheres of the smaller diameter, the other richer in spheres of the larger 
diameter. If the difference in size grows even further, then the smaller spheres may also 
happily sit between the larger spheres. Even for such a simple model system, a wide range of 
different phases are possible, for which exact solutions are known when the spheres are close-
packed [309, 310] (ie in the limit of infinite pressure). 
 
Real fluids are not so simple; the analogy still roughly applies but is complicated by additional 
forces and the flexibility afforded by lower packing fractions (that may go down to the limit of 
zero density, an ideal gas). Real molecules are not perfectly spherical, their intra and inter-
molecular structures are neither isotropic nor time-invariant (even before considering wave-
particle duality). This naturally (by definition) gives rise to numerous intermolecular forces due 
to the potentials within a given thermodynamic space. Some of these forces manifest 
themselves as what are referred to as bonds, energetically-favourable non-
random/anisotropic probabilistic relationships between the positions of molecules. The 
mechanisms behind differing types of bonds are overlapping, such that one should consider 
them to all fall on a continuous scale describing the potential energy between molecules [272]. 
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The strongest of those within this work are covalent bonds, the conventional sharing of 
electrons within a molecule (typically between two atoms), however focus is placed on non-
reactive systems. 
 
It is the weaker intermolecular bonds that are the primary interest instead. For instance, there 
are the forces between spontaneous, induced, and/or permanent dipoles, 
attracting/coalescing even nominally inert compounds like helium (as in the case of the helium 
dimer [311]). These forces are especially strong in systems containing molecules with covalent 
bonds between atoms with appreciable differences in electronegativity, such as hydrogen and 
oxygen, where lone pairs are present [312]. The hydroxyl group produces forces sufficiently 
strong that, for the archetypal example of water, the molecules effectively polymerise [313], 
with the dimer being especially prevalent. This type of bonding is referred to in this work as 
molecular association (as it is within the SAFT framework [272]), with the particularly common 
cases involving hydrogen as the less electronegative species often called hydrogen bonding 
(the distinction is semantic). 
 
When a binary mixture consists of one polar component, such as methanol, and one non-polar 
component, such hydrogen, the strength of the intermolecular forces between methanol 
molecules is greater than between the unlike species, promoting their separation much like in 
the example of unequal hard spheres. Mixtures, like these, with large differences between the 
pure-component properties are termed asymmetric mixtures. The cases above are examples 
of asymmetry in size and in polarity (or more specifically, dipole moment, as higher order 
multipoles may also give rise to asymmetry), though differences in mass, thermal de Broglie 
wavelength, shape, etc are equally valid. The impact of asymmetries on the phase behaviour 
of mixtures is most succinctly put by the classical adage “like dissolves like”, the implicit 
complement to which is “unlike may not necessarily dissolve unlike”. 
 
It is possible to describe all pure compounds and mixtures (both real and hypothetical) within 
what is known as a global phase diagram [314-321], a necessary result of the universality of 
physics. This developing field stems from observations of mixtures whose phase space can 
be meaningfully categorised, with the “types” proposed by van Konynenburg & Scott [322] for 
binary systems being the most familiar. Their original analysis was specific to the van der 
Waals fluid (especially, but not exclusively, for equally sized components), allowing for 
categorisation based purely on pure component parameters and their additivity within the one 
fluid model, yet is broadly applicable to real binary mixtures [218]. Similar categorisation is 
possible also for ternary and higher order mixtures [323], but is beyond the scope this work. 
 
The inescapable ambiguity of different fluid states, at least within contemporary 
understanding, might lead one to suspect that meaningful categorisation of phase behaviour 
should not be possible. The method of van Konynenburg & Scott avoids this ambiguity by 
neglecting the particularities of any given phase, instead focussing on the multiplicity and 
connectivity of critical curves/regions (the loci of critical points) within the thermodynamic 
space [321, 322]. The thermodynamic spaces for all mixtures of a given type are topologically 
identical. There are also subtypes depending on the locations of critical curves relative to pure 
component saturation curves, as in the case of azeotropy, as well as the presence of inflection 
points in critical curves . The types defined by Bolz et al [321] are more exhaustive [319], 
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listing 17 basic classes in the original publication within a framework that can be applied to 
arbitrarily complex fluid behaviour, though without standardised nomenclature for solid 
equilibria. Typical examples of pT diagrams are shown in Figure 3.1, note that the particular 
shapes of the critical curves shown are not representative of the full set nor is the full scale 
shown (or often even known). 
 

Figure 3.1: Typical prTr projections of (a) type (I or 1P), (b) (II or 1P𝑙Z), and (c) (III or 1C1Z) 
mixtures, showing the pure component saturation curves —/— up to the critical points, mixture 
critical curves – –, VLLE curves ⋯, and shaded regions illustrating how solidification may 
constrain the fluid coexistence region 
 
The transition between one type of behaviour and another occurs upon the 
appearance/emergence of a new critical curve, such as in the transition from a type I to type 
II mixture upon the appearance of a liquid-liquid critical curve, or upon the intersection (change 
in number of separate/disconnected curves) of two critical curves, such as in the transition 
from a type II to a type III mixture. This work discusses mixtures showing only type I, II, or III 
behaviour (though not intentionally), further information about the other types and subtypes 
may be found in the literature [314-322]. 
 
Mixtures of similar compounds produce classical simple phase diagrams with one continuous 
critical curve between the critical points of the two components and closed pxy envelopes, 
classified as type I or 1P behaviour. An example is shown in Figures 3.1a and 3.2a. The phase 
envelopes do not necessarily need to be convex and type I mixtures (as with all other 
overarching types) may show azeotropy. The critical curve is not a straight line nor is it 
necessarily monotonic, but commonly connects the pure component critical points with a 
positive deviation from linearity in the pT plane. The curve may also exceed the critical 
temperature of the less volatile (and thus both) components, referred to in older literature as 
gas-gas immiscibility of the third kind [218], though this is uncommon. The fluid-fluid 
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coexistence (or demixing, depending upon one’s perspective) typically occurs from around the 
triple point of the highest freezing (typically, but not exclusively, least volatile) component and 
connects the two pure component phase spaces, in a region of what is termed vapour-liquid 
equilibrium. For example, the pxy phase envelopes tend to x = y at the limits of x = 0 or 1, and 
terminate at the pure component saturated vapour pressures. At (or more strictly, generally 
near) the triple point temperature of the highest freezing component there is a region of three 
phase SVLE which may persist down to around the triple point of the lower freezing 
component. At temperatures below this, regions of solid fluid equilibria continue to exist, but 
with no more than one fluid phase (for simple, truly type I mixtures). Looking towards higher 
temperatures, once the critical temperature of the more volatile component is exceeded there 
is no longer an uninterrupted region of VLE connecting the two pure components. For 
example, pxy envelopes/projections, such as is shown in Figure 3.2a, now show a smoothly 
continuous curve, beginning and terminating at the two phase region of the less volatile 
component, featuring exactly one critical point for a given temperature. This continues up until 
the critical point of the less volatile component, beyond which is a purely single phase region. 
 
As the asymmetry between the mixture components grows, a new region of fluid-fluid 
coexistence emerges, as shown in Figure 3.1b, where both fluids are typically liquid-like (as 
such it is termed liquid-liquid equilibrium, LLE). Such behaviour is classified as type II or 1P𝑙X 
behaviour, where X here denotes unknown or unspecified target/end point. In a fluid only 
model, like the EoS models in this work, this emerges from the limit of zero temperature [317], 
type 1P𝑙Z behaviour. Real fluid mixtures solidify at temperatures greater than zero, so the 
occurrence of LLE can be prevented under circumstances where solidification precedes LLE 
(where the classical Gibbs phase rule applies/is applicable). A complication arises in that the 
number of intersections of the LLE critical curve with the SFE/SFFE curve does not appear to 
be constrained. As such, there are systems that are type II within a fluid only model but where 
solidification precedes LLE under all conditions for the real system, such that it is 
indistinguishable from a type I system (at first approximation). There can also be systems 
where a region of LLE appears at its true origin, the upper critical end point (UCEP), with a 
region of three phase VLLE present. The LL critical curve may then proceed towards greater 
pressures, not necessarily monotonically with respect to temperature, and will terminate either 
upon solidification or upon the breakdown of the molecular structures (through reaction, 
ionisation, etc). For model systems that consider fluid and solid phases but do not consider 
molecular stability, there is no requirement that the region of LLE/FFE be bound. Similarly, a 
region of LLE can emerge, away from its theoretical UCEP and three phase coexistence curve, 
from a region of SFE, ultimately terminating as before. Alternatively, a LL critical curve may 
emerge from the UCEP, intersect the SLLE curve twice, and have two apparently 
disconnected regions of LLE, and so on. In any case, a type II mixture nominally has two 
disconnected critical curves, with the emergent one advancing towards the original as the 
asymmetry grows. 
 
At a certain point (that only truly exactly occurs for hypothetical fluid mixtures), the two critical 
curves intersect, and beyond it the connectivity of the critical regions changes. The critical 
point of the more volatile component now nominally connects to the UCEP and adjacent three 
phase VLLE curve, as shown in Figure 3.1c. This is type III or, nominally, 1C1Z behaviour, 
though often the second critical curve is either masked or not investigated, where it cannot be 
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strictly define beyond 1CXX. Solidification preceding the conditions under which that critical 
curve would appear is common in real highly asymmetric fluids. Meanwhile, the critical point 
of the less volatile component connects to a critical curve that follows the path towards greater 
pressures that the LL critical curve previously had taken. The ultimate path and termination of 
that critical curve have the same conditions as before; never intersecting the critical point of 
the more volatile component. As the asymmetry grows, so does the region of demixing. The 
critical curve initially passes through a pressure minimum, potentially followed by a 
temperature minimum, though the pressure minimum eventually disappears (as it has in the 
case shown in Figure 3.1c). Further increases in asymmetry lead to the critical curve departing 
from the critical point of the less volatile component ever more steeply, until effectively vertical 
(as in the case of H2 + water), before gaining a positive slope. Historically this would be the 
transition from gas-gas immiscibility of the second kind into that of the first kind [218], though 
this is largely semantic. 
 

Figure 3.2: Typical pxy isotherms for (a) type I mixtures, (b) type III mixtures at temperatures 
between the critical points of either component, showing the saturated liquid — and vapour — 
curves, with x1/y1 referring to the mole fraction of the more volatile component 
 
Table 3.1: Pure component parameters: critical temperature Tc, pressure pc, and density ρc, 
as well as molar mass M, acentric factor ω, and triple point temperature Tt [207, 282-284, 
305]; real and adjusted (*) critical points for hydrogen are listed, see [305] for details 

Chemical Name Tc/K pc/MPa ρc/(mol/cm3) M/(g/mol) ω Tt/K 

Hydrogen 33.15 1.296 15.508 2.016 -0.219 13.96 
Hydrogen* 31.76 1.276 - - -0.0626 - 
Carbon Dioxide 304.13 7.377 10.625 44.01 0.2239 216.59 
Isobutane 407.81 3.629 3.8798 58.12 0.184 113.73 
Methanol 512.6 8.104 8.6 32.04 0.5625 175.61 

 
The size of the phase space for type III mixtures is radically different to type I mixtures. For 
example, if the binary mixture of hydrogen and helium was a type I mixture, one would expect, 
as per hydrogen’s properties as listed in Table 3.1 (note that adjusted critical parameters, for 
use in modelling at higher temperatures where quantum mechanical effects are less 
pronounced, determined by fitting the second and third virial coefficients at temperatures 
between (65 and 500) K [305], are also listed), that its region of fluid-fluid coexistence would 
begin around 14 K and continue until around 33 K, with mixture critical pressures never 
exceeding several MPa. In practice, hydrogen + helium is a type III mixture; its FFE has been 
experimentally shown to continue up to at least 354 K and 7.12 GPa [324], encompassing a 
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pTx space that is orders of magnitude greater than the former scenario. At temperatures 
between the pure component critical points, the pxy envelope appears open, as shown in 
Figure 3.2b. 
 
Type III mixtures often exemplify the difficulty in distinguishing between liquid and gaseous 
states, producing debate as to what their equilibria should be called, especially at 
temperatures above the critical points of either component. The terms vapour-liquid equilibria, 
liquid-liquid equilibria, gas-gas equilibria, and fluid-fluid equilibria have all been applied [325]. 
In practice there are significant, ill-defined, regions where the behaviour does not meet the 
liquid-like or gas-like criteria mentioned in the preceding chapter. When referring to type III 
mixtures in this work, no strict distinction shall be made between the fluid phases, for 
convenience the term vapour will refer to the phase richer in the more volatile component and 
liquid will refer to the phase richer in the less volatile component. No inferences beyond this 
should be assumed, for example the liquid phase is not consistently the most dense phase in 
mass or molar terms. 
 
The complicated range of options for the presence of FFE regions and their potential 
intersections with solid regions, especially when clathrate formation is possible, presents a 
challenge for determining if the entire fluid coexistence region has been explored (and, by 
extension, what type a given mixture is). When modelling, it is trivial to explore any region of 
thermodynamic space (though care needs to be taken assess stability) but it is not generally 
possible to rigorously nor accurately assess solid-fluid behaviour with current theory and 
models. Furthermore, dense fluids and asymmetric mixtures are often poorly described by 
models [217, 238]. Experimental investigations can observe the real behaviour with 
quantifiable uncertainty but are more limited due to technoeconomic considerations, and take 
far longer. For example, a model may converge a flash in less than a millisecond, while the 
same flash in an experimental apparatus may take an hour (excluding additional 
considerations such as sampling). Tracing coexistence regions is helpful, but confirming the 
presence, or lack thereof, of disconnected regions requires an exhaustive search. 
 
The development of industrial processes require accurate knowledge of the thermophysical 
properties of the compounds being handled [182], achieved through the use of thermodynamic 
models that must be based on sufficient reliable experiment data. The most important property 
for optimising mixture models is the fluid phase behaviour. To confidently obtain an optimal 
(or near-optimal) fit for a model it is especially preferable to have sufficient data to be able to 
trace (for instance, by hand) the pTx space with a similar uncertainty as is achievable through 
modelling. A particular model may not necessarily be able to accurately reproduce the real 
behaviour, but there is sufficient information to make the assessment. 
 
A mixture/system will be referred to as “well studied” (with respect to is phase 
behaviour/equilibria) when the entire pTx space has been covered by experimental 
measurements, such that one could confidently trace the entire fluid coexistence region(s). An 
example of such a mixture would be methane + ethane. This differs from whether there is 
sufficient data to achieve the optimal fit, as is evident from the fact that a perfect predictive 
model requires no data. In either case, the limiting factor is the amount of available data and 
their respective uncertainties. 
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3.2 Mixtures with CO2 
 
A detailed review of the literature for mixtures containing CO2 is provided only for the two 
binary systems investigated in this work: CO2 with methanol and with isobutane. General 
reviews of industrially-relevant CO2 mixtures are available elsewhere already [258, 326-330]. 
There is substantial overlap between different binary mixtures when considering industrial 
cases, thus the behaviour of ternary and higher order mixtures is important, however modelling 
of these is based on binary interactions. Furthermore, data are scarcely available for higher 
order mixtures, so focus is placed on binary mixtures. The phase behaviour, and 
thermophysical properties more generally, of CO2 mixtures have garnered significant attention 
in the past two decades. Nevertheless, few mixtures have been characterised extensively, 
especially in comparison to natural-gas-like mixtures. 
 

3.2.1 Isobutane + CO2 

 
The most well studied of the three mixtures investigated experimentally in this work is that of 
isobutane with CO2. There have been seven previous investigations into the phase behaviour 
of isobutane + CO2 in the literature, as summarised in Table 2 along with the study from this 
work, as published [138]. Data had been available covering a range from within 10 K of the 
critical temperature of isobutane (the less volatile component here) down to 250 K, ~33 K 
above the triple point temperature of CO2 (the higher freezing component). The spacing of the 
data and the agreement between different datasets were sufficient to trace down towards the 
lower temperature limit, however uncertainties in the behaviour at low temperatures limited 
applicability in, for example, mixed refrigerant cycles. 
 
A cursory comparison of the critical temperatures and molar masses of the pure components 
would suggest that this mixture is close to ideal, however the other properties listed (and those 
excluded) make it clear that there is a more complex asymmetry. For example, the quadrupole 
moment of CO2 is significant while that of isobutane is negligible, their intramolecular bonds 
involve different orbitals, and the molecular structure of CO2 is linear while isobutane is roughly 
trigonal pyramidal or tetrahedral. The mixture displays type I/1P phase behaviour, as is typical 
of CO2 + light alkane mixtures, though may alternatively be viewed as type II/1P𝑙X with 
preceding solidification [321]. Considering the position of the melting line of pure CO2, it is 
likely, but not shown unequivocally, that solidification precedes a liquid-liquid separation in all 
cases. 
 
The most recent prior study is that of Wang and Li [331], containing 25 data points with a 
noticeable scatter. The only other work that covered the low temperature region was Weber’s 
[332]; this data set comprises 76 datapoints that are generally consistent, though there are a 
small number of apparently erroneous points visible, such as on the 280 K isotherm. A later 
study by Weber [333] covered higher temperatures, almost up to the critical temperature of 
isobutane. The data here also appear to be of high quality, with little scatter visible except in 
the near critical region at T = 394 K. Three of the four isotherms were matched to those in the 
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earliest study of isobutane + CO2, that of Besserer and Robinson [334], showing relatively 
close agreement though there are some minor disagreements for the vapour composition. 
One isotherm of Besserer and Robinson, at T = 378 K, exhibits some scatter, with two vapour 
points clearly out of line, but otherwise the data are satisfactory. Robinson, with Leu, later 
conducted another investigation of the phase behaviour near to the critical point of isobutane 
[335], including measurements of the mixture critical point for the two temperatures. 
Nagahama et al [336] conducted some measurements only at T = 273 K, however, like Wang 
and Li’s measurements at the same temperature, there is noticeable scatter and the data are 
not so consistent with those at different temperatures from other reliable studies. Finally, the 
second most contemporary work, that of Nagata et al [337] reports data along four isotherms 
at temperatures between (300 and 330) K with only a minor degree of scatter. 
 
Table 3.2: Previous investigations into the phase behaviour of isobutane + CO2 including the 
temperature and pressure ranges covered 

Authors Year T / K p / MPa Ref 

Besserer & Robinson 1973 311 – 394 0.50 – 7.18 [334] 
Nagahama et al 1974 273 0.16 – 3.49 [336] 
Weber 1985 250 – 280 0.06 – 4.16 [332] 
Leu & Robinson 1987 383 – 398 2.46 – 6.00 [335] 
Weber 1989 311 – 394 0.57 – 7.40 [333] 
Nagata et al 2011 300 – 330 0.65 – 6.97 [337] 
Wang & Li 2017 263 – 303 0.11 – 3.97 [331] 
This Work 2024 240 – 310 0.62 – 6.82 [138] 

 

3.2.2 Methanol + CO2 

 
The mixture of CO2 with methanol has been studied more frequently than that with isobutane, 
by roughly an order of magnitude, yet cannot be considered well studied. It stands as an 
excellent example of when quantity does not equal quality, exacerbated by cases where brief 
(in scope and detail of methods) investigations have been conducted to provide validation for 
apparatuses later used for similar mixtures. It will shortly be apparent that such cases fail to 
provide low uncertainty validation. 
 
The behaviour of this mixture is not simple, most notably the polarity of methanol causes 
association between not only methanol molecules but also with CO2, much like in the case of 
CO2 with water. Methanol appears quite distinct in its properties among the series of alcohols, 
especially as its short chain length prevents significant charge separation. Its behaviour is 
perhaps best understood when recognising that while it is the first in the series of primary 
alcohols, there is also a zeroth alcohol: water (hydryl alcohol, if one is to be systematic). 
Capturing the non-idealities of methanol, CO2, and their mixtures requires suitable models 
with complex mixing rules, such as the Wong Sandler rule, or a SAFT-type approach. 
 
CO2 + water is a type III mixture [338], however methanol presents a lower degree of 
asymmetry. It has been observed [339] that there is a continuous critical curve between pure 
methanol and CO2, thus it is not type III, however it would likely feature LLE in the absence of 
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solidification. No region of LLE or VLLE has been observed experimentally, however there 
was not sufficient data available to conclusively rule this out (whether the LLE region is 
continuous or interrupted by solidification). Data are available down to 213 K, below the triple 
point of CO2, with 291 pTx data points below 270 K, however only 19 of these are at xCO2 ≥ 
0.6, and only six are at xCO2 ≥ 0.8. It is clear that the region of the bubble/liquid curve near to 
the vapour pressure of pure CO2 flattens as temperature decreases, necessary for an incipient 
separation, but further insight was not possible. 
 
The absence of data in this region, exacerbated by the few available points being far spaced, 
is a frustration for researchers and industry alike. It was not possible to meaningfully assess 
the performance of a model in these regions, nor low-risk for processes to be designed to 
utilise the otherwise favourable behaviour. This places substantial limits on the feasibility and 
efficiency of low temperature methanol + CO2 processes, such as the Rectisol process, where 
unanticipated phase separations can be damaging. Furthermore, many available models, 
such as predictive SRK [340] (similar to EPPR78, but with the parameters for alcohols) or the 
multiparameter EoS of Blackham and Lemmon [341], predict LLE even in regions where it is 
confidently known not to occur [342], allowing for the complementary situation in which 
unaware/uninformed engineers design processes around this unphysical separation. Models 
which are incapable of predicting LLE, such as one using the Wilson model [343], may avoid 
the issue entirely but suffer in terms of accuracy. 
 
Table 3.3: Previous investigations into the phase behaviour of methanol + CO2 including the 
temperature and pressure ranges covered 

Authors Year T / K p / MPa Ref 

Krichevskii 1941 298.15 - 348.15 0.02 - 9.12 [344] 
Krichevskii 1947 273.15 - 348.15 0.69 - 6.97 [345] 
Snedeker 1955 308.15 - 308.15 2.23 - 7.82 [346] 
Bezdel 1958 223.15 - 458.15 0.1 - 2.94 [347] 
Shenderei 1959 213.15 - 247.15 0.1 - 1.57 [348] 
Yorizane 1969 243.15 - 273.15 0.2 - 3.33 [349] 
Hemmaplardh 1972 288.15 - 333.15 1.64 - 4.33 [350] 
Katayama 1975 298.15 - 298.15 0.22 - 6.13 [351] 
Ohgaki 1976 298.15 - 313.15 0.58 - 8.06 [352] 
Schneider 1978 213.15 - 273.15 0 - 1.69 [353] 
Ferrell 1979 258 - 258 0.51 - 1.65 [354] 
Semenova 1979 323.15 - 398.15 0.5 - 13 [355] 
Lazalde-Crabtree 1980 263.15 - 273.15 1.72 - 1.78 [356] 
Takeuchi 1980 223.15 - 273.15 0.3 - 3.04 [357] 
Schmelter 1982 273.15 - 273.15 0.49 - 2.99 [358] 
Weber 1984 233.15 - 298.15 0.3 - 5.08 [359] 
Chang 1985 243.15 - 298.15 0.19 - 5.45 [360] 
Galivel-Solastiouk 1986 313.1 - 313.1 2.2 - 3.2 [361] 
Langhorst 1987 241.77 - 282.91 0.4 - 3.52 [362] 
Brunner 1987 298.15 - 473.15 0.99 - 16.08 [363] 
Schroeder 1987 272.9 - 272.9 1.73 - 1.73 [364] 
Hong 1988 230 - 330 0.69 - 10.65 [365] 
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Authors Year T / K p / MPa Ref 

Suzuki 1990 313.4 - 313.4 0.68 - 7.71 [366] 
Melzer 1990 253.15 - 298.15 0.04 - 0.05 [367] 
Page 1991 333.15 - 393.15 10.58 - 15.56 [368] 
Leu 1991 323.2 - 477.6 0.44 - 16.29 [369] 
Schroedter 1991 220.06 - 260.05 0.01 - 0.01 [370] 
Yong 1992 287.65 - 301.75 5.03 - 6.98 [371] 
Roškar 1992 308.15 - 338.15 4.05 - 11.94 [372] 
Yoon 1993 313.2 - 313.2 0.7 - 8.21 [373] 
Tsuji 1994 353.2 - 353.2 0.72 - 13.6 [374] 
Kodama 1996 313.15 - 313.15 2.01 - 7.51 [375] 
Reighard 1996 298.45 - 372.65 1.54 - 15.55 [376] 
Chang 1997 291.15 - 313.14 0.56 - 8.03 [377] 
Joung 1999 313.15 - 313.15 1.8 - 7.9 [378] 
Elbaccouch 2000 312.85 - 313.25 1.14 - 7.53 [379] 
Yeo 2000 298.15 - 421.15 5.87 - 16.44 [339] 
Joung 2001 313.15 - 342.8 0.6 - 12.4 [380] 
Zhu 2002 323.15 - 473.15 6 - 16.2 [381] 
Laursen 2002 298.15 - 313.15 1.24 - 6.34 [382] 
Bezanehtak 2002 278.15 - 308.15 1.5 - 7.43 [383] 
Kodama 2002 313.15 - 313.15 7.08 - 9.92 [384] 
Secuianu 2003 298.15 - 310.15 0.5 - 7.6 [385] 
Secuianu 2003 323.15 - 323.15 6.11 - 9.48 [386] 
Xia 2004 313.75 - 395 0.3 - 9.74 [387] 
Joedecke 2004 313.73 - 394.99 0.19 - 9.73 [388] 
Xie 2005 313.2 - 313.2 0.93 - 7.93 [389] 
Schwinghammer 2006 303.15 - 303.15 0.84 - 5.4 [390] 
Naidoo 2008 263.15 - 373.15 0.79 - 12.07 [391] 
Secuianu 2009 293.15 - 323.15 0.48 - 9.51 [392] 
Aida 2010 313.15 - 313.15 0.51 - 7.55 [393] 
Tochigi 2010 313.14 - 313.14 0.57 - 7.87 [394] 
Sato 2010 313.11 - 330.03 3.62 - 10.71 [395] 
Pinto 2011 303.15 - 313.15 3.24 - 7.82 [396] 
Schueler 2012 299 - 327 0.1 - 0.1 [397] 
Hamada 2012 323.2 - 323.2 0.99 - 9.79 [398] 
Pinto 2012 303.15 - 343.15 3.24 - 12.4 [399] 
Lei 2013 313.2 - 333.2 0.74 - 6.2 [400] 
Kariznovi 2013 303.2 - 323.2 1.02 - 5.95 [401] 
Dai 2015 228.2 - 273.2 0.15 - 3.02 [402] 
Jalili 2015 298.15 - 313.15 0.02 - 3.77 [403] 
Qureshi 2017 298.15 - 298.15 2.97 - 5.64 [97] 
Braga 2017 303.1 - 353.1 5.12 - 10.69 [404] 
Lyu 2018 213.15 - 273.15 0.1 - 3.35 [343] 
Hoehler 2018 258.2 - 298.3 0.14 - 5.73 [405] 
Taheri 2018 313.2 - 353.2 1.03 - 6.25 [406] 
Wang 2019 243.15 - 323.15 0.52 - 3.18 [407] 
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Authors Year T / K p / MPa Ref 

Matsukawa 2021 313 - 343 1.94 - 12.7 [408] 
Braga 2022 303 - 333 3.52 - 11.05 [409] 
This Work 2025 230.00 - 298.15 0.5 - 6.1  

 
Detailed discussion of every available data source for this mixture is excluded for brevity, with 
the overarching details listed in Table 3.3, though some aspects will be revisited in Section 
5.3. Further details are also available within existing reviews of CO2 + alcohols [342, 401, 402, 
410, 411] and CO2 more generally [258, 326-330]. As the literature gaps at lower temperatures 
have already been discussed, attention is now turned to higher temperatures. Near ambient 
temperatures are the most frequently investigated, however there is substantial disagreement. 
Figure 3.3 shows the literature data available at 298.15 K to illustrate this, where there are 
250/112 pTx/y points, yet some are plainly inaccurate (eg exceeding the saturated vapour 
pressure of pure CO2) and others appear self-consistent while disagreeing with alternative 
sources by up to ~40 mol% for a given pressure, an order of magnitude worse than was seen 
with isobutane + CO2. Roughly 50% of datapoints for either phase are for temperatures 
between (270 and 320) K. Only 34/30 pTx/y datapoints across 3 studies are available above 
400 K and the highest temperature with available data is 477.6 K, 35 K below the critical point 
of methanol. There is significant scatter to the vapour data at these temperatures. 
 

Figure 3.3: pxy projection for methanol + CO2 at T = (298.15 ± 0.03) K showing the data 
available in the literature. Note that for clarity all datasets are represented by the same symbol 
 
While this work is focussed on phase behaviour, density data for liquid-like phases are of next 
most importance in model optimisation. Such data are especially important in situations where 
there is ambiguity regarding potential phase separations or near-critical effects, thus there is 
value in discussing what is present in the literature for methanol + CO2. As discussed in the 
previous chapter, accurate description of liquid phase densities is a challenge for engineering 
models (such as cubic EoS); the densities of pure methanol and CO2 are especially 
troublesome and their mixtures even more so, where simple volume translations are 
inadequate. 
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Nine studies are available in total, summarised in Table 3.4. The majority of the data lies at 
temperatures between (298.15 and 323.2) K, primarily in the form of saturated liquid density 
data. Only one dataset, the earliest [363], is present for temperatures greater than 323.2 K, 
while only two/three (explained momentarily) are present for temperatures below 298.15 K 
[377, 383, 412]. The work of Bezanehtak et al [383] extends to the lowest temperatures with 
four closely spaced isotherms, though there is significant scatter to the data. The other low 
temperature study is that of Chang et al, initially published [377] with unusually low density 
values then published again [412] with more reasonable values, the data are identical except 
for an unspecified (non-constant) offset applied to the densities and no apparent 
acknowledgement of the adaptation. Both versions were featured in comparisons by 
Bezanehtak et al [383], though erroneously identified as data from unique measurement 
campaigns. It is most likely that the change is as a result of an updated calibration of the 
densimeter, however it has not been addressed. As such, there are effectively no reliable data 
at temperatures below 298.15 K. There are likely to be strong association and clustering 
effects present in the liquid phase at these temperatures, the proper elucidation of which 
require reliable density data. There have been molecular dynamic studies into such 
behaviours at temperatures near to the critical point temperature of CO2 [393, 413], observing 
significant clustering under CO2-rich conditions. Only three studies investigated single-phase 
density, focussed on liquid-like states for supercritical fluid extraction and chromatography 
[375, 414, 415]. 
 
Table 3.4: Previous investigations into the density of methanol + CO2 including the 
temperature ranges covered and whether the data are for saturated vapour (SV), liquid (SL), 
or compressed fluid single-phase (CF) density 

Authors Year T / K Type Ref 

Brunner 1987 298.15 - 373.15 SL [363] 
Berger 1990 303.15 CF [414] 
Kodama 1996 313.15 SV,SL,CF [375] 
Chang 1997/8 291.15 - 313.14 SV,SL [377, 412] 
Bezanehtak 2002 278.15 - 308.15 SL [383] 
Smith 2002 313.2 - 323.2 CF [415] 
Aida 2010 313.15 SL [393] 
Kariznovi 2013 303.2 - 323.2 SL [401] 
Jalili 2015 298.15 - 313.15 SL [403] 

 

3.3 Mixtures with H2 

3.3.1 General Phase Behaviour of H2 Mixtures 

 
The overall behaviour of hydrogen mixtures has not received as much attention as other 
“families” of mixtures, such as the systems containing CO2 or water, but there have been 
periods of greater interest and attempts to understand the underlying trends. Most notably, in 
the 1940s, following the work of Kay [416] and his contemporaries, who highlighted the 
unusual behaviour of these systems, and in the work of Streett and colleagues [417-426] 
during the 1960s to early 1980s, whose extensive investigations of light hydrogen binaries are 



68 
 

valuable for understanding the overall phase space. Since then, little work has focussed on 
understanding the fluid phase behaviour seen specifically in hydrogen mixtures, though 
progress has been made on hydrogen clathrates [427, 428]. Additionally, work on global phase 
diagrams has supplanted some interest in specific families, though progress on this front 
remains dependent on experimental studies of specific mixtures [238, 319]. A thorough review 
of the phase behaviour of hydrogen mixtures has been conducted, as data are generally 
scarce, no broad reviews were available, and progress on understanding the high pressure 
fluid behaviour had stalled. Note that this section is adapted from a review currently in 
preparation for publication. 
 
The substantial asymmetry between hydrogen and almost all possible chemical species 
results in similar qualitative fluid phase behaviour across the vast majority of hydrogen 
mixtures. These mixtures display limited miscibility typical of type III systems according to the 
system of van Konynenburg and Scott [319, 322] or type 1CXX by the system of Bolz et al. The 
only mixtures here not displaying type III behaviour are those of hydrogen isotopes, which 
display type I/1P behaviour, and hydrogen with neon isotopes, which display type II/ 1PA𝑙X 
behaviour. These exceptions will be discussed further below. 
 
