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Thesis Abstract 
This Thesis uses computational model development throughout to aid with the understanding of 

experimental results in two general areas: understanding phase behaviour of CO2-rich fluids and 

modelling of novel chemical reactions. 

Chapter 1 the introduces experimental measurements that were carried out to measure the solubility 

of water in a 10% H2 + CO2 fluid mixture at 40 °C and above 8 MPa. The experimental results showed 

a continuation of the trend observed previously with pure CO2, 5% N2 + CO2 and 10% N2 + CO2, where 

the solubility of water was dependent on the density of the mixture. The experimental results carried 

out in this work, along with the previously reported results, including at 25 °C, were compared to those 

predicted by both the Advanced Peng-Robinson 1978 and SAFT-γ Mie Equations of State. The 

predicted water solubility was generally underestimated compared to experimental results, which was 

considered to be safer than an overestimation for any future pipeline network.  

The minimal saturation limit was ca. 1500 ppm, which with a safety multiplier of 60%, suggested that 

water solubility limits of 1000 ppm lay above the previously suggested limits of 500 ppm. To be surer 

of this, experiments would need to be continued at lower temperatures, such as 10 °C, which are more 

likely to be found as pipeline operating conditions, especially in the UK.  

A computational model of a pipeline was then used to investigate the effect of impurities on pipeline 

behaviours, such as pressure drop, which is a crucial measure in the development of a pipeline 

network. The presence of impurities was shown to have an effect on the pressure drop of a pipeline, 

with the identity of the impurity exhibiting a much less pronounced effect. 

The pipeline model was then adapted to a smaller size to support a technique previously developed 

within the group to measure the phase behaviour of reactive mixtures, using an increased in pressure 

drop to indicate a phase change. 
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Within Chapter 2 both photochemistry and high-temperature water reactions are introduced before 

the process modelling and the mathematical techniques used throughout this Thesis are introduced 

in Chapter 3. 

The models developed for photochemical reactions and photochemical reactors are introduced in 

Chapter 4. Although previously reported models of photochemical reactions were limited, the model 

developed in this work was shown to agree well. Maximum likelihood estimation was then used with 

the model to estimate the quantum yield of a number of reactions, assuming the lamp manufacturer’s 

light intensity was accurate. The quantum yields were then used to accurately predict further 

experimental results, outside of the experimental space used in the estimation.  

The photochemical reactor models were then developed for the FEP tubular reactor and Vortex 

reactors, which were much more complex than the excimer flow and batch reactors. The Vortex 

reactor process model matched the Computational Fluid Dynamics model well, with the ability to 

predict the performance of reactions in the Vortex reactor. 

 Within Chapter 5 a high-temperature water reactor model was developed and used to model a multi-

step reaction in two different reactors; a large-scale and small-scale reactor. Maximum likelihood 

estimation was used to estimate the kinetic parameters of the reactions, with a reparameterization 

of the Arrhenius equation and an optimisation algorithm used to reduce the correlation and 

uncertainty of parameters. The estimated kinetic parameters from the smaller reactor were then used 

to predict the performance of the larger reactor, which was a key aim of the model development.  

The thermal reaction modelled in Chapter 5 was the second stage of a reaction modelled in the 

photochemical chapter. The daisy-chaining of these two reactions was then modelled with a possible 

equivalence of 2.5 kg per day being possible if the laboratory equipment was available. A future 

reactor was then designed using the reaction’s kinetics to optimise the yield, while reducing energy 

and material use.  
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Preface 
The Engineering Doctorate (EngD) Thesis was originally closely tied with my industrial sponsor, Process 

Systems Enterprise (PSE). PSE is a leading supplier of advanced process modelling software and digital 

design and operation services to the process industries. The EngD also contained multiple modules to 

understand the broader aspects of research within the Carbon Capture and Storage and Cleaner Fossil 

Energy (CCSCFE) Centre for Doctoral Training (CDT). As suggested by the name of the CDT, the aim of 

associated research is to push forward the understanding around CCS and cleaner fuels. 

The key objectives of the Thesis originally were to develop the equation of state for multicomponent 

mixtures relevant to CCS. Within this development there was a specific focus on the development of 

understanding surrounding the water solubility in CCS mixtures. The experimental results were then 

planned to be used to benchmark PSE’s software’s predictive capabilities. 

Unfortunately, the UK Government decided to withdraw £1 billion worth of funding for CCS in the 

November 2015 budget. This decision had a direct impact with my sponsor company, who closed their 

CCS division, requiring a change in focus. 

The area which this Thesis then focussed on was the modelling of chemical reactors, especially those 

used for flow photochemistry. The modelling of chemical reactors was well aligned with PSE, as they 

are a process modelling company. 

Due to this change in focus, the Thesis is largely presented in two separate parts: the first part 

(Chapter 1) is based on understanding the complex phase behaviour of CCS relevant mixtures and the 

second part (Chapters 3, 4 and 5) introduces the modelling of photochemical and high-temperature 

water reactions. There is also an explanation of the modelling and statistical techniques common 

throughout the Thesis in Chapter 2. 
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1. Water solubility and pressure drop for Carbon 

Capture and Storage 
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1.1. Chapter Overview 

This chapter introduces Carbon Capture and Storage (CCS) as a technological response to climate 

change as it aims to remove carbon dioxide from the atmosphere.1 One of the remaining challenges 

of CCS is the understanding of impure-dense-phase CO2, as the carbon dioxide is unlikely to be of high-

purity. The effect of impurities on the solubility of water in dense-phase CO2 needs to be clearly 

understood to enable the large-scale development of CCS pipeline networks, due to the effect it can 

have on corrosion rates and the corresponding safety considerations.2–4 A number of methods are 

discussed for measuring water solubility, before experimental work is carried out using an  Fourier-

Transformed Infra-Red (FTIR) spectroscopic method previously developed at the University of 

Nottingham.5 

The FTIR method was used to measure the water-solubility limits of 10 % H2 + CO2 at 40 °C, with the 

results showing a continuation of the trend of reducing solubility with the reduction in density of the 

fluid. The results of the spectroscopic method, along with the previously measured values for 5 % and 

10 % N2 + CO2, are then compared with the predictions of different equations of state (EoSs). 

The EoSs generally overestimated the water solubility limits at 40 °C, which was considered to be safer 

than the underestimation. The experimental values for the water solubility at 25 °C were also 

compared to EoSs, which also showed an underestimation for the majority of mixtures. The only 

mixture where the comparison was overestimated by the EoSs was the 10 % H2 + CO2 mixture. The 

chance of 10 % H2 + CO2 occurring within CCS pipelines was considered low, hence the difference 

between the prediction and experiment was less problematic. 