As previously mentioned, type III mixtures should also exhibit a region of three fluid equilibria 
connecting an upper critical end point to the critical point of the more volatile component; 
however, this is masked for all known type III hydrogen mixtures by the formation of a solid 
phase at higher temperatures. The behaviour near to the critical point of hydrogen is only 
known in the mixture with helium (an exceptional case), as such it is not currently possible to 
fully classify the Bolz type (hence the XX designation). 
 
Few investigations into solid-fluid equilibria of hydrogen mixtures exist. Those that do can be 
considered to fall into three broad categories: solid-fluid equilibria between hydrogen and other 
light molecules under extreme conditions of temperature and/or pressure, equilibria between 
hydrogen and conventionally-solid compounds intended to contain hydrogen (eg materials 
that may be used in pressure vessels), and hydrogen-containing clathrates. 
 
Solid-fluid equilibria can be found in the phase space of any hydrogen mixture at sufficiently 
high pressure and industrially relevant temperatures. For cryogenic processes, especially 
those utilising liquified hydrogen, the pressures required are not high. Understanding solid 
freezeout is increasingly important for determining processing requirements and impurity 
tolerances, but current knowledge is deficient. At moderate pressures, the onset of solid 
formation usually occurs within several kelvin of the triple point of the less volatile component, 
with hydrogen generally depressing the freezing point except towards lower pressures [429]. 
At higher pressures, the three phase SFFE line diverges further from the melting line of the 
pure component, typically, but not exclusively [420], maintaining a positive slope [419, 421, 
422, 424, 426]. 
 
Further complicating the behaviour is the formation of hydrogen clathrates, which may occur 
under conditions far from the conventional solid regions of the pure components. The 
formation of clathrates in flowing systems is problematic, long a source of trouble for the 
extraction and processing of hydrocarbons [428] and just as detrimental in hydrogen-based 
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systems. Conversely, there is interest in the use of hydrogen clathrates as an energy dense 
store [427], as substantial hydrogen contents have been demonstrated [430, 431], though the 
gigapascal scale pressures currently required limit applicability. 
 
Finally, understanding the interaction between fluid hydrogen and solids intended to contain it 
is of the upmost importance in the development of infrastructure for the widespread use of 
hydrogen, most significantly for hydrogen pipelines and storage vessels. Initially such systems 
were at low pressure, including for airships [432], now focus is placed on high pressure 
systems, such as pipeline linings [433]. The immense size asymmetry between hydrogen and 
any such material results in complex effects, with hydrogen able to diffuse into solids, 
embrittling metals [434] and permeating through polymers [435]. 
 

3.3.2 Introduction to Literature Data for H2 Mixtures 

 
As with much of this work, the literature has focussed on the fluid phase behaviour of binary 
mixtures of hydrogen with relevant compounds. A limited number of datasets exist for ternary 
and higher order mixtures and these are neglected for brevity. The mixtures considered cover 
a wide variety of chemical families and functional groups. For hydrocarbons, this includes 
straight chained and isomeric alkanes, alkenes, cycloalkanes, aromatics, and alcohols, while 
non-hydrocarbons include diatomic molecules, noble gases, and polar compounds. Many of 
the datasets can be found through databanks such as DETHERM [436], though standard 
precautions are advised with regards to the presence of duplicated or erroneous datasets. 
 
Table 3.5: Availability of data for considered binary mixtures of hydrogen with different groups 
of molecules 

Group # Considered # With Data # Datasets # Datapoints 

Alkanes 10 9 33 3447 
Iso-Alkanes 8 3 6 536 
Alkenes 4 2 6 718 
Cyclics 12 2 5 481 
Aromatics 8 5 9 624 
Alcohols 8 5 10 501 
Diatomics 8 4 16 1088 
Polar Inorganics 5 5 20 1242 
Noble Gases 6 4 18 2132 

Total 70 39 123 10769 
 
An overview of the mixtures for which data are present is provided in Table 3.4, and a list of 
the available datasets and information about the number of datapoints and the range of 
conditions explored is provided in Table 3.5. In general, studies listed are those which contain 
composition data for both phases, preferably for more than ten state points. This excludes 
approximately half of the datasets available, but a much smaller fraction of the overall 
datapoints. Small datasets are less useful when fitting models, as are those which contain 
data for only one of the coexistence phases (most commonly solubility in the liquid), though a 
small number of low uncertainty measurements across a suitably large span of conditions may 
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still be useful when model overfitting can be avoided. Additionally, many of the excluded 
datasets consist only of a single point at ambient temperature and pressure. What is especially 
desirable is data in regions displaying more complex behaviour or where compositions change 
rapidly, such as the near critical regions. In total, data were sought for mixtures of hydrogen 
with 70 different compounds, of which only 39 contained noteworthy amounts of data for both 
phases. Note that, for all the groups listed except noble gases, many (typically larger) 
molecules are considered unlikely to have data with reasonable confidence (though 
occasional exceptions are expected) but are not discussed here. 
 

Figure 3.4: Distribution of the datasets published over time, showing (a) the year and number 
of datapoints included and (b) the cumulative number of datapoints as a function of time over 
the past century 
 
When considering the data produced each year over almost the last century, as is shown in 
figure 3, a clear and concerning tread is visible. Initially there is a slow rise which accelerates 
in the mid-20th century with the development of measurement techniques and equipment and 
the concurrent growth of the chemical and energy industries, then plateaus towards the end 
of the century. Since then, in juxtaposition to the rapidly growing importance of hydrogen in 
the net zero transition, few experimental works have been published. The majority of 
datapoints produced in the 21st century come from only two publications [138, 305], one from 
this work and the other from a preceding work, using largely the same apparatus and 
technique. This is a significant issue, as older experimental techniques were often less 
accurate and expectations and standards for reporting experimental uncertainties were lower. 
Additionally, at temperatures below 200 K the ortho/para ratio changes meaningfully, but the 
ratios were rarely measured and this is occasionally blamed for experimental disagreements, 
as in the case of hydrogen + neon [418]. 
 
Table 3.6: Overview of available data sets for the phase behaviour of binary mixtures with 
hydrogen 

Hydrogen + Authors Year Trange / K Prange / MPa # Points Ref 

methane Freeth 1931 90.6 - 90.7 1.71 - 20.82 35 [437]  
Fastovskii 1940 90.3 - 127.0 3.14 - 22.95 62 [438]  
Benham 1957 116.5 - 172.0 3.38 - 27.58 26 [439]  
Augood 1957 111.7 2.28 - 17.93 5 [440]  
Kirk 1965 66.9 - 116.6 1.03 - 12.69 97 [441]  
Yorizane 1968 103.2 - 163.2 1.01 - 15.20 46 [442]  
Sagara 1972 103.2 - 173.7 1.02 - 10.83 56 [443] 
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Hydrogen + Authors Year Trange / K Prange / MPa # Points Ref 

methane (cont.) Tsang 1980 92.3 - 180.0 0.22 - 137.98 380 [422]  
Yorizane 1980 93.2 10.13 - 15.20 6 [444]  
Hong 1981 108.1 - 183.1 0.08 - 28.41 284 [445]  
Hu 2014 100.1 - 120.5 0.24 - 2.27 46 [446]  
Lin 2018 100.1 - 130.7 0.24 - 3.11 70 [447] 

ethane  Levitskaya 1939 158.2 - 188.2 0.03 - 7.82 67 [448] 

Williams 1954 144.3 - 199.8 3.45 - 6.89 10 [449] 

Cohen 1969 143.5 - 199.4 0.71 - 13.79 56 [450] 

Sagara 1972 148.2 - 223.2 2.03 - 8.11 32 [443] 

Heintz 1982 92.5 - 280.2 3.18 - 559.50 515 [424] 

Hiza 1995 80.0 - 189.7 0.27 - 15.60 101 [451] 

propane  Burriss 1953 277.6 - 360.9 0.54 - 52.76 128 [452] 

Bolshakov 1954 248.2 - 298.2 1.52 - 20.27 54 [453] 

Williams 1954 172.1 - 297.1 1.72 - 55.12 72 [449] 

Trust 1968 88.2 - 348.2 0.69 - 20.68 380 [454] 

butane  Nelson 1943 297.1 - 388.8 2.25 - 10.72 18 [174] 

Aroyan 1951 144.3 - 297.0 2.11 - 53.43 78 [173] 

Augood 1957 213.6 - 273.2 9.06 - 18.99 12 [440] 

Klink 1975 327.7 - 394.3 2.78 - 16.88 120 [175] 

pentane Freitag 1986 273.2 - 373.2 0.35 - 27.59 63 [455] 

hexane Nichols 1957 277.6 - 477.6 0.01 - 68.95 216 [456] 

heptane Peter 1960 424.2 - 498.9 0.38 - 78.45 64 [457] 

Zernov 1990 423.2 - 473.2 0.37 - 4.05 48 [458] 

octane Connolly 1965 463.2 - 553.2 0.46 - 13.79 148 [459] 

Connolly 1989 463.2 - 543.2 1.01 - 15.04 100 [460] 

decane Sebastian 1980 462.5 - 583.5 1.93 - 25.52 52 [461] 

isobutane Dean 1946 310.9 - 394.3 3.45 - 20.69 42 [176] 

This Work 2024 189.9 - 400.0 1.08 - 19.93 264 [138] 

2,3-dimethylbutane Connolly 1986 393.2 - 483.2 1.46 - 9.08 74 [462] 

2,2,4-trimethylpentane  Dean 1946 310.9 - 423.4 1.21 - 34.92 46 [176] 

Peter 1960 424.0 - 499.4 0.35 - 107.87 76 [457] 

Laugier 1980 499.2 - 523.2 3.00 - 36.80 34 [463] 

ethene  Likhter 1939 158.2 - 188.2 0.05 - 8.00 74 [464] 

Williams 1954 158.2 - 255.4 1.67 - 53.35 68 [449] 

Hiza 1968 80.0 - 169.8 0.20 - 15.91 80 [465] 

Sagara 1972 123.2 - 248.2 2.03 - 8.11 44 [443] 

Heintz 1983 114.2 - 247.2 4.03 - 599.83 392 [425] 

propene Williams 1954 199.9 - 297.1 1.72 - 55.12 60 [449] 

cyclohexane  Krichevskii 1958 293.2 - 333.2 4.90 - 68.80 117 [466] 

Thompson 1965 338.7 - 394.3 0.69 - 69.04 34 [467] 

Berty 1966 310.9 - 410.9 0.02 - 65.72 156 [468] 

Connolly 1986 413.2 - 523.2 0.91 - 14.52 114 [462] 

methylcyclohexane Peter 1960 424.2 - 498.7 0.34 - 88.26 60 [457] 

benzene Ipatev 1948 298.2 - 423.2 0.01 - 294.20 54 [469] 
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Hydrogen + Authors Year Trange / K Prange / MPa # Points Ref 

benzene (cont.) Connolly 1962 433.2 - 533.2 0.71 - 20.69 178 [470]  
Connolly 1965 433.2 - 533.2 1.90 - 17.80 98 [459]  
Thompson 1965 338.7 - 433.2 0.53 - 68.93 47 [467] 

methylbenzene Simnick 1978 461.9 - 575.2 2.02 - 25.37 50 [471] 

Laugier 1980 542.2 - 568.2 3.46 - 32.70 56 [463] 

1,3-dimethylbenzene Connolly 1986 513.2 - 593.2 1.21 - 11.09 84 [462] 

1,4-diethylbenzene Connolly 1986 533.2 - 573.2 1.14 - 12.59 36 [462] 

phenol Gillespie 1986 316.5 - 560.9 0.69 - 13.79 21 [472] 

methanol  Michels 1953 297.6 - 372.5 8.51 - 81.06 32 [473] 

Brunner 1987 298.2 - 373.2 3.44 - 110.30 47 [363] 

d'Angelo 2001 314.4 - 476.6 4.49 - 10.98 48 [474] 

Bezanehtak 2002 278.2 - 308.2 2.00 - 11.02 48 [383] 

ethanol Brunner 1990 298.2 - 508.2 0.50 - 33.75 93 [475] 

d'Angelo 2001 299.9 - 476.5 3.70 - 9.03 36 [474] 

1-propanol d'Angelo 2001 299.9 - 513.6 3.64 - 10.19 50 [474] 

1-butanol Tyvina 1977 313.2 - 473.2 0.41 - 30.40 61 [476] 

d'Angelo 2001 295.3 - 524.9 3.91 - 8.82 22 [474] 

2-methyl-1-propanol Tyvina 1977 313.2 - 473.2 0.41 - 30.40 64 [476] 

N2  Verschoyle 1931 63.1 - 88.2 0.01 - 22.78 122 [477] 

Gonikberg 1939 79.0 - 109.0 0.12 - 17.75 73 [478] 

Shtekkel 1939 90.0 - 113.0 1.61 - 9.55 46 [479] 

Augood 1957 67.0 - 77.7 2.62 - 17.79 17 [440] 

Akers 1960 83.2 - 122.0 2.17 - 13.79 20 [480] 

Maimoni 1961 90.0 - 95.0 0.36 - 4.60 30 [481] 

Yorizane 1968 77.4 - 88.2 1.67 - 19.05 34 [442] 

Streett 1978 63.2 - 110.3 1.03 - 57.22 150 [420] 

Xiao 1990 100.0 1.39 - 3.42 16 [482] 

CO  Verschoyle 1931 68.1 - 88.2 0.03 - 22.79 145 [477] 

Augood 1957 81.4 9.52 - 18.06 8 [440] 

Akers 1960 83.2 - 122.0 2.17 - 13.79 22 [480] 

Yorizane 1968 77.4 - 123.2 0.61 - 15.20 38 [442] 

Tsang 1981 70.0 - 125.0 0.49 - 52.94 267 [423] 

D2 Newman 1958 18.0 - 28.5 0.07 - 0.35 50 [483] 

HD Newman 1958 18.0 - 28.5 0.07 - 0.35 50 [483] 

CO2  Augood 1957 239.7 18.48 - 19.17 6 [440] 

Kaminishi 1966 233.2 - 298.2 5.08 - 19.99 43 [484] 

Spano 1968 219.9 - 289.9 1.08 - 20.32 96 [485] 

Yorizane 1970 273.2 6.08 - 37.49 22 [486] 

Tsang 1981 220.0 - 290.0 0.93 - 171.79 278 [426] 

Bezanehtak 2002 278.2 - 298.2 4.81 - 19.25 76 [383] 

Fandino 2015 218.2 - 303.2 0.56 - 15.44 190 [305] 

Tenorio 2015 252.8 - 302.9 2.04 - 10.57 73 [487] 

water Zoss 1952 273.2 - 606.5 6.89 - 20.68 35 [488]  
DeVaney 1978 366.5 - 588.7 1.38 - 11.03 18 [489] 
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Hydrogen + Authors Year Trange / K Prange / MPa # Points Ref 

water (cont.) Gillespie 1980 310.9 - 477.6 0.34 - 13.79 34 [490]  
Seward 1981 ? - 713.2 ? - 250.00 ? [491] 

SO2 Augood 1957 263.2 - 293.2 10.34 - 19.13 12 [440] 

H2S Augood 1957 213.6 10.34 4 [440] 

Yorizane 1969 243.2 - 273.2 1.01 - 5.07 22 [349] 

ammonia  Wiebe 1934 298.2 - 373.2 5.07 - 101.33 141 [492] 

Wiebe 1937 273.2 5.07 - 101.33 11 [493] 

Augood 1957 293.2 - 293.7 8.76 - 19.03 12 [440] 

Reamer 1959 277.6 - 394.3 1.54 - 41.69 163 [494] 

Heise 1972 298.2 2.89 - 20.22 6 [495] 

helium  Smith 1952 17.4 - 21.8 0.19 - 5.87 131 [496] 

Sonntag 1964 20.4 - 31.5 0.24 - 3.45 111 [497] 

Streett 1964 15.5 - 32.5 0.24 - 3.45 184 [417] 

Sneed 1968 15.5 - 29.8 2.36 - 10.36 120 [498] 

Streett 1973 26.0 - 100.0 0.59 - 917.00 202 [419] 

Hiza 1981 20.0 - 28.0 0.09 - 2.06 49 [499] 

Pashkov 1981 14.7 - 30.0 0.01 - 15.41 274 [500] 

van den Bergh 1987 148.7 - 353.9 1610 - 7120 45 [324] 

Yamanishi 1992 15.9 - 20.1 0.06 - 0.16 35 [501] 

helium-3 Hiza 1981 22.0 - 28.0 0.16 - 1.54 40 [499] 

neon Streett 1965 24.6 - 33.7 0.04 - 1.39 216 [418] 

Heck 1966 26.0 - 42.5 0.21 - 2.51 122 [502] 

argon  Augood 1957 87.4 11.51 - 18.27 7 [440] 

Volk 1960 87.0 - 140.0 1.70 - 10.24 122 [503] 

Mullins 1964 87.0 - 105.0 2.03 - 12.19 46 [504] 

Ostronov 1977 85.9 - 112.8 0.51 - 4.05 110 [505] 

Calado 1979 83.1 - 141.4 0.08 - 51.80 290 [421] 

Xiao 1990 100.0 0.64 - 4.62 28 [482] 

 

3.3.3 Mixtures with Organic Compounds 

 
Normal alkanes are a natural place to start, structurally simple molecules that are well studied 
in comparison to other homologous series. The stability of these molecules permits 
experiments up to high temperatures for heavy alkanes, and the historical need to process 
and separate the wide range of carbon chains found in fossil fuels incentivised much research. 
 
A clear trend is visible when examining the number of available datasets for hydrogen + n-
alkane binaries as a function of carbon number. The smaller compounds, whose closer 
volatility to hydrogen increases the need for optimised separations, are better studied, while 
above a carbon number of four there are no more than two datasets available, with no data 
available for hydrogen + nonane and most n-alkanes longer than decane. Some solubility data 
are available for a few heavy n-alkanes, including up to n-hexatetracontane (C46) [506]. 
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The system of hydrogen + methane is one of the best studied hydrogen mixtures, with the 
greatest number of VLE datasets available and only slightly fewer points than hydrogen + 
helium. Data are available for the entire region of the phase space enclosed by the methane 
saturation curve, the mixture critical curve, and the three phase SFFE curve, from the work of 
Tsang et al [422], as such this mixture may be considered well studied. Eleven other studies 
of the mixture are also available [437-447], though two [440, 444] have few points and are 
included only because they also include data for other mixtures. The work of Cosway and Katz 
[507] on higher order mixtures is occasionally listed as an additional source [508], though this 
simply collated three individual points from other sources. 
 
The binary mixture with ethane is also well studied with six datasets [424, 443, 448-451], with 
the work of Heintz and Streett [424] covering up to the intersection of the critical curve with 
the three phase SFFE curve at pressures up to 560 MPa. As with all other studies that went 
up to great pressures with hydrogen, there is no available alternative dataset in the very high 
pressure regime for comparison. Propane [172, 449, 452, 453] and butane [173-175, 440] 
both have four sets of data available, including a limited amount of data in the near critical 
regime, though no data is available in the very high pressure regime. Only a single dataset is 
available for each of the hydrogen binaries with pentane [455], hexane [456], and decane 
[461], though some liquid solubility data is available. The data situation is only mildly better for 
heptane [457, 458] and octane [459, 460] with two studies for each. 
 
Isomeric alkanes are less well studied than their normal counterparts, especially when 
considering the number of options that arise through combinatorics for larger molecules. Of 
the many possibly binary mixtures with hydrogen, only three have data for both phases. 
 
There are only two datasets are available for the simplest isomeric alkane, isobutane, [138, 
176]. The older work, that of Dean and Tooke, has relatively few points, and uses a troubled 
apparatus from 1937 [509], however there is still acceptable agreement for liquid phase 
compositions with the more recent work while a consistent difference is visible between the 
vapour compositions. The more recent study, produced as part of this work [138], covers a 
substantially broader range of temperatures and examined the near critical regime much more 
closely, while providing a thorough uncertainty analysis, in what is the single largest dataset 
for hydrogen phase behaviour published in the last four decades. There has since been a 
study on interfacial tension for isobutane + H2, which erroneously states that there are no 
available EoS and overlooked the preceding work, limiting the analysis that could be 
conducted [181]. This is but one of many cases in which research communication 
shortcomings (not only data shortcomings) have been observed for hydrogen mixtures. 
 
There is no data available for the two isomers of pentane, unfortunate given the value of 2,2-
dimethylpropane (neopentane) for understanding the impact of quaternary carbon groups. 
Connolly and Kandalic [462] provide liquid solubility and full VLE composition data for 2,3-
dimethylbutane in a broad study that examined several lesser investigated mixtures. No data 
could be found for other hexane isomers. Dean and Tooke, in the previously mentioned work 
[176], also used an improved apparatus to investigate the mixtures with 2,2,4-
trimethylpentane, the fuel additive commonly known as isooctane, and an unspecified mixture 
of isomeric dodecane, with some characterisation for the latter provided but insufficient for 
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use. Peter and Reinhartz [457] and Laugier et al [463] also investigated hydrogen + 2,2,4-
trimethylpentane, the former extending into the near critical region, albeit with few points. 
While isobutane and isooctane alone can be used to determine interaction parameters for the 
CH and C functional groups, 2,2-dimethylpropane would be a more appropriate choice for the 
C group. Some high pressure liquid phase solubility data are available for squalane, a long 
chain branched hydrocarbon that is generally well characterised among heavy hydrocarbons. 
 
The mixtures of hydrogen with alkenes are especially poorly studied, in spite of the relevance 
of these mixtures to hydrogenation and dehydrogenation reactions. There are regions of the 
phase space where reactions would occur uncatalyzed for some of these mixtures, though 
this has not been stated as the limiting factor in any of the literature investigations. Only for 
the simplest alkene, ethene, is there a substantial amount of data, across five datasets [425, 
443, 449, 464, 465], including the work of Heintz and Streett [425] who covered the entire 
vapour-liquid coexistence region in a follow up work to the earlier experiments with ethane 
[424]. Williams [449] also reported data for the mixture with propene. Additionally, the mixture 
critical curve for both the ethene and propene systems was investigated by Chen et al [510], 
but data in the two phase region is not reported. Scant data is available for heavier alkenes, 
though one study [511] produced data on the solubility of hydrogen in alkenes up to a carbon 
number of 17. This absence is greatly inconvenient, not only due to the industrial relevance of 
these mixtures, but also because these alkenes, such as 2-butene, display cis-trans 
isomerism, often not considered well in models, partly due to complexity but also due to the 
lack of data for many systems. 
 
Little data are available for mixtures of hydrogen with cyclic or aromatic components. For the 
latter, data are only available for cyclohexane and methylcyclohexane, with no data available 
for other ring sizes nor for other cyclohexane based molecules like ethylcyclohexane or the 
three dimethylcyclohexane isomers. These mixtures with a hexyl ring are relevant to liquid 
organic hydrogen carriers and in hydrogenation and dehydration reactions involving aromatics 
more generally. At present the lack of data for cyclics and their corresponding aromatics 
presents a significant barrier to assessing the economic viability of LOHCs. Four sets of data 
[462, 466-468] are present for cyclohexane, though no data is available in the near critical 
region. Meanwhile, only Peter and Reinhartz [457] investigated the mixture with 
methylcyclohexane. Several small datasets for liquid solubility, mostly at ambient conditions, 
have been published in recent years due to the increased interest in LOHCs. 
 
The data situation is only mildly better for aromatic hydrocarbons. There are four datasets 
available for hydrogen + benzene [459, 467, 469, 470], with the work of Ipatev et al extending 
to almost 300 MPa, though the small number of points and age of the data make it difficult to 
interpret more than just rough trends. Two datasets [463, 471] are available for methylbenzene 
(toluene), the aromatic counterpart to methylcyclohexane. Of the three dimethylbenzene 
isomers, only 1,3-dimethylbenzene (meta-xylene) has any data, in the work of Connolly and 
Kandalic [462]. Beyond this, the only available data is solubility in the liquid phase for 
unspecified mixed xylene isomers. Connolly and Kandalic also investigated the system with 
1,4-diethylbenzene, though no data is available for the corresponding cyclic. No data is 
available for ethylbenzene. One study [472] is available for the mixture with phenol. 
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The final category of organic molecules discussed here is hydrogen with alchols. The polarity 
and potential for hydrogen bonding in alcohol results in a greater degree of asymmetry than 
seen with the preceding mixtures. Large regions of the pressure/temperature space available 
to common phase behaviour apparatuses have extremely low mutual solubilities. Still, there 
great value in the compositions of the vapour phase at low pressures where the composition 
changes rapidly, as well as near critical data for both phases, both of which are relatively 
accessible and relevant to industrial processes. 
 
There are four datasets are available for methanol [363, 383, 473, 474]. One of these, the 
work of Brunner et al [363], follows and earlier investigation by Brunner [512] which contains 
the only available data on the mixture critical curve, though the critical compositions are not 
provided. Brunner, with Hültenschmidt, [475] later investigated the binary with ethanol and 
also produced three points of data on the critical curve, this time with compositions listed. The 
only other dataset for ethanol is that of d’Angelo [474] who produced VLE data for hydrogen 
with the first four primary alcohols, including the only dataset for hydrogen + 1-propanol. There 
are data for 1-butanol and 2-methyl-1-propanol in the work of Tyvina [476]. No data are 
available for mixtures of hydrogen with 2-propanol or with 2-butanol or 2-methyl-2-propanol. 
 

3.3.4 Mixtures with Inorganic Compounds 

 
Mixtures of hydrogen with organic molecules are prevalent in industry both historically (with 
fossil fuels) and in future (with green alternatives), however, the importance of the mixtures 
with inorganic compounds should not be overlook. Binary mixtures of hydrogen with other 
diatomic molecules are a clear example; diatomic molecules are typically very volatile, as 
illustrated by hydrogen itself, and as such are prone to needing rigorous separation processes. 
The most relevant in the context of hydrogen are nitrogen, carbon monoxide, oxygen, and, to 
a much lesser extent, the isotopes of hydrogen. 
 
The most frequently studied of the hydrogen + diatomic family and one of the most well studied 
hydrogen binaries overall is the mixture with nitrogen. Nine studies are available [420, 440, 
442, 477-482] spanning almost the entire fluid coexistence region. Streett and Calado [420], 
as with the related works, attempted to go to low enough temperatures and high enough 
pressures to reach the onset of solid formation, though did not manage to in this case, even 
at temperatures barely above the triple point of pure nitrogen, implying the three phase SFFE 
line leaves the triple point with a negative slope. 
 
In non-reactive contexts, carbon monoxide is remarkably similar to nitrogen due to their similar 
diatomic structure and approximately equal molecular mass. As such, the behaviour of carbon 
monoxide mixtures does not differ greatly from that of nitrogen mixtures when the volatility of 
the other components is substantially higher or lower, as is the case with hydrogen. This 
similarity, combined with the toxicity and corrosivity associated with carbon monoxide, 
discourages experimental investigations, though the prevalence of the mixture in syngas has 
balanced this somewhat. Interestingly, though perhaps unsurprisingly given the similar 
conditions of relevance, four [440, 442, 477, 480] of the five available datasets for hydrogen 
with carbon monoxide come from publications that also featured the binary with nitrogen, and 
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the fifth, the work of Tsang and Streett [423], is a follow up to Streett and Calado’s investigation 
with nitrogen. 
 
Next less volatile is oxygen. Mixtures containing hydrogen and oxygen are present in 
effectively all processes that extract energy from hydrogen, from combustion cycles to fuel 
cells. The reaction between hydrogen and oxygen to form water is highly energetic and easily 
initiated, occurring spontaneously under sufficiently high temperatures and pressures. The 
reactive nature of is mixture renders high pressure experiments challenging and raises safety 
concerns when handling hydrogen [513]. While data exists for non-equilibrium behaviour like 
flame properties [514], no data exists at high pressures for phase equilibrium. Studies have 
modelled this behaviour in a predictive manner [515] based upon pure component properties, 
and comparisons to mixtures of hydrogen with similar diatomic molecules, such as nitrogen or 
carbon monoxide, can provide further improvements. Under some circumstances deviations 
from expected behaviour likely occur, such as under the influence of strong magnetic fields 
due to the paramagnetic nature of oxygen, however this applies almost exclusively to 
astrophysics. 
 
The last H2 + diatomic mixtures considered are the isotopic mixtures of hydrogen involving 
protium, deuterium, and tritium. The molecules formed by these combinations are sufficiently 
different to experience fluid phase separations, though are close enough to have behave in a 
near-ideal manner, with some quantum considerations, as a type I/1P mixture. Little data is 
available in the open literature for these mixtures. There are no studies of the phase behaviour 
of hydrogen with tritium, nor with hydrogen tritide or deuterium tritide. One single study is 
available for the mixtures of hydrogen with deuterium and with hydrogen deuteride [483], 
however the data is presented partially graphically and partially as deviations from Raoult’s 
law for smoothed data. Some studies are available on real and simulated cryogenic distillation 
processes [516]. 
 
The ”polar” opposite of the exceptional type I mixtures of hydrogen isotopes are, 
unsurprisingly, those involving polar compounds. Looking first to CO2, with a substantial 
quadrupolar moment, the binary mixture with hydrogen has seen the most studies published 
in the 21st century, albeit only three [305, 383, 487], due to its central role in the net zero 
transition. Five studies preceded these [426, 440, 484-486], including one [426] which covered 
what is suspected to be the entire coexistence region. The critical curve of the mixture either 
intersects the three phase SFFE curve or comes remarkably close, in either case there is 
ambiguity as to if a region of FFE exists at higher temperatures and pressures. There is also 
an old study which at the time was suspected to perhaps include such a region, though this 
was likely experimental error. A recent study [517] examined the vapour compositions and 
densities, though not the liquid compositions. 
 
The most strongly polar compound considered is water, whose mixture with hydrogen is 
relevant to many industrial processes as well as underground hydrogen storage and the 
extraction of naturally occurring hydrogen (and orange hydrogen [113]). This mixture is can 
be difficult to investigate as one nears the critical point of water, due to the high corrosivity of 
water under such conditions and the tendency for hydrogen to cause embrittlement, with 
substantial diffusion of hydrogen into containing vessel and occasional explosive rupturing of 
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pressure transducers reported in the work of Seward and Franck [491]. Theirs is the only 
investigation in the vicinity of the water critical point and extends to 250 MPa, though the 
publication focusses on the critical curve and states that the full dataset would be subject to 
further publication, which unfortunately could not be located, perhaps having never been 
published, and it is recommended that efforts be made to rediscover this extensive and unique 
dataset. Three other VLE datasets are available [488-490], though none particularly large, 
believed to have fewer points combined than the dataset of Seward and Franck. One other 
notable study on this system, although it only provides rough bounds on phase boundaries, is 
that of Bali et al [108] which went to temperatures up to 1473 K and 2.6 GPa with an 
unorthodox technique, showing the fluid demixing continues far above the critical point of 
water. A wide variety of aqueous solutions are also important, such as brines found in 
geological formations, but data is even more scarce for these mixtures. One recent study [518] 
reported the solubility of hydrogen in water and formation brine, wherein references to other 
studies on solubility in aqueous salt solutions can also be found. 
 
While water is the most strongly dipolar molecule considered here, several other relevant 
compounds also have significant dipoles and are listed in order of their polarity. There is SO2, 
whose dipole moment is close to that of methanol, then ammonia, then H2S, and then the far 
weaker moment of carbon monoxide [519]. SO2 has only a single small dataset available,  the 
broad work of Augood [440], who also produced one of two datasets available for H2S. 
Yorizane [349] produced a slightly larger dataset for H2S, but combined there are only 13 
points available for each phase, though a potential new SO2 dataset has been mentioned 
[327]. H2S is the second lightest compound in the family of dihydrogen chalcogenides after 
water, so understanding its behaviour would be beneficial to understanding the anomalous 
properties of water. 
 
Mixtures of hydrogen with ammonia are highly industrially important mixture, most notably in 
the production of ammonia to be reacted further to produce fertilisers, and there is growing 
interest in ammonia as a hydrogen-derived energy carrier and low carbon fuel. One might 
expect there to be extraordinarily detailed studies of the behaviour of this mixture, and the 
ternary with nitrogen, due to the extreme pressure conditions under which Haber-like 
processes favour and the subsequent discovery of type III phase behaviour in the system of 
nitrogen + ammonia, however, data are extremely scarce. Only one large dataset is available, 
the work of Reamer and Sage [494], though this data appears to be partly smoothed. Augood 
[440] and Heise [495] report a couple of datapoints, beyond this only solubility data is 
available, most notably the work of Weibe and Tremearne [492] up to 100 MPa and a short 
follow up [493]. Attempts have been made to address this shortcoming through molecular 
dynamic simulations [520], but these are no substitute for accurate experimental 
measurements. Additionally, rough measurements in a diamond anvil cell by Chidester and 
Strobel [521] found that, at room temperature, hydrogen and ammonia were immiscible up to 
the point of solid formation at 1.2 GPa. 
 
The final hydrogen mixtures discussed here are those involving noble gases. The noble gases 
are all monoatomic molecules, providing the closest approximation to spherical molecules 
possible with real chemicals with minimal additional effects such as reactivity and 
polarizability. As spherical molecules form the foundation of many equations of state, from the 
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classical van der Waals equation to modern SAFT-type models, experimental measurements 
of the behaviour of hydrogen with noble gases provides important validation for what are, at 
first approximation, mixtures of simple molecules. Data are available for the lightest three 
noble gases, helium, neon, and argon, while no data available for mixtures of hydrogen with 
krypton or with xenon (though some SLE data is available for the latter), nor with radon or 
heavier noble gases, due to their high radioactivity and short half-lives. 
 
Mixtures of hydrogen with helium differ from all other possible hydrogen mixtures, as here 
hydrogen is the less volatile component. Strictly speaking, this is not quite true should one 
consider hypothetical mixtures of hydrogen with unconventional matter, such as with neutrons, 
but these are of no industrial relevance and are exclusively mixtures that are either unstable 
or exist under conditions where quantum mechanical and gravity effects dominate, as is the 
case in neutron stars. The binary mixture of hydrogen + helium is notable not only for being 
the lightest mixture of chemically different compounds, but also for being the mixture that has 
been investigated over the broadest range of reduced temperatures and pressures. The low 
masses of both hydrogen and helium, coupled with the low temperatures at which processes 
like their cryogenic separation take place, results in pronounced quantum effects. Close to 
absolute zero, at temperatures below those at which a hydrogen-rich solid phase forms, 
helium-rich phases may transition to a superfluid Bose-Einstein condensate. This mixture also 
displays the barotropic effect, as was first noted by Kamerlingh Onnes. It has the greatest 
number of available datapoints of the hydrogen binaries, with nine datasets [324, 417, 419, 
496-501], the most recent of which also features helium + HD and D2, although it is limited to 
low pressures. Streett [419] went up to pressures of 917 MPa at 100 K for FFE and up until 
the onset of hydrogen-rich solid formation. Van den Bergh et al [324] extended this up to 7.12 
GPa at 353.9 K and observed experimentally the formation of a helium-rich solid phase, later 
performing calculations of the phase behaviour up to 100 GPa [522]. 
 
Neon, of volatility next closest to hydrogen, is the only mixture presenting type II/1PA𝑙X phase 
behaviour, with a liquid-liquid separation, as well as an azeotrope. Two studies are available 
in the literature [418, 502], with a third that only presents the data graphically [523]. Studies 
also available for deuterium + neon [524, 525]. The isotopic purity of the neon used is 
consistently unspecified, presumably the natural earthly abundance. Knowledge of the 
differing behaviour of hydrogen with pure neon-20 and neon-22 would be valuable for 
understanding the onset of the liquid-liquid separation and designing highly tailored cryogenic 
cycles. 
 
Mixtures of hydrogen with argon are similarly studied to those with carbon monoxide and 
nitrogen, covering the entire fluid coexistence region [421]. Five studies are available with data 
for both phases [421, 440, 482, 504, 505], with another one with >100 points of just liquid data 
[503], but with data for D2 + argon as well. 
 

3.3.4 Critical Behaviour of H2 Mixtures 

 
The mixture critical behaviour has been mentioned for several of the above mixtures, with the 
critical curve followed until the onset of solid formation in some of the lightest mixtures. For 
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the others, the situation is less clear, though trends are visible, especially when considering 
the paths of the critical curves in terms of reduced temperatures and pressures. These paths 
are shown for several selected mixtures in Figure 3.5, where the dashed lines are traces based 
on literature data, while the solid line is a model prediction; to be discussed in a later chapter 
(5.2.3) but raised here as an example (that should be viewed critically compared to the others 
that are well-supported by experiments). 
 

Figure 3.5: Mixture critical curves of several hydrogen binaries as a function of reduced 
temperature and pressure. — — Helium [419], - - - N2 [420], – – CO [423], — — methane 
[422], - - - ethane [424], – – CO2 [426], — — methanol [512], - - - water [491], —— isobutane 
(this work, discussed later in Section 5.2.3), ○ represents experimental data (filled ● in the 
case of data from this work), ■ represents the estimated intersection of the critical curve with 
the SFFE line, and ● represents the critical point of the less volatile component, please note 
this is hydrogen in the case of hydrogen + helium 
 
Two significant open questions remain regarding the critical behaviour of all the mixtures 
except those of hydrogen isotopes, necessitating the use of X (unknown route or target) in 
their Bolz classifications. The first of these questions applies to those mixtures which are not 
known to have an intersection of the critical curve with the SFFE region: whether the critical 
curves ultimately tend to higher temperatures and pressures. 
 
As the asymmetry between hydrogen and the other component grows so does the steepness 
of the critical curve, as can be seen in Figure 3.5. The steepness also increases as the critical 
curve proceeds to lower temperatures, becoming almost vertical in the case of CO2 (though 
this is less apparent with the log scaled y-axis). It may be reasonable to expect that the curves 
would continue nearly vertically towards enormous pressures, before inevitably intersecting 
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with a three phase SFFE line, closing the fluid coexistence region. However, the critical curves 
of many type III mixtures never intersect the SFFE line [325, 526], at least under conceivable 
conditions where conventional molecular structures remain stable [527]. This is known to be 
the case for two highly asymmetric hydrogen mixtures, those with helium [324, 419] and with 
water [108, 491]. For the former, the critical curve proceeds towards great temperature and 
pressure, via a temperature minimum. For the latter, ambiguity remains due to experimental 
uncertainties as the curve begins by rising sharply, though if there is a temperature minimum 
it must be on the order of several Kelvin. Only for hydrogen + water is there not certainly an 
initial trend towards lower temperatures, the regions of the critical curve that have been 
explored for the various other type III mixtures discussed invariably display the same trend as 
hydrogen + helium does prior to its temperature minimum, differing only in scale (as expected 
from theory). As such, it appears that for some hydrogen mixtures, where the critical curve is 
far detached from the melting line of the less volatile component, the critical curve will almost 
surely reach a temperature minimum and the region of fluid-fluid equilibria will persist to high 
temperatures and pressures. This is to say that, from current understanding of global phase 
diagrams, the probability that there is no greater set of real hydrogen mixtures whose critical 
curves display temperature minima may be reasonably said to be zero, while a finite probability 
is retained in model systems (eg the ideal gas model). 
 
Equation of state models can offer some insights, for instance the curve for isobutane in Figure 
3.5 was produced using PR-vdW. However, all current models struggle to accurately recreate 
the behaviour of fluids at high pressures with high molar densities, though this shortcoming 
may perhaps be resolved in future decades. Without accurate predictive models suitable for 
these conditions and lacking experimental data in the regions of interest, a wide range of 
behaviours can be calculated [528-530], including unphysical ones [531]. For some 
predictions, a lack of physicality may be readily apparent, though for examples like the one 
shown for isobutane, conclusive assessment may not be possible. Some models produce 
critical curves that proceed near vertically to pressures well beyond those where solid 
formation for both components should occur, others show a temperature minimum and gradual 
rise to higher temperatures not exceeding the critical temperature of the less volatile 
component before probable solidification, while in other cases the equilibria predicted 
continues to supercritical temperatures. This highlights a clear need for more data in the near 
critical region of hydrogen mixtures up to high pressures. 
 
The second open question is regarding what happens to the phase equilibria beyond the onset 
of solid formation. This expansive region is rarely considered as it is easily damaging to both 
instruments and industrial process equipment. Such measurements often must be made in a 
diamond anvil cell, where mixing is challenging and pressure measurements have high 
uncertainties, though both are engineering problems that may be resolved with further 
development. It may be possible for a region of fluid-fluid equilibria to re-emerge at higher 
temperatures and pressures in situations where the mixture critical curve intersects the solid 
region, for example with hydrogen + CO2 where such an intersection may only just barely 
occur. New experimental data will be required to determine if this is possible, especially as 
currently existing models are much less capable of describing solid-fluid equilibria, with only 
one continuous model available, which is not yet applicable to mixtures nor real fluids [223]. 
The solid-fluid equilibria involving the solid phase rich in the less volatile component is rarely 
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investigated, let alone in detail, and the data situation is even worse for the more volatile 
component, perhaps only investigated in the exceptional case of hydrogen + helium system 
[324]. There are also transitions in the solid phase coexisting with the fluid, such as the 
transition from ammonia-rich solid phase III to solid phase IV in equilibrium with a hydrogen-
rich fluid [521]. 
 
While the behaviour discussed in this subsection typically occur under temperature and 
pressure conditions outside of those used industrially today, there may be viable opportunities 
to extend these ranges to take advantage of the critical behaviour. Near to the critical curve, 
especially in the vicinity of inflection points, rapid changes in properties such as saturation 
compositions and densities occur. The effects may be further amplified by the addition of 
separation enhancing agents, for instance the addition of a small quantity of helium or water 
to a mixture of hydrogen with an alcohol would greatly shift the phase space to promote 
separation under conditions where it would not conventionally be feasible. Such changes can 
be utilised to produce efficient separation processes, with potential incentives over classical 
processes which may require high thermal duties, such as cryogenic distillations. While the 
pressures involved would normally incur high compression costs, hydrogen may be obtained 
at pressures up to 70 MPa from pipelines or up to ~200 MPa by warming liquid hydrogen to 
ambient temperature, such that the primary limiting factor is the increased capital cost of using 
high pressure equipment. However, no technoeconomic assessment and comparison has 
been made for hydrogen mixtures in such processes thus far, limited in no small part by a lack 
of experimental data. 
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Chapter 4: Experimental Methods 
 
 
 
 
 
 
 
 
“Anything that interacts with its environment is effectively performing a measurement; what 
makes it useful is knowing precisely what is being measured.” 
 

— Paraphrasing of Carlo Rovelli’s Relational Quantum Mechanics 
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4.1 Phase Behaviour Apparatus 

4.1.1 Apparatus as Presented Initially 

 
The apparatus used in this work has been adapted/developed from one that has been 
described previously [305, 306, 532, 533], so it shall be described in terms of how it was 
presented at the start of this work, then how it was modified during the course of investigations. 
Focus is placed not only on the form of the apparatus, but also on the methodology behind its 
application. The means by which one takes knowledge of physical properties and dispatches 
them to perform measurements is known as metrology. The principle from the previous 
chapters, that many forms of energy and/or work may be present but not all are significant in 
a specified context, is extended and realised here. 
 
Rigour and standardisation are of great importance, as measurements are rarely truly direct 
and instead emerge from an often-recursive series of many smaller measurements. Take, for 
example, the measurement of temperature by means of resistance thermometry. The system 
to be measured must be brought into thermal contact with a thermometer (and both, practically 
speaking, are in thermal contact with the ambient environment), such that intermolecular 
interactions may allow for the conduction of heat and attainment of thermal equilibration 
between the system and the thermometer. The thermometer itself contains a length of wire 
across which a potential difference may be raised to produce an electric current flowing 
through the wire, opposed by an electrical resistance. The resistance of the wire (as with any 
material) is a function of many variables, however, for a good thermometer, it is especially 
sensitive to temperature (such that a high signal to noise ratio may be achievable with minimal 
complex corrections). Overlooking, for simplicity, the means by which the resistance itself is 
measured, one must then relate the resistance to the temperature. Sufficient knowledge of 
physical properties may permit absolute ab initio relation (at least, following the redefinition of 
the SI units), but relation to fixed points is more practical. For a pure simple component, such 
a fixed point is the triple point. The classical phase rule necessitates that there be no degrees 
of freedom wherever three phases (in this case, solid, vapour, and liquid) are present, thus 
the realisation of the three phase system ensures that the temperature is exactly the triple 
point temperature. Observing the resistance of the wire at this temperature therefore provides 
a practical (though complex) route to indirectly perform measurements with low uncertainty. 
 
The exact mechanisms behind many of the more basic aspects of the metrology applied here 
are excluded for brevity, especially where it is of little relevance (for instance, the complex 
electrophysics underlying the working of various microcontrollers within the equipment used 
are ultimately unimportant). 
 
There are two overarching types of phase behaviour measurement techniques, known as 
analytical and synthetic methods. The details of the various subtypes, their implications, and 
the works that have employed them across recent decades can be found in the series of 
detailed review papers of Dohrn and colleagues [534]. The primary difference is that analytical 
methods realise a system in multiphase equilibrium and then interact with it to gain information 
on the state, while synthetic methods gain information from interactions during the creation or 
modification of a state; it is the former that are primarily employed in this work. Analytical pTxy 
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measurements of phase behaviour require that the fluid/mixture of interest be introduced to a 
volume and maintained at the measurement state points, such that composition may be 
analysed. 
 
The volume in this case is a high pressure cell, shown within the overall (simplified) piping and 
instrumentation diagram (P&ID) in Figure 4.1 and in detail, as it was after modification, in 
Figure 4.3. The cell has a maximum working temperature and pressure of 473 K and 20 MPa, 
respectively, and an internal volume of approximately 143 cm3. The cell consists of monobloc 
pot with a flat-plate closure, machined out of stainless steel 316L, sealed by compressing an 
O-ring retained between the body and lid of the cell by a seal retaining ring. To ensure 
compatibility with a wide range of fluids that may swell or attack polymeric seals, a hollow, 
nitrogen-pressurised, stainless steel O-ring, plated in silver to improve surface finish, was used 
(Trelleborg). Gold plated rings (Busak and Shamban, Wills Ring, type O) were used in earlier 
investigations, however the surface finish was of lower quality, appearing matt, whereas the 
silver plating had a mirror finish. Three fluid ports, one 1/8″ and two 1/16″, in the lid connect 
the cell to the other fluid facing volumes. 
 

Figure 4.1: Simplified P&ID diagram of the VLE apparatus used in this work as it was initially, 
as shown in [305], reproduced with permission 
 
The temperature of the cell and its contents was measured using a secondary-standard 
platinum resistance thermometer (PRT) (Fluke model 5615), housed within a blind hole in the 
wall of the cell, and connected to a digital readout unit (Fluke 1502A). The PRT was calibrated 
according to the International Temperature Scale of 1990 [535] between (77 and 693) K, with 
the calibration checked before each measurement campaign in a triple point of water cell. This 
description of temperature is currently considered to be within 10 mK of the thermodynamic 
temperature and can be reevaluated ad hoc as standards improve [536]. The cell was 
immersed in a thermostatic bath (Lauda Proline RP890) capable of operating between (183 
and 473) K, allowing the cell temperature to be held constant to within ±10 mK. Three different 
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bath fluids were used to cover the range of temperatures explored in this work. Ethanol was 
used for all measurements below 311 K, deionised water was used for the measurements 
between (311 and 363) K, and silicone oil for the higher temperatures. 
 
Pressure measurements were made by the combination of a gauge pressure sensor (Keller 
PA-33X, 30 MPa full scale), connected to the cell, and an absolute pressure sensor for the 
atmospheric pressure (Keller PAA-21Y, 0.2 MPa full scale). Mixing inside the cell was 
promoted by a polytetrafluoroethylene (PTFE) encapsulated magnetic stirrer bar magnetically 
coupled to an external permanent magnet and gear assembly driven by a motor above the 
bath. 
 
Samples were withdrawn from the cell through two electromagnetic rapid on-line sample 
injector (ROLSI) valves (MINES-ParisTech ROLSI Evolution IV) [537-539]. These were 
connected to the cell via the two 1/16″ ports with 1.59 mm OD x 0.13 mm ID capillaries that 
extend into the cell. One passed near to the bottom of the cell while the other stopped near 
the top, such that two phases could sampled should their interface lie within the middle ~75% 
of the cell. The sampling valves could be opened for durations from 10 ms to several seconds, 
allowing a sample, on the order of micromoles, to be drawn into the valve and swept into the 
gas chromatograph (GC, Agilent 7890A) by carrier gas. The small sample size relative to the 
cell volume minimised disturbances to the equilibrium. To avoid condensation, the valves were 
fitted with cartridge resistance heaters and were insulated with glass-filled PTFE shells. The 
ROLSI valves were arranged in a parallel configuration and connected to the GC via a 
bespoke heated transfer line. The shared sections of the tubing were insulated and heated, 
though the short split sections immediately upstream and downstream of ROLSI valves were 
not. The sample facing surfaces were passivated (SilcoTek Sulfinert) to the greatest extent 
possible. 
 
The GC allowed for the components to be separated on up to two packed columns and 
quantified with a thermal conductivity detector (TCD) or a flame photometric detector, for the 
detection of trace amounts of sulphurous compounds. In this work, only one column (Porapak 
Q) was required for separation and the TCD was used for all quantification. Notably, the GC 
was not equipped with any form of inlet septum, commonly used to inject samples in standard 
chromatographic processes. Instead, samples could be injected either through ROLSI valves 
or via two gas sample loops, of nominal volumes 0.05 and 0.25 cm3, respectively which were 
housed within the GC’s valve oven. A P&ID of the GC setup is shown in Figure 4.2. The GC 
and TCD allowed for composition measurements down to ~50 ppm (on a molar basis) under 
optimised conditions. 
 
Filling and emptying of the cell was accomplished with a fluid handling system. A series of 
valves allowed for the cell to be filled with up to four different fluids from gas cylinders, as well 
as CO2 via a 500 cm3 reservoir, a vacuum pump (Vacuubrand MZ 2D NT) to evacuate the 
system, and a vent line to empty the system. The vacuum pump and vent line led to a flare 
system consisting of a propane-fired Bunsen burner within an exhaust stack, allowing 
hazardous fluids such as H2S to be safely disposed of. A pressure sensor connected to the 
CO2 reservoir allowed roughly known amounts of CO2 to be transferred to the cell, determined 
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through the use of pVT relations, though in this work it was simply used as an intermediate 
store of CO2. 
 

Figure 4.2: P&ID of the GC setup, showing the switching valves in their off position and 
numbered as they are in the GC itself, with the main carrier gas stream highlighted blue. In 
this work V2 and V3 were on the on position, such that column 2 was bypassed and the TCD 
used as the detector 
 
Several safety features were also present, most importantly a rupture-disc device connected 
to the cell and specified to rupture prior to any part of the cell and its connected volume 
approaching their yield stresses; this was necessary because it is possible for unacceptable 
pressures to be generated in the event of a power failure while the cell is at low temperatures 
and high pressures. The CO2 reservoir was fitted with a similar rupture disc, and the path to 
the vacuum pump fitted with a proportional relief valve. A constant nitrogen flow into the space 
above the cell in the bath was used to purge any potential leaks from the cell, as well as to 
keep atmospheric oxygen away to prevent any potential for ignition when using flammable 
bath fluids such as ethanol. 
 

4.1.2 Modifications Made to the Apparatus 

 
Originally, the apparatus was designed for the study the vapour equilibrium of mixtures 
containing CO2 and a light gas and with possible addition of trace H2S. Measurements of 
systems containing less volatile compounds that are liquids at ambient conditions required 
several modifications. 
 



88 
 

It was expected that the pressure difference between the cell and the high pressure cylinders, 
containing either compressed gas or liquid CO2, would be used to fill the cell, which could later 
be emptied simply by venting to the atmosphere (possibly via the burner). Some further 
amount of control could be achieved using temperature swings, for instance to obtain 
pressures higher than cylinder pressures when at temperatures sufficiently above the 
minimum operating temperature of the bath or its fluid (whichever is higher). This approach 
also limited the accuracy with which the contents of the cell could be estimated. To overcome 
this would require a pump or compressor, as recommended in the preceding work [533]. 
 
Best suited for this task is a high pressure syringe pump (Teledyne ISCO 100 DM), which may 
be used to precisely meter fluid in and out of the cell. In this case, an Isco 100DX pump was 
used, with a working volume of 103 cm3, volume resolution of 0.00001 cm3, and maximum 
working pressure of 68.95 MPa. A thermostatic jacket around the cylindrical body allowed for 
temperature regulation and more convenient filling of the pump with condensable gases. The 
jacket was used in combination with a thermostatic circulating bath filled with deionised water. 
A K-type thermocouple on the exterior of the allowed for online temperature monitoring. 
Electronic inlet and outlet valves allowed the pump to be used in various automated 
measurement processes. The outlet valve of the pump was connected to two further valves, 
one leading to a vent or a liquid waste catch pot or to a vacuum pump (as desired), and the 
other leading to the cell. To use the pump to fill the cell would be relatively simple, but to 
withdraw liquid or control pressure in multiphase systems required access to the bottom of the 
cell, otherwise retracting the piston in the pump could draw vapour into the pump, resulting in 
a system that is harder to analyse and control. This was achieved by running a 0.79 mm OD 
x 0.50 mm ID (1/32″ nominal diameter) tube coaxially through the existing 3.18 mm OD x 1.75 
mm ID inlet/outlet line and port to the cell and extended near to the bottom. 
 
A 250 ml glass bottle with a four port lid, placed upon a magnetic stirrer plate, was used to 
introduce liquids to the Isco pump. Two of the ports were sealed, one was connected via PTFE 
tubing to the inlet valve of the Isco pump and a valve leading to a second vacuum pump 
(Vacuubrand MZ 2D NT). The vacuum pump could be used to degas the liquid under vacuum 
and stirring (with a PTFE stir bar), as well as to assist in evacuating the Isco pump. The final 
port in the lid of the bottle was connected to a 60 ml plastic syringe clamped above the bottle. 
Two valves allowed the syringe to be detached and refilled without exposing the contents of 
the bottle or syringe to atmosphere. This syringe would be filled with dry nitrogen, needed to 
provide a pressure gradient for liquid to flow into the evacuated pump. A portion of this nitrogen 
inevitably dissolves into the otherwise degassed liquid, however there was no stirring at this 
stage and the upper 10-20 % of the liquid would be left in the bottle, minimising nitrogen 
content to negligible levels (and no nitrogen peaks were observed by the detector upon 
sampling). When introducing low pressure condensable gases, like isobutane, the bottle was 
not used and instead the cylinder containing the gas was connected to the tubing leading the 
Isco and vacuum pumps. The Isco pump temperature would then be reduced to sub-ambient 
(typically to 283 K) such that fluid from the supply cylinder would condense inside the pump. 
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Figure 4.3: Simplified cutaway view of the cell and ROLSI valves. LR: liquid ROLSI, VR: 
vapour ROLSI, EM: electromagnet, S: spring, P: piston, PS: piston seal, C: capillary, CT: 
coaxial tube, LT: liquid tube, SB: stirrer bar, SS: supporting structure, CL: cell lid, RR: retaining 
ring, OR: O-ring, CB: cell body. The pressure fittings, bath structure and working fluid, ROLSI 
insulation, and heated lines are not shown and the scale of the ROLSI internals has been 
exaggerated for visibility 
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The Isco pump, secondary vacuum pump, and liquid in/out section were placed into the fume 
cupboard, requiring that the flare system and some control equipment be removed, the former 
being decommissioned entirely in favour of venting to atmosphere (via the fume cupboard 
airflow). 
 
The heated line, connecting the ROLSI valves to the GC, present at the beginning of the work, 
had to be replaced. An attempt was made to run the heated line at its maximum service 
temperature (473 K, which was set by material stability rather than power and thermal 
performance) during initial attempts to make measurements of the methanol + CO2 system, 
however it was unable to achieve this temperature at its maximum power level. Further 
insulation was added to reduce heat loses, but a section of the line overheated before reaching 
the setpoint, resulting in a short circuit. It was identified that the cause was poor thermal 
contact between the heating element (PTFE insulated nichrome wire) and the 1/16″ tubing, 
and imbalanced power density between the area where the controlling thermocouple was 
located and an adjoining section, exacerbated by poor heat conductance along the line. 
 
A new design, consisting of three individually controllable heated sections, was selected and 
produced in house. Now, the tubing that delivered carrier gas to the ROLSI valves would be 
unheated until the split section immediately upstream of the parallel valves, so that the carrier 
gas enters the ROLSI valves preheated, while heating further upstream would have no 
meaningful impact. Heating was provided by a cartridge heater inserted into an aluminium 
block, whose shape is reminiscent of a flanged cylindrical bobbin, around which the tubing to 
be heated was wound and retained by a cylindrical aluminium cover wrapped in silicone 
sponge insulation. The tubing that returned the carrier gas and samples to the GC was heated 
in two separate sections, the split section immediately downstream of the valves and the 
longer common section, such that heating could be applied to almost the entire sample return 
path even in the case that one sampling valve is connected (as was the case in the initial 
methanol + CO2 calibrations using gravimetrically prepared mixtures sampled from the VVC). 
The 1/16″ tubing in the split section was inserted into a 6 mm copper tube alongside two 1/8″ 
copper tubes, producing a snug fit. Around the outer copper tube was tightly wound thin PTFE 
insulated nichrome wire (acting as the heating element), sleeved in FEP heat shrink to ensure 
thermal contact. A K-type thermocouple inserted into the copper tubing was used for 
temperature measurement and control. The low dead volume tee union connecting both arms 
of the split section together, and with which it could be connected to the common section, had 
several windings of wire around it, but was otherwise only in thermal contact with the rest of 
the assembly via the 1/16″ tubing and thin wire. While this is presumed to be a slight cold spot 
in the line (and would be difficult to address without introducing the risk of overheating a 
section), it represents only a couple of centimetres of the ~1.5 m length of the return path and 
is insulated together with the rest of split section. A similar design was used for the common 
section of the sample return path, again using 6 mm copper tubing to house the 1/16″ tubing, 
along with one 1/8″ copper tube and a pair of long rod resistance heaters (powered in series) 
to provide heating, which took up the remaining loose space within the outer tube. Again, a K-
type thermocouple inserted into the tubing was used for temperature control, and the entire 
length of the assembly insulated. This line passed into the GC and terminated within the 
heated valve box, such that the only section of sample facing surfaces between the ROLSI 
valves and the detector within the GC that weren’t directly thermally controlled were the 
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lengths of tubing covered by the pressure fitting bolts and the minimum length of tubing 
required to make and unmake the connection. 
 
A system to vent the vapour phase in a remote/automatic manner was added during the 
measurements of isobutane + H2. This consisted of a pneumatically-operated inverted-bellows 
valve (Swagelok Nupro HB Series), actuated using a solenoid valve connected to the nitrogen 
supply line, downstream of a 2 m long x 0.13 mm ID capillary to help regulate the flow to a 
controllable rate and a filter to prevent blockages. This was initially connected to the cell via 
the fluid handling system’s vent line, see V-16 in Figure 4.4. 
 

Figure 4.4: Simplified P&ID diagram of the VLE apparatus used in this work as it was during 
measurements of isobutane with CO2 and with H2, adapted from [305], as shown in [138] 
 
When servicing the apparatus following the measurements of isobutane systems it was 
discovered that wear between the stirrer and the bottom of the bottom of the cell had produced 
a thin dusting of grey debris composed of PTFE and steel, suspected to be the cause of 
several ROLSI capillary blockages. This problem would likely be exacerbated for mixtures of 
methanol with CO2, which can cause significant swelling and decompression damage to 
polymers such as PTFE, so alternative materials were considered. Initially a glass 
encapsulated magnetic stirrer bar was tried, sleeved in a thin layer of FEP heat shrink to 
reduce friction and wear, however the glass cracked after several uses and resulting debris 
eventually blocked both ROLSI capillaries. This was then substituted by a stainless-steel 
encapsulated magnetic stirrer, again sleeved in FEP. Alternative stirrer geometries were also 
considered during this time to aid in equilibration, such as the design of Bruno &  Rybowiak 
[540], however issues with rotational stability in testing and concerns that prolonged 
entrainment could affect vapour samples prevented further consideration. 
 
Further changes were made for the measurements of methanol + CO2, with the final P&ID 
shown in Figure 4.5. Thick sponge insulation was added around the fluid jacket and head 
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(excluding the pressure sensor) of the Isco pump. The K-type thermocouple on the jacket was 
replaced with a stick-on 4-wire PRT. The thermocouple was moved to hang in the air in the 
fume cupboard near to the tubing downstream of the pump, providing a rough value of the 
ambient temperature to supplement the existing ambient temperature measurement made by 
the PRT inside the cell’s pressure sensor, which was near to the exhaust of the fans in the 
thermostatic bath (Huber CC1) and could be several degrees hotter than other regions of the 
apparatus. 
 
The PTFE tubing at the inlet of the Isco pump was replaced with stainless steel tubing to allow 
for filling at high pressures, and connected via a cross union and valves to a PTFE liquid inlet 
tube, the secondary vacuum pump, and the gas portion of the fluid handling system via the 
connection that had previously led to the venting system. The venting system was instead 
connected to the end of the coaxial inlet above the cell. 
 

Figure 4.5: Simplified P&ID diagram of the VLE apparatus used in this work as it was during 
measurements of methanol with CO2, adapted from [138, 305] 
 

4.1.3 General Operating Procedure 

 
The general operating procedure of the apparatus in the form it was in at the end of 
experimental work (see Figure 4.5), following the investigations of methanol + CO2, is 
provided. This procedure assumes a binary mixture, though modification for higher order 
mixtures is straightforward so long as all components are fluids at or near standard conditions. 
 
First, the entirety of the system to be used in a given experiment would be evacuated and then 
flushed with one of the fluids under investigation (typically CO2). This would be repeated 
several times to ensure a clean system before returning to a rough vacuum (measured as 0.3 
kPa at the vacuum pump inlet). 
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Two options exist for the procedure following this and these shall be described first for when 
investigating systems and/or state points where the mixture behaviour (specifically the 
equilibrium compositions and densities) is known approximately, whether through literature 
data or modelling. 
 
The less volatile component would be drawn into the Isco pump. For liquids, the liquid would 
be degassed under vacuum before being allowed to enter the pump aided by a pressure 
gradient provided by dry nitrogen, while for condensable liquids, the liquid would be 
condensed in the pump under reduced temperature, and gases would simply be allowed to 
flow in from the supply cylinder. The fluid in the pump would then be compressed and allowed 
to flow into the volume between V-10 to V-12 and to equilibrate to determine the initial amount 
of substance. V-10 would then be opened to meter fluid into the cell, before being closed and 
the pump fluid recompressed to determine the swept volume and, by extension, the metered 
amount. Next, the more volatile component would be allowed to flow into the cell through V-1 
to raise the pressure in the cell to the desired initial point. 
 
In the alternative case, where the system cannot be sufficiently predicted a priori, the Isco 
pump would first be filled with the more volatile component and metered into the cell before 
filling the Isco pump with the less volatile component as before, such that the overall system 
composition would be set instead of the cell pressure. 
 
In both cases, the maximum amount of the more volatile component would be present in the 
cell at the beginning of the measurement sequence, while the minimum amount of the less 
volatile component would be present in the cell, with the remainder that will eventually be 
needed held within the Isco pump. At this stage, the pressure inside the cell should be close 
to the vapour pressure of the more volatile component if at temperatures below its critical 
point, the mixture critical pressure if above its critical temperature, or the maximum working 
pressure (20 MPa) if the critical pressure exceeds the accessible pressure range. Similarly, 
the mole fraction of the more volatile component should be close to one or to the mixture 
critical composition. If pressures greater than the cylinder pressure are required, pressure 
could be raised further using the using the pump (though this only works in certain cases) or 
by filling the cell first at lower temperature and carefully allowing it to heat isochorically. 
 
The mixture inside the cell would be allowed to equilibrate under stirring until the temperature 
and pressure were steady to within their respective repeatabilities. The internal volume of the 
cell should then contain two fluid phases (typically a vapour and a liquid) in equilibrium, though 
the procedure may also be applied to other multi-phase equilibria with appropriate 
considerations, including those with three or more phases that may include solids. Stirring 
would then be stopped to avoid issues like a vortex covering/uncovering the end of a capillary 
or liquid droplets entrained in the vapour. 
 
Samples would be taken of the equilibrium phases, typically the liquid first to allow the vapour 
more time to settle. Typically, three to five samples may be withdrawn in a short period first to 
flush the capillary with fresh sample, followed by 10 to 25 measurement samples, depending 
on the conditions and time to obtain steady sample composition. In some cases it was 
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preferable only to perform the rapid capillary flushing for the liquid capillary, as the process 
can disrupt the equilibrium in ways that are difficult to anticipate and has been observed both 
in this work and in literature [201, 202]. 
 
Once sampling was completed, stirring would be resumed and one could vent a portion of the 
vapour phase and/or inject more fluid from the Isco pump to adjust the pressure and overall 
composition to the next measurement point. This procedure could be performed manually or, 
preferably, automatically, until the entire range of conditions for that particular sequence of 
measurements was completed. The cell would then be depressurised and emptied. In the 
case that the components are all gas-like at ambient pressure this may be done simply by 
opening to atmosphere, otherwise the remaining fluid may be removed by flushing with CO2 
or by evacuation, with a small flow of gas also allowed to flow into the vacuum pump (either 
from the atmosphere or from a cylinder) to act as a purge to prevent condensation in the 
vacuum pump. 
 

4.2 Detector Calibration 

4.2.1 Theory of the Composition Measurement Method 

 
The composition of phase(s) inside the cell is determined analytically; by withdrawing samples, 
separating their constituents, and then quantifying the amounts sampled. 
 