Experimental results for both the density and viscosity of CO2 rich mixtures, found in literature, were 

then compared to EoS predictions, with ca. 5 % difference shown for the majority of conditions. The 

accuracy of the EoSs for both density and viscosity meant that the EoSs were used to predict the 

pressure-drop of CCS pipelines at a variety of conditions and pipeline shapes.  
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Finally, the model used for the prediction of pressure drop with CCS relevant mixtures was used to 

support a method developed to measure phase-behaviour of mixtures. Experimental values, collected 

by Dr. Gurbuz Comak, showed an increase in pressure drop when a fluid flowed through conditions 

which caused a change in phase. The model supported the theory that the increase in pressure drop 

indicated a phase change. The defined model was able to accurately predict the pressure drop of a 

reactive mixture which is traditionally difficult to measure the phase behaviour due to the reactivity.  

1.2. Chapter aims 

As mentioned in the Preface, the work related to CCS was truncated due to the change of UK 

Government’s CCS policy decision and subsequent closing of the CCS division in PSE. The original 

objectives for the CCS work were modified from the development of PSE’s Equation of State with 

experimental results to: 

Aim 1.1  - To carry out experimental work for determining the phase behaviour of tertiary systems 

of CO2, H2 and H2O relevant to CCS pipeline operation 

Aim 1.2  - To compare the experimental work on phase behaviour with the predictive capabilities 

of PSE’s Equation of State 

Aim 1.3 - To use PSE’s software to understand the effect impurities with CO2 has on the operation 

of pipelines, especially the pressure drop of a pipeline 

Aim 1.4  - Undertake a training exercise modelling existing experimental work on the pressure drop 

and phase behaviour of a CH3CN mixture at elevated temperatures 

1.3. Climate change and mitigation 

An Intergovernmental Panel on Climate Change (IPCC) report found a 98 % chance that anthropogenic 

CO2 emissions have caused climate change.6 There has been an increase in general awareness of this 

issue, however, this has not always lead to tougher regulations on high emissions industries. There 
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are a number of reasons for this; lobbying powers of carbon rich industries, energy security of 

alternatives and ethical arguments such as ‘why should less economically developed countries not 

take advantage of cheap fossil fuels, like countries such as the USA and the UK have for the best part 

of two centuries?’, among others.7 However, there have been some successes such as the introduction 

of the UKs Climate Change Act 2008, the first legally binding emissions targets set by any government. 

This will be achieved by introducing five year carbon budgets that follow the most cost efficient path 

to achieve the 2050 carbon dioxide emission targets.8 The UK Government has also recently legislated 

for net-zero carbon emissions by 2050.9 

It is widely assumed that most of the carbon dioxide emissions are emitted from power stations and 

that efforts should be focussed on improving power stations efficiencies and emissions.10 However. 

the power sector accounts for just 24 % of CO2 emissions in the UK, and are run as efficiently as 

possible using the technologies installed due to the strong economic drivers for efficiency in the power 

sector.11 In order to improve emissions of fossil-fuel plants, significant investment would be required 

to improve the efficiency of older sites, which is economically unfavourable, or new cleaner plants 

would need to be built, such as using supercritical (sc) boilers.12 There is a reduced focus on 

commercial industries (17 % of UK Emissions), as manufacturing plants also burn their own fossil fuels 

as well as the carbon emissions from transport.11 One method to reduce emissions would be to 

electrify these processes and take advantage of the large economies of scale that power plants benefit 

from.13 Although methods such as electrification would help to reduce overall emissions, it would not 

achieve net zero carbon emissions. In order to achieve ‘zero’ emissions a carbon mitigation technology 

is required, with CCS being the most developed. 

1.3.1. Negative Emissions 

Negative emissions are seen as a crucial technology requirement for all feasible plans to reach the 

+1.5 °C target agreed at COP21.14,15 The possibility of negative emissions have been proposed through 

the use of carbon capture and sequestration in combination with biofuels, known as BECCS.16 Biofuels 
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are considered ‘carbon neutral’ by some as the carbon fixed during growth is then re-released into 

the atmosphere, hence the balance is equal. However, considering biofuels as carbon neutral is not 

strictly valid as there is a fuel and energy cost in the processing of the biofuel, as well as the production 

of any fertiliser (if used), however biofuels are certainly a vast improvement on fossil fuels.17 Also, 

there are more recent concerns of the destruction of soil in biomass processing, which some estimate 

holds up to 40 % of the carbon of a forest.18 

If the carbon from the combustion of these biofuels is captured and stored underground, the carbon 

is removed from the atmosphere and could be considered to have negative emissions. It is thought 

that if the world is to meet the +1.5 °C 2050 target, negative emissions will be required as emissions 

are expected to peak in the 2030s.19 

1.4. What is Carbon Capture and Sequestration (CCS)? 

CCS is considered one of the major carbon mitigation technologies currently available for 

deployment.20 The general concept is to capture and transport the carbon dioxide produced during 

fuel combustion to a suitable storage site rather than allowing it to be released to the atmosphere as 

shown in Figure 1. The carbon dioxide is then stored and therefore taken out of the ‘carbon cycle’.21 

 

Figure 1 - Schematic describing the CCS process for a power plant, where a carbon-based fuel is burnt in a power plant, 
with the CO2 captured and transported through pipelines to off-shore depleted oil and gas fields or on-shore depleted 
goal seams where it is stored.22 More recently CCS is being seen as a possible route for carbon-intensive industries, such 
as steel works, to decarbonise rather than the more traditional idea of it being used to decarbonise power plants.  
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There are a number of stages in the CCS process; Capture, Transportation and Storage. Historically 

there has been great interest in both capture and storage and hence a wealth of research has been 

conducted in these areas.23 Until recently the large-scale transport of carbon dioxide was relatively 

less understood. There are three different established capture technologies currently available, each 

offering their own advantages and disadvantages as well as affecting the subsequent stages.  

1.4.1. When will CCS be used? 

Traditionally CCS was viewed as a technology to decarbonise fossil-fuel power plants, however, more 

recently this view has changed to either re-use the captured carbon or decarbonise industries that in 

the past have been considered difficult to decarbonise due to a number of factors.24 

CCS is sometimes reformulated as Carbon Capture, Utilisation and Storage (CCUS), where the CO2 is 

utilised as a feedstock for chemical or agricultural processes.25 By finding methods to use the CO2 as a 

feedstock it is hoped that demand for CO2 will increase. This increased demand will increase the price 

of CO2 which will drive further investment in CCUS technologies. The second driver behind this change 

to CCUS is the rapid reduction in price for renewable power, with offshore wind in the UK being able 

to supply 5.8 GW power at £39 MW·h-1, which is below the wholesale price at the time of writing.26 

Finally, some industries such as the cement industry, which emit CO2 as an unavoidable part of the 

process would not be able to decarbonise without a way to capture the carbon.27 

1.4.2. Capture Technologies 

The capture technology selection depends on a number of criteria such as fuel type and whether the 

plant can be retrofitted with CCS. The type of technology selected will have an impact on the 

composition of the flue gas; which in turn impacts purification and compression costs before the gas 

is ready to be transported.28 The three separate technologies are summarised in Figure 2 and 

explained below. 
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Figure 2 – A schematic of the three most common technologies used within CCS. Post-combustion capture uses solvents 
or adsorbents after the fuel has been burnt to capture the CO2 and is the most widely developed technology in CCS. Pre-
combustion removes the carbon before the fuel is burnt through the gas-shift reaction and oxyfuel combustion burns the 
fuel in a high-oxygen environment to create a high CO2 concentration in the exhaust stream.17 

Post-combustion capture 

Post-combustion capture technology removes carbon from the emissions after the fossil fuel has been 

combusted. This technology relies on the selective adsorption of CO2 into a solvent or adsorbent, 

before the CO2 is stripped out of the solvent and independently pumped away to be stored. 