The sample is withdrawn/injected into the flow path of a heated carrier gas stream, such that 
the sample flashes (vaporising in the case where a liquid is sampled) and is swept along 
towards the GC, effectively creating a pulse with a high local concentration of the sampled 
components surrounded by pure carrier gas. The sample flows through the chromatographic 
column wherein the differing affinities of the components to the stationary phase result in their 
separation. The width of the pulse for a component widens due to diffusion and the interactions 
with the stationary phase, such that it leaves the column as a broader, skewed distribution that 
may have a significant tail. 
 
The sample components, diluted in carrier gas, are then passed through a detector for 
quantification. In this case, a hot-wire thermal conductivity detector is used, consisting of a 
thin metal wire housed within a thermostatic chamber. A current is passed through the wire, 
maintaining it at a constant temperature that is higher than that of the surrounding chamber 
and gas. The temperature gradient results in a heat flux from the wire into the gas, requiring 
a continuous power that is a function of the thermal conductivity of the gas. Since their 
introduction as the katharometer [432], two wires have typically been used, forming two arms 
of a Wheatstone bridge, with the main carrier gas stream passed over one wire while additional 
pure carrier gas is passed over the other wire as reference. In the case of the TCD used in 
this work, a single wire is used, with the main and reference streams alternatively passed over 
the wire, switching at a rate of 5 Hz. In either case, the measurement principle remains the 
same: when the composition of the gas flowing over the wire changes so does its thermal 
conductivity, changing the power required to maintain the wire temperature, resulting in a 
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measurable signal, in this case a change in voltage from a baseline value (in this case ranging 
from approximately 10 μV up to 0.75 V). 
 
While there are somewhat rigorous descriptions for the signal produced in both steady state 
and transient hot-wire TCDs [541-543], their use as a chromatographic detector does not 
require such formality. Instead, empirical relations may be used, avoiding excessive use of 
corrections and benefiting from the high degree of linearity of the detector response with 
respect to the sampled amount. The general form of these relations is as follows: the signal s 
produced by a detector is a function of the concentration c of component i at the detector at 
time t 

  is f c  (4.1) 

It may equally be described as a function of related properties, such as partial pressure or 
density. The area A of the resulting peak is 

 A sdt   (4.2) 

and the number of moles n of component i are 

 i in Q c dt   (4.3) 

Here, Q̇ is the volumetric flow rate through the detector. If a mixture was sampled, then the 
mole fraction xi is 

 
ii

i
i i

c dtn
x

n c dt
  
 

 (4.4) 

 
Usage of these equations requires that the functional form of equation 4.1 be known, or, at 
least, ascribed/assumed. The simplest case would be to assume the signal is a linear function 
of concentration, such that 
 s = ai ic  (4.5) 
Where ai is a component specific calibration constant. It is also specific to the GC and detector 
used. The peak area produced by a given component is now 

 i i iA a c dt   (4.6) 

Which may be rearranged and substituted into equation 4.3 to yield the number of moles 

 i i
i

Q
n A

a



 (4.7) 

As Q̇ is held constant, it may be combined with the component specific calibration constant so 
that 
 *

i i in a A  (4.8) 
and the sample composition is 
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This can also be rewritten in terms of the relative response factor rj of the detector to 
component j compared to component i 

 i j
j

j i

A x
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A x
  (4.10) 
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The linear description is very convenient due to its simplicity, however its applicability is limited 
as TCDs exhibit significant nonlinearity. A simple correction is to make the amount of 
substance a quadratic function of the peak area 
 * * 2

i i i i in a A b A   (4.11) 
where bi is an additional component specific calibration constant. 
 
This approach has been applied successfully before [305, 306, 532, 544-547], and is used in 
much of this work, but is not without its own limitations. Most notably, it cannot capture the 
effects of varying peak shapes, such that an infinitely sharp peak and an infinitely broad peak 
of equal area would be treated the same way, which is not representative of the real non-linear 
detector response. When peaks retain a similar shape regardless of sample size this may still 
be a reasonable treatment, however the peak shapes are known to change quite significantly, 
initially broader before becoming increasingly sharp and tailed, then eventually broader as 
they approach the maximum measurable sample size, as shown in Figure 4.6, although 
sample size in that case was limited to below the point at which peaks broaden again. 
Additionally, the source of the sample and the way it is injected into the GC may also effect 
the shape, though it is possible for the shape effects to be captured by this simple approach 
should the calibration peaks be representative of the measurement peaks. 
 

Figure 4.6: Chromatogram showing peaks produced by CO2 samples withdrawn through a 
ROLSI valve with increasing valve opening time, with sample size ranging from approximately 
35 nmol to 8.5 μmol 
 
Alternatively, the signal can be expressed as a quadratic function of concentration 
 2

i i i is a c b c   (4.12) 
where bi is an additional component specific calibration constant. The peak area takes the 
form 

 2
i i i i iA a c dt b c dt    (4.13) 
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The number of moles now requires knowledge of how the composition varies as a function of 
time, which can be expressed in terms of the signal as 

 
2 4

2
i i i

i
i

a a b s
c

b

  
  (4.14) 

 
To proceed further one must now either be reading the detailed real time signal or use a model 
to describe the peak based on some based on some form of shape parameters, such as the 
statistical moments of the peak. Neither normal distributions nor skewed normal distributions 
accurately capture the shape of chromatographic peaks, however, they may be approximated 
as an exponentially modified gaussian (EMG) distribution [548, 549], which models an ideal 
column followed by a mixing chamber, allowing the signal to be described as 
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 (4.15) 

where μ is the mean, σ the standard deviation, τ the exponent relaxation time, h is a scaling 
factor, and erfc is the complimentary error function 

 22
erfc( ) 1 erf( ) exp( )

x
x x y dy

π


     (4.16) 

In practice this equation is often rewritten in the form 
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where erfcx is the scaled complimentary error function 
 2erfcx( ) exp( )erfc( )x x x  (4.18) 
The EMG distribution parameters may be estimated from the mean retention time m, variance 
sp

2, and skewness γ of the peak 
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The concentration can now be expressed in terms of the peak shape and the component 
specific calibration constants ai and bi 
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 (4.22) 

The concentration with respect to time may be integrated numerically to yield the number of 
moles 
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which may then be used to calculate the mole fraction, as previously. A simple method of 
performing the numeric integration of the above integral is the trapezoid rule 

 1
1

( ) ( )
( ) ( )

2
k k

k k

f x f x
f x dx x x


   (4.24) 

 
Overall, this approach requires more computation, including an optimisation for each peak, 
than the simple quadratic function of area, however, it remains cheap and fast to compute in 
absolute terms for any computer. 
 
The effect of peak shape can now be evaluated to provide some insight into the potential 
errors introduced when using simpler expressions. Figure 4.7 shows four modelled peaks, 
each with an area of 40000 units (the units in this case being 25μVs as is standard for the 
particular make of detector used, though this is immaterial for the purposes of this work, 
provided the units are consistent) but with varied values of the peak variance and skew. In 
practice, the peaks obtained in this work lie between these rather extreme examples. 
 

Figure 4.7: Calculated peaks using the EMG distribution with an area of 40000 units for varied 
values of variance and skewness, ― sp

2 = 0.0001 γ = 0.1, ― sp
2 = 0.01 γ = 0.1, - - sp

2 = 0.0001 
γ = 1, ― ― sp

2 = 0.01 γ = 1 
 
The impact of varied peak shape on the calculated amount is shown in Figure 4.8. It is 
apparent that the greatest differences occur when peaks are especially sharp. A peak with sp

2 
= 0.0001 and γ = 1 corresponds to an amount 19 % larger than for sp

2 = 0.1, with skewness 
having little effect for broad peaks. The actual impact of these peak shape effects on real 
composition measurements is more complicated, and must be assessed on a case-by-case 
basis, however it provides an idea of the magnitude of the error that may be introduced in the 
worst case. 
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Figure 4.8: Sample amount calculated for varied values of variance and skewness for a peak 
of area 40000 units, using the optimised parameters for CO2 (ai = 2885, bi = -50.36), ― γ = 
0.1, ― γ = 1, note the x-axis is log scaled 
 
Further considerations for deviations from ideal chromatographic peaks can be found in 
literature, such as for Taylor dispersion measurements of diffusion coefficients [550], where 
there are many similarities in the analysis, but the impacts on phase behaviour measurements 
specifically has historically been neglected. 
 
Regardless of the exact calibration equations used, the parameters must be regressed from 
calibration measurements that contain sufficient information about the sampled amounts 
and/or compositions. Two different calibration methods were used: firstly, calibration using gas 
sample loops, as the apparatus was originally designed for, and then calibration against 
synthetic mixtures, required for calibration with methanol. 
 

4.2.2 Calibration with Gas Loop Sampling 

 
The GC is equipped with two gas sample loops, connected to a multiport switching valve (V1 
in figure 4.2) such that they may be filled with vapour samples of known composition (typically 
pure fluids). The contents of either loop may be injected into the main flow path of the GC 
downstream of the ROLSI valves through the actuation of the switching valve. These loops 
were different sizes, nominal volumes 0.05 cm3 and 0.25 cm3, so that the calibration can cover 
a broader range of sample sizes. 
 
The temperature and pressure of each of these loops are measured, the former in two places 
using K-type thermocouples whose values are averaged and the latter with an in-line pressure 
sensor (Keller PAA-21Y, 0.6 MPa full scale). The temperature and pressure are then used to 
calculate the density of the sample inside the loop, which may be done with low uncertainty 
for pure fluids using multiparameter equations of state. These models were used as 
implemented in REFPROP 10.0 [292, 293], and are listed in Table 4.1 along with their stated 
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relative expanded uncertainties (k = 2) for the relevant pT region. The density can be used as 
a proxy for the amount of substance, such that 

 2i i
i i i

j j

a b
ρ A A

V V
   (4.25) 

where ρi and Vj are the gas density in and volume of loop j, respectively. The volumes are 
constant, thus may be combined with the parameters ai and bi to give new effective 
parameters, and cancel out in the calculation of mole fraction for a mixture, so their value is 
unimportant. The parameters themselves were regressed by the minimisation of the sum 
squared error S between the filling density ρloop and density calculated from the calibration 
equation ρcalc 

 
2

( )loop calcS ρ ρ   (4.26) 

 
The loops could be filled at pressures in the range of (0.1 to 0.3) MPa, providing sufficient 
information to fit the calibration constants, albeit over a limited range of sample sizes. 
Considering also that the loops were different sizes, the calibration can cover sample sizes 
over a little more than one order of magnitude, corresponding to approximately (2 to 30) μmol. 
It was not possible to calibrate for smaller samples with this method without instead relying on 
mixtures where the component has been diluted, though doing so should not introduce 
additional uncertainties provided the calibration equation used is valid over the measurement 
range. 
 
Table 4.1: Equations of state used to calculate gas loop densities for calibration, their relative 
uncertainties, and references 

Chemical Name EoS Ur(ρ) / % Ref 

Isobutane Bücker & Wagner 0.1 [284] 
Carbon Dioxide Span & Wagner 0.03 [207] 
Hydrogen Leachman et al. 0.04 [282] 

 
Fandino, Trusler, & Vega-Maza [305] validated the apparatus, as it was originally constructed, 
by sampling purchased gas mixtures of known composition for both of the mixtures 
investigated in that work, using both the gas sampling loops and the ROLSI valves. Two were 
an equimolar mixture of CO2 with N2 (obtained from different suppliers), while the third was 
CO2 with H2 (xCO2 = 0.1). The compositions measured were within the uncertainties specified 
by the supplier for both mixtures for both sampling methods. Later, Souza [533] used two high 
purity gas mixtures, one a binary mixture of CO2 with CO (xCO2 = 0.5) and the other CO2 with 
CH4 (xCO2 = 0.95), to revalidate the calibration approach. The measured compositions were 
again within the uncertainties of the mixture compositions specified by the suppliers, though it 
was not specified if the mixtures were sampled using the gas sample loops, from the cell via 
the ROLSI valves, or both. It was not convenient to use this approach for the mixtures 
investigated in this work due to the low vapour pressures of isobutane and methanol at 
ambient temperatures. 
 
Further validation has been provided by measuring the phase behaviour of mixtures whose 
behaviour is well studied in literature. Previously, Fandino, Trusler, & Vega-Maza performed 
measurements of CO2 + N2 [305], and in this work isobutane + CO2 was used for validation, 
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as published in [138]. This form of validation is important as it is necessary to demonstrate 
that the calibration approach remains applicable during phase behaviour measurements 
wherein the samples may be vapours or liquids and the cell temperature and pressure vary 
greatly. 
 

Figure 4.9: Gas loop filling density against peak area for (a) isobutane and (b) CO2 when using 
helium as the carrier gas, showing experimental points ○ and the calculated calibration curves, 
― loop 1, ― loop 2 
 

Figure 4.10: Relative deviations of the measured loop filling densities from the calibration 
equation for (a) isobutane and (b) CO2 when using helium as the carrier gas 
 

Figure 4.11: Gas loop filling density against peak area for (a) isobutane and (b) H2 when using 
argon as the carrier gas, showing experimental points ○ and the calculated calibration curves, 
― loop 1, ― loop 2 
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Figure 4.12: Relative deviations of the measured loop filling densities from the calibration 
equation for (a) isobutane and (b) H2 when using argon as the carrier gas 
 
It was found that there was a positive deviation from linearity for all analyte/carrier gas 
combinations, though the non-linearity was greater when using helium as the carrier gas, as 
can be seen in figures 4.9 and 4.11. The relative deviations of the calibration equations from 
the experimental data are shown in figures 4.10 and 4.12. In all cases, deviations did not 
exceed 1.5 % and rarely exceeded 1 %. There do not appear to be any systematic deviations 
except for hydrogen with argon, wherein a negative, rather linear, deviation is present for loop 
1 for most of the points. It is interesting to note that the points for that loop which do not follow 
that trend, as well as the points with negative relative deviations for loop 2, all belong to an 
earlier batch of calibration measurements, possibly as a result of drift in one or more of the 
sensors involved in the calibrations. The optimised calibration parameters are shown in Table 
4.2. 
 
The calibration method was identified early on in the apparatus’s life as a significant source of 
uncertainty that could likely be reduced [305]. 
 
Table 4.2: Optimised calibration constants for the components investigated in this work with 
their respective carrier gases 

Analyte/Carrier 
Loop 1 Loop 2 
𝑎ଵ,௜ / mol dm-3 𝑎ଶ,௜ / mol dm-3 𝑎ଵ,௜ / mol dm-3 𝑎ଶ,௜ / mol dm-3 

Isobutane/He 8.09 x 10-7 4.68 x 10-13 2.01 x 10-7 7.23 x 10-14 
Isobutane/Ar 2.69 x 10-6 3.07 x 10-12 6.72 x 10-7 1.37 x 10-14 

CO2/He 1.16 x 10-6 1.12 x 10-12 2.77 x 10-7 1.93 x 10-13 
H2/Ar 1.07 x 10-6 4.64 x 10-13 2.64 x 10-7 4.88 x 10-14 

 
A portion of the uncertainty comes from determining the amount of a component contained 
within the loop, and this could be reduced by improving the accuracy of the measurement of 
the pressure and temperature through lower uncertainty sensors (for example, the use of 
PRTs instead of K-type thermocouples). However, the temperature regulation of the gas 
sample loops would remain a significant issue. Currently, heating is applied electrically to a 
plate at the base of the insulated GC valve box, conducting through to the sample loops via 
the ten port valve. The valve box is not perfectly insulated and there are gas flows both through 
the ten port valve and the other valves in the valve box connected to the plate, which change 
periodically throughout calibrations and measurements, producing temperature gradients. It is 
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for this reason that the temperatures of each loop are measured in two locations, near to the 
middle and one end of the loop, and averaged to estimate the average temperature of the gas 
inside, albeit imperfectly. 
 
Regardless of the uncertainties in the amount contained within the sample loops, two major 
limitations remain for the gas loop calibration method. Firstly, the samples are not introduced 
the same way in calibrations as they are in measurements, and secondly, compounds that are 
liquid at ambient temperature and pressure (or more practically, 0.2 MPa) cannot be 
introduced to the sample loops. The former allowed for sampling artefacts to be introduced, 
such as peak shape effects, reducing accuracy, while the latter presented a more drastic 
roadblock for the measurement of methanol systems. 
 

4.2.3 Calibration Against Synthetic Mixtures 

 
The alternative approach used in this work was to prepare a synthetic compressed liquid 
mixture, of known composition and take samples of varying size. The calibration parameters 
for both (or all in the case of a higher order mixture) components may be regressed 
simultaneously by minimising the sum squared error in composition in effectively the same 
manner as before. While it is not possible to directly determine the amount of substance 
sampled in absolute terms, this remains immaterial to the final value of the composition. In 
practice, the amount may be determined whenever at least one component is suitable for 
calibration with gas sample loops, albeit with a higher uncertainty than the composition 
uncertainty. 
 
Two approaches were taken to the preparation and sampling of synthetic methanol + CO2 
mixtures. The first approach, which would go on to be abandoned due its limitations, was to 
prepare the mixtures gravimetrically. 
 
The cell was too heavy to be used with the high accuracy balance available, limited to 5 kg, 
so an existing variable volume cell [551] was modified and equipped with a similar ROLSI 
valve to the ones on the cell. This VVC would be evacuated, weighed, filled with some amount 
of methanol via a syringe, reweighed, filled with some amount of CO2 via a HPLC pump, then 
weighed a final time. The pressure would then be raised above the bubble point by 
compressing the variable volume with nitrogen. The VVC would be placed onto a magnetic 
stirrer plate, driving a PTFE encapsulated stirrer bar inside, and allowed to equilibrate. 
 
The composition of a binary mixture inside the VVC could be calculated simply using the 
following equation 

 1 0 2
1

1 0 2 2 1 1

( )

( ) ( )

m m M
x

m m M m m M


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 (4.27) 

Where m0 is the mass when evacuated, m1 the mass after adding component 1, m2 the mass 
after adding component 2, and M1 and M2 are the molar masses of the components. 
Corrections would be required to account for the dead volume at the inlet to the VVC and for 
the effects of buoyancy when weighing [552], based upon the ambient temperature, pressure, 
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and humidity while weighing. The magnetic stirrer bar inside the cell could interfere with the 
weighing, though the impact on the measured mass was of the order of a milligram. 
 
CO2 is well known to swell polymers [553] and methanol can also have compatibility issues 
with a range of polymers. The combination of them was found to cause problems for the 
polymeric materials in the VVC. The two O-rings used to form the dynamic seal around the 
piston needed to be replaced after each use, explosively decompressing upon the piston’s 
removal after depressurising and emptying the VVC (typically one or both O-rings would 
unseat and come away from the piston rapidly) with visible signs of swelling and associated 
damage (for both materials used, FKM and NBR). This raised some concerns about the 
possibility of composition changes if methanol or CO2 entered the O-rings or the void between 
them preferentially. Changes to the design and materials of the piston seals could reduce 
these effects, but was not pursued further. The PTFE encapsulating the stirrer bar was 
observed to swell, the first one used ruptured after several uses. 
 

Figure 4.13: Relative response factor of methanol compared to CO2 as a function of ROLSI 
valve opening time for four mixtures prepared in the VVC, xCO2 = ● 0.268, ■ 0.400, ♦ 0.499, ▲ 
0.600 
 
An unexpected trend was observed in the response measured at the detector as a function of 
the opening time (and by extension, though not exactly proportionally, the sample size). It 
appeared as though the detector was far less sensitive to small quantities of methanol than 
larger ones, as can be seen from the rise in the detector’s relative response factor to CO2 
compared to methanol shown in Figure 4.13. This effect was not consistent with the behaviour 
upon sampling any previously investigated mixtures (wherein, it should be noted, CO2 was 
generally one of the components, but no such unusual trends were observed). It would be 
possible for a highly non-linear relationship between the thermal conductivity of analyte + 
carrier gas mixtures, such as that seen with hydrogen + helium, to cause such an effect, 
however this should not be the case for methanol + helium. Instead, it appeared that the 
sample was being altered between sampling and detection, such that an apparent highly non-
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linear detector response was observed even though the actual detector response remained 
only mildly non-linear. 
 
It has been demonstrated in the literature previously [554-556] that oxygenated volatile organic 
chemicals like methanol can adsorb readily to the surfaces of sample pathways in gas 
chromatography. On stainless steel, strong adsorption was observed at low temperatures 
while at elevated temperatures, where compounds may quickly desorb, the methanol 
appeared to be destroyed and could not be detected [556]. A much weaker, but still detectable, 
adsorption was observed onto passivated surfaces featuring the same sulfinert treated 
components used in the majority of the sample pathway in this work. The suspicion, therefore, 
was that the quantity of methanol withdrawn upon sampling was sufficiently small to be 
meaningfully affected by the adsorption. 
 

Figure 4.14: Example chromatograms from VVC methanol + CO2 calibrations (a) with and (b) 
without heating the sample return path, showing peaks produced by repeated sampling. Note 
that CO2 has the lower retention time (ie it is the first in each pair of peaks) and that the sample 
sizes were not the same for (a) and (b) so the absolute magnitude of the signal should not be 
compared here 
 
Samples withdrawn without heating of the sample pathway did indeed show effects consistent 
with adsorption, CO2 peaks remained sharp while methanol peaks were broad and 
inconsistent, unsuitable for accurate measurements, as can be seen in Figure 4.14. The 
methanol peaks were much sharper, consistent with other the peaks produced by other 
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compounds, when the entire sample pathway was heated. However, the presence of 
unpassivated stainless steel surfaces on the interior of the ROLSI valves, as well as on 
pressure fittings, parts of the GC switching valves, the throttle (which had originally been 
sulfinert coated, but was replaced with a standard stainless steel version prior to this work), 
and the detector assembly, meant that a portion of methanol would be lost before reaching 
the detector. 
 
When repeatedly withdrawing methanol-containing samples, less methanol would be detected 
in the earliest samples before reaching a steady value, implying that the system first needs to 
reach a quasi-steady state in which the amount of methanol adsorbed from each subsequent 
sample is equal to the amount released from the adsorption sites from the preceding samples. 
If methanol were to be destructively adsorbing then the reaction must produce degradation 
products, and, as adsorption continues even after many samplings, the reaction must occur 
such that the products then leave the adsorption site or act as an equivalent site. No 
degradation products were observed reaching the detector, nor mentioned in similar literature, 
so it is likely that they were either immobile or somehow undetectable, though few compounds 
would allow for the latter. If hydrogen was produced then it could conceivably produce a signal 
small enough to be lost in noise as a result of the minimal change in thermal conductivity of 
helium upon the addition of small quantities of hydrogen, similarly if any product had 
approximately the same retention time as CO2 or methanol it would have an unresolvable 
peak, though few candidate compounds fit this criterion. Alternative products such as CO or 
heavier compounds would produce properly resolvable peaks and would have been observed. 
 
Accurate measurements of methanol containing mixtures would require a means of 
accounting for the adsorbed methanol. Adding a constant offset ci in the calibration equation, 
such as 
 2

i i i i i in a A b A c    (4.28) 
could approximate the adsorption for larger methanol samples, where the amount adsorbed 
is roughly constant, however it would not be applicable for small samples where the amount 
of methanol was within an order of magnitude of the amount that could be adsorbed, where a 
more physically based description of the adsorption process would be required. 
 
As a form of chemisorption was suspected, it was likely that the adsorbed methanol would 
only form a monolayer, whereas multilayer adsorption would likely occur in the case of 
physisorption alone. This is convenient, as monolayer adsorption is simpler to model. 
Langmuir adsorption theory [557] was applied: 
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where θi is the fraction of adsorption sites occupied by component i, Ki is the adsorption 
equilibrium constant for that component, and pi is its partial pressure in the gas phase. The 
partial pressure of methanol was not measurable directly in this apparatus. Instead, the peak 
area is used as a proxy for the partial pressure 
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Such that the overall calibration equation is 
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 (4.31) 

The Langmuir adsorption equilibrium constant here is no longer the same as in the classical 
version, though its role remains the same. Furthermore, the ability to perform direct 
comparisons to formal adsorption measurements would be of limited usefulness as the sample 
is passed over a range of surfaces with differing compositions, surface roughness, and 
temperature, such that the constant determined is an effective equilibrium constant 
representing the entire system, though primarily representing the adsorption onto stainless 
steel. 
 
There are five significant assumptions made in this model. Firstly, it is assumed that adsorbing 
molecules only form a monolayer, a reasonable approximation in this case but nevertheless 
not strictly accurate, especially given the diversity of sample facing surfaces. The second, 
related, assumption is that all the adsorption sites that participate are equivalent, effectively 
representing an average of the real sites. Third, no changes occur to the adsorption sites as 
a result of adsorption or potential reactions that occur to any adsorbed molecules, which is 
hard to prove but is consistent with the experimental observations. Fourth, the adsorption 
behaviour is treated as if it is in equilibrium or quasi-equilibrium and any time dependencies 
can be neglected, such as the effect of the finite and varied ROLSI valve opening time. Finally, 
the adsorption behaviour is dependent only on the presence of methanol and uninfluenced by 
the presence of carrier gas or other components. The second and fifth of these assumptions 
shall be examined more below. 
 
It should be noted that the adsorption phenomenon believed to be occurring is not limited only 
to the methanol withdrawn in sampling, and should also occur within the cell itself at high 
temperatures, where the reaction products may interfere with the equilibrium or go on to cause 
further reactions with other components present in the cell. This did not cause any issue within 
this work, as temperatures for the methanol + CO2 system were limited to 298.15 K, however 
it is expected to play a role at higher temperatures and had not previously been recognised in 
the literature as an increased source of experimental uncertainty for methanol-containing 
systems in analytical and synthetic measurements alike. The extent to which this may 
influence measurements has not been assessed within this work, though can be expected to 
have the greatest effect in near-critical regimes at high temperatures. 
 
The occurrence of adsorption exacerbated the issue of introducing calibration and 
measurement samples via different means. The ROLSI valve on the VVC would certainly be 
more representative of samples withdrawn through the ROLSIs on the cell than the gas 
sample loops would be, however, differences between the individual ROLSIs and the way 
carrier gas was flowed through them remained. The flowrate through either ROLSI on the cell, 
in their parallel configuration, would be approximately half of that experienced by the ROLSI 
on the VVC, resulting in different residence times within the steel surfaced interior of the valves 
and different concentration distributions. As such, it is expected that both the c and Keq would 
differ between the three different ROLSI valves across the VVC and cell. 
 



108 
 

In view of this, the decision was made to calibrate the detector against synthetic mixtures 
prepared volumetrically in the cell and sampled with the ROLSIs in the same manner that they 
would be used during measurements. The Isco pump used to meter in a precise quantity of 
both components, with the amount injected determined from the swept volume at constant 
temperature and pressure along with dead volume corrections. The procedure was similar to 
those used in synthetic bubble point measurements, differing only in that the filling process 
does not end at the bubble point but instead proceeds further into the one phase region 
(typically exceeding the bubble pressure by 5 MPa), such that there is no risk of the system 
re-entering the two phase region. If desired, the approach also allows for bubble point 
measurements to be performed during the filling and compressed liquid density 
measurements to be made beyond that point. 
 
A slight modification was made to the apparatus whenever a calibration was conducted, two 
of the ports on the cross union above the cell were plugged to reduce the dead volume. These 
would normally lead to the venting valve (V-16 in figure 4.5) and to V-1 along with the cell’s 
pressure sensor and bursting disc. Pressure measurements now depended on the Isco 
pump’s pressure sensor, meaning that the cell pressure could only be monitored up until the 
point that the mixture preparation is completed. In this configuration, all fluid facing surfaces 
were stainless steel, silver (in the case of the cell’s O-ring), or glass (for the first two mixtures 
where the glass encapsulated stirrer bar was used) except for the thin FEP sleeving around 
the stirrer bar and the PEEK piston seals in the ROLSI valves (although only a minute area 
was exposed to the fluid in the cell and mass transfer would be extremely limited as a result 
of the thin internal diameter of the capillaries). Unknown quantities of CO2 and methanol would 
be lost within the FEP sleeving, though the potential impact of this on the composition of the 
bulk mixture within the cell is negligible compared to the other sources of uncertainty. 
 
First the system would be evacuated. The Isco pump is then filled with liquid CO2 by 
condensing at reduced temperature before warming back to 298 K and allowed to equilibrate 
at a pressure of 10 MPa. At this stage, the CO2 is occupying the measured volume of the Isco 
pump, the dead volume in the pump, and the volume between the pump and the cell. CO2 is 
then allowed to flow into the cell. CO2 is now also within the cell, as well as a dead volume 
upstream of the cell and another volume downstream of the cell. The pressure in the pump 
(and connected/associated volumes) is returned to 10 MPa to determine the volume swept, 
before being evacuated. The Isco pump is then filled with methanol, which would be injected 
into the cell in the same manner as with CO2. The cell and Isco pump would be maintained at 
298.15 K, approximately the ambient temperature, to minimise the effect of temperature 
gradients in dead volumes. 
 
If starting with the cell containing both vapour and liquid in equilibrium the volume of liquid 
would rise as methanol is injected (though strictly the liquid level at the calibration temperature 
of 298 K was not a monotonic function of the amount of methanol injected, it quickly passes 
its minimum and the level rises) until the entire cell is full of mixed methanol + CO2. The 
pressure begins at the vapour pressure of CO2 and reduces, following the mixture bubble 
curve, as methanol is injected. At this stage the volume upstream of the cell contains liquid 
methanol, while the volume downstream of the cell (a short thin length of tubing immediately 
above the cell) contained effectively pure CO2 vapour, as mixing in this volume was limited to 
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diffusion and the under the calibration conditions the vapour phase of the mixture was near 
pure CO2 anyway (yCO2 > 0.99). As more methanol is injected the liquid mixture begins to enter 
the downstream dead volume, compressing the CO2 vapour until it condenses into liquid CO2. 
This can be observed as the pressure slowly rising until the entire system is in a liquid state, 
at which point the pressure begins to rise rapidly. 
 
The amount of first component, in this case CO2, in the cell, can be reasonably approximated 
as 
 1 1, 1, 1, 1, 1, 1,Δ ( , ) ( , )p p p d d BP dn V ρ p T V ρ p T   (4.32) 

where ΔV1,p is the change in pump volume when injecting the first component, ρ1,p is the 
density of that component at the pump pressure p and temperature T1,p, V1,d is the relevant 
dead volume, in this case the volume downstream of the cell (relative to the pump), and ρ1,d 
is the density within this dead volume at the ambient temperature T1,d and the pressure at 
which the cell was entirely filled with liquid pBP. 
 
The amount of the second component, methanol, is given by 
 2 2, 2, 2, 2, 2, 2,Δ ( , ) ( , )p p p d d c dn V ρ p T V ρ p T   (4.33) 

where the dead volume V2,d in this case is volume upstream of the cell and ρ2,d is the density 
within this dead volume at the ambient temperature T2,d and the final pressure within the cell 
pc. 
 
In reality, the composition inside the cell is also affected by the mixed liquid entering the 
downstream dead volume after the cell fills while the second component is injected. This is 
difficult to determine because it requires knowledge of the mixture density as well as an 
assumption about how well mixed the cell contents were during the process, however, as the 
cell volume is much larger (>100x) than this dead volume, the composition of the mixture 
entering the dead volume does not vary significantly during this process and the impact on the 
final composition in the cell is negligible. 
 
The densities of the pure fluids were determined using multiparameter equations of state, as 
was done with the gas sample loops, using the model of Span & Wagner for CO2 [207] and of 
de Reuck & Craven for methanol [283]. 
 
Four calibration mixtures were prepared in the cell over the course of the investigation of 
methanol + CO2, with a total of approximately three thousand samples taken. Their 
compositions are reported in Table 4.3 as determined from the synthetic mixture preparation 
and the average value of the samples withdrawn through the ROLSI valves after optimising 
the calibration parameters. The calibration parameters are listed in Table 4.4. Different 
parameters for methanol were used for the liquid and vapour ROLIs, as systematic deviations 
were visible when using the same parameters for both, which is assumed to be a result of 
differences between the valves and the carrier gas flow through them. Calibrations 1 and 2 
were made while using the glass encapsulated stirrer bar, which blocked the ROLSI capillaries 
upon its breakup, and so different (though nominally identical) capillaries were used for 
calibrations 3 and 4, with no apparent effect on the calibration. The preparation procedure for 
calibration 4 was slightly different to the others, the amount of CO2 required was greater than 
could be introduced with one filling of the Isco pump, so, in order to keep uncertainties to a 
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minimum, the system was initially completely filled with liquid CO2 and the amount was 
determined through compressibility measurements. 
 
Table 4.3: Compositions of the methanol + CO2 calibration mixtures, as determined from the 
preparation of the synthetic mixture xCO2,synth as well as the average values obtained from 
sampling with the liquid xCO2, Liq ROLSI and vapour xCO2, Vap ROLSI ROLSI valves 

Cal # xCO2, synth xCO2, Liq ROLSI xCO2, Vap ROLSI 

1 0.4802 0.4810 0.4797 
2 0.4132 0.4117 0.4122 
3 0.5703 0.5710 0.5716 
4 0.9480 0.9470 0.9478 

 
The sample sizes ranged from (1 to 31) μmol, for 10 ms increments of ROLSI opening time 
from 10 ms to 100 ms, corresponding to a range of sample sizes of (1 to 18) μmol of CO2 and 
(0.05 to 13) μmol for methanol. The broad range of sizes for methanol was especially important 
for capturing the effects of adsorption, achieving a good fit across more than two orders of 
magnitude in sample size and three orders of magnitude of peak area. 
 
Table 4.4: Optimised calibration constants for CO2 and methanol using the adsorption 
corrected calibration equation, helium as the carrier gas, and different values for either ROLSI 
valve for methanol 

Analyte ai / μmol bi / μmol ci / μmol Ki 

CO2 6.50 x 10-5 -6.05 x 10-12 - - 
Methanol, Liq 6.95 x 10-5 -3.14 x 10-11 1.75 x 10-1 4.54 x 10-4 

Methanol, Vap 7.46 x 10-5 -5.09 x 10-11 1.19 x 10-1 5.59 x 10-4 

 
It is interesting to note that the calibration parameters for CO2 regressed against the synthetic 
mixtures are not the same as those obtained from the gas sample loops, even after converting 
to matching units. Most notably, the deviation from linearity was found to be negative, as was 
the deviation for methanol, while all calibrations with the gas sample loops across this work 
and the preceding works had positive deviations from linearity. This is most likely the result of 
peak shape effects and the higher uncertainties in the density in the gas loops, and suggests 
that the uncertainty for calibration with pure substances using gas sample loops is likely 
underestimated, though determining the extent of this underestimation is non-trivial and 
beyond the scope of this work. Such a difference was not observed in the previously 
mentioned validations by Fandino, Trusler, & Vega-Maza [305], however those validations 
were performed with gas phase samples at lower pressure and density, among other 
differences. 
 
Deviations from expected compositions where within 0.45 mol% for liquid valve and within 0.5 
mol% for vapour valve across the relevant range. For the fourth calibration mixture and the 
shortest opening time (10 ms), where adsorption had the greatest effect due to the low amount 
of methanol, deviations reached 0.67 mol%, though the amount of methanol in that case was 
below the range of any peaks observed during the phase behaviour measurements. 
Ultimately, no vapour samples were reported in this work for methanol + CO2 due to the low 
fraction of methanol in the vapour phase for the conditions covered, so, for simplicity and to 
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avoid redundancy, discussion shall focus specifically on the calibration for the liquid ROLSI 
valve. 
 

Figure 4.15: Calibration curves for methanol ― and CO2 - - (a) across the entire relevant range 
and (b) for small peak areas, where the non-linearity due to adsorption is most notable 
 
The calibration curves for methanol and CO2 when using helium as the carrier gas are shown 
in Figure 4.15. The extreme effective non-linearity in the detector response for method is 
readily apparent in Figure 4.15b. Deviations from the expected compositions as a function of 
the methanol peak area are shown in Figure 4.16 for several different modifications to a 
quadratic function of peak area; neglecting adsorption with and without using the parameters 
for CO2 determined using the gas calibration loops, using a simple offset to account for 
adsorption, and when considering adsorption using the Langmuir-like term. 
 

Figure 4.16: Deviations of sampled compositions from the synthetic mixture compositions for 
different optimised versions of the calibration equation, (a) no adsorption and CO2 parameters 
taken from gas sample loop calibrations, (b) no adsorption and CO2 parameters also 
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regressed, (c) adsorption treated with a simple constant offset, (d) adsorption modelled using 
a Langmuir-like term. Each point represents the average of a sequence of samplings, typically 
consisting of 25 samples, xCO2 = ● 0.4802, ■ 0.4132, ♦ 0.5703, ▲ 0.9480 
 
Two variations of the calibration equation were considered, addressing some of the underlying 
assumptions in the adsorption term. First, addressing the real heterogeneity of the sample 
facing surfaces, was a dual site Langmuir model for methanol 

 ,1 ,22
,1 ,2

,1 ,21 1
i i i i

i i i i i i i
i i i i

K A K A
n a A b A c c

K A K A

                   
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which added two more adjustable parameters, ci,2 and Ki,2. When optimised, the second 
adsorption equilibrium constant was large, acting effectively as a constant offset rather than a 
meaningful function of sample size, with no methanol samples in the calibrations being 
sufficiently small to assess the validity properly. 
 
The second variation was to consider the competitive adsorption between methanol and CO2, 
as CO2 would realistically experience some adsorption which would reduce the number of 
sites available for methanol to adsorb to. The calibration equation in this case becomes 
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where Aj is the peak area of the co-adsorbing component and Kj its particular adsorption 
equilibrium constant. 
 
As CO2 lacks the strong interactions that allow methanol to adsorb strongly, and as no loss of 
CO2 through adsorption was been observed in any of the measurements, it is understood that 
it should only experience physisorption and may desorb quickly. Attempts to fit the competitive 
adsorption model with or without the subsequent desorption of CO2 produce similar results, 
with slightly varied parameters, so ultimately CO2 was treated as though all of it desorbs and 
ultimately reaches the detector (ie the sampled amount can be described without the 
adsorption term), but CO2 adsorption still plays a role in preventing methanol from adsorbing. 
The equilibrium constant for CO2 was found to be 31 times smaller than that of methanol, 
considered consistent with the expected behaviour. Furthermore, the adsorption of CO2 is 
sufficiently limited that it is reasonable to treat it also as monolayer adsorption, while, most 
strictly, it would be expected to ultimately form multiple layers requiring a different adsorption 
description and a reconciliation of the two competing types of adsorption, which was not 
necessary in this work. 
 
The performance of these two alternatives models was found to be similar, and shall be 
compared on the basis of the standard deviation of the deviations from the average 
composition measured for each mixture. The single site adsorption of methanol only, as shown 
in Figure 4.16d, achieved a standard deviation of 0.238 mol%, while the dual site adsorption 
achieved a standard deviation of 0.155 mol% and best performance was seen with the 
competitive single site adsorption with a standard deviation of 0.139 mol%, nearly half that of 
the simpler model. The fact that the latter was most accurate, despite introducing one fewer 
adjustable parameter than the dual site model, is taken to indicate that the competitive 
adsorption is the more physically accurate description. A comparison between the 
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performance of the two single site models is shown in Figure 5.17. It should be noted that the 
differences between the three adsorption models are driven primarily by the ability to describe 
the smallest methanol samples in the presence of large amounts of CO2, and within the range 
of sample sizes observed during phase behaviour measurements the single site adsorption of 
methanol alone may be adequate, though the competitive adsorption was ultimately preferred. 
As the deviations from the average sampled compositions (not the expected composition, 
which would also be effected by the uncertainty in the mixture preparation) were normally 
distributed, it is reasonable to expect that ~68 % of compositions measured upon sampling 
would be within 0.14 mol% of the actual sample composition, and ~95 % would be within 0.28 
mol%, recalling here that the sample composition is not necessarily perfectly representative 
of the composition of the equilibrium phases in the cell. 
 

Figure 4.17: Comparison between the deviations for the single site adsorption of methanol 
alone ● and for the competitive single site adsorption of both methanol and CO2 ■, as a 
function of the methanol peak area 
 
While the calibration and measurement samples were now sampled in the same way, and 
thus more representative than in the case of gas sample loop calibration, there remain some 
differences between these samples. All calibration were compressed liquid samples, whereas 
in measurements the samples would be saturated liquids and vapours. Additionally, the 
temperatures and pressures within the cell, as well as the properties of the fluids within it (such 
as density and viscosity) would not be the same as during the calibrations. Ultimately, 
deviations in calibration were sufficiently low that it is unlikely that shape effects had caused 
significant deviations, so the use of a quadratic function of concentration paired with an EMG 
distribution was considered unnecessary. 
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Table 4.5: Optimised conditions for the GC and sampling system used in methanol + CO2 
measurements and the resultant retention times for each component 

Condition Value/Name 

Oven temperature 473 K 
Valve box temperature 363 K 
Detector temperature 553 K 
ROLSI temperature 373 K 
Heated line temperature 373 K 
Carrier gas Helium 
GC upstream pressure 0.25 MPa 
Carrier gas flow rate 10 mL/min 
Reference gas flow rate 20 mL/min 
Make up gas flow rate 2 mL/min 
Separation column Porapak Q 
Methanol retention time 3.2 min 
CO2 retention time 1.5 min 

 

4.3 Additional Considerations 

4.3.1 Materials 

 
The source and purity of the samples are described in Table 4.6, along with any purifications 
performed. The gases were obtained from BOC and were used as supplied without further 
purification, while methanol was obtained in two batches of different quality, from Sigma 
Aldrich and VWR, and degassed under vacuum prior to use.  
 
Helium was used as the carrier gas for the measurements of CO2 with isobutane and with 
methanol, generally an ideal carrier gas when using a TCD because it has a much greater 
thermal conductivity than most other compounds, providing a strong response to those three 
compounds. Hydrogen is the only gas with a higher thermal conductivity than helium and the 
thermal conductivity of mixtures of hydrogen and helium does not vary as a monotonic function 
of mole fraction. Therefore, helium is not a suitable carrier gas when detecting hydrogen using 
a TCD and argon was used in its place for the isobutane + H2 measurements. The thermal 
conductivity of argon is much lower than that of hydrogen and approximately half that of 
isobutane, meaning that a strong response was obtained for the former while an acceptable 
response was obtained for the latter. 
 
Both carrier gases and the hydrogen were available at excellent purity of 0.99999, and the 
CO2 just below at 0.99995. Isobutane could only be obtained at a purity of 0.995; the main 
impurity is understood to be n-butane, whose properties are relatively close to those of 
isobutane. The methanol batches had specified purities of 0.9975 and 0.999, though tested 
higher according to the certificates of analysis for their respective lots, as detailed in Table 
4.7. 
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Table 4.6: Description of the materials used and their mole fraction purities 

Chemical Name Source Purity As Supplied Purification Method 

Isobutane BOC 0.995 None 
Carbon Dioxide BOC 0.99995 None 
Hydrogen BOC 0.99999 None 
Helium BOC 0.99999 None 
Argon BOC 0.99999 None 
Methanol 1 Sigma Aldrich 0.9975 Vacuum degassed 

under stirring 
Methanol 2 Avantor via VWR 0.999 Vacuum degassed 

 
The first batch of methanol would be briefly exposed to the atmosphere upon decanting 
methanol from the supplied bottle into the apparatus’s liquid inlet bottle before being degassed 
under stirring, allowing some air and some moisture to enter the methanol, the former quickly 
removed in degassing. The time between breaking the seal on the supplied bottle and 
beginning to degas was approximately ten seconds each time. The second batch did not use 
the liquid inlet bottle, instead, the supplied bottle was used directly. Two septum ports on the 
supplied bottle were used to connect it to the tubing to the Isco and vacuum pumps and to the 
syringe of dry nitrogen. The supplied bottle remained sealed from the atmosphere throughout 
the procedure, though this meant it was not possible to add a stirring bar to aid in degassing, 
preventing exposure to ambient humidity. For both batches, each bottle would only be used 
once to ensure minimal risk of contamination. The Isco pump would be filled with the amount 
required for a given experiment or series of experiments then raised above ambient pressure, 
typically 10 MPa, for the duration of the experiment(s) to ensure air or moisture would not be 
able to mix into the methanol through any small leaks. 
 
Table 4.7: Quality of the methanol batches as specified and as per the certificate of analysis 
for their particular lots, given on a mass fraction basis to the resolution provided 

 Specification Certificate of analysis 
 Batch 1 Batch 2 Batch 1 Batch 2 

Purity 0.9975 0.999 0.9983 1.000 
Water content 0.00005 0.000020 <0.00001 0.000010 
Residue after evaporation 0.000003 0.000003 0.000003 0.000003 

 
The purity and especially the water content of the methanol is important to the quality of the 
measurements and has been demonstrated in studies of other properties to have a significant 
effect [558]. Impurities may be responsible for some of the disagreements in literature for 
methanol + CO2 phase behaviour. In this work, the water contents of either batch were similar 
and sufficiently low for the methanol to be considered anhydrous for all practical purposes, 
and no differences were observed during measurements or calibrations with either batch, nor 
were any impurity peaks observed by the GC. 
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4.3.2 Control, Data Acquisition & Processing, and Automation 

 
There are several aspects to the control of the apparatus, with the subprocesses ranging from 
entirely manual to entirely automatic. Most of the more minor aspects are trivial, such as the 
manual operation of valves by the operator (when filling or emptying the system) or the 
maintaining of a setpoint by an offline controller (such as the PID controllers that maintain the 
temperature of the sections of the heated sample line), and as such shall not be discussed in 
detail. The more critical aspects are discussed below, as one of the objectives within this work 
was to increase in the degree of automation in the measurement procedure, to move from a 
setup where the sampling at one state point was fully automated to one where measurements 
of entire sets of isotherms could be automated. 
 

Figure 4.18: The main control panel of the control and data acquisition program, as it appeared 
at the end of a sequence of low temperature methanol + CO2 measurements across 7 state 
points. Part of this panel was developed by Souza [533], while the majority was added in this 
work (note that the underlying workings are not visible in this view) 
 
The apparatus was primarily controlled using a computer program implemented in Keysight 
VEE (similar to the more widely used LabVIEW), the main control panel for this program is 
shown in Figure 4.18. This program was originally designed for the purposes of data 
acquisition and control of the sampling system. The former involved the computer being 
connected to the various instruments and readout units, many connected via a data acquisition 
unit (DAU) (Agilent 34970A), where the program would periodically poll the current value of 
system properties from the appropriate unit, at a rate sufficiently high to capture the necessary 
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information but sufficiently low to not overwhelm any part of the system nor to wear out 
switches or relays too rapidly. In this work a rate of 0.1 Hz was used for measured values, 
except for in the venting valve control system, which used a variable rate dependant on the 
derivative of the difference between the current value and the set point. The control of the 
sampling system was managed through the use of a switching board in the DAU, which could 
send signals to the relays that powered the ROLSI valves or to the GC to start or finish running 
the GC method. The remainder of interactions with the GC were handled using the 
manufacturers proprietary software ChemStation and the onboard controllers within the GC. 
 
The modifications made to the apparatus in this work facilitated a much greater degree of 
automation, requiring careful consideration of safety and feasibility of a given run path. The 
Isco pump, with its variable volume, permitted metering of fluids in or out of the cell (using its 
in-built features), while the venting system provided another avenue for removing fluids 
(controlled with a simple on-off controller implemented in software, with a variable refresh rate 
and a one iteration predictive time horizon for improved reliability). Additionally, the bath was 
able to be controlled remotely, though the capabilities this afforded had not been utilised in 
the preceding works. 
 
The first step in implementing automation is to understand the implications of its meaning; for 
actions to be done without thought, exactly as commanded, and with reduced oversight. An 
automated system is no less capable of inflicting damage upon itself than a person using a 
manual one, and knows less. The high pressure syringe pump and temperature changes in 
the cell are especially capable of generating pressures in excess of the safe working limit. In 
the simplest implementation, the methodology of automated measurements mirrors that of 
manual measurements though adaptations are typically required due to differences in how a 
program may interact with the apparatus compared to a human. 
 
It is preferable to keep the number of things controlled automatically to an absolute minimum, 
as the complexity of automated systems grows exponentially with increasing number of 
controllable parameters as a result of combinatorics. For example, the apparatus had, at the 
end of this work, thirty one two-position valves and one four-position valve (excluding cylinder 
valves, check valves, and pressure or flow regulators) such that there were more than eight 
billion unique combinations of valve positions. In practice, only the solenoid valve that actuates 
the venting valve, the ROLSI valves, and the Isco pump inlet/outlet valves were directly 
controlled by the control program (this excludes several valves controlled automatically by the 
GC’s own software, though none actuate during standard measurements), such that the 
number of combinations was limited to thirty two, massively reducing the possibility of serious 
deviations from nominal operation due to control shortcomings. If one were also to consider 
the many variable parameters (such as bath temperature or carrier gas flow rate), limited only 
by the resolution of their controllers, the number of unique states the apparatus may reach 
easily exceeds the number of atoms in the observable universe, the majority of which would 
result in serious damage to the apparatus. 
 
Convenient movement through the (p,T,x,y) phase space that one may wish to cover in their 
measurements is achieved by movement through (p,T,n1,n2) space (at least, for a two phase 
binary system), subject to some constraints in natural and composite dimensions, such as that 
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the fluid-fluid interface inside the cell must lie between the two capillaries. This requires an 
understanding of the behaviour of the mixture; the more accurately one can evaluate the 
internal state of the cell (whose opaque steel walls prevent direct observation), the more 
confidently one may proceed with a predetermined sequence of measurements. 
 
The thermodynamic models being optimised as a research output were applied to predict the 
mixture behaviour, generally the PR-mWS-NTRL model though the PR-vdW model was used 
wherever there were issues with convergence, as in the case of isobutane + H2. A complete 
description of the internal state of the cell, when within the two phase region, is provided 
whenever the amount of one component is known, supplemented by the measured 
temperature, pressure, and equilibrium phase compositions. In this case, changes in Isco 
pump volume provide knowledge of the amount of a component entering the cell, and 
modelling provides an estimation of the amount leaving the cell when venting mixed fluid. The 
liquid level inside the cell was determined using a mass balance, relying on the densities 
predicted by the thermodynamic model. Note that when the amounts of both components in 
the cell are known, the system is over-defined, which can provide an avenue for determining 
the densities of one of the phases. 
 
Movement through the (p,T,n1,n2) space may be done in a variety of ways or in different 
directions, the optimal route typically needs to be evaluated on a case-by-case basis. When 
injecting one component and venting a mixed phase, more control is afforded by venting the 
phase which may be richest in one of the components. Frequently this phase is the vapour, 
rich in the more volatile component, whose mole fraction approaches one in many cases for 
asymmetric mixtures and is often less varied across experimentally relevant ranges of 
pressure than for the liquid phase. Thus, it is generally most convenient to have the pump 
filled with the less volatile component in normal operation, and to vent the mixed vapour phase, 
as such this was the primary approach used in this work. 
 
The determination of the measurement sequence was done a priori in this work, leaving the 
control to rely on dead reckoning. This is not strictly necessary, and the required operations 
to have a more adaptive approach were all tested to various degrees during the investigations 
of methanol + CO2, but the procedure remains largely the same and simply involves closing 
an otherwise open feedback loop. The hardest adaption is the on-the-fly optimisation of the 
thermodynamic model, though this is readily achievable for models with few adjustable 
parameters. For example, a PR-vdW model, with two binary interaction parameters, kij and lij, 
implemented in the VEE program, may be optimised by means of a grid search and reliably 
achieve the global optimal prediction within the time taken to move between state points. This 
capability was partially demonstrated but not fully employed before the end of experiments. 
Processing of the chromatographic data was done in Microsoft Excel following a sequence of 
measurements, but could instead be done by the control program following each state point 
or analysed in real time by connecting the analogue output of the GC to the program. 
 
The most advanced level of automation achieved was in the measurement of methanol + CO2 
at 230, 240 and 250 K. Here, the system was prepared by filling the cell with a metered amount 
of CO2 from the syringe pump, then refilling the pump with methanol, such that contents of the 
cell were known precisely until the first venting of the vapour phase. A small quantity of 
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methanol would be injected into the cell, measurements made at the three different 
temperatures in sequence, then repeating until the estimated liquid level inside the cell grew 
close to its limit, at which point the vapour phase would be vented periodically as well, until 
measurements had been made of three isotherms from near the saturated vapour pressure of 
CO2 down to the lower limit of the sampling system, with a single initial charge of the system. 
 
Automatic detector calibration is also achievable, when using the method of calibration against 
volumetrically prepared synthetic mixtures described previously, by intentionally leaving the 
two phase region after a series of measurements. 
 

4.3.3 Uncertainty 

 
The uncertainty analysis in this work follows largely the same methodology as the preceding 
[305, 306, 532] and related works [545], with modifications for the new calibration method and 
the determination of densities, guided by the methods and definitions of the ‘Evaluation of 
Measurement Data – Guide to the Expression of Uncertainty in Measurement’ [559-561], 
commonly known simply as GUM. 
 
In the determination of the composition zi of the liquid xi or vapour yi phases, the measured 
quantities were the temperature T, pressure p, and the chromatographic peak areas Ai, the 
standard uncertainties of which are provided in Table 4.8. The combined standard uncertainty 
in mole fraction uc(zi) is calculated from these quantities through the expression 
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 (4.36) 

where u(zi) is the uncertainty in the calculated mole fraction of component i (which, in the case 
of a binary mixture, is the same for both components), u(T) is the uncertainty in temperature, 
and u(p) is the uncertainty in pressure. A key assumption here is that the measured quantities 
are independent of each other, which is often the case [559] and can reasonably be expected 
to be here. A second assumption is that the partial derivatives are constant, which less 
guaranteed (primarily for the derivatives of composition with respect to temperature and 
pressure in the above equation, and more guaranteed for the derivatives mentioned below), 
however, the extension of the analysis to exceptions is challenging and requires the use of 
higher order derivatives that are hard to evaluate. The temperature and pressure uncertainties 
dominate in regions of the phase space where the composition changes rapidly, such as in 
near-critical regions and in the high pressure region of the bubble curve for methanol + CO2 
(when below the critical temperature of CO2). In other regions, the uncertainty in mole fraction 
is the main contribution. 
 
From this point, a distinction is made between the uncertainty in measured mole fraction for 
the two calibration methods employed. For the calibration with gas sample loops, the existing 
description is used, where u(zi) is given by 

        22 2 21i i i r i r iu z z z u A u a          (4.37) 

where ur(Ai) is the relative standard uncertainty in peak area and ur(ai) is the relative standard 
uncertainty in the detector response factor ai, assuming a linear function of area is used for 
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the calibration equation. This approximation is not exactly correct, but avoids the difficulty in 
separating the uncertainties in the linear and non-linear calibration parameters. This 
uncertainty comes from the calibration measurements may be described as 

      2 2 2
r i r i r i cal

u a u n u A      (4.38) 

where ur(ni) is the relative standard uncertainty in the amount of substance ni. The calibration 
and area uncertainties have remained effectively unchanged since previous evaluations and, 
as such, u(zi) reduces to the same simple quadratic expression 
    0.011 1i i iu z z z   (4.39) 
 
For calibration against volumetrically prepared synthetic mixtures a different approach is 
taken, relying on the fact that the calibration parameters have been regressed against 
compositions (not amounts) for many samples, such that 

        22 2 21i i i cal synthu z z z u z u z          (4.40) 

where u(zcal) is the uncertainty in sampled compositions observed during calibration (ie the 
standard deviation of the measured compositions from their average value) and u(zsynth) is the 
uncertainty in the composition of the synthetic mixture as a result of its preparation. 
 
In preparing a mixture within the cell, the relevant measured quantities are the temperature, 
pressure, and volume of the Isco pump, and the volumes of two dead volumes, one upstream 
and one downstream of the cell. The uncertainty in which these as measured directly affect 
the final value of the mole fraction inside the cell. The pump temperature and pressure are 
also used to calculate the densities of the pure fluids injected, using models which themselves 
have an uncertainty. Overall, the synthetic mixture uncertainty is given by 
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 (4.41) 

where u(Tp) and u(pp) are the uncertainties in the Isco pump temperature and pressure, 
respectively, ur(V) is the relative uncertainty in the pump volume, Vi is the pump volume swept 
when injecting component i, ur(ρi) is the relative uncertainty in the model used to predict the 
density of that component, and u(Vd,i) is the uncertainty in the dead volume relevant to 
component i. 
 
It should be noted that the dead volume terms cause u(zsynth) to no longer be a symmetric 
function of composition and it is discontinuous at the limits of the pure components, however 
this does not carry through to u(zi) due to the nature of the finite number of synthetic mixtures 
used in the calibration. 
 
Overall, u(zi) again reduces to a simple quadratic function of composition 
    0.0081 1i i iu z z z   (4.42) 
It can be seen that the composition uncertainty with this method is approximately 75 % of the 
previous method. This method should also provide a more accurate value of the uncertainty, 
as the calibration method is reflective of how measurement samples are taken, whereas the 
uncertainty of the previous method is likely underestimated. 
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Not all uncertainties can be captured, primarily due to shortcomings in the ability to reliably 
describe them quantitatively. The most significant is the uncertainty in how representative the 
withdrawn sample if of the actual equilibrium phases, driven especially by the ability for 
entrained liquid in the vapour phase to be unknowingly sampled. Another example would be 
the possible effects of unrecognised temperature gradients within the cell, though these are 
expected to have a negligible effect for this apparatus. The fact that the measurements are 
made in the presence of gravitational acceleration leads to hydrostatic pressure effects that 
cause a pressure gradients that cannot be accurately quantified without knowledge of the 
liquid level inside the cell and the densities of the equilibrium phases, though discussion of 
this uncertainty can be found in literature [307]. 
 
Contributions from further detached uncertainties, such as the influence of ambient relative 
humidity, have been neglected as their magnitude is negligible compared the uncertainty 
contributions discussed above. 
 
Table 4.8: Standard uncertainties of the relevant measured quantities 

Contribution Symbol Uncertainty Units 

Cell Temperature T 0.006 K 
Cell Pressure p 0.009 MPa 
Peak Area* A 0.5 % 
Gas Loop Temperature TGL 1 K 
Gas Loop Pressure pGL 0.0009 MPa 
Pump Temperature Tp 0.3 K 
Pump Pressure pp 0.02 MPa 
Pump Volume* V 0.3 % 
Dead Volume 1 Vd,1 0.1 cm3 
Dead Volume 2 Vd,2 0.25 cm3 
*Relative uncertainty    
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Chapter 5: Results & Discussion 
 
 
 
 
 
 
 
“The most exciting phrase to hear in science, the one that heralds new discoveries, is not 
‘Eureka!’ but ‘That’s funny…’” 
 

— Isaac Asimov 
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5.1 Isobutane + CO2 

5.1.1 Experimental Results 

 
The phase behaviour of isobutane + CO2 was investigated at three temperatures: (240, 280, 
and 310) K, with data tabulated in Table 5.1 and shown graphically in Figure 5.1. Please note 
that, wherever values are indexed numerically (eg x1), component 1 is the more volatile 
component (in this case CO2). Also note that the results for isobutane + CO2, as with isobutane 
+ H2 in the next section, have been published already [138] and are partially reproduced here, 
with some adaptation and further analysis. Similarly, the results of methanol + CO2, in the 
section after, are subject to publication after the time of writing. There were three literature 
data sources available around 310 K, one at 310 K [337] and two at 310.93 K [333, 334], and 
one source of literature data available at 280 K [332], allowing for direct comparisons. The 
data obtained in this work for those two isotherms were found to be in very good agreement 
with the literature data, providing revalidation for the apparatus and technique, previously 
validated [305, 533] before the modifications discussed in the previous chapter were made. It 
can be seen that the vapour composition at 3.34 MPa from Weber’s 280 K [332] 
measurements is probably erroneous, though the other measurements appear to be of high 
quality. The 240 K isotherm is 10 K lower than in the next lowest temperature source [332], 
extending the available data further into the range of relevance for refrigeration. At 240 K the 
pressures were nearing the lower limit of pressure at which the sampling system could function 
and required long ROLSI valve opening times, up to 10 seconds for the vapour phase, also 
meaning no measurements were made at lower still temperatures. Even at these low 
pressures, the results appear consistent with the model predictions and higher temperature 
data.  
 
Table 5.1: Experimental phase behaviour data for [CO2 (1) + isobutane (2)], the temperature, 
T, pressure, p, liquid, x1, and vapour, y1, compositions and their combined standard 
uncertainties, uc(x1) and uc(y1) 

T / K p / MPa x1 y1 uc(x1) uc(y1) 
310.003 6.8206 0.8690 0.9199 1.25×10-3 8.11×10-4 
310.003 6.5503 0.8336 0.9123 1.53×10-3 8.80×10-4 
309.996 6.2706 0.7930 0.9066 1.81×10-3 9.32×10-4 
310.003 5.9435 0.7569 0.8970 2.02×10-3 1.02×10-3 
309.995 5.4556 0.6760 0.8835 2.41×10-3 1.13×10-3 
309.998 4.9009 0.6025 0.8708 2.63×10-3 1.24×10-3 
309.993 4.0123 0.4614 0.8370 2.73×10-3 1.50×10-3 
309.994 3.0092 0.3192 0.7894 2.39×10-3 1.83×10-3 
310.004 2.0185 0.1869 0.7175 1.67×10-3 2.23×10-3 
310.006 1.4631 0.1158 0.6180 1.13×10-3 2.60×10-3 
310.004 1.0426 0.0640 0.4885 6.59×10-4 2.75×10-3 
310.005 0.7233 0.0251 0.2315 2.70×10-4 1.96×10-3 
280.001 3.8865 0.9325 0.9773 6.92×10-4 2.44×10-4 
280.003 3.7361 0.8878 0.9699 1.10×10-3 3.21×10-4 
280.009 3.5536 0.8436 0.9592 1.45×10-3 4.30×10-4 
280.006 2.9466 0.6381 0.9338 2.54×10-3 6.80×10-4 
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T / K p / MPa x1 y1 uc(x1) uc(y1) 
280.007 2.5491 0.5227 0.9165 2.74×10-3 8.41×10-4 
280.007 2.0678 0.3894 0.8947 2.62×10-3 1.04×10-3 
280.005 1.5569 0.2630 0.8586 2.13×10-3 1.34×10-3 
279.998 1.1188 0.1700 0.8058 1.55×10-3 1.72×10-3 
279.999 0.9060 0.1274 0.7555 1.22×10-3 2.03×10-3 
280.002 0.7034 0.0889 0.6953 8.91×10-4 2.33×10-3 
240.008 1.2106 0.9148 0.9854 8.58×10-4 1.59×10-4 
239.997 1.1347 0.8052 0.9770 1.73×10-3 2.47×10-4 
240.003 1.0450 0.6645 0.9667 2.45×10-3 3.54×10-4 
240.010 0.9379 0.5185 0.9599 2.75×10-3 4.23×10-4 
240.013 0.8361 0.4179 0.9484 2.68×10-3 5.39×10-4 
240.008 0.7374 0.3349 0.9434 2.45×10-3 5.87×10-4 
240.005 0.6187 0.2581 0.9302 2.11×10-3 7.14×10-4 
Standard uncertainties are u(T) = 0.006 K, u(p) = 0.009 MPa 

 

5.1.2 Modelling Results 

 
Both PR-vdW and PR-mWS-NRTL were found to describe the behaviour of isobutane + CO2 
very closely, the accuracy primarily only limited by the scatter of the literature data. A 
marginally better fit could be obtained for PR-mWS-NRTL, with an average absolute deviation 
in mole fraction of 0.0071 compared to 0.0094, however the simpler PR-vdW would be 
sufficient in most cases. The former may predict the liquid phase density more accurately 
[217], however this was not able to be assessed. It had been intended that measurements of 
the compressed liquid phase would be made for this mixture and for isobutane + H2 using an 
existing vibrating tube densimeter apparatus [551]; however, a failure of the pump seal 
occurred during testing and a small leak persisted after servicing. The pump piston featured a 
double seal arrangement like in the VVC (discussed in the previous chapter) and similar 
concerns about the possibility of composition changes applied, especially as it was found that 
CO2 swelling slowed the leak over time. 
 