Traditionally the solvent of choice has been amine based although more recently alternative solvents 

and techniques such as membrane separation have been developed due to environmental issues and 

energy concerns.29 The amine solvents absorb the CO2 at ca. 50 °C and is heated to ca. 130 °C to release 

the CO2. This presents a dilemma for the solvent technology; the increased absorption properties and 

selectivity for CO2 often leads to a more energy intensive process being required to release the CO2 

from the solvent.30 

Post-combustion technology is currently seen as the most developed technolgoy with the SaskPower 

Boundary Dam plant currently the largest scale CCS Power Plant in operation, designed to capture 

1 MtCO2·year-1.31 The main concerns with post-combustion technology is the thermal efficiency cost 
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of this process; the majority of reported figures are around a 10 % reduction in total power plant 

efficiency.1 Pulverised coal plants currently run at an efficiency close to 40 %, the addition of CCS to 

therefore poses a significant difference. This is a concern as pulverised coal plants are the most 

prevalent power plant globally.1 

Pre-combustion capture 

Pre-combustion capture removes the carbon from the fuel before it enters the combustion chamber. 

This is achieved by gasification of the fuel followed by the water gas shift reaction, yielding carbon 

dioxide and hydrogen, shown below.32 The carbon dioxide is then separated from this mixture and 

pumped for storage; the hydrogen is then burnt in the combustion chamber. 

            CH4 + 2 H2O → CO2 + 4 H2   

Due to the extra technical requirements of this method the systems have to be specifically designed 

and built for this purpose, it is currently challenging to retrofit existing plants. The technologies 

required have been proven in other industries such as gasification and natural gas processing. 

However, until recently the technologies have not been proven when combined together. Kemper 

County energy facility was completed in July 2016 at a cost of $6.6 billion and is capable of capturing 

3 MtCO2·year-1 which is expected to be used for Enhanced Oil Recovery (EOR). This project was 

$4.4 billion over budget and took 2 years longer than expected which highlights the difficulties new 

large-scale technologies face.33 Pilot scale plants fitted with pre combustion capture technologies have 

shown an overall efficiency penalty of 7-8 % which is lower than post combustion, however still 

relatively high.32  

Oxyfuel Combustion 

In oxyfuel combustion the fuel is burnt in an oxygen rich gas mixture rather than being combusted in 

air. A pure oxygen stream is not used as this would lead to high flame temperatures which would be 

too high for current materials to withstand.34 Instead, recycled flue gas is mixed with the oxygen or 

the fuel is burnt via staged combustion. This recycling leads to a high percentage of CO2 in the exhaust 
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gases and less purification is required before being pumped for storage or utilisation compared to the 

previously mentioned technologies.34 

1.4.3. CCS Exhaust Stream Composition 

For the most efficient transport of CO2 a supercritical phase is suggested, this offers the best properties 

for both density and gas flow behaviour.4 The critical point of pure CO2 is 31.1 °C and 7.38 MPa, so the 

conditions need to be kept above this point, although impurities will have an effect on this.35 A single 

phase flow is preferred as multi-phase flow is much more complex to model and will encourage the 

condensation of liquid water leading to corrosion issues.36 

The composition of the CO2 stream for transport after processing is dependent on the capture 

technology used, as well as fuel type. Table 1 shows an example composition of three different 

technologies taken from pilot plants after purification; the exact compositions can differ depending 

on the efficiency of each process which can fluctuate between plants.37 

Table 1 - Typical molar percentages for different components found in CCS exhaust streams, for the different capture 
technologies after purification.37 

3 Pilot Plant CO2 Stream Gas Composition (% mol.) 

Component 
Post-combustion 

capture 
Pre-Combustion 

Capture 
Oxy Fuel 

Combustion (wet) 
CO2 94.4 98.21 93.82 
H2O 5.6 1.79 4.16 
H2 0 0 0 
CO 0 0 0 
N2 Traces 0 0.28 
O2 Traces 0 1.38 
Ar 0 0 0.35 

 

The fuel differences predominantly effect the trace gases. Coal naturally contains higher amounts of 

sulphur, hence why it produces more H2S than natural gas combustion. The presence of these 

impurities will also affect the physical behaviour of the CO2 rich gas mixture and need to be understood 

further.3 
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Table 2 shows the current suggested safety limits for a range of gases expected to be found in CCS 

exhaust mixtures, including a suggested water concentration limit. These safety limits were calculated 

using binary mixtures of CO2 + x, rather than more likely multi component mixtures. In order to create 

revised safety limits a deeper understanding is needed regarding the phase behaviour of these 

mixtures. 

Table 2 – The DYNAMIS CCS Proposed Safety Limits for different components commonly found in CCS exhaust streams.4 

Component Concentration 

H2O 500 ppm 
H2S 200 ppm 
CO 2000 ppm 
CH4 Aquifer < 4 vol.%, EOR <2vol.% 
N2 < 4 vol.% (all non-condensable gases) 
Ar < 4 vol.% (all non-condensable gases) 
H2 < 4 vol.% (all non-condensable gases) 

CO2 > 95.5 % 
 

Understanding the behaviour of CO2-rich fluids, especially the role of impurities, is crucial for reducing 

costs for the large-scale adoption of CCS. This is important for water solubility limits, which need to 

be measured as the presence of liquid water within a pipeline increases the rate of corrosion causing 

safety concerns and increased operating expenditure. 