Comparisons of the predictions of the PR models with those of EPPR78, SAFT-γ-Mie, and 
GERG-2008 can also be seen in Figure 5.1. At temperatures of (280 and 310) K, the 
predictions of EPPR78 and GERG-2008 are relatively similar to each other and are almost in 
agreement with the experimental data, however the bubble pressure is consistently 
underpredicted. At T = 240 K, the differences between them are more pronounced, with 
EPPR78 overpredicting the bubble pressure while GERG-2008 underpredicts it. The vapour 
compositions for these three isotherms are in close agreement between the PR models, 
EPPR78, and GERG-2008, though PR-mWS-NRTL just outperforms the others, more so with 
the liquid compositions. SAFT-γ-Mie has the most marked difference in its predictions. At 
T = 310 K, the predicted compositions are more isobutane-rich, especially for the liquid phase, 
and the critical pressure is slightly underpredicted. At T = 280 K an unphysical azeotrope 
appears, also predicted at T = 240 K, and the liquid phase especially remains overly 
isobutane-rich with bubble pressures significantly overpredicted. A prediction of VLLE is also 
visible, which was not found to occur during experiments. If a three phase (VLLE) line were to 
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Figure 5.1: pxy diagrams for [CO2 (1) + isobutane (2)] at (a) 310 K, (b), 280 K, and (c) 240 K, 
showing the experimental data from this work , as well as the data of Nagata et al [337] at 
310 K , Besserer and Robinson [334] at 310.93 K , Weber [332, 333] at 310.93 K  and 
280 K . Also shown are the predictions of PR-vdW ╸╸╸and PR-mWS-NRTL –– and those 
of EPPR78 – –, SAFT-γ-Mie – ·· –, and GERG-2008 – · – 
 
 
Table 5.2: Optimised constants for the temperature dependent binary interaction parameters 
for the two PR EoS models for isobutane + CO2 

Model Parameter 𝑐ଵ  𝑐ଶ  𝑐ଷ 

PR-vdW 𝑘௜௝ 1.40×10-1 -3.30×10-4 8.00×10-7 
𝑙௜௝ 7.83×10-3 -5.01×10-5 - 

PR-mWS-NRTL 𝑘௜௝ 3.03×10-1 -1.00×10-3 1.61×10-6 
𝜏ଵଶ 7.72×10-1 -3.42×10-3 - 
𝜏ଶଵ 2.72×100 -5.43×10-3 - 

 

(a) 

(b) (c) 
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exist, it is likely that this would be at temperatures lower than those at which solid formation, 
not normally considered in fluid thermodynamic models, occurs. As such, from a practical 
perspective, one could consider the mixture to exhibit type I phase behaviour according to the 
classifications of van Konynenburg & Scott [322], as has been done for other CO2 + alkane 
mixtures [562]. For n-alkanes, it is only for heptane and beyond that the VLLE curve appears, 
so this treatment may be reasonable. The SVLE curve for most of these CO2 + light alkane 
binaries has not been traced far enough to rule out the possibility of a disconnected LLE 
region, though for isobutane (and n-butane) it is unlikely. As the van Konynenburg & Scott 
types do not consider solid formation, from a fluid theory perspective one could perhaps view 
the mixture differently. Determination of the mixture type from interaction parameters alone is 
difficult for real mixtures; the idealised analysis of van Konynenburg & Scott [322] suggests 
that the mixture should be classified as type II but is not strictly applicable here. The only 
physically meaningful difference (outside of metastable subcooled states) would be the 
existence of Widom-like lines and accompanying critical enhancements (at least, per 
contemporary understanding), however for this mixture a hypothetical liquid-liquid critical 
curve would be too far detached from the region of real fluid coexistence to be significant. That 
said, one cannot place excessive emphasis on this without acknowledging that the van 
Konynenburg & Scott lose some meaning when applied in such a way. The classifications of 
Bolz et al [321] are less ambiguous, the mixture is at least type 1P or at most type 1PXX (to 
indicate uncertainty as to the potential for LLE to exist under conditions unseen, perhaps as 
type 1P𝑙X), but the lack of standardisation regarding solid phases still presents a problem. 
 
The binary interaction parameters used in this work were described as functions of 
temperature in the following manner: 
 2

1 2 3( / K) ( / K)X c c T c T    (5.1) 
where X stands for kij, lij, τij, εkl, or λr

kl, as appropriate, and c1, c2, and c3 are constants regressed 
by the minimisation of the sum squared error between the measured compositions and the 
model predictions, shown in Tables 5.2, 5.4, 5.9, and 5.10. 
 

5.2 Isobutane + H2 

5.2.1 Experimental Results 

 
The phase behaviour of isobutane + H2 was investigated at nine temperatures: (190, 240, 280, 
311, 339, 363, 390, and 400) K, with data tabulated in Table 5.3 and shown graphically in 
Figure 5.2. These measurements span almost the entire range from the lower temperature 
limit of the apparatus to the critical point of isobutane, 71% of the range between the triple 
point and critical point temperatures of isobutane. They also constitute the largest dataset for 
a hydrogen binary mixture produced in the past four decades, by number of datapoints and 
range of conditions spanned. For the (390 and 400) K isotherms the mixture critical pressure 
was within the operating range of the apparatus, allowing for measurements to be made in the 
near critical region. Two isotherms, (311 and 339) K, could be directly compared to literature 
data [176], finding surprisingly close agreement for the liquid compositions while there is a 
pronounced difference for the vapour compositions, with consistently lower hydrogen mole 
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fractions found in this work than in literature. This is not unusual, given that the one prior study 
was conducted long ago with rudimentary techniques with documented troubles [176, 509]. 
 
Table 5.3: Experimental phase behaviour data for [H2 (1) + isobutane (2)], the temperature, T, 
pressure, p, liquid, x1, and vapour, y1, compositions and their combined standard uncertainties, 
uc(x1) and uc(y1) 

T / K p / MPa x1 y1 uc(x1) uc(y1) 
399.989 9.1782 0.2011 - 8.25×10-3  - 
  0.1995 - 8.25×10-3  - 
399.994 8.9165 - 0.2489 - 2.14×10-3 
399.987 8.8297 0.1647 0.2489 1.87×10-3 2.10×10-3 
399.984 8.6578 0.1552 0.2515 1.71×10-3 2.09×10-3 
399.988 8.5031 0.1480 0.2521 1.62×10-3 2.09×10-3 
399.977 8.2699 0.1385 0.2507 1.51×10-3 2.08×10-3 
399.991 7.9605 0.1269 0.2484 1.22×10-3 2.05×10-3 
399.991 7.6946 - 0.2461 - 2.04×10-3 
399.986 7.4167 0.1094 0.2379 1.07×10-3 1.99×10-3 
399.985 7.1132 0.1002 0.2304 9.92×10-4 1.95×10-3 
399.996 7.0312 0.0974 0.2288 9.67×10-4 1.94×10-3 
399.982 6.6041 0.0858 0.2150 8.63×10-4 1.86×10-3 
399.981 5.9999 0.0696 0.1921 7.12×10-4 1.71×10-3 
399.994 5.8940 - 0.1883 - 1.68×10-3 
399.996 5.8239 - 0.1852 - 1.66×10-3 
399.979 5.6957 0.0617 0.1783 6.37×10-4 1.61×10-3 
399.979 5.2926 0.0513 0.1582 5.35×10-4 1.46×10-3 
399.991 5.2190 - 0.1560 - 1.45×10-3 
399.980 4.9934 0.0438 0.1413 4.61×10-4 1.33×10-3 
399.981 4.6905 0.0362 0.1224 3.84×10-4 1.18×10-3 
399.981 4.2873 - 0.0944 - 9.40×10-4 
399.983 3.9891 - 0.0718 - 7.33×10-4 
390.001 16.4992 0.3375 0.4233 3.84×10-3 3.82×10-3 
390.001 16.2475 0.3148 0.4434 2.72×10-3 2.93×10-3 
390.003 16.0043 0.3004 0.4541 2.51×10-3 2.83×10-3 
390.003 15.8044 0.2908 0.4600 2.41×10-3 2.80×10-3 
390.004 15.5051 0.2802 0.4632 2.32×10-3 2.78×10-3 
390.003 15.2538 0.2707 0.4692 2.26×10-3 2.78×10-3 
390.001 15.0003 0.2618 0.4717 2.20×10-3 2.77×10-3 
390.002 14.8025 0.2556 0.4732 2.16×10-3 2.77×10-3 
390.004 14.5060 0.2465 0.4761 2.10×10-3 2.77×10-3 
390.004 14.2558 0.2393 0.4763 2.06×10-3 2.77×10-3 
390.002 14.0042 - 0.4773 - 2.77×10-3 
390.002 13.5007 0.2201 0.4746 1.89×10-3 2.74×10-3 
390.003 13.0006 0.2075 0.4726 1.81×10-3 2.74×10-3 
390.003 12.4980 0.1954 0.4693 1.73×10-3 2.74×10-3 
390.002 11.9938 - 0.4643 - 2.74×10-3 
390.014 11.4921 0.1732 0.4602 1.58×10-3 2.73×10-3 
390.014 10.9891 0.1622 - 1.49×10-3 - 
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T / K p / MPa x1 y1 uc(x1) uc(y1) 
390.013 10.4842 0.1514 - 1.41×10-3 - 
389.998 9.4606 0.1304 - 1.25×10-3 - 
390.000 9.2051 0.1251 - 1.20×10-3 - 
390.000 8.9506 0.1199 - 1.16×10-3 - 
389.998 8.7462 0.1158 - 1.13×10-3 - 
390.001 8.4521 0.1101 - 1.08×10-3 - 
390.000 8.2097 0.1052 - 1.04×10-3 - 
389.999 7.9565 0.1002 - 9.92×10-4 - 
390.008 7.7552 0.0967 0.3582 9.61×10-4 2.53×10-3 
390.005 6.8458 0.0791 0.3194 8.01×10-4 2.39×10-3 
390.006 5.9292 0.0618 0.2700 6.38×10-4 2.17×10-3 
390.008 5.1509 0.0466 0.2120 4.89×10-4 1.84×10-3 
390.005 4.0009 0.0253 0.1489 2.71×10-4 1.39×10-3 
374.989 19.9277 0.2703 0.6701 2.17×10-3 2.43×10-3 
374.991 19.5304 0.2648 0.6704 2.14×10-3 2.43×10-3 
374.989 19.0294 0.2564 0.6696 2.10×10-3 2.43×10-3 
374.988 18.5257 0.2485 0.6678 2.05×10-3 2.44×10-3 
374.989 18.0255 0.2405 0.6657 2.01×10-3 2.45×10-3 
374.991 17.5275 0.2328 0.6610 1.96×10-3 2.46×10-3 
374.988 17.0180 0.2250 0.6590 1.92×10-3 2.47×10-3 
374.987 16.5157 0.2172 0.6576 1.87×10-3 2.48×10-3 
374.987 16.0145 0.2094 0.6542 1.82×10-3 2.49×10-3 
374.988 15.5118 0.2016 0.6499 1.77×10-3 2.50×10-3 
374.994 15.0206 0.1947 0.6447 1.72×10-3 2.52×10-3 
374.992 14.5125 0.1869 0.6381 1.67×10-3 2.54×10-3 
374.996 14.0201 0.1795 0.6361 1.62×10-3 2.55×10-3 
374.993 13.5080 0.1718 0.6277 1.56×10-3 2.57×10-3 
374.995 13.0143 0.1641 0.6232 1.51×10-3 2.58×10-3 
374.993 12.5032 0.1567 0.6166 1.45×10-3 2.60×10-3 
374.994 12.0074 0.1489 0.6080 1.39×10-3 2.62×10-3 
374.988 9.9708 0.1186 0.5703 1.15×10-3 2.70×10-3 
374.988 8.9630 0.1035 0.5457 1.02×10-3 2.73×10-3 
374.988 8.4584 0.0958 0.5307 9.53×10-4 2.74×10-3 
375.005 7.4120 0.0812 0.5177 8.21×10-4 2.75×10-3 
375.006 7.0097 0.0753 0.5004 7.66×10-4 2.75×10-3 
375.007 6.5050 0.0680 0.4744 6.97×10-4 2.74×10-3 
375.007 6.0019 0.0606 0.4461 6.27×10-4 2.72×10-3 
375.001 5.4958 0.0533 0.4081 5.55×10-4 2.66×10-3 
374.994 4.9914 0.0456 - 4.79×10-4 - 
374.996 4.4892 0.0383 - 4.05×10-4 - 
374.995 3.9859 0.0302 - 3.22×10-4 - 
363.147 18.9980 0.2225 0.7543 1.90×10-3 2.04×10-3 
363.145 17.9877 0.2099 0.7494 1.82×10-3 2.07×10-3 
363.145 16.9809 0.1973 0.7439 1.74×10-3 2.10×10-3 
363.148 16.6861 0.1933 0.7442 1.72×10-3 2.09×10-3 
363.148 16.3844 0.1897 0.7425 1.69×10-3 2.10×10-3 
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T / K p / MPa x1 y1 uc(x1) uc(y1) 
363.148 16.1824 0.1867 0.7408 1.67×10-3 2.11×10-3 
363.147 15.9836 0.1848 0.7296 1.66×10-3 2.17×10-3 
363.147 15.7828 0.1823 0.7388 1.64×10-3 2.12×10-3 
363.148 15.4819 0.1784 0.7359 1.61×10-3 2.14×10-3 
363.147 14.9828 0.1719 0.7332 1.57×10-3 2.15×10-3 
363.147 14.4770 0.1655 0.7271 1.52×10-3 2.18×10-3 
363.148 14.2760 0.1626 0.7309 1.50×10-3 2.16×10-3 
363.149 13.9738 0.1597 0.7249 1.48×10-3 2.19×10-3 
363.148 13.7766 0.1571 0.7217 1.46×10-3 2.21×10-3 
363.148 13.5711 0.1545 0.7207 1.44×10-3 2.21×10-3 
363.149 13.3723 0.1519 0.7195 1.42×10-3 2.22×10-3 
363.149 13.1738 0.1495 0.7154 1.40×10-3 2.24×10-3 
363.146 12.9620 0.1458 0.7178 1.37×10-3 2.23×10-3 
363.147 11.9555 0.1335 0.7047 1.27×10-3 2.29×10-3 
363.146 10.9556 0.1211 0.6863 1.17×10-3 2.37×10-3 
363.157 9.4536 0.1022 0.6588 1.01×10-3 2.47×10-3 
363.154 8.9856 0.0958 0.6482 9.53×10-4 2.51×10-3 
363.148 8.4388 0.0892 0.6400 8.94×10-4 2.53×10-3 
363.148 7.9675 0.0834 0.6248 8.41×10-4 2.58×10-3 
363.143 5.3536 0.0499 0.5159 5.22×10-4 2.75×10-3 
363.145 4.9518 0.0446 0.4925 4.69×10-4 2.75×10-3 
363.145 4.7009 0.0413 0.4760 4.36×10-4 2.74×10-3 
363.145 4.4490 0.0394 0.4609 4.16×10-4 2.73×10-3 
338.710 19.7239 0.1875 0.8549 1.68×10-3 1.36×10-3 
338.711 18.0148 0.1728 0.8465 1.57×10-3 1.43×10-3 
338.710 15.9917 0.1529 0.8372 1.43×10-3 1.50×10-3 
338.711 14.9931 0.1439 0.8321 1.35×10-3 1.54×10-3 
338.700 13.2959 0.1272 0.8288 1.22×10-3 1.56×10-3 
338.700 11.9938 0.1187 0.8223 1.15×10-3 1.61×10-3 
338.700 10.4888 0.1047 0.8132 1.03×10-3 1.67×10-3 
338.703 7.1078 0.0657 0.7562 6.76×10-4 2.03×10-3 
338.704 3.9616 0.0332 0.6430 3.54×10-4 2.53×10-3 
338.704 2.1000 0.0126 0.4224 1.37×10-4 2.68×10-3 
310.919 16.1656 0.1281 0.9220 1.23×10-3 7.91×10-4 
310.926 12.5358 0.1009 0.9177 9.98×10-4 8.30×10-4 
310.926 8.8101 0.0713 0.8970 7.28×10-4 1.02×10-3 
310.925 5.5123 0.0441 0.8529 4.64×10-4 1.38×10-3 
310.925 2.9979 0.0228 0.7529 2.45×10-4 2.05×10-3 
310.936 1.5339 0.0094 0.5996 1.02×10-4 2.64×10-3 
279.994 19.7308 0.1267 0.9690 1.22×10-3 3.30×10-4 
279.991 16.9987 0.1073 0.9697 1.05×10-3 3.23×10-4 
280.000 14.1845 0.0909 0.9668 9.09×10-4 3.53×10-4 
280.003 11.0385 0.0723 0.9629 7.38×10-4 3.93×10-4 
279.987 7.5495 0.0501 0.9534 5.23×10-4 4.89×10-4 
279.989 4.6215 0.0287 0.9321 3.07×10-4 6.97×10-4 
279.990 2.1057 0.0124 0.8755 1.35×10-4 1.20×10-3 
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T / K p / MPa x1 y1 uc(x1) uc(y1) 
279.992 1.0852 0.0057 0.7770 6.21×10-5 1.91×10-3 
239.995 19.7104 0.0941 0.9928 9.38×10-4 7.86×10-5 
239.995 16.1565 0.0837 0.9916 8.43×10-4 9.17×10-5 
239.996 12.5402 0.0623 0.9857 6.43×10-4 1.55×10-4 
239.997 9.0786 0.0452 0.9857 4.75×10-4 1.55×10-4 
239.997 5.5076 0.0265 0.9870 2.84×10-4 1.42×10-4 
239.998 2.3701 0.0115 0.9764 1.25×10-4 2.53×10-4 
239.995 1.0844 0.0057 0.9526 6.25×10-5 4.97×10-4 
189.948 19.4572 0.0584 0.9995 6.05×10-4 5.50×10-6 
189.950 15.8934 0.0490 0.9992 5.13×10-4 8.39×10-6 
189.934 12.0480 0.0362 0.9993 3.84×10-4 7.69×10-6 
189.947 8.9784 0.0291  - 3.11×10-4 - 
Standard uncertainties are u(T) = 0.006 K, u(p) = 0.009 MPa 

 
There were some complications with the measurements, most notably issues with sampling 
the vapour phase. Liquid samples were generally unproblematic (both for this mixture and the 
others investigated), near identical samples of the liquid phase could be obtained immediately 
after a short flushing, while equivalently consistent samples of the vapour frequently required 
up to twenty five samplings, sometimes still varying unsatisfactorily even after that point. It is 
believed that these issues were the result of disruptions to the equilibrium upon sampling, 
where small amounts of liquid could become entrained in the vapour and even accumulate on 
the capillary for the vapour sampling ROLSI valve. These effects, and the extent of their 
inconvenience, have been detailed in some depth in the literature [201, 202] where windowed 
cells have allowed for visual observation. In such a situation, the system is effectively in 
temperature and pressure equilibrium but not in surface equilibrium. The energetic effects are 
subtle, such that would require exceptionally precise temperature and pressure 
measurements for the occurrence of this effect to produce a noticeable signal. 
 
Direct visual observation is insufficient to confirm whether entrainment has occurred, for two 
major reasons. The first, expected to be less common, is that the refractive indices of the 
phases may be very similar and change as compositions equilibrate, allowing for droplets to 
appear and disappear from sight, as has been encountered in interfacial tension 
measurements [563]. The second issue, pertinent to any attempt at observation (visual or 
otherwise, with the partial exception of light and matter scattering techniques), is that the effect 
may produce droplets of size down to nanometre-scale (nanodrops). Nanodrops are far longer 
lived than larger scale droplets due to their low effective surface tension [187, 564]. For H2 
mixtures the effect may be even more pronounced, as the thermal de Broglie wavelength of 
hydrogen is non-negligible [565]. Furthermore, at the nano-scale, there is also no immediately 
apparent metric by which an experimentalist may assess if agglomerations of molecules are 
nanodrops (that will proceed to slowly coalesce until they are a macroscopic bulk phase), 
colloids (that may remain suspended indefinitely), transient clusters (that are commonplace 
wherever meaningfully supercritical (ie neither strictly liquid-like or gas-like) fluids are present), 
or simply stable configurations of the fluid which are inhomogeneous at the molecular level 
(recall here the concept of two fluid models). This is, in part, due to insufficient definition. 
Further discussion of nanodrops, their relation to supercritical fluids, and the theoretical 
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shortcomings of the definitions of both surface tension and fluid states (including colloids) is 
excluded for brevity. 
 
In some instances, such as some moderate pressures at T = 390 K, liquid compositions are 
given while vapour compositions are not, as no steady vapour sample composition could be 
obtained despite the liquid samples remaining well behaved. A small number of state points 
are missing a liquid or vapour composition due to complications with liquid level. While 
implementing and testing the automated system, the liquid level inside the cell would 
sometimes exceed the working limits, especially when only using the syringe pump to increase 
the pressure (before the venting system was implemented). This was amplified by 
uncertainties from the model affecting estimates of the liquid level. This issue was normally 
exhibited as the first and/or last state point, in a sequence of measurements, sampling the 
same phase with both ROLSIs. This data was included when there was confidence that the 
contents of the cell were still in the two phase region, and excluded wherever it was likely that 
only one phase was present. 
 
The lowest temperature explored, 190 K, was sufficiently low for the ortho-para ratio of 
hydrogen to change from its high temperature limit, differing by approximately 3 %. The 
mixture was left to equilibrate for several days at this temperature before measurements 
across the isotherm began (which itself was spread across several days), so it is reasonable 
to suspect that the equilibrium ratio may have been reached. No measurements were made 
of the ortho-para ratio, and contemporary understanding of the conversion (taking on the order 
of days in the simple case of pure hydrogen in the absence of external fields) is insufficient to 
assess with certainty what the conversion rate would be in the presence of isobutane and the 
dynamic magnetic field produced by the stirring system. It is likely that any divergences from 
the equilibrium ratio would have had negligible effect (which cannot be said if one proceeded 
to lower temperatures still). 
 

5.2.2 Modelling Results 

 
The near critical data obtained were very important for modelling purposes, as accuracy in 
this region can provide insights into a model’s performance and allow for better fitting. 
Predictions of this region were found to be much more variable when regressing BIPs only 
from the lower temperature isotherms, where the liquid composition varies relatively linearly 
as a function of pressure, akin to the idealistic Henry’s law, and the top of the phase envelope 
is far out of sight. 
 
A quality of fit like that seen with isobutane + CO2 using the PR models could not be achieved 
with isobutane + H2. For PR-vdW, predictions of the vapour phase compositions are generally 
accurate, however, at higher temperatures, most notably (363 and 375) K, a difference in trend 
is visible at high pressures. The accuracy of the predicted liquid phase compositions varies 
less consistently across the temperature range, over-predicting the H2 mole fractions at (390 
and 400) K, under-predicting them from (280 to 363) K, then notably over-predicting them 
again at 190 K. This is believed to be an artifact of the temperature dependant BIPs, especially 
given the good agreement between liquid compositions measured in this work and the 
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literature for the comparable isotherms. Unfortunately, numerical problems were encountered 
when trying to regress the BIPs for PR-mWS-NRTL for isobutane + H2, and no useful results 
could be obtained with this model. The highly asymmetric nature of this mixture greatly 
increases the difficulty in converging the flash algorithms, resulting in frequent, though 
unpredictable, failures to converge to a valid solution. It is suspected that the capacity of this 
mixture (like all hydrogen binaries, other than mixtures with its own isotopes) to exhibit molar 
density inversions was not handled well by the flash algorithm, exacerbating convergence 
difficulties. 

Figure 5.2: pxy diagrams for [H2 (1) + isobutane (2)] at (a) 190 K, (b), 240 K, (c) 280 K, (d) 311 
K, (e) 339 K, (f) 363 K, (g) 375 K, (h) 390 K, and (i) 400 K, showing the experimental data from 
this work , as well as the data of Dean and Tooke [176] at (311 and 339) K  and the 
predictions of PR-vdW –– (Figure continues on next page) 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 5.2: pxy diagrams for [H2 (1) + isobutane (2)] at (a) 190 K, (b), 240 K, (c) 280 K, (d) 311 
K, (e) 339 K, (f) 363 K, (g) 375 K, (h) 390 K, and (i) 400 K, showing the experimental data from 
this work , as well as the data of Dean and Tooke [176] at (311 and 339) K  and the 
predictions of PR-vdW –– (Continued from previous page) 
 
Despite the challenges in modelling isobutane + H2 with PR-vdW and PR-mWS-NRTL, a 
significantly better fit is obtained with PR-vdW than with the alternative models, as can be 
seen in Figure 5.3. As mentioned previously, SAFT-γ-Mie cannot currently be used for this 
mixture, however EPPR78 and GERG-2008 could be. At T = 390 K, EPPR78 systematically 
underpredicts the isobutane mole fraction in both phases while overpredicting the critical 
pressure. While imprecise, the predictions are still reasonable and the trends as expected, the 
same statement cannot be made about the predictions of GERG-2008. At T = 390 K, the 
predicted phase envelope is much larger than found in experiments, with the liquid excessively 
isobutane-rich and the vapour excessively H2-rich, and does not close at high pressures. The 
shortcomings are most visible when examining the pressure-temperature plot of the mixture 

(g) (h) 

(i) 
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critical loci, as shown in Figure 5.4. The experimentally estimated critical points and those 
predicted by PR-vdW and EPPR78 all depart from the critical point of isobutane with a 
negative slope and tend quickly towards great pressure, while GERG-2008 predicts that the 
critical loci depart with a positive slope before passing a temperature maximum and turning 
back to lower temperatures and higher pressures. This prediction is unphysical and a known 
shortcoming of GERG-2008 in the description of hydrogen mixtures [288, 531]. The departure 
with positive slope is seen almost exclusively with helium mixtures [218], while the temperature 
maximum is more unusual still. Neither EPPR78 or GERG-2008 produce sufficiently accurate 
predictions for real world use, and there is clear room for their parameters to be refined. 
Additionally, the group interaction parameters for the CH group with H2 in SAFT-γ-Mie can and 
should be optimised with the new experimental data, though this is outside the scope of this 
work. 
 

Figure 5.3: pxy diagram for [H2 (1) + isobutane (2)] at 390 K, showing the experimental data 
from this work , as well as the predictions of PR-vdW –– and those of EPPR78 – – and 
GERG-2008 – · – 
 
Table 5.4: Optimised constants for the temperature dependent binary interaction parameters 
for PR-vdW EoS model for isobutane + H2 

Model Parameter 𝑐ଵ  𝑐ଶ  𝑐ଷ 

PR-vdW 𝑘௜௝ 3.07×100 -1.00×10-2 -7.71×10-6 

𝑙௜௝ 5.61×10-1 -2.12×10-3 - 
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5.2.3 Critical behaviour 

 
The binary mixture of isobutane + H2 was found to unambiguously display type III/1CXX phase 
behaviour, as could reasonably be expected for a mixture of such dissimilar molecules [325]. 
The mixture critical loci can be seen to rise sharply from the critical point of isobutane, though 
its path at very high pressures is unknown. The melting line of isobutane, near to which the 
three phase vapour-liquid-solid equilibrium line is expected to follow if consistent with other 
hydrogen mixtures [420, 422, 425, 526], is far separated from the critical loci. It is perhaps 
unlikely that the two should ever meet, if so it would be at enormous pressure, however the 
critical loci may instead eventually turn back towards higher temperatures, as is known to 
occur for other type III mixtures [218, 324, 419]. Prediction of the phase behaviour in regions 
so detached from experimental data is challenging, and the cubic equations of state used in 
this work may not be capable of describing some aspects of it [566], though alternative models 
such as Carnahan-Starling-type, and (beyond it) SAFT-type, equations of state may overcome 
this issue. 
 

Figure 5.4: pT diagram for isobutane + H2, showing the vapour curves of pure isobutane –– 
and H2 –– predicted by the EoS of Bücker & Wagner and of Leachman et al, the critical points 
of pure isobutane  and H2 , the experimentally estimated mixture critical points , and the 
mixture critical loci predicted by PR-vdW ––, EPPR78 – –, and GERG-2008 – · – 
 
Critical scaling laws were applied in order to determine the critical point at (390 and 400) K, 
given in Table 5.5, using the following equation [567] for binary mixtures: 

    2
1 1, 1 2 2

β

c c c

λ μ
z z λ ε p p ε p p

        
 (5.2) 
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where z1 is the mole fraction of H2 in the liquid, where ε = 1, or vapour, where ε = -1, p is the 
pressure, z1,c is the critical composition, pc is the critical pressure, β = 0.325, and λ1, λ2, and μ 
are scaling parameters. z1,c, pc, λ1, λ2, and μ have been described as a linear function of 
temperature, in order to allow for the calculation of (∂zi/∂T) in the combined composition 
uncertainties, according to the equation: 

  ,1 ,2 /M MM a a T K   (5.3) 

where M stands for z1,c, pc, λ1, λ2, or μ, while a1 and a2 are constants are regressed against 
experimental data by minimising the sum squared error in composition, the values of which 
are listed in Table 5.6. 
 
Table 5.5: Estimated critical pressure, pc, and composition, z1,c, for [H2 (1) + isobutane (2)] at 
experimental temperatures, T 

T / K pc / MPa z1,c 

390.003 16.598 0.3829 

399.986 9.191 0.2153 

 
Table 5.6: Values of the parameters used in the determination of critical points using the critical 
scaling laws and estimation of near critical uncertainties 

Parameter a1 a2 

λ1 4.58×10-1 -1.20×10-3 

λ2 -2.24×10-1 5.79×10-4 

μ -2.51 5.96×10-3 

z1,c 6.92 -1.68×10-2 

pc 305.44 -7.41×10-1 

 
The points at 9.18 MPa for the 400 K isotherm were initially excluded from the parameter fitting 
as both ROLSI valves had sampled the same phase and it was not certain if the system was 
still in the two phase region. These points were found to lie almost exactly on the curve 
predicted by the equations, as can be seen in Figure 5.5 and so were ultimately included in 
the fitting, to minimal effect. The quality with which the critical scaling laws could be aligned 
with the near critical data is taken as an indication that the data in this region are 
thermodynamically consistent and self-consistent. 
 
The most fascinating result of the investigation of isobutane + H2 was only observed after 
publication of the main results, a fitting demonstration of how challenging it can be to ensure 
that a phase space has been fully explored (even when modelling). The PR-vdW parameters 
optimised in the work predict a temperature minimum in the critical curve. This had not been 
noticed originally, despite interest in the potential occurrence, as a result of the choice of flash 
algorithm; while most of this work used pT flashes, comparisons in Clapeyron used Tx flashes 
which struggled with the inflection points in composition as a function of pressure. 
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Figure 5.5: Near critical region of [H2 (1) + isobutane (2)] at (390 and 400) K in terms of the 
pressure p and reduced critical composition z1/z1,c, showing the predictions of the scaling law 
— as well as the experimental data for the liquid  and vapour  compositions 
 
The mixture critical curve predicted by the optimised PR-vdW model, when extended to higher 
pressures than were investigated experimentally (by an order of magnitude), displayed the 
trend shown in Figure 5.6. The prediction of a temperature minimum itself is not surprising, as 
has been alluded to in the general discussion of hydrogen mixtures, however this is followed 
shortly by pressure maximum and, further along, by a pressure minimum (albeit at 
temperatures beyond those used in optimisation, ie T > 400 K). At first glance, the critical 
curve predicted looks much like a mixture isopleth that has been mirrored horizontally. 
 
The predicted behaviour is unusual, discussion of such behaviour was not found in the 
literature. That no such behaviour has been observed or described for any binary mixtures 
cannot be said with certainty, however the extensive search of hydrogen binaries specifically 
is considered exhaustive. The critical curve is continuous, such that it is topologically identical 
to any other type III mixture, though the region persisting to high temperatures and pressures 
appears almost like the intersection of a normal type III or 1CXX critical curve (tending to high 
pressures) with a 𝑢 type (per the Bolz classifications) critical curve descending from high 
pressures. Further work will be required to ascertain if this prediction is plainly unphysical. 
Cursory examinations of the properties predicted under these conditions found no obvious 
signs of unphysicality, for instance the molar volumes did not excessively encroach on the co-
volumes (though this is for the vdW rule with lij ≠ 0). To assess the validity of the behaviour 
with low uncertainty will most likely require the renewal of hydrogen fluid phase behaviour 
research at pressures in excess of 100 MPa, largely abandoned in the years following the 
works of Streett and coworkers. That said, there is little reason not to pursue such 
measurements regardless of this observation; for instance, the pressures are not far beyond 
those seen in H2 pipelines or when allowing liquid hydrogen to heat isochorically. 
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Figure 5.6: pT projection of the mixture critical curve – for isobutane + H2 predicted by the PR-
vdW EoS using BIPs optimised against the experimental data up to 20 MPa, including the 
isobutane critical point and the two experimentally estimated mixture critical points  
 
Given that research into the behaviour of hydrogen-containing solids (primarily hydrogen 
clathrates) is a field of active investigation, typically at pressures in excess of 1 GPa and with 
high uncertainties (especially in pressure and composition), it appears not only reasonable but 
also necessary to examine the fluid phase behaviour up to such pressures. It is unclear from 
the literature if such research has been neglected for some intentional (albeit perhaps no 
longer justifiable) reason or if it has stalled due to the more/some practical realities of research. 
It is evident that research from the time of Kay and contemporaries was driven by practical 
process development needs for the petrochemical industry, with ancillary curiosity about 
behaviour in regions of the phase space yet to be explored spurred by the recent 
developments in the behaviour of nitrogen + ammonia, the first practically demonstrated type 
III mixture [185]. The rapidly growing scale of petrochemical usage, prompting studies of 
common industrial mixtures, then coupled well with the period wherein researchers like Streett 
and Brunner placed much attention in extension of data to high pressures. 
 
Attention appears to have since diverged, partly going to high pressure solid phase behaviour 
(eg with diamond anvils), though otherwise simply ceasing out of sight. The growing 
importance of in hydrogen in the net zero transition will certainly spur new studies (as it did 
with this work), however the time taken to foster interest and conduct experiments remains a 
significant hurdle. Given the harsh constraints and wide ranging knowledge gaps, it would be 
pertinent to address the nascent known unknowns and regions with potential for unknown 
unknowns preferentially. It will not be possible to appreciate the space within which process 
engineering problems can be solved without this. 
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5.3 Methanol + CO2 

5.3.1 Experimental Results 

 
The phase behaviour of methanol + CO2 was investigated at five temperatures: (230, 240, 
250, 273.15, and 298.15) K, with data tabulated in Table 5.7 and shown graphically in Figures 
5.7 and 5.8. Data is provided only for the liquid phase, as the fraction of methanol in the vapour 
is nearly zero while the measurement uncertainty resulting from the adsorption of methanol is 
significant. Attempts were made to measure the vapour composition at T = 298.15 K, where 
the methanol fraction was at its highest of the all the measured temperatures, and samples 
were occasionally withdrawn at the lower temperatures to confirm that the vapour was still 
present. Ultimately there was insufficient value to these measurements, as several sets of 
literature data were available and, more importantly, model predictions under these conditions 
are accurate. The liquid phase composition was of much greater value, as the behaviour in 
this region is difficult to capture and the disagreements in the literature prevent accurate model 
optimisation. 
 
Comparisons to literature data are also shown in Figures 5.7 and 5.8. Data at temperatures 
within ± 3 K have also been included in Figure 5.7 to supplement the data scarcity at low 
temperatures, though caution should be taken to infer too much from those comparisons as 
the bubble curve shifts rapidly with temperature under those conditions. In general, there are 
substantial disagreements between the numerous literature sources, though the trends are 
consistent for all (at least, for datasets of non-trivial size). At temperatures near and below the 
critical temperature of CO2 the liquid curve has two distinct regimes. At low pressures, starting 
from the saturated vapour pressure of methanol, the composition is a roughly linear function 
of pressure, close to the behaviour of Henry’s law. More complex behaviour is seen at high 
pressures, near to the saturated vapour pressure of CO2 (or the CO2 widom lines for 
supercritical temperatures), with the curve flattening significantly, before increasing in slope 
for xCO2 ≥ 0.9. 
 
Table 5.7: Experimental phase behaviour data for [CO2 (1) + methanol (2)], the temperature, 
T, pressure, p, liquid, x1, compositions, their standard uncertainties, u(x1), and their combined 
standard uncertainties, uc(x1)  

T / K p / MPa x1 u(x1) uc(x1) 

298.151 6.106 0.9410 4.50×10-4 2.80×10-3 
298.149 6.061 0.9286 5.37×10-4 3.18×10-3 
298.152 6.007 0.8986 7.38×10-4 4.38×10-3 
298.151 5.967 0.8752 8.85×10-4 5.66×10-3 
298.153 5.939 0.8474 1.05×10-3 7.60×10-3 
298.150 5.915 0.8188 1.20×10-3 9.82×10-3 
298.149 5.892 0.7946 1.32×10-3 1.12×10-2 
298.149 5.870 0.7725 1.42×10-3 1.14×10-2 
298.149 5.849 0.7485 1.52×10-3 1.05×10-2 
298.148 5.824 0.7274 1.61×10-3 9.19×10-3 
298.147 5.799 0.7075 1.68×10-3 7.85×10-3 
298.148 5.770 0.6880 1.74×10-3 6.67×10-3 



140 
 

T / K p / MPa x1 u(x1) uc(x1) 

298.148 5.739 0.6664 1.80×10-3 5.59×10-3 
298.147 5.705 0.6474 1.85×10-3 4.85×10-3 
298.142 5.668 0.6288 1.89×10-3 4.29×10-3 
298.142 5.630 0.6139 1.92×10-3 3.93×10-3 
298.143 5.590 0.5990 1.95×10-3 3.63×10-3 
298.146 5.548 0.5822 1.97×10-3 3.36×10-3 
298.149 5.503 0.5701 1.99×10-3 3.20×10-3 
298.154 5.223 0.4972 2.02×10-3 2.62×10-3 
298.155 5.192 0.4903 2.02×10-3 2.59×10-3 
298.155 4.984 0.4560 2.01×10-3 2.44×10-3 
298.155 4.772 0.4263 1.98×10-3 2.33×10-3 
298.154 4.251 0.3724 1.89×10-3 2.16×10-3 
298.156 3.902 0.3369 1.81×10-3 2.04×10-3 
298.155 3.595 0.3058 1.72×10-3 1.93×10-3 
298.154 3.297 0.2750 1.61×10-3 1.81×10-3 
298.154 2.993 0.2487 1.51×10-3 1.71×10-3 
298.155 2.696 0.2222 1.40×10-3 1.59×10-3 
298.155 2.394 0.1960 1.28×10-3 1.48×10-3 
298.155 2.120 0.1723 1.15×10-3 1.36×10-3 
298.155 1.988 0.1608 1.09×10-3 1.31×10-3 
298.154 1.794 0.1443 1.00×10-3 1.23×10-3 
298.155 1.592 0.1274 9.00×10-4 1.15×10-3 
298.154 1.419 0.1129 8.11×10-4 1.08×10-3 
298.154 1.214 0.0961 7.04×10-4 1.00×10-3 
298.154 1.012 0.0804 5.99×10-4 9.36×10-4 
298.154 0.910 0.0734 5.51×10-4 9.08×10-4 
298.155 0.807 0.0631 4.79×10-4 8.71×10-4 
298.154 0.705 0.0580 4.43×10-4 8.54×10-4 
298.155 0.604 0.0503 3.87×10-4 8.31×10-4 
298.155 0.503 0.0446 3.45×10-4 8.16×10-4 
273.141 3.412 0.9832 1.34×10-4 6.80×10-3 
273.142 3.396 0.9656 2.69×10-4 7.69×10-3 
273.137 3.374 0.9321 5.13×10-4 9.93×10-3 
273.147 3.355 0.9121 6.49×10-4 1.17×10-2 
273.149 3.342 0.8772 8.72×10-4 1.56×10-2 
273.152 3.341 0.8803 8.53×10-4 1.52×10-2 
273.150 3.326 0.8445 1.06×10-3 2.01×10-2 
273.152 3.313 0.8104 1.24×10-3 2.38×10-2 
273.154 3.298 0.7804 1.39×10-3 2.42×10-2 
273.157 3.282 0.7438 1.54×10-3 2.06×10-2 
273.157 3.265 0.7114 1.66×10-3 1.60×10-2 
273.147 3.221 0.6628 1.81×10-3 1.05×10-2 
273.148 3.100 0.5706 1.98×10-3 5.31×10-3 
273.153 2.992 0.5209 2.02×10-3 4.12×10-3 
273.155 2.845 0.4698 2.02×10-3 3.39×10-3 
273.144 2.688 0.4244 1.98×10-3 2.98×10-3 
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T / K p / MPa x1 u(x1) uc(x1) 

273.148 2.535 0.3858 1.92×10-3 2.71×10-3 
273.150 2.398 0.3587 1.86×10-3 2.56×10-3 
273.152 2.277 0.3374 1.81×10-3 2.44×10-3 
273.155 2.092 0.3042 1.71×10-3 2.28×10-3 
273.162 1.125 0.1675 1.13×10-3 1.67×10-3 
273.167 1.019 0.1520 1.04×10-3 1.61×10-3 
273.161 0.915 0.1376 9.61×10-4 1.55×10-3 
273.163 0.813 0.1216 8.65×10-4 1.50×10-3 
273.165 0.711 0.1056 7.65×10-4 1.46×10-3 
273.169 0.608 0.0901 6.64×10-4 1.42×10-3 
273.171 0.506 0.0738 5.54×10-4 1.40×10-3 
250.014 1.751 0.9563 3.38×10-4 2.12×10-2 
250.013 1.745 0.9268 5.49×10-4 2.83×10-2 
250.013 1.739 0.8901 7.92×10-4 4.12×10-2 
250.014 1.736 0.8566 9.95×10-4 5.54×10-2 
250.016 1.731 0.8287 1.15×10-3 6.37×10-2 
250.016 1.726 0.8022 1.29×10-3 6.28×10-2 
250.017 1.722 0.7760 1.41×10-3 5.41×10-2 
250.014 1.715 0.7516 1.51×10-3 4.36×10-2 
250.001 1.708 0.7287 1.60×10-3 3.46×10-2 
250.007 1.701 0.7106 1.67×10-3 2.87×10-2 
250.004 1.687 0.6745 1.78×10-3 2.02×10-2 
250.005 1.672 0.6447 1.86×10-3 1.55×10-2 
250.006 1.602 0.5542 2.00×10-3 8.22×10-3 
250.006 1.568 0.5270 2.02×10-3 7.10×10-3 
250.007 1.530 0.4981 2.02×10-3 6.18×10-3 
250.009 1.403 0.4307 1.99×10-3 4.76×10-3 
250.007 1.313 0.3877 1.92×10-3 4.18×10-3 
250.009 1.220 0.3533 1.85×10-3 3.81×10-3 
250.008 1.112 0.3163 1.75×10-3 3.49×10-3 
250.010 1.051 0.2959 1.69×10-3 3.34×10-3 
250.008 0.931 0.2592 1.56×10-3 3.10×10-3 
250.011 0.811 0.2256 1.41×10-3 2.91×10-3 
250.013 0.710 0.1969 1.28×10-3 2.78×10-3 
250.012 0.659 0.1809 1.20×10-3 2.71×10-3 
250.013 0.607 0.1685 1.14×10-3 2.66×10-3 
250.013 0.557 0.1539 1.05×10-3 2.62×10-3 
250.013 0.505 0.1392 9.71×10-4 2.58×10-3 
239.997 1.257 0.9234 5.73×10-4 4.80×10-2 
239.997 1.253 0.8932 7.72×10-4 6.45×10-2 
239.997 1.252 0.8568 9.94×10-4 8.47×10-2 
239.998 1.249 0.8279 1.15×10-3 9.05×10-2 
240.001 1.246 0.7992 1.30×10-3 8.19×10-2 
240.000 1.243 0.7757 1.41×10-3 6.85×10-2 
240.000 1.239 0.7516 1.51×10-3 5.44×10-2 
240.001 1.228 0.7145 1.65×10-3 3.74×10-2 
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T / K p / MPa x1 u(x1) uc(x1) 

239.999 1.208 0.6472 1.85×10-3 2.03×10-2 
239.999 1.158 0.5642 1.99×10-3 1.14×10-2 
240.000 1.105 0.5059 2.02×10-3 8.40×10-3 
240.002 1.014 0.4443 2.00×10-3 6.52×10-3 
240.003 0.948 0.3928 1.93×10-3 5.50×10-3 
240.003 0.880 0.3582 1.86×10-3 5.00×10-3 
240.003 0.803 0.3222 1.77×10-3 4.58×10-3 
240.003 0.758 0.2995 1.70×10-3 4.36×10-3 
240.003 0.672 0.2623 1.57×10-3 4.06×10-3 
240.004 0.584 0.2300 1.43×10-3 3.85×10-3 
240.004 0.512 0.1993 1.29×10-3 3.69×10-3 
230.008 0.875 0.9572 3.32×10-4 5.71×10-2 
230.009 0.869 0.9194 6.00×10-4 1.03×10-1 
230.008 0.875 0.8581 9.86×10-4 1.98×10-1 
230.009 0.874 0.8291 1.15×10-3 1.70×10-1 
230.010 0.872 0.7996 1.30×10-3 1.19×10-1 
230.011 0.870 0.7741 1.42×10-3 8.47×10-2 
230.010 0.868 0.7515 1.51×10-3 6.38×10-2 
230.011 0.859 0.7230 1.62×10-3 4.64×10-2 
230.010 0.853 0.6810 1.76×10-3 3.13×10-2 
230.010 0.846 0.6609 1.82×10-3 2.67×10-2 
230.010 0.810 0.5779 1.98×10-3 1.58×10-2 
230.010 0.792 0.5535 2.00×10-3 1.40×10-2 
230.010 0.772 0.5349 2.02×10-3 1.29×10-2 
230.013 0.661 0.4024 1.95×10-3 8.22×10-3 
230.013 0.613 0.3645 1.88×10-3 7.49×10-3 

Standard uncertainties are u(T) = 0.006 K, u(p) = 0.009 MPa 
 
At T = 298.15 K, the experimental data is consistently within the scatter of the literature data, 
as is visible in Figure 5.8. For T = (230 to 273.15) K, shown in Figure 5.7, the data is in close 
agreement with the (admittedly scant) literature in the high pressure regime, however, the 
liquid phase was consistently richer in CO2 compared to literature at lower pressures (or 
conversely, the bubble pressure was lower in this work for given composition). This not 
immediately apparent from Figures 5.7a-c, as the data in the lower pressure regime are 
consistently for temperatures (1 to 3) K lower than in this work, while it is pronounced in Figure 
5.7d as the majority of the data are within 0.5 K. 
 
The discrepancy is consistent with the presence of likely impurities in the “pure” components 
used by literature studies: water and “permanent” gases (note that this is a historical term 
which has since lost its literal interpretation) such as hydrogen, nitrogen, carbon monoxide, or 
methane. Great care was taken when handling the “pure” components used in this work, data 
were found to be consistent across two batches of methanol (of certified purity) from different 
suppliers, and no likely impurities would cause the differences observed should they have 
been present during the measurements in this work. As such, it is deemed likely that the 
disagreement originates with the literature datasets (themselves frequently disagreeing, 
providing further credence). There is a non-zero possibility that a systematic deviation in 
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measured pressure and/or composition in this work could instead be responsible, however, 
this is deemed unlikely as it is inconsistent with observations in the measurement of other 
mixtures (such as isobutane + CO2) and the calibration procedure was rigorous and of low 
uncertainty (and the calibration measurements were self-consistent across broad ranges of 
composition and sample size). Furthermore, the many of the literature studies are old and 
lacking detailed experiment uncertainty analysis; many of the newer literature studies were 
simply performing short campaigns to validate an apparatus against methanol + CO2 and have 
high uncertainties [405, 408, 409]. This work finds that most such validations should be 
deemed invalid and that they contribute to a cycle in which the presence of many (low quality) 
measurements promotes further low quality measurements, cluttering the literature and 
hindering process development. A tendency of works featuring such “validations” to only 
compare their data to less than 10% of the available literature data [408, 409], with no 
acknowledgement or justification of the narrow selection, is noted. Future works seeking to 
validate an apparatus and/or methodology must be rigorous in doing so; the presence of 
thorough open-access works (now including this work) featuring low uncertainty 
measurements and detailed reviews of the literature leaves no excuse for such a lack of rigor. 
 

Figure 5.7: pxy diagrams for [CO2 (1) + methanol (2)] at temperatures of (a) (228 to 231) K, 
(b), (237 to 242) K, (c) (247 to 251) K, (d) (272 to 274) K, showing the experimental data from 
this work , as well as the values available in literature / 
 
For reference (and to recap), to produce data on methanol + CO2 of sufficiently low uncertainty 
to be worth publishing, presented herein, required: years of work dedicated to this specific 
mixture, exploration of several potential calibration techniques, development of novel 
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calibration equations, strict “pure” component handling (and batch/supplier comparisons), 
thorough heating and passivation of sample-facing surfaces, abandonment of vapour 
measurements (where ymeoh < 0.01), and layers of validation. This validation included: 
measurements of related systems with multiple agreeing low uncertainty datasets available in 
the literature (both when the apparatus was originally constructed, with CO2 + N2, and upon 
the initiation of this work, with isobutane + CO2), reproducible measurements of synthetic 
single-phase mixtures of known composition with the exact same sampling approach used in 
the primary measurements (originally gas phase mixtures but, in this work, extended to liquid 
phase mixtures), detailed evaluation of the validity of the theory associated with the 
composition measurement method, comparison to synthetic bubble point measurements 
made in the same apparatus, and periodic assessment of the PRT against the triple point of 
water followed by comparison of the pressure measurements against the vapour pressure of 
“pure” CO2 across the fluid coexistence region (using the reverified PRT and an exceptionally 
low uncertainty EoS). 
 

Figure 5.8: pxy diagrams for [CO2 (1) + methanol (2)] at 298.15 K, showing the experimental 
analytical liquid  and vapour  data and synthetic  data from this work, as well as the 
values available in literature /, and the best fit obtained with PR-mWS-NRTL –– (near to 
the limit where unphysical VLLE predictions appear). Please note that the vapour data shown 
were ultimately not included in the final dataset 
 
The majority of studies utilising a synthetic technique report high temperature and/or pressure 
uncertainties [408, 409] (an order of magnitude higher than in this work, or greater). The 
majority utilising analytical techniques either take large samples (typically three to six orders 
of magnitude larger than in this work), disrupting equilibrium greatly, and/or (for those that also 
use chromatographic analysis) do not discuss the issues with methanol adsorption and/or 
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degredation [343, 405, 406]. There are some welcome exceptions, such as the work of Hong 
& Kobayashi [365], wherein the calibration was performed in such a way that adsorption, 
including possibly competitive adsorption, could be accounted for [568], though no details are 
provided for the impact this had for methanol + CO2 specifically. Additionally, most studies 
utilising analytic techniques don’t provide detailed information regarding calibrations, such as 
the calibration equation used and/or assessments of the deviations of the calibration equation 
from calibration measurements [343, 405, 406]. 
 
There is a gap between approximately (1 to 2) MPa for the 273.15 K isotherm in this work, 
though there is little deviation from linearity at these pressures and thus little impact on model 
optimisation. The data at higher pressures come from an earlier series of measurements, 
which, along with the T = 298.15 K isotherm, used the 99.75% methanol. The data at lower 
pressures having been produced in a later run, following the (230 to 250) K measurements, 
using the 99.9% methanol. More specifically, data produced using the purer methanol batch 
all used the same charge of methanol, helping to further ensure consistency (a benefit of the 
highly automated methodology). The data produced in this work are self-consistent across the 
temperatures measured and within each individual isotherm. Closely spaced measurements 
were made to demonstrate the low scatter, and repeats were made for approximately one third 
of the points (with minimal disagreement, thus the averages are reported). The lower operating 
limit for the sampling system (~0.5 MPa) was restrictive, especially at T = 230 K, however the 
relative flatness of the liquid curve meant measurements could be made across the majority 
of the composition range. 
 
An important observation was that no evidence of liquid-liquid separation was observed, 
confirming long standing suspicions for which there had previously been insufficient 
supporting data. The liquid curve flattens significantly as temperature decreases, such that at 
T = 230 K it is horizontal within the uncertainty of the pressure sensor, though a monotonic 
increase in pressure with composition is still seen except for a single point (which differs by 
less than half the pressure uncertainty). This one exceptional point should not be taken to 
imply the possibility that LLE was likely encountered, it is simply a demonstration that the 
pressure uncertainty is not insignificant at low pressure (as expected for a pressure sensor 
designed for high pressure service), and indeed a similar (but less immediately apparent) 
deviation of approximately equal magnitude is also visible at p = 0.857 MPa. Note further that 
the method by which the measurements proceed and the accuracy with which the cell contents 
were known at this point are considered sufficient to render unlikely the possibility of having 
entered the required overall density and composition ranges to realise LLE. There remains a 
non-zero possibility that a (rather specific) combination of uncertainties and mixture behaviour 
would allow for LLE to have been theoretically by masked in practice by a single metastable 
liquid phase. This hypothetical disequilibrium liquid would need to have been metastable for a 
duration greater than (at least) two hours in the absence of stirring, and with minimal effect on 
temperature and pressure as it evolved (eg coalescing from nanodrops of one liquid 
suspended in the other). The likelihood that this occurred is believed to be negligible, 
especially when considering the overall trends (supported by the self-consistency of the data 
across all temperatures covered), but is noted for completeness. Furthermore, if an unusually 
metastable liquid phase were to be physical, then few applications (eg large scale static 
storage) would need be concerned about the eventual separation into two stable phases; for 
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instance, the residence times of fluids in separation units are well within the minimum 
metastable lifetime. 
 
A span of ~13 K remains between the lowest temperatures measured in this work and the 
triple point temperature of CO2, thus the possibility of a liquid-liquid separation in this region 
remains. It was not observed in the work that extended to temperatures below the triple point 
temperature of CO2 [343], however that work lacks the required number of points in the region 
of interest to be conclusive by any means. Complex interactions, especially when considering 
potential association between methanol and CO2 molecules, could contribute to such a 
separation being avoided. For yet greater confidence regarding the presence or absence of 
LLE, mixing enthalpies and free energy analysis could be investigated. 
 

5.3.2 Volumetric Data 

 
The preparation of synthetic mixtures in the cell during calibration inherently allowed for 
density measurements, though knowledge of the cell volume (not only the dead volumes) was 
of material importance for knowledge of the density. The calibration procedure allowed for 
measurements of the liquid density from the point of saturation and into the compressed liquid 
region. In this work, the capability to measure both saturated and compressed liquid density 
within a single calibration mixture preparation was not realised, however both were 
demonstrated individually. The combination was not demonstrated only because the capacity 
to do so with low uncertainty was not appreciated until the fourth calibration run, wherein the 
target composition required that the system start in the one phase region. 
 
The volumes of the different sections of the sample containing volumes were regressed from 
measurements of the isothermal compressibility of CO2 using the Isco pump. The overall 
sample volume was subdivided into the variable volume within the Isco pump, the (partially 
dead) volume at the head of the pump and the connections to the inlet and outlet valves, the 
volume beyond the outlet valve of the Isco pump leading to the valve to the cell and an outlet 
valve, the volume after the valve to the cell up to the end of the 1/32” tube within the cell, the 
internal volume within the cell (excluding the volume of the stirrer bar, 1/32” tube, and ROLSI 
capillaries), and the volume in the short section of 1/8” tubing and pressure fitting above the 
cell through which the 1/32” tube passed. 
 
The volumes leading from the pump up to the valve to the cell could be physically subdivided 
and measured sequentially. The latter three volumes could not be isolated from each other, 
as such it was only possible to measure the combined volume, so the subvolumes were 
determined through computer-aided design (CAD) modelling. The sum of the estimated 
volumes was found to be in agreement with the measured total volume to within the 
measurement uncertainty and thus the estimated volumes were used. Rough assessment of 
the first of these volumes, terminating at the end of the 1/32” tube within the cell, was 
conducted by periodically sampling from the cell (initially filled with pure compressed liquid 
CO2) while injecting methanol in a stepwise fashion. The appearance of methanol peaks within 
the sample chromatograms occurred as expected, and pressure and temperature changes in 
the cell were observed that further corroborated this. The cell pressure as a function of the 



147 
 

volume of methanol swept from the pump is presented in Figure 5.9. The second and third 
points are model calculations (shown in orange), assuming that no mixing occurs and that the 
methanol injected (up until the entire subvolume was filled) simply compressed the liquid CO2, 
as the valve to the cell was closed after the first two methanol injections. This was necessary 
to minimise the risk of back-flow (and the impact of diffusion) and these injections needed to 
be sufficiently large as to sweep fluid with minimal mixing in the small volume within the valve. 
 

Figure 5.9: Cell pressure as a function of the volume of methanol swept by the pump, showing 
measured points , model calculations , and polynomial best fits – – 
 
Conservative values for the uncertainties in the estimated volumes and for the values of 
ambient temperature were used, both for density measurements and in calculating calibration 
mixture compositions, as previously listed in Section 4.3.3. These conservative values may be 
reduced by a factor of two or more in future if further validation is conducted. 
 
Table 5.8: Rough saturated liquid density data obtained in this work at T = 298.15 K 

p / MPa xCO2 ρsat / (kmol/m3) 

4.77 0.4247 22.97 

5.25 0.5002 22.63 

5.61 0.6061 21.60 

 
The saturated liquid densities were extracted from the data from synthetic mixture 
preparations made under flow, as such their quality is not reflective of the capabilities of the 
apparatus nor could a realistic uncertainty be quantified. However, they have been included 
for completeness and to supplement the scarce literature data, and are listed in Table 5.8. 
Minor adjustments to the procedure, such as the more standard approach involving discrete 
steps through volume or pressure, would yield notable improvements. It should be noted that 
stepping through pressure setpoints, with minimal changes to procedure, is complicated for 
mixtures like methanol + CO2 as the cell pressure typically decreases upon the addition of 
methanol. The rough saturated liquid densities obtained were in agreement with the literature 
data, as shown in Figure 5.10, although there are substantial deviations between the three 
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(discounting the earlier version [377] of the dataset from Chang et al) literature sources [363, 
383, 412] and the data of Benzanehtak et al [383] show significant scatter. 
 

Figure 5.10: Saturated liquid densities for methanol + CO2 at T = 298.15 K, showing the pure 
component vapour  and liquid  densities, experimental measurements , literature data 
of Brunner [363], Chang et al [412], and Benzanehtek et al [383], and an example of typical 
PR-vdW model predictions –/– encountered during optimising only for pTxy data, in this case 
without volume translation to emphasise the difficulty in capturing liquid densities with cubic 
EoS (note that a prediction of liquid-liquid separation appears as a horizontal line). Also shown 
are the predictions of SAFT-γ-Mie – – using the literature parameters 
 
Table 5.9: Low uncertainty compressed liquid density data obtained in this work at T = 298.15 
K during preparation of the fourth synthetic calibration mixture, including the expanded (k = 2) 
uncertainties in composition and density, as well as relative expanded uncertainties for the 
latter 

p / MPa xCO2 U(xCO2) ρCF / (kmol/m3) U(ρCF) / (kmol/m3) Ur(ρCF) / % 

8.10 0.9948 0.0020 17.837 0.050 0.283 

8.01 0.9850 0.0019 18.014 0.050 0.278 

8.00 0.9755 0.0019 18.190 0.050 0.273 

8.02 0.9659 0.0019 18.370 0.049 0.268 

8.08 0.9569 0.0019 18.544 0.049 0.264 

8.19 0.9480 0.0019 18.718 0.049 0.260 

 
The compressed liquid density measurements were conducted with greater intent and in a 
stepwise manner. The results are tabulated in Table 5.8 and shown in Figure 5.11. The 
densities expected in the case of ideal mixing (ie a linear transition between the densities of 
the pure components) are also shown, though it should be noted that they do not immediately 
appear to be linear as the pressure is not constant. There are no literature data sources for 
methanol + CO2 compressed liquid densities available for comparison at 298.15 K, with the 
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closer proximity of the few literature data to the critical point of CO2 presenting a significant 
barrier to comparison by extrapolation or thermodynamic modelling. Significant clustering 
effects were observed in molecular dynamic studies at those higher temperatures for CO2-rich 
mixtures [393, 413], thus the new data generated here may help to extend and assess such 
molecular-scale behaviours to lower temperatures. 
 

Figure 5.11: Density of compressed liquid methanol + CO2 against composition during cell 
filling at T = 298.15 K, showing measured densities  (with expanded (k = 2) uncertainties) 
and the densities expected in the case of ideal mixing  
 
The ability to obtain density measurements, like those presented, effectively for free alongside 
low uncertainty calibrations, which may themselves simply be the final step in an automated 
sequence progressing through an isotherm (or through the phase space via more complex 
vectors), is inviting. The uncertainties are not as exemplary as are achievable with vibrating 
tube densimeters [569], however they remain of high quality. Minor modifications to operating 
procedure and/or hardware (especially regarding dead volumes), effectively extending the 
developments made thus far, could reasonably be expected to reduce uncertainties by a factor 
of two or greater. Furthermore, in light of the data shortcomings pervading industrially relevant 
mixtures, an opportunity to generate additional data that is unlikely to ever be redundant 
should not be overlooked. 
 

5.3.3 Modelling Results 

 
The modelling of methanol + CO2 presented a significant challenge, most notably in relation 
to avoiding the prediction of unphysical liquid-liquid separations. The significant asymmetry 
and presence of association, both the certain self-association of methanol and the possible 
cross-association with CO2, are difficult to capture in models. 
 
Meaningful quantification of model performance was also especially difficult for this mixture. 
The near flat regions of the bubble curve cause the difference between assessing error in 
composition and in pressure to be more pronounced. The occurrence of LLE further 
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exacerbates differences and difficulties, including in how to penalise unphysical LLE 
predictions and to what extent. Comparisons of the error between different isotherms is also 
challenging, as isotherms with few points (especially when they are in the low pressure 
regime/region) can achieve extremely low errors on a per point basis (as with similar bases) 
while not necessarily being consistent with the overall trends. Any isotherm with more than 
one dataset typically contains non-negligible disagreement and scatter, such that an error 
metric will be unusually higher than the same metric for an isotherm with only a single dataset 
(despite the fact that isotherms with multiple datasets are typically, but not exclusively, more 
reliable), even a very good fit could be obtained for the datasets individually. At temperatures 
near or below the critical temperature of CO2 there are, with the addition of the data produced 
in this work, sufficiently reliable and closely spaced data to get a clear picture of the expected 
behaviour and the behaviour of regions of the BIP space with respect to temperature, whereas 
at higher temperature the greater spacing and scatter increase uncertainties. 
 

 
Figure 5.12: Parameter space for PR-vdW at T = 298.15 K when minimising the sum squared 
error in composition against the data produced in this work, shown as (a-c) an error heatmap 
increasingly focussed on the near-optimal region and (d) projected lij – error plane, with 
multiple local minima visible. Regions of lower error are shown in dark blue (note colour bars 
are excluded as relative values are of greater importance here) and the located minimum  
is indicated 
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The PR-vdW model was simplest to optimise, as seen with the other mixtures, and benefitted 
further now from grid searching. Grid searching revealed features of the error surface/space 
that explained some of the difficulties experienced when using the non-linear GRG algorithm. 
There were frequently many local minima present, as can be seen in Figure 5.12d, with local 
minima with respect to kij being more common than with lij. It was observed that the number of 
local minima depended greatly on resolution, and certain resolutions would produce many 
more minima with respect to lij especially. This would create a problem for optimiser/solver 
algorithms that will encounter or avoid local minima unpredictably; consistent with the 
repeatedly observed failure of the non-linear GRG algorithm to locate the near optimal 
solutions (which might be found quickly with grid searching). 
 
Even when high resolutions and strict convergence tolerances were used, multiple 
ridges/waves would be observed in the parameter/error space, as shown in Figures 5.12a-c. 
Note that the heatmap is effectively a phase diagram when the error values are neglected, 
with regions without values representing the single-phase states. These appear to correspond 
in some cases to the intersection of the predicted liquid curve with an experimental datapoint, 
and in some cases the region in which a point ceases to converge properly (and has an effect 
regardless of whether one considers total or average errors). This behaviour is expected to 
be dependent on the mixture, experimental data, flash algorithm, and error assessment used; 
error calculations using orthogonal distance regression may potentially avoid some of these 
issues. It is noted that in all cases where a single self-consistent dataset was used, the ridges 
display shapes that resemble pV isotherms (as can be seen when viewing Figure 5.12c from 
its side), and vary in a way that appears consistent with the link of the (nominally 
dimensionless) BIP to the a and b terms in cubic EoS. If there is any meaning or benefit to this 
observation is unclear, though it appears to provide some indication of data self-consistency 
(appearing less clearly when data is more scattered). 
 
It was consistently possible to locate the one apparent global minimum for a given temperature 
(though near-optimal local minima were common, as seen in Figure 5.12d). The optimal values 
of both kij and lij were found to be readily apparent functions of temperature, and varied 
significantly more at temperatures above the critical temperature of CO2. The parameter lij, 
which is frequently neglected (ie set to zero or not included at all) was found to be consistently 
non-zero, except at one point where lij changes sign. The located optimal parameter values 
for each temperature group (sets of datapoints within ±0.5 K of each other) are shown in Figure 
5.13, along with the optimised function of temperature. A quadratic function of temperature for 
both parameters was found to be sufficient to capture the behaviour to approximately the 
greatest extent possible, noting that the “optimal” performance is overall subpar by several 
metrics. Higher order polynomials encountered issues with the scatter of the literature data 
and, more critically, the relative lack of high temperature data. The parameters for the 
optimised polynomials for kij and lij are provided in Table 5.9 and comparison to the (230 to 
298.15) K data from this work shown in Figure 5.13. 
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Figure 5.13: Optimal values of the BIPs kij  and lij  in the PR-vdW model as a function of 
temperature (for ~1 K groupings), showing the optimised polynomial functions of temperature 
⋯/⋯. Note for T > 450 K there is an additional point where the (473.15 and 477.6) K data have 
been grouped together, to supplement the data scarcity and scatter in that region 
 
Table 5.10: Optimised constants for the temperature dependent binary interaction parameters 
for the PR-vdW EoS for methanol + CO2 across the entire temperature range 

Model Parameter c1 c2 c3 

PR-vdW kij -1.99×10-2 1.01×10-3 -2.10×10-6 
lij -1.80×10-1 2.50×10-3 -5.64×10-6 

 
It was not possible to obtain any near-optimal fits for temperatures near or below the critical 
point temperature of CO2 that did not involve a prediction of LLE. A good fit to the composition 
data in the low pressure regime was consistently achievable for a broad range of BIP values, 
though this is not an uncommon occurrence even for simple models and was not necessarily 
associated with good (or physical) behaviour at higher pressures. At temperatures above the 
critical temperature of CO2, especially once more than approximately 20 K above it, the 
apparent quality of the predictions of PR-vdW increase significantly. The unphysical LLE 
disappears (though it was not possible to assess rigorously that it did not remain present at 
very high pressures) and the shape of the phase envelope can be captured adequately 
(especially given the experimental uncertainties/data shortcomings). This may relate to the 
lower liquid densities and weaker association at higher temperatures bringing the behaviour 
more in line with what the simple PR-vdW model is able to capture. Caution should be applied 
when using PR-vdW for this mixture (or similarly any model that may readily predict LLE) as 
different results may be obtained in regions near any potential predictions of LLE depending 
on the flash algorithm used (eg pT or Tx flashes, minimisation of Gibbs free energy or simply 
equality of fugacity) and strictness of convergence. The difficulty in obtaining acceptable 
results for composition meant that an accurate description of the liquid densities was 
effectively unachievable, regardless of any reasonable attempts to correct with a volume 
translation. 
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Figure 5.14: pxy diagram for methanol + CO2 at (230 to 298.15) K, showing experimental data 
from this work  and predictions of PR-vdW –/– 
 
The PR-mWS-NRTL model was found to produce significantly improved predictions, though it 
was challenging to fit as a result of its greater number of adjustable parameters. Focus was 
placed on the temperatures experimentally investigated in this work, where the greatest 
potential for meaningful improvements over PR-vdW was expected. 
 