1.5. Why is water solubility important? 

Water solubility is a major interest area due to the environmental, safety and economic implications 

of the presence of water in pipelines.38 If liquid water forms inside the pipeline, gases are able to 

dissolve into it; with CO2 able to form carbonic acid and SO2 available to form sulfurous acid. This 

carbonic acid causes ‘sweet’ corrosion while sulfuric acid causes ‘sour’ corrosion, with both being a 

cause for concern.39  

One example of an environmental concern is if CO2 leaks offshore, the pH of the surrounding water 

would be lowered affecting very sensitive marine ecosystems.40 CO2 leaks on land tend to have less 

severe consequences because the ecosystems are generally more robust. However if the 
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concentrations are high enough (over 3 %), CO2 can impact the health of humans, animals and 

vegetation and if concentrations reach critical levels (>10 %) for extended periods of time the effects 

can be fatal.41,42 Another particularly concerning property of CO2 leaks is the ability to displace oxygen 

in valleys and confined spaces, resulting in asphyxiation and possible casualties. The concern for health 

effects would be amplified if H2S, SO2 or CO are also present in the pipeline, even in small quantities 

these compounds can cause serious harm to life.43 

These risks can be easily minimised by careful monitoring of the pipeline network and wells where the 

gas is stored. For example, in Dakota, USA, further preventative measures have been taken by 

installing a series of regularly spaced valves along the pipeline so that in the event of a breach the 

valves close, thus restricting the CO2 flow and preventing further CO2 loss.43 In general, the probability 

of these events occurring is low and there are few recorded cases. Product failure and corrosion have 

been the cause of most incidents, rather than human error, therefore with further research and 

development, these risks could be reduced significantly.43 The pressure required to keep the fluid in 

the supercritical region is large, so any faults in the pipeline could be exposed, potentially leading to a 

large explosion.43,44  

The economic effects also need to be considered, when a project is commissioned the costs are 

calculated with an assumed corrosion rate of pipelines, some estimates suggest corrosion costs the 

global economy billions of dollars per year.45 An increase in corrosion rates leads to higher 

replacement and repair costs. This could mean the pipeline is uneconomical, especially in an industry 

where keeping costs low is a key issue with the current ‘carbon price’ being low.46 Another economic 

question companies will want to answer is that of the minimum amount of energy and money required 

for purification and compression while also ensuring the safety of the pipeline.  

1.5.1. Impurities’ effect on phase behaviour 

In order for a cost effective and safe CO2 distribution network, a key stage in CCS development, water 

solubility in supercritical CO2 needs to be studied and understood, especially for CO2 containing 
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impurities. For example, the critical point is reduced with the introduction of impurities, with the 

critical temperature for 5 % N2 + CO2 expected to be 27.1 °C and 22.5 °C for 10 % N2 + CO2.47 

The phase behaviour differences are then expected to have an effect on the water solubility. 

Understanding water solubility will then help create a model for the operational composition, 

temperature and pressure range of the proposed pipelines.  

1.5.2. Water solubility measurements 

Due to economic reasons it is most likely that future CCS pipelines will be constructed using carbon 

steel.3 Keeping the water present in a single phase is important as this would avoid increased corrosion 

rates.  

Current water limits are set on previous work with natural gas pipelines and does not use experimental 

data to inform CCS-specific limits.4 The water solubility is expected to be dependent on impurities 

present in the CO2 and hence water safety limits need to be better understood.5,48 One of the issues 

of measuring the water content of the CCS-relevant system is the high pressure required, which is 

unsuitable for most standard techniques. To measure there are generally two approaches: 

 Analytical methods – CO2 is allowed to become saturated with H2O before being measured; 

 Synthetic methods – A known composition of mixture is made before being measured.49 

Analytical methods for water solubility 

Most analytical methods for water solubility measurements involve allowing the vapour and water to 

mix and reach equilibrium before the fluid is analysed for water content compared to CO2. 

Wiebe and Gaddy – Expanded Gas Method 

One of the first experiments regarding CO2 as the solvent followed on from work in 1939 where both 

Wiebe and Gaddy were investigating water as the solvent, and CO2 the solute. They investigated water 

solubility and noticed a large increase in solubility at pressures above 71 MPa, shown by large amounts 

of water in the expanded gas.50  
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The expanded gas method involved saturating the water with CO2 at a set temperature and pressure 

in an apparatus before expanding the fluid so the quantity of gas and quantity of liquid water could 

be measured at 25°C and atmospheric pressure.51 The gas was measured by a Shepherd manometric 

gas analysis apparatus with the water measured by a Burette system. This experiment gave a value of 

CO2 and water and therefore allowed the amount of CO2 dissolved per gram of water to be calculated 

and compared. It was noted that above 71 MPa the amount of water dissolved was significant, and 

the formation of a single completely miscible phase was observed;  this was one of the first 

observations of the effects on solubility of supercritical CO2.50 

Improved Expanded Gas Method - Sabirzyanov 

Sabirzyanov improved the accuracy of the expanded gas method. The saturation of water was 

achieved through the introduction of carbon dioxide to a sealed cylinder containing water.52 This 

cylinder was then agitated by being rocked twice a minute, for two hours, through 160° with a 

perforated ball to improve phase mixing. The gas is then expanded into weighed graduated flasks and 

the volume measured at normal conditions. As with the Wiebe and Gaddy method, the solubility was 

determined from the volume of the gas and the weight of the liquid achieving an error of 3 %. 

Chromatography method 

Another method for determining the composition of a sample is through gas chromatography (GC); it 

is a commonly used analytical method, for phase behaviour studies. Small samples are taken from a 

supercritical cell such that the equilibrium is not disturbed, and then analysed.53 The components are 

eluted through a GC column using an inert gas such as helium. The components are then separated 

over the length of the column by the differing strengths of interaction between analyte and column. 

There are a number of methods of detecting the amount of each component, such as a flame 

ionisation detector (FID) or thermal conductivity detector (TCD). The detectors all work on a similar 

principle of detector output being relative to the amount of analyte present. The SINTEF group based 

in Trondheim, Norway use a TCD as the components are relatively unreactive.54 Flame ionisation 
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detectors are often used for separating organics because they are combustible. However, water 

solubility studies would be near-impossible with FID as the water would extinguish the flame.  

Synthetic methods for water solubility  

The synthetic methods regarding water solubility start with a known amount of water and a known 

composition of gas. The synthetic method allows the mixture to equilibrate at a defined pressure and 

temperature before being analysed.49 There have been a variety of synthetic-type techniques 

developed to measure the amount of water present in the supercritical phase. 

Although not explicitly developed for water solubility there have been a number of methods 

developed for studying phase behaviour of all fluids. The phase change is detected by observing an 

obvious change in signal moving from above the critical point to below, which could suggest the 

condensation point. For these methods to succeed a known composition and set of conditions where 

the water is guaranteed to be in phase are required.  

Human observation 

Using a pressure cell with observation windows allows human observation and was the traditional 

method of studying phase behaviour. The pressure, temperature or volume of the cell is changed 

allowing people to observe the formation of bubbles or condensation.55 The conditions of the cell at 

the transition point are then noted down as the equilibrium conditions between the phases. A similar 

approach could be used for the solubility of water as the formation of bubbles or condensation would 

indicate the solubility limits. One concern regarding human observation would be that near the critical 

point the phases can become opaque and impair judgement56.  

An example of a semi-automated observation method is the chilled mirror dew point hygrometer; 

where a gas mixture with an unknown concentration of water is allowed to condense on an inert, 

polished, chilled mirror surface.57 A beam of light is then reflected off this surface and connected to a 

photodetector.58 The mirror temperature is then altered at the point where the rate of condensation 

is equal to that of the dew layer evaporation, this is termed the dew point.  
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Over time the traditional method has become more and more automated. The automated method is 

the preferred method to obtain physical measurements as it is objective and more-easily comparable. 

However this does not mean that view cells are defunct; they have been used to confirm the existence 

of previously unknown phase behaviour predicted by the measurements of other techniques.59 

Spectroscopic Methods 

Spectroscopic methods can be used to measure the concentrations of water in fluids through the use 

of the Beer-Lambert Law which relates concentration and absorbance value. The spectroscopic 

method offers a direct measurement of the optical properties of the fluid rather than analytical 

methods which could disturb the dissolution equilibrium before a measurement is taken.5,60 In order 

to study water concentration an absorbance band that is caused by water needs to be selected. There 

have been two main options for this in recent literature; near-IR absorbance and IR absorbance.  

Near Infra-red Absorbance (NIR) 

Due to the strong absorbance of CO2 in water’s vibrational 3500 – 4000 cm-1 region as well as the 

possibility of interference of the H-O-H bending mode around 1600 cm-1. Wang decided to use the 

absorbance bands in the 7100 – 7500 cm-1 region which relates to a water overtone band (2ν3) at 

7208 cm-1 as shown in Figure 3.60 An amount of water was added to the cell before being pressurised 

with scCO2; the cell is then allowed to equilibrate and the NIR spectra measured.  
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Figure 3 – The Near-IR method for calculating the solubility of water in CO2, following the increase of water’s 2ν3 overtone 
band around 7200 cm-1. Saturation is reached when the band stops increasing with amount of water added. 60 

This process is repeated with an increased amount of water and the average absorbance between 

7100 – 7500 cm-1 is plotted against volume of water. The average absorbance increases with volume 

of water before reaching a plateau which indicates the solubility limit has been reached. This band 

was analogous to the 10,500 cm-1 2ν1 + ν3 band observed by Jackson et al.61 Wang’s work appears to 

agree with other groups’ findings, although it should be noted a verified set of data is not currently 

available for this system.  

Attenuated Total Reflection Infra-Red method 

Unlike the high-pressure IR cell mentioned earlier, Attenuated Total Reflectance (ATR)-Infra-Red (IR) 

only requires a single window into a cell which can be diamond and thus provides a more chemically 

and physically stable apparatus. The ATR-IR cell used in the Poliakoff/George group was developed in 

conjunction with Alexander Novitskiy from Moscow State University and is based on the Specac 

Golden Gate SCFs analyser incorporating modifications to both the top plate geometry and heating 

system.62 This gives the apparatus the uniformity and stability required for phase equilibrium 

measurements up to 650 K and 250 bar.  

The IR beam travels through the diamond surface and penetrates into the medium in contact with the 

diamond by half the wavelength of the IR beam. Therefore, this method is a surface sensitive method 
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and hence can only give information about the medium in direct contact with the diamond surface. 

The penetration depth increases as the wavenumber increases and hence is useful for the IR 

fingerprint region.63 This method is surface sensitive as the difference in absorbance between a vapour 

and liquid can be detected. It also gives spectroscopic data regarding the fluid in contact with the 

sensor, hence a better understanding of the system can now be developed.   

The ATR-IR method has currently been used for EtOH, MeOH and H2O as well as a binary system of 

EtOH + H2O. This method, if able to be used with CO2, could be extremely useful as the phase changes 

could be detected as well as understanding the amount of water present in each phase.  

1.5.3. Experimental work that forms the basis of initial investigations 

A technique was developed in the group to measure the water solubility of water into CO2, which has 

been reported in literature and explained below.5 The method was validated with pure CO2 and 

matched previous experiments well. The water solubility limits for 5 % and 10 % N2 + CO2 have 

previously been measured in the group and published. 5 The previously published results for molar 

fraction of water (xH2O) and concentration of water in the CO2-rich phase are shown in Figure 4 (a) 

and (b), respectively. 
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Figure 4 – The evolution at 40 °C of (a) molar fraction and (b) concentration of H2O in Pure CO2 from Foltran et al. (2015) 
(), Pure CO2 from King et al. (1992) (), Pure CO2 from Wang et al. (2013) (), 5 % N2 + CO2 from Foltran et al. (2015) () 
and 10 % N2 + CO2 from Foltran et al. (2015) (); lines are drawn to guide the eye.5,60,64 

As can be seen in Figure 4 the increasing concentration of N2 in CO2 decreased the solubility of water 

into the CO2-rich phase. The decrease in solubility was largely thought to be due to the decreasing 

density, as can be seen in Figure 5 where the solubility limits for both mixtures seem to follow a trend. 

The densities of the N2 + CO2 mixture were calculated using REFPROP and were previously reported.5 
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Figure 5 – Evolution of the molar concentration of water as a function of density for H2O in Pure CO2 at 40°C (), Pure CO2 

at 40°C from King et al. (), 5 % N2 + CO2 at 40 °C (), 10 % N2 + CO2 at 40 °C (), () 25 °C in pure CO2 from this work; () 
25 °C in pure CO2 from King et al. (1992); () 25 °C in pure CO2 from Wiebe (1940); () 25 °C in pure CO2 from Gillespie and 
Wilson (1982); () 25 °C in pure CO2 from Song and Kobayashi (1986); () 25 °C in CO2 + 5 % N2; () 25 °C in CO2 + 10 % N2; 
lines are drawn to guide the eye.5,50,64–66 

As the water solubility had largely been found to be density dependent with N2 as an impurity, it was 

important to see if this trend continued for other gases. Hydrogen was chosen to investigate this as it 

has unique properties due to its small molecular size and would be expected to be most likely to 

exhibit unusual behaviour.67 The experimental set up was then used within this work to understand 

the water solubility for 10 % H2 + CO2.  

1.5.4. Experimental measurement of water solubility 

The method developed was a spectroscopic method that used specialised-custom-built equipment 

due to the high-pressure conditions. The experimental set-up, known as the rig, contained two major 

components; a high-pressure IR cell to measure and a sample mixer to prepare the mixture, as shown 

in Figure 6. The rig also contained a number of safety measures, including pressure and temperature 

trips to ensure the operator’s safety. 
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Figure 6 - Schematic of the rig diagram for high pressure FTIR measurement with the gas mixer pressurised with IPA as the 
hydraulic liquid with the heating jacket indicated by the hashed red area. The high pressure FTIR cell was also temperature 
controlled as indicated by the hashed red area. The encircled Ts and Ps indicate thermocouples and pressure transducers, 
respectively. 