For positive values of αij, near-optimal results could be obtained by using PR-mWS-sNRTL in 
all cases examined. This approach, wherein kij, αij, and one of the τij parameters would be 
adjusted, was found to outperform the standard approach in PR-mWS-NRTL where kij and 
both of the τij parameters would be adjusted, with αij held constant at 0.3 (similar results were 
found for alternative values but not explored exhaustively). This result does not appear to be 
physically-based; instead, it is likely a result of accounting for shortcomings in the underlying 
theory of the model. The difference was less pronounced for negative values of αij, however 
these are generally less desirable as it is not known conclusively what broader effects the sign 
has on other (eg derivative) properties. The observation noted in literature [254, 255] that a 
non-randomness factor of negative one, plainly unsensible in the theoretical framework, can 
produce good results was consistent with observations both of this mixture and (cursory) 
analyses of other mixtures. A value of zero produced consistently poor results, as expected 
given the all-but-assured local composition heterogeneity when an associating component is 
present. 
 
The best results with PR-mWS-NRTL were, unsurprisingly, obtained when simultaneously 
optimising all four BIPs. Clear improvements over PR-vdW were achievable, as was visible in 
Figure 5.8 for T = 298.15 K, compared to Figure 5.14. Notably, it was possible to obtain near-
optimal results at low temperatures (such as 250 K) without the prediction of LLE, however 
the flash algorithm used made it challenging to penalise this prediction reliably. It would be 
simplest to obtain a polynomial function of temperature for kij and hold the other parameters 
constant (as can be done when parameters for NRTL are preexisting [217, 251], not the case 
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with CO2). There is no theoretical basis for a requirement that αij and τij do not vary with 
temperature, and in the case where association is present the opposite may be reasonably 
expected. The large parameter space and range of options for temperature-dependent BIP 
functions has prevented optimised functions being finalised at this time and is subject to future 
work. 
 
For SAFT-γ-Mie (identical to SAFT-VR-Mie for this mixture, though the former term is used for 
consistency with the subsequent comparison) there were existing parameters available in the 
literature from the work of Papaioannou et al [570], which covered 9 groups generally, 
optimised parameters for 24 binary mixtures, and did not focus particularly on methanol + CO2 
(though it did illustrate the impressive capability of SAFT-γ-Mie to capture the density of pure 
methanol, rivalled only by multiparameter EoS). The unlike repulsive exponent λr

kl reported is 
unusually low compared to either of the pure components (43 % of λr

kk for methanol, 32 % of 
λr

kk for CO2) and is an outlier compared to the other group interactions optimised in that work. 
Similarly, the unlike interaction energy parameter εkl was also lower than that of either of the 
pure components and low compared to other binary pairs, though to a lesser degree. The 
literature work considered the cross association of water and CO2 (without allowing for 
unphysical self-association of CO2) but did not include a similar cross association for methanol 
with CO2, a phenomenon which is not well established to occur but would not be unreasonable 
given the similarity of methanol to water. 
 

Figure 5.15: pxy diagram for methanol + CO2 at (230 to 298.15) K, showing experimental data 
from this work  and predictions of SAFT-γ-Mie –/– when using literature unlike interaction 
parameters [570] 
 
These literature parameter values were found to perform sub-optimally, but they do avoid any 
unphysical LLE predictions. The poor performance of this model, otherwise expected to 
perform well, coupled with shortcomings of the other models, promoted attempts to fit 
improved parameters in this work. Optimisation was based on a similar grid searching 
algorithm as used for the PR models. Significantly improved performance was possible; 
reductions in the sum squared error in pressure of (73 to 94) % were readily achievable at 
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temperatures between (230 and 273.15) K. Optimised parameters for this temperature range 
are given in Table 5.10. Note here the Clapeyron software was used for the modelling, which 
by default prefers Tx flashes, thus the convenient error metric to calculate is the (sum squared) 
error in pressure; somewhat inconvenient for direct comparisons with the PR models, however 
in many cases these metrics fail to fully capture qualitative behaviour (for instance whether or 
not LLE is predicted). A comparison at T = (230 to 273.15) K between the two parameter sets 
for SAFT-γ-Mie and the data generated in this work is shown in Figure 5.16. Convergence 
issues were encountered at 298.15 K and some higher temperatures; for this and other 
reasons further optimisation of SAFT-γ-Mie (eg across the entire coexistence region) was not 
pursued, but would make for valuable future work. It is noted that the parameter values 
provided in literature (and those in their vicinity) do not fail to converge at T = 298.15 K, so it 
is possible that similar convergence issues occurred in the original parameter fitting (hence 
the unusual values). 
 
It was feasible to assess, at least to first approximation, whether LLE would be predicted with 
any particular set of parameters, by assessing the monotonicity of the liquid curve. This 
method is strictly only effective for connected regions of LLE, which is suitable for this case. 
The flash algorithm used in the SAFT calculations (a Tx flash) is better suited for this purpose, 
capable of more readily capturing the region the region of LLE and directly observing negative 
values of dp/dx, whereas the pT flashes typically at most show a horizontal region and dp/dx 
is not well behaved nor rigorously continuous. Furthermore, it was generally easier to avoid 
the prediction of LLE while still obtaining near-optimal solutions with SAFT-γ-Mie than with 
PR-mWS-NRTL, wherein optimisation of four parameters (as opposed to two) was required to 
gain a similar level of flexibility. 
 

Figure 5.16: pxy diagram for methanol + CO2 at (a) 230 K, (b) 240 K, (c) 250 K, and (d) 273.15 
K showing experimental data from this work  and predictions of SAFT-γ-Mie –/– when using 
literature unlike parameters or when optimising both unlike parameters 
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Combining rules were used for several of the unlike interaction parameters as they were in 
literature [570]; the arithmetic mean was used for unlike segment and hard sphere diameters, 
and a modified geometric mean was used for the unlike attractive exponent. The unlike energy 
parameter εkl was optimised directly, without the use of combining rules, for greater 
transferability. Adaptation to any particular combining rule(s), such as the Lorentz-Berthelot 
rules, can be done simply by regressing a chosen BIP like kij (note that this is a different kij to 
those within cubic EoS) with the chosen rule against the values provided here. The unlike 
repulsive exponent λr

kl was optimised in a similar way, however it may be desirable (depending 
on application) to leave this constant (ie temperature independent). A clear relationship 
between the two parameters was observed, thus transitioning between one approach and the 
other is not expected to be difficult. Higher values of either parameter generally produced 
lower errors, however a region of LLE occurs beyond a certain point so constraining the values 
is necessary. 
 
Cross-association (between an H site on CO2 and an e site on methanol) was examined 
briefly, by considering four cases for the 250 K dataset. No cross-association produced 
excellent results (and is significantly simpler to optimise, with half the parameters), two weak 
cross-associations (εHB

kl,ab = 200 and 500 for a bonding volume Kkl,ab of 0.5 Å3) produced 
similar results, such that it remains unclear if weak cross-association might produce marginally 
better results, and water-like cross-association (directly applying the literature values for 
water-CO2 cross association [570] to methanol-CO2) had poor results, greatly increasing the 
region of the parameter space where LLE was present. As such, neglecting cross association 
appears to be a promising avenue to accurate predictions for methanol + CO2 (especially at 
temperatures < 300 K) with minimal optimisation cost for the two parameters compared to the 
otherwise four. 
 
Table 5.11: Newly optimised constants for the temperature dependence of the unlike 
interaction parameters for SAFT-γ-Mie for methanol + CO2 for temperatures between (230 
and 273.15) K 

Model Parameter c1 c2 c3 

SAFT-γ-Mie εkl -1.07×103 1.09×101 -2.21×10-2 
λr

kl -3.46×102 3.01×100 -6.1×10-3 

 
The two other EoS considered for analysis (noting that the range of potentially available 
options is large but the number of fairly comparable models with available optimisations are 
few) are predictive SRK (PSRK) and the multiparameter EoS of Blackham & Lemmon. Both 
of these models were used as standard and did not produce exceptional results, thus shall not 
be discussed in detail. 
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Figure 5.17: pxy diagram for methanol + CO2 at (230 to 298.15) K, showing experimental data 
from this work  and predictions of PSRK –/– 
 
The predictions of PSRK are generally substandard, better (albeit still lacking) results were 
achievable with the simpler optimised PR-vdW model. Similar predictions of unphysical LLE 
were visible, for example as is shown in Figure 5.17. PRSK should theoretically be capable of 
greater performance as it is a cubic + gE model (using modified UNIFAC parameters for gE). 
While it is a group contribution method, and thus often loses some performance relative to 
component specific equivalents, methanol and CO2 molecules are treated as their own groups 
here (as with the other GC EoS discussed) so performance should not be affected. 
 

Figure 5.18: pxy diagram for methanol + CO2 at (230 to 298.15) K, showing experimental data 
from this work  and predictions of the EoS of Blackham & Lemmon –/– 
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The multiparameter EoS of Blackham and Lemmon was the least accurate of the models 
discussed here, featuring unphysical LLE to a more severe degree and exhibiting large 
deviations from experimental data. The predictions at temperatures between (230 and 298.15) 
K are shown in Figure 5.18; note that, as a result of the flash algorithms implemented in 
REFPROP, proper visualisation of an expansive LLE region was possible at 298.15 K. Not 
much detail is provided about the model or it’s optimisation and performance, as has been 
commented on in other works [558]. The poor performance as seen here is not uncommon for 
multiparameter EoS that have not been well optimised. Given the scattered literature data for 
composition, few points of density data, and general lack of other property data, this outcome 
is not surprising. There is clear potential for improvement, however it is not clear if there is 
sufficient property data available to justify pursuit of such multiparameter EoS given the quality 
of predictions achievable using SAFT-γ-Mie and PR-mWS-NRTL. 
 
There is potential for PR-vdW to used in situations where only basic EoS are 
available/accessible, though only for the lower pressure region at temperatures below ~320 K 
while more broadly at higher temperatures, and it is recommended that non-zero values of lij 
be used. If a simple model is required but γ – φ models are available, PR coupled with the 
Wilson activity model would produce adequate results at low temperatures (with LLE 
predictions prevented), as has been shown in literature for the similar SRK-vdW-Wilson model 
[343], but would not be applicable at temperatures above the critical temperature of CO2. PR-
based models, especially where a volume translation has been applied, would likely result in 
in better volumetric property predictions than SRK-based models, though would still be sub-
standard for most applications. 
 

Figure 5.19: pxy diagram for methanol + CO2 at 298.15 K, showing exp data  and predictions 
of PR-mWS-NRTL ––, PSRK – –, SAFT-γ-Mie ╸╸╸ (with literature BIP values), and Blackham 
& Lemmon – · – 
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Model performance was generally correlated with the number of adjusted/adjustable BIPs, 
however, as can be seen with the performance of Blackham & Lemmon especially (eg in 
Figure 5.19), poorer results are obtained beyond a certain point (in part due to the loss of 
physics-based/informed relationships). It was preferable to keep the number of BIPs to be 
optimised to a minimum, as the marginal effort in fitting each additional parameter suffers due 
to cardinality. With this in mind, the best performing model could be considered to be SAFT-
γ-Mie (when using newly optimised BIPs as opposed to literature values), capable of 
outperforming the alternative models when only optimising two BIPs. Similar performance  was 
achievable with PR-mWS-NRTL when three BIPs were optimised, especially in the case of 
PR-mWS-sNRTL where αij was one of the varied parameters. It is possible that best 
performance is achievable when optimising PR-mWS-NRTL with all four potential BIPs, 
however it is inconclusive as to whether it consistently outperforms SAFT-γ-Mie due to 
convergence issues with the latter and optimisation issues with the former preventing full 
analysis and comparison. It is doubly inconclusive when one considers simultaneous 
optimisation of a cross-association between methanol and CO2, wherein both models would 
have four BIPs. It is believed that that SAFT-γ-Mie could provide better prediction of volumetric 
and calorific properties, however there is insufficient data to conduct a thorough assessment. 
 
For reliably and readily accessible (given basic familiarity with modelling and optimisation) 
accurate predictions of methanol + CO2 at low temperatures, SAFT-γ-Mie is recommended, 
while at temperatures greater than 320 K comparable performance (at least, considering data 
shortcomings) may be achieved with simpler models. The growing accessibility of SAFT-type 
equations through open source software (previously lacking this family of models), like 
Clapeyron, render usage difficulty comparable to PR-vdW. 
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Chapter 6: Conclusions & 

Recommendations 
 
 
 
 
 
“Scientia humanitatis decus et tutamen.” (“Scientific knowledge, the crowning glory and the 
safeguard of Humanity”) 
 

— Modification of the Imperial College Motto 
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6.1 Summary and Conclusions 
 
The need to improve process efficiencies and develop novel processes to conserve materials 
and energy long predates the formalised concept of a process (let alone process systems 
engineering). The exponential nature of technological development has caused this need to 
grow in scale to such an extent that global mass and energy balances are now a practically 
constraining factor. Just as the establishment of chemical engineering has promoted (to the 
benefit of society and quality of life in many ways) the rate of depletion of natural resources 
and the rate at which climate change progresses, so too must it now mitigate these issues 
through the realisation of sustainability. Chemical engineering is not the problem to which the 
climate demands action; instead, it is one of the central pillars upon which a solution must be 
built. 
 
Achieving net zero greenhouse gas emissions, and likely net negative emissions beyond it, is 
an essential and realistic step in mitigating climate change. Further, when placed within the 
broader scope of sustainability (closing the loop on process mass balances, supported by 
sustainable energy sources), it is here that a solution to Jevons’ pervasive paradox arises, 
wherein further technological development may proceed with all costs paid fairly. The 
engineering of these solutions must be based on physical behaviours, with the implementation 
supported by a healthy recognition of both past failures (such as the use of CFCs and the 
fugitive emissions of natural gas) and ones that may only be appreciated in the future. Some 
of the most fundamental of these physical behaviours fall within the purview of thermophysics, 
therein described through models. These models may then be used to study processes, often 
implemented in process simulators to improve efficiency and efficacy while minimising risks 
(whether economic, environmental, or societal). 
 
Thermodynamic models do not provide exact solutions and frequently there are many options 
available. In some cases, a suitable model may be readily available in accessible software, 
however in more cases there is no such model optimised or accessible. In the latter case, 
optimisation, implementation, or experimental investigation may be required, none of which 
are trivial. The necessary dependency on reliable experimental data is consistently limiting; 
few industrially relevant mixtures are well studied. Knowledge of the fluid phase behaviour is 
especially important, yet these measurements are challenging and time consuming. 
 
The literature has been reviewed in depth for the phase behaviour mixtures of CO2 with 
isobutane and with methanol as well as practically all hydrogen binary mixtures (with extant 
data), with clear shortcomings identified. Of note, the review of methanol + CO2 covers the 71 
studies available in the literature, finding marked disagreements well beyond those normally 
encountered, exacerbated by many low quality studies. Data at low (< 270 K) and high (> 350 
K) temperatures are scarce, while data at intermediate temperatures have disagreements 
spanning almost half the composition range. The review of hydrogen mixtures exceeds all 
those previously available, correcting a number of errors, discussing many more mixtures 
(including those without data), and examining the overall behaviour of the family of hydrogen 
mixtures in depth. The tools necessary to optimise accurate models and elucidate the global 
phase diagrams for hydrogen mixtures have been provided. The possibly of previously 
unrecognised potential to conduct processes at pressures beyond those seen in industry 
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today, taking advantage of high pressure phase equilibria, is noted and bares resemblance to 
that which was seen in the advent of the Haber-Bosch process. 
 
There is significant incentive to improve the procedure and design of experiments, providing 
an opportunity to put the thermodynamic models being optimised to use as an experimental 
aid supporting automation. While the implementation is not trivial and must be done with care, 
it allows for measurements to be made more rapidly and in a more reproducible fashion, 
benefitting from machine precision. Such an approach has been realised in the automated 
analytical apparatus developed in this work, wherein the capability to inject and vent fluids, a 
rigorous data acquisition and control program, and a Peng-Robinson model allowed for careful 
movement through the phase space. Varying degrees of automation have been applied 
successfully and further refinements have been identified. The successful automated 
measurement of three isotherms with a single initial charge and the integration of density 
measurements during calibrations represent significant progressions. 
 
Low uncertainty measurements have been made of the phase behaviour of three binary 
mixtures of varying degrees of asymmetry, with a total of 294/158 pTx/y datapoints produced 
at temperatures between (190 and 400) K and pressures between (0.5 and 20) MPa. 
Measurements of isobutane + CO2 were conducted along three isotherms, two of which had 
literature data available for comparison while the measurements at 240 K extended the 
temperature range with available data. Excellent agreement was seen between the data 
generated in this work and the reliable data from literature, providing another layer of validation 
to the apparatus and methodology. The mixture displays type I/1P phase behaviour with no 
indication of a liquid-liquid separation, consistent with other CO2 + light alkane systems. The 
measurements of the system isobutane + H2, conducted along nine isotherms, represent the 
vast majority of thermophysical property measurements ever made of this mixture and the 
largest work on any hydrogen mixture in four decades. Measurements in the near critical 
region could be made for the two highest temperature isotherms, and could be well described 
by critical scaling laws. The mixture was found to display type III/1CXX phase behaviour as a 
result of the substantial size asymmetry, and contemporary understandings of phase 
behaviour have allowed greater insights than were possible in the one prior study eight 
decades ago. Measurements of methanol + CO2 were conducted along five isotherms, 
focused on resolving disagreements at near ambient temperatures and expanding 
understanding at low temperature where data were previously scarce. The measurements 
provide the first low uncertainty evidence against liquid-liquid separation at temperatures down 
to 230 K, resolving a long-standing unknown. In addition to phase composition data, three 
rough saturated liquid density measurements were made at 298.15 K, in good agreement with 
the limited (and unsurprisingly scattered (given the state of the VLE data)) data. Six points of 
low uncertainty compressed liquid density data were produced at 298.15 K, the only such data 
available for this system. The mixture can, at first approximation, be considered to display type 
I/1P behaviour across the conditions investigated in this work and in literature. More rigorously, 
it is likely to count as type II/1PXX behaviour where the liquid-liquid separation is at least 
partially masked by solidification. Unequivocal determination would require the thorough 
tracing of the two and three phase regions, including up to pressures of 1 GPa, though this is 
of little industrial importance. 
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The difficulty in accurately modelling the behaviour varied significantly between the three 
mixtures. Isobutane + CO2 could be modelled well by all models considered except for SAFT-
γ-Mie, as a result of a lack of optimisation for the CH group with CO2. PR-mWS-NRTL 
performed marginally better than alternatives, though PR-vdW is simpler and more 
easily/readily implemented and would be sufficient in most cases (when a suitable volume-
translation is applied). The most apparent improvements of the PR models optimised in this 
work were at the lowest temperature, that had not previously been investigated, demonstrating 
the importance of experimental data. The situation was markedly different for isobutane + H2. 
GERG-2008 performed extremely poorly and SAFT-γ-Mie (as with most SAFT-type EoS 
currently) lacked the necessary parameters for hydrogen mixtures, leaving EPPR78 as the 
only qualitatively accurate model previously available. PR-vdW produced significantly better 
results than EPPR78, though only performed adequately in absolute terms. Convergence 
issues with PR-mWS-NRTL prevented optimisation within this work, requiring more rigorous 
flash algorithms. The mixture of methanol + CO2 presented the greatest technical challenge, 
as common unphysical predictions of a liquid-liquid separation limited even qualitative 
correctness in several cases. It was possible to obtain predictions with PR-vdW that were 
quantitatively better than all previously available models, however, these predictions were of 
insufficient quality for use in process at temperatures below ~330 K. The qualitative 
shortcoming could be overcome with PR-mWS-NRTL when simultaneously optimising all four 
parameters, however the computational effort required has thus far prevented parameter 
optimisation over the entire temperature range. Best results for this mixture at T ≤ 273.15 K 
were obtained with SAFT-γ-Mie when reoptimizing the unlike interaction parameters, though 
flash convergence issues prevented proper assessment at higher temperatures. Overall, it 
appears that the PR-mWS-NRTL model is recommendable in many cases, especially as it 
may be reduced to PR-vdW when handling simple mixtures (whether binary or higher order), 
however it is clear that SAFT-γ-Mie will soon eclipse these models for asymmetric mixtures. 
The greater physicality and broad applicability of the group contribution concept are desirable; 
what remains is for the parameterisation to be completed. Multiparameter EoS appear unlikely 
to offer prediction improvements over PR and SAFT-type EoS for the mixtures considered due 
to a perennial lack of experimental data. 
 
This work has successfully completed its objectives, meaningfully reducing the known 
unknowns facing the development of necessary processes while revealing new questions to 
be answered. The groundwork has been laid both for further improved experimental 
investigations and for the continued development of accurate thermodynamic models, 
supported by new experimental data and detailed literature reviews. It is hoped that, in the 
near future, the title adorning the apparatus in this work as that which has produced the most 
experimental data for hydrogen mixtures in decades (either by total amount of datapoints or 
most for a single mixture) and that which is most autonomous shall be conferred to evermore 
capable apparatuses. The ability to develop sustainable processes using accurate, openly-
accessible models supported by sufficient data is more realisable than ever before, essential 
for the world to transition towards net zero. 
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6.2 Recommendations for Future Work 

6.2.1 Further Experimental Investigations 

 
There is no shortage of related experimental investigations that would be worth pursuing 
following this work. Focus is placed on those of greatest industrial and theoretical value (noting 
that the two are not disparate). 
 
Of greatest, though broad, importance remains the investigation of the behaviour of mixtures 
containing CO2/H2. This work has made progress on this front yet countless binary and higher 
order mixtures require attention, which should ideally be placed in order of industrial 
importance. The behaviour under geological conditions is especially under-studied, where 
stored CO2 or stored or natural H2 may exist alongside water, dissolved salts and minerals, 
hydrocarbons, nitrogen, and helium. These behaviours are pertinent to large scale projects 
(both announced and under development), like the Northern Lights project, whose 
commissioning is required within a short timescale relative to the time taken to generate 
experimental data and develop models. 
 
The urgent need for immediate emissions reductions and decarbonisation, regardless of how 
deeply broader sustainable processes have been deployed, puts such data at the forefront of 
importance, but the eventual need for sustainable processes (eg those avoiding the 
dependency on fossil fuels) should not be neglected. Of greatest importance of those related 
to this work are further methanol-containing mixtures and many of the family of H2 mixtures 
more broadly. 
 
Further investigation into the behaviour of methanol + CO2 would be beneficial. The high 
temperature region, especially beyond 350 K, is lacking in reliable data despite the relevance 
to the conditions during methanol production. Care should be taken to ensure that techniques 
employed carefully consider potential adsorption and degradation/reaction of methanol both 
within the experimental volume and any other sample-facing surfaces. There is also value in 
investigating further the low temperature behaviour, at temperatures from 230 K down to the 
triple point of CO2, to further conclude that LLE does not occur continuously from the region 
of VLE. This could then be extended further down to the triple point temperature of methanol 
(175.6 K), up to which SLE is present but VLE persists at ever lower pressures. These regions 
of the phase space are relevant to both extant (eg Rectisol) and nascent (eg methanol-based 
CCUS) processes. Mixtures of methanol with related compounds such as hydrogen, carbon 
monoxide, nitrogen, methane, water, and the associated higher order mixtures, are also in 
need of further investigation. These mixtures are common both within methanol production 
and in downstream use where they may exist as impurities (including in transport and 
geological storage). Investigations should ideally begin with a validation against methanol + 
CO2 data (such as those within this work) to ensure proper measurement of these challenging 
mixtures. 
 
Many industrially relevant hydrogen mixtures have been found to have little to no available 
thermophysical property data. Reducing these shortcomings is essential; considering the 
scale of the problem efforts would be best focussed on investigating mixtures necessary for 
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optimising group contribution models. Measurements along homologous families of molecules 
should be conducted in order of increasing complexity, as was begun in earnest for the 
simplest molecules (such as the first two n-alkanes and n-alkenes) by Streett and 
contemporaries and now for isomeric alkanes by this work. It is noted that many extant 
apparatuses would be capable of contributing due to the unparalleled breadth of conditions 
relevant to hydrogen mixtures, though near-critical conditions are of greatest utility. The critical 
behaviour of hydrogen mixtures with large molecules (of molar mass ≥ 100 g/mol) is virtually 
unstudied yet the increasingly extreme asymmetry is likely to yield unusual effects that cannot 
confidently be modelled yet may have industrial importance. 
 
The extension of the measurements of isobutane + H2 to higher pressures would be of great 
value to understanding the model predictions observed in this work and the critical behaviour 
of hydrogen mixtures overall. The phase space at temperatures between 300 and 400 K at 
pressures up to 1 GPa should be prioritised. This data should be accompanied by further 
modelling work with rigorous flash algorithms and careful minimisation of the Gibbs free 
energy for greater usefulness. Attempts should also be made to follow the three phase SVLE 
curve of the mixture from the triple point of pure isobutane up to high pressures, much as was 
done in the works of Streett. Should an intersection between the critical curve and SVLE curve 
be present, experiments should then proceed to trace the coexistence regions to higher 
pressures still, as to determine whether a region of FFE reemerges. Similar work should be 
conducted with the mixture of CO2 + H2, for which existing measurements effectively terminate 
at the first (and currently only) known intersection. 
 
Investigations into the behaviour of mixtures of different isomeric alkanes (and isomeric 
molecules more broadly) with CO2 and with H2. Most thermodynamic models do not capture 
the effects of structural isomerism beyond mere differences in functional groups present, let 
alone more complex isomerisms, in significant part due to a lack of experimental data. The 
purification (and purity assessment) of isomers presents a challenge, however there is much 
that can likely be learned from relatively simple isomers (that are easier to separate). Such 
work can, in turn, improve the ability to purify isomers. Improved understanding of the 
structural and positional effects involving these strong covalent bonds is also beneficial for 
understanding the corresponding effects on fluids more generally, such as the complex 
networks formed by liquid and supercritical states (whether through association or weaker 
forces). 
 
It is not only phase behaviour measurements that are of importance, though it is often the first 
step; measurements of the density, both at saturation and in the compressed liquid state, are 
difficult to model accurately and thus data are essential for assessment as well as many 
aspects of process design. Heat capacity measurements are also helpful, as thermal duties 
are central to much of heat integration and operating costs, and these measurements may 
serve to further distinguish simpler cubic EoS from cubic + GE, SAFT-type, and multiparameter 
EoS. Speed of sound measurements of any saturated/coexisting or single-phase states are 
also of great help, both in modelling and industrial application (such as flow metering). 
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6.2.2 Further Apparatus Development 

 
Further autonomy for the apparatus should be pursued. The completed implementation of all 
avenues demonstrated in this work would not be challenging and would significantly improve 
both the throughput of the apparatus and the ease with which it may be used. While the 
apparatus currently follows a path determined a priori and relies on dead reckoning, and thus 
is subject to the accumulation of deviations, it is possible to have more adaptive approaches 
suitable also for mixtures displaying initially unknown behaviour. It is now clear that the 
measurement of broad regions of mixture phase spaces (covering the entire coexistence 
region for well-bounded spaces) in a single autonomous run with a single initial charge is not 
only possible but preferable. 
 
Several minor adaptations to the construction would also yield significant benefits. The dead 
volumes in the system could be minimised further by removing the original connect between 
the cell and the fluid handling system, such that all fluids are injected through the coaxial liquid 
inlet. This would remove the need to manually make/break connections when switching 
between calibration and measurements, allowing for automatic calibration to be carried out 
with low uncertainties. The pressure sensor could be connected directly to the port previously 
for the fluid handling system, allowing for improved pressure measurement during calibration 
(that currently relies on the pump pressure sensor). This arrangement would also facilitate 
changing of the pressure sensor to meet the pressure range of interest of a given system. The 
need for the rupture-disc could be avoided by switching the venting valve from normally closed 
value to a normally open valve, such that any overpressure situation is avoided either by 
actuation commanded by the control program or, in the event of a power failure, by the valve 
returning to its default state. The piezoelectric sampling valve that has been in development 
in the group for some years now could be well suited for such an application, inherently a 
normally open valve and affording exceptionally low dead volume. The potential for this valve 
to replace the ROLSI valves should also be explored, as promising results have been obtained 
thus far and the distinction between its use as a sampling valve or venting valve is mostly 
trivial. The decreased dead volume would allow for better synthetic bubble point and density 
measurements, as well as more accurate knowledge of the internal system state, convenient 
for extensive automated sequences. 
 
The addition of a second high pressure syringe pump, admittedly a more substantial 
modification, would expand the range of conditions that could be explored on a single charge 
and, by extension, a single instance of operator interaction. This would be especially helpful 
for binary mixtures that are sufficiently asymmetric to show type II or III behaviour, or for higher 
order multicomponent systems (for which data are even more scarce). 
 

6.2.3 Further Model Investigations 

 
Parameterisation of accurate models remains a key goal, with no single model perfect for all 
applications (and likely such a hypothetical model would either be unwieldy or require 
excessive parameterisation for a given application). Simple models are desired but the 
appropriate model varies depending on the type of mixtures present, as has been seen to 
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some extent in this work. Accessible models are increasingly widely available, bolstered by 
the growth of open access thermodynamic software such as Clapeyron, reducing the need to 
use bespoke or expensive third party software for complex equations of state. 
 
Some available models, such as EPPR78, GERG-2008, and SAFT-γ-Mie perform excellently 
for particular mixtures where there are more data and have been greater research focus but 
struggle in most other cases. Work should be pursued to optimise the pure component and 
interaction parameters for all nature of EoS and collate accessible databases such that they 
may be more widely used and readily assessed. Group contribution models, such as EPPR78 
and SAFT-γ-Mie, are especially valuable as they can supplement data shortcomings 
(including for hard to purify compounds). Such approaches may be especially important for 
mixtures containing many components, where dimensionality necessitates that there will 
never be enough time to explore all possible mixtures exhaustively. A clear starting point is 
the further optimisation industrially prevalent mixtures such as those containing hydrogen, 
CO2, methanol, and light alkanes, which have been observed to frequently lack optimal 
parameters. 
 
The question of dealing with more structurally complex molecules remains inviting to solutions. 
This is necessary not just for detailed descriptions of high molar mass molecules and weakly 
bonded agglomerations but also for the tractable extensive of group contribution approaches 
to atomistic approaches. This is an area in which machine learning models that use structural 
descriptors (such as SMILES) are likely to excel, as such systems may reasonably be 
described through language games. However, there remains great value in understanding the 
corresponding thermophysics through physics-informed non-ML models. In (engineering) 
practice, a combination may be desirable, though the quality of machine learning based 
models will require assessment against classical models and both ultimately depend on 
reliable experimental data. Approaches like SAFT/perturbation theory also provide a 
conveniently scalable description of molecular systems, including where “strong” bonds may 
be made or broken (as in reactive systems). 
 
Beyond what is effectively a matrix completion exercise for existing models, there is a need to 
improve the description of energetic contributions that are not captured in any current models. 
It is possible, and well established, to capture a degree of non-ideality in classical cubic EoS. 
Further flexibility is provided by often-complex mixing rules, where performance is generally 
guided/influenced by the accuracy of the underlying physical description, but the foundational 
structure of cubic EoS is inherently limited. Energy explicit models, such as those based on 
perturbation theory (or, to a lesser extent, multiparameter equations of state), appear best 
suited to capture these additional non-idealities. 
 
A significant example is the consideration of surface energies, manifested as areas and 
tensions (depending on how one describes a thermodynamic space). Here, consistency 
across scales is important; microscopic behaviours can have meaningful effects on bulk 
properties. This is evident, for example, from the effectiveness of two-fluid models, whether 
surfaces are considered directly (as in UNIQUAC) or more implicitly (as in NRTL). Such 
understanding is likely essential for detailed understanding of liquid, supercritical, and colloidal 
systems, as well as solid formation. This is relevant not only to many classical industrial 
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processes, but also the equilibria for pharmaceutical applications, where melting points and 
latent heats are commonly required in modelling but the state of the art predictions often target 
order of magnitude accuracy. Significant portions of these properties of fluid and solid phases 
are derived from surface energies, yet theory is often either lacking or not applied to the extent 
possible (when considering the detailed works of researchers such as Hill, Widom, and 
Tolman). These shortcomings should be reconciled, regardless of whether the models they 
are contained within keep the mean field approximation or attempt to move beyond it. 
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