High-pressure FTIR cell 

The method used for the high pressure Fourier Transformed Infra-Red (FTIR) measurements takes 

advantage of a high-pressure IR cell; the stainless-steel cell contains a small aperture with two CaF2 

windows giving an optical path length of 3mm, sealed by a Teflon O-ring and epoxy resin seal.68 This 

is surrounded by a heating jacket which controls the temperature to within ±0.3 °C. The temperature 

and pressure inside the cell are measured by a K-type thermocouple and SuperTJE pressure 

transducer, respectively. The high-pressure cell was designed to be used with most FTIR 

spectrometers, with minimal alteration to the spectrometer. In this case, a Nicolet 380 spectrometer 

with a 4 cm-1 resolution was used, with the spectra obtained from a Fourier transformation of 32 

interferograms. 

Gas sample mixer 

The high pressure FTIR cell was combined with a gas sample mixer that enabled custom gas 

compositions to be synthesised separately from the cell, as shown in Figure 6 and reported in 

literature.5,69 The gas sample mixture was prepared using a custom-built mixer which is a variable 
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volume cylindrical cell with a built-in magnetic stirrer. The volume of cell was controlled by a hydraulic 

piston, using isopropryl alcohol (IPA) as the pressurising fluid and an ISCO pump. Inside the variable 

volume cell, a K-type thermocouple and a SuperTJE pressure transducer measure the temperature 

and pressure of the cell, respectively. 

Initially, the sample cell was expanded to the maximum volume (120 cm3), before H2 was injected into 

the sample mixer to a known pressure. As the volume, pressure and temperature of the cell were 

known, the amount of H2 was calculated using the known density of H2 from the NIST webbook of 

chemistry database.70 The amount of H2 was then used to calculate the amount of CO2 needed to 

produce a mixture of the required composition. The calculated amount of CO2 was then injected, from 

a weighed gas bomb, into the mixer cell through a Bronkhorst CO2 mass flow controller. The mass flow 

controller indicated when the required amount of CO2 had been injected, before the mass of the 

empty bomb was measured for confirmation of the final amount. The mixer cell was then heated to 

40 °C, and pressure increased using the hydraulic piston to ca. 10 MPa. The mixture was then left 

stirring for 2 hours to ensure homogeneity. Due to the small molecular size of H2, and the possibility 

of leakage, the mixture was remade each day experiments were carried out. The process of making 

up the H2 + CO2 mixture led to slight differences in composition, with a range from 9.85 to 10.15 %mol. 

deemed acceptable. 

Data collection and analysis 

A small, known, volume of water was injected with a micro-syringe into the high pressure FTIR cell, 

before being pressurised with the 10 % H2 + CO2 mixture up to the required pressure. The cell was 

placed on a magnetic stirrer plate to ensure the water was well mixed with the CO2-rich fluid mixture. 

After ca. 5 minutes the FTIR cell was removed from the stirrer plate and placed inside the 

spectrometer. An FTIR spectrum was then taken every 5 minutes until equilibrium was achieved. As 

the volume of water injected into the cell (< 2 μl) was small compared to the volume of cell 
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(0.877 cm3), it was assumed that only the CO2-rich phase appeared between the two IR windows. The 

region of interest for these measurements was the H2O ν2 stretch around 1605 cm-1.  

Between each test, the cell was flushed with pure CO2 three times, with an FTIR spectrum taken 

afterwards to ensure all water had been cleared.  

The process of injecting a known volume of water into the FTIR cell before being pressurised with the 

10 % H2 + CO2 mixture was repeated with increasing volumes of water. The absorbance of the 

1605 cm-1 band increased with the volume of water injected, as can be seen in Figure 7. The 

absorbance of the 1605 cm-1 band reached a maximum, which was assumed to be when maximum 

saturation of water in the 10 % H2 + CO2 phase was reached.  

The absorbance values are plotted against the volume of water injected into the cell, as shown in 

Figure 7. The blue circles, below the saturation limit, are known as the ‘calibration’ points with the red 

circles being the ‘saturation’ points. 

 

Figure 7 – Increase of the H2O ν2 bending mode at 1605 cm-1 as a function of the volume of H2O at 40 °C and 10.20 MPa, 
with corrections for the CO2 spectra for the 5 % N2 + CO2 mixture. The blue spectra represent the calibration experiments 
and the red spectra represent the saturation experiments and (b) plot of the absorbance value of the H2O band at 1605cm-1

 

as a function of the volume of water injected. Figure reproduced from Foltran et al. with permission.5  

Calculation of saturation volume 

To calculate the volume of water in the saturated phase, a number of calculations were needed to 

translate the FTIR absorbance value to the molar fraction and concentration. The process for the 
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calculation of the saturation volume at 9.72 MPa is presented below, before the saturation volume of 

the remaining pressures are presented.  

The absorbance at 9.72 MPa and 40 °C is plotted against varying volumes of water in the 10 % H2 + 

CO2 phase in Figure 8. In Figure 8 the filled circles are the calibration points and the empty circles are 

the saturation points. A linear function for the calibration points was fitted with the gradient 

(0.372 μl-1) and intercept (0.0136) and used in the subsequent calculations. 

 

Figure 8 – The absorbance values for the 1605 cm-1 stretching band of H2O as a function of the volume of water injected 
into the FTIR cell at 40 °C and 9.72 MPa for the 10 % H2 + CO2. The filled symbols () indicate the calibration experiments 
and the empty symbols () indicate the saturation experiments. The gradient and intercept are used to calculate the 
volume of water at saturation.  

Due to the sensitivity of the equipment the pressure fluctuated inside the FTIR cell and hence the 

spectra were taken at slightly different pressures. The molar fraction of H2O was calculated at each 

precise pressure before the values were averaged for the final data point. For the three saturation 

data points around 9.72 MPa shown in Figure 8, the volume of saturated water was calculated using 

the linear fitted function of the calibration points. For example, the value for 1.2 ml had an absorbance 

value of 0.156 which is equivalent to 0.381 μl as per the gradient and intercept calculated shown in 

Figure 8. The remaining calculated saturation volumes for the experiments around 9.72 MPa are 

shown in Table 3. 
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Table 3 - The volume of water injected into the FTIR cell and corresponding absorbance value of the saturation 
experiments for 10% H2 + CO2 at 9.72 MPa and 40 °C. The calculated volume of water at saturation calculated using the 
gradient and intercept of the calibration points is also presented. 

Volume of water injected 
(μl) 

Absorbance value 
Saturated volume of water 

(μl) 

1 0.150 0.364 
1.1 0.150 0.366 
1.2 0.156 0.381 

 

1.5.5. Density used for calculations 

For the molar fraction and concentration of water at saturation to be calculated, the density of the H2 

+ CO2 fluid was required. Due to the sensitivity of the mixture to small fluctuations in temperature and 

pressure, especially around the critical point, the pressure and temperature were recorded at the 

moment the FTIR spectra was taken. The pressure and temperature were then used to estimate the 

density of the 10 % H2 + CO2 mixture, which has previously been measured in the group and reported 

in literature.35 The density measurements for 10 % H2 + CO2 at 40.05 °C at increasing pressures are 

shown in Error! Reference source not found..  

Fitting of function to experimental density data 

The pressures recorded when the FTIR spectra was taken often varied slightly between 

measurements, hence a function was fitted so more accurate densities could be used. Initially, a global 

function was fitted to all of the data, however upon closer inspection a difference was observed 

between the globally fitted function and the experimental data. To overcome this, a locally fitted 

function was used from the two data points above and below the pressure in question. A comparison 

of the globally and locally fitted functions is shown in Figure 10, showing much greater agreement for 

the locally fitted function. The density here is shown in mol·dm-3, which is converted from the 

measured kg·m-3 by dividing by the molecular weight of the fluid (39.81 g·mol-1). 
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Figure 9 - The experimental density of 10 % H2 + CO2 at 40 °C at increasing pressures measured using the Anton-Paar 
densitometer technique.35 

 

Figure 10 - The experimental density of 10 % H2 + CO2 at 40 °C at increasing pressures measured using the Anton-Paar 
densitometer technique fitted with a function using all data points indicated by a red line (–). (b) The globally fitted 
function (–) compared with the locally fitted function (–) with the locally fitted function showing much greater fit. The 
dashed lines indicate the pressures where measurements were taken.35 The R2 values for the global and local function 
were 0.998 and 1, respectively, showing the need for a visual comparison. 
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1.5.6. Molar Fraction and Concentration calculation 

The density of the mixture including water was assumed to be the same as the binary mixture because 

the volume of water solubilised into the CO2-rich fluid was negligible. This number of moles of water 

at saturation, 𝑚𝑜𝑙𝐻2𝑂
𝑠𝑎𝑡 , in the 0.877 cm3 FTIR cell was used for the calculation of the concentration of 

water at saturation, 𝐶𝑜𝑛𝑐𝐻2𝑂
𝑠𝑎𝑡 , as shown in Equation 1. 

𝐶𝑜𝑛𝑐𝐻2𝑂
𝑠𝑎𝑡 =

𝑚𝑜𝑙𝐻2𝑂
𝑠𝑎𝑡

0.000877 
(1)  

The mole fraction of water at saturation, 𝑥𝐻2𝑂
𝑠𝑎𝑡 , was calculated using the molar density of the binary 

mixture, 𝜌𝑚𝑜𝑙, at the recorded conditions, as shown in Equation 2. 

𝑥𝐻2𝑂
𝑠𝑎𝑡 =

𝑚𝑜𝑙𝐻2𝑂
𝑠𝑎𝑡

0.000877 × 𝜌𝑚𝑜𝑙
(2)  

The mole fraction and concentration of water was calculated for each saturation point and plotted at 

the average pressure. The calculated values for each step in the water solubility calculation are shown 

in Table 4 for 10 % H2 + CO2 mixture at 9.72 MPa. 

Table 4 - A table of the values used in the calculation of the molar fraction and concentration of H2O at the saturation 
limit at 9.72 MPa and 40 °C for 10% H2 + CO2. 

Vol. of 
water 

injected 
(μL) 

Temp 
(°C) 

Pressure 
(MPa) 

Density of 
mixture 

(mol·dm-³) 

Amount 
of CO2 + 
H2 (x10-3 

mol) 

Vol. of 
H2O 

sat.(µl) 

Mol. of 
H2O in 

sat. (x10-5 

mol) 

Mol. 
Fraction 

H2O x10-3 

Conc H2O 
(mol·dm-3) 

1 40.44 9.708 6.622 5.807 0.364 2.01  3.445 0.0229 

1.1 40.44 9.700 6.611 5.798 0.366 2.02 3.468 0.0230 

1.2 40.54 9.756 6.689 5.866 0.381 2.10  3.569 0.0240 

 

Remaining conditions for 10% H2 + CO2 

The experimental values for the calibration and saturation are shown in Figure 11; the average value 

for saturation is shown to simplify the figure. The conditions recorded at the time of measurement 

were used in the calculations, as outlined above. 
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Figure 11 - The calibration () and saturation () absorbance values plotted against volume of water injected into the FTIR 
cell at different pressures, indicated by different colours and shown on the right of the figure. 

The values in Table 5 for the molar fraction and the concentration were then plotted against the 

pressure and are shown in Figure 12 (a) and (b), respectively, where the error bars are a standard 

deviation each way.  

Table 5 - The calculated molar fraction (xH2O) and concentration of H2O at the saturation point, with the standard 
deviation shown in brackets. 

Average pressure 
(MPa) 

Average density 
(mol·dm-3) 

Average xH2O (±SD, 
x10-3) 

Average conc. H2O 
(±SD, mol·dm-3) 

9.72 6.47 3.494 (0.067) 0.0232 (0.0006) 
11.11 8.29 3.144 (0.052) 0.0261 (0.0004) 
12.43 10.01 3.072 (0.103) 0.0307 (0.0008) 
13.87 11.57 3.780 (0.152) 0.0438 (0.0015) 
16.02 13.40 3.511 (0.039) 0.0502 (0.0004) 
17.35 14.29 3.724 (0.033) 0.0534 (0.0011) 
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Figure 12 - Evolution of (a) molar fraction and (b) concentration of H2O in Pure CO2 () from Foltran et al. (2015), Pure 
CO2 from King et al. (1992) (), Pure CO2 from Wang et al. (2013) (), 5 % N2 + CO2 from Foltran et al. (2015) (), 10 % N2 
+ CO2 from Foltran et al. (2015) () and 10 % H2 + CO2 from this work () at 40 °C; lines are drawn to guide the eye.5,60,64 

The water saturation values for 10 % H2 + CO2 was below that of both N2 + CO2 binary mixtures. The 

values continued the trend of reducing water solubility with decreasing density, which was expected. 

The value for the molar fraction of water in 10 % H2 + CO2 at 13.87 MPa was greater than the expected 

values as shown by the black line in Figure 12. The experiments for this pressure were repeated and 

showed no change, which suggested either this was an accurate value or a possible secondary effect 

that was not considered. When the concentration of water was calculated and plotted where the 

difference between the indicative line and experimental value did not appear as obvious.  
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The concentration of the water was then plotted against the density, shown in Figure 13, where the 

values for 10 % H2 + CO2 match previous experiments depending on density. The continuation of the 

trend showed that the water solubility was likely to be largely reliant on the density of the mixture, 

rather than the components of the mixture. This relationship with density is expected to make the 

prediction and control of water solubility easier for future CCS pipelines, as the components of the 

fluid does not appear to be influential.  

 

Figure 13 - Evolution of the molar concentration of water as a function of density for H2O in Pure CO2 at 40°C (), Pure 
CO2 at 40°C King et al. (), 5 % N2 + CO2 at 40 °C from Foltran et al. (2015) (), 10 % N2 + CO2 at 40 °C from Foltran et al. 
(2015) (), 10 % H2 + CO2 at 40 °C from this work(),  () pure CO2 at 25 °C from Foltran et al. (2015); () pure CO2 at 25 
°C King et al. (1992); () pure CO2 at pure CO2 at 25 °C from Wiebe (1941); () pure CO2 at pure CO2 at 25 °C Gillespie and 
Wilson (1982); () pure CO2 at 25 °C Song and Kobayashi (1986); () CO2 + 5 % N2 at 25 °C from Foltran et al. (2015); () 
CO2 + 10 % N2 at 25 °C from Foltran et al. (2015); lines are drawn to guide the eye.5,50,64–66 

1.5.7. Water solubility comparison with Equations of State (EoS) 

For the large-scale deployment of a CCS network, the water solubility needs to be predictable by EoSs 

as consistent online measurement of pipeline composition is not currently carried out.71 The water 

solubility limits can be predicted using an Equation of State (EoS). In this Thesis, the Advanced Peng-

Robinson (PR-A) and gSAFT-γ Mie EoS are used.72–74 
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Equations of state used in this work 

The Advanced Peng-Robinson (PR-A) EoS is a cubic equation of state based on the original Peng-

Robinson equation developed for the oil and gas industries. The ‘advanced’ version incorporates a 

predictive term within the parameter considering the attractive potential and has been shown to be 

more accurate for mixtures of fluids.  

The SAFT-γ Mie EoS takes a bottom up approach to predicting macro fluid properties through 

estimating the interaction between molecules, namely the Helmholtz free energy. It allows for novel 

molecules to be defined and their properties to be predicted by understanding the additional effect 

to the Helmholtz free energy of different functional groups.  

Further details on the development of both EoSs are provided in Chapter 3. 

Method for EoS prediction of water solubility 

A water content limit for CCS pipelines of 500 ppm has been proposed for CCS specific mixtures, with 

this figure based on previous work, without supporting measurements.3,4,75 As mentioned previously, 

the limit for water is likely to have a safety factor to ensure water does not condense inside the 

pipelines; with 60 % of the experimental limits also previously suggested.4 

There has been a literature precedent for measuring mutual solubility of water and CO2, using custom 

alpha functions and custom binary interaction parameters, achieving an absolute average relative 

difference of 0.07 % for the CO2 + H2O binary mixture.76 For these experiments, there was limited data 

available for ternary mixtures, especially for mixtures with CO2 as the major component, hence why 

the standard EoS was used without customising the alpha function or BIPs was used. 

The saturation point was predicted by incrementally increasing the mole fraction of water by 

0.025 x 10-6 within the mixture, which was below the standard deviation of all experimental 

measurements. The software was then able to use the EoS to predict when two phases form, with this 

point recorded as the saturation limit. The molar fraction was then converted into a concentration 
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using the predicted density of the EoS. The EoS predicted molar fraction and concentrations are shown 

in Figure 14 and Figure 15, respectively. This method was then repeated at all conditions used in the 

experimental method. At 40 °C the binary mixtures of 10 % H2 + CO2 were predicted by all EoSs to be 

single phases at the beginning. 

Comparison of EoS water solubility prediction 

The results from the EoS prediction for both the molar fraction and concentration of water is shown 

in Figure 14 and Figure 15 respectively. Generally, there is a good agreement between the predicted 

and experimental values as discussed below. 

The predicted water solubility limits for pure CO2, 5 % and 10 % N2 + CO2 were lower than the 

experimental values for both gSAFT and PR-A EoSs. The difference between PR-A and gSAFT was that 

PR-A predicted a higher water solubility limit than gSAFT, apart from with pure CO2 where PR-A was 

marginally higher. It should be noted that for all, but 10% H2 + CO2, both EoS were similar to each 

other. For 10% H2 + CO2 the PR-A overestimated the water solubility at higher pressures, whereas 

gSAFT underestimated the water solubility across all pressures.  This general underestimation was 

considered safer than an overestimation as the EoSs would predict water condensation before the 

experimental results suggest water condensation. For 10 % H2 + CO2, the overestimation is at 

pressures above the standard operating pressures of pipelines.23 The safety limits for pipelines are 

also likely to have a safety limit of 60% of the experimental limits.3 
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Figure 14 - A comparison of the experimental molar fraction of water at saturation with the predicted values using the 
PR-A (- - -) and gSAFT (. . .) EoSs; pure CO2 is shown in blue, 5 % N2 + CO2 is shown in green, 10 % N2 + CO2 is shown in red 
and 10 % H2 + CO2 is shown in black.5,72–74 
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Figure 15 - A comparison of the experimental saturation concentration of water with the predicted values using the PR-A 
(- - -) and gSAFT (. . .) EoSs; pure CO2 is shown in blue, 5 % N2 + CO2 is shown in green, 10 % N2 + CO2 is shown in red and 
10 % H2 + CO2 is shown in black. 5,72–74 

1.5.8. Proposed safety limits 

For the proposed safety limits the molar fractions previously shown will be discussed in terms of ppm 

as this is what is generally used for pipeline safety limits.4 Table 6 shows the experimental values for 

the water saturation limit at 8.90 MPa (unless otherwise stated), along with the safety limits predicted 

by PR-A and gSAFT EoSs, at 40 °C and 25 °C. The EoS was also used to predict the water solubility limits 

at 8.90 MPa at 10 °C, where there was no experimental data, as this is a typical UK temperature. The 

pressure used was chosen because it would be a typical pressure found in CCS pipelines and was 

towards the lowest experimental values found for the water solubility.  
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Table 6 - A comparison of the experimental water saturation limits for CO2-rich mixtures at 8.90 MPa (unless otherwise 
stated) 40 and 25 °C with predicted limits using the PR-A EoS and gSAFT, showing a general underestimation by the EoSs, 
with greater disparity compared to experimental values for 25 °C. For 10 °C, experimental values were unknown, so the 
predicted values are shown which are still above the previously suggested 500 ppm safety limit.75 † - measured at 9.72 
MPa and • - 10 % starting fluid predicted to be biphasic, so limit shown when 3 phases formed.  

  H2O saturation limit (ppm) 

Temperature Mixture Experimental PR-A gSAFT-γ Mie 

40 °C 

Pure CO2 3920 3200 3350 
5% N2 + CO2 3880 2525 2550 

10% N2 + CO2 3600 2325 2250 
10% H2 + CO2 3490† 2425† 2150† 

25 °C 

Pure CO2 3180 3025 3650 
5% N2 + CO2 2970 2425 2775 

10% N2 + CO2 3180 1625 1825 
10% H2 + CO2 - 1550• 1675• 

10 °C 

Pure CO2 - 2175 3100 
5% N2 + CO2 - 1875 2500 

10% N2 + CO2 - 1550 1950 
10% H2 + CO2 - 1675• 2125• 

 

As can be seen in Table 6, both EoSs underestimate the water solubility compared to experimental 

values for 40 and 25 °C. The predicted values for 10 °C mostly continue the trend of a reduction in 

water solubility with temperature for each mixture.  

However, the 10 % H2 + CO2 at 10 °C results showed a change in trend with the predicted values above 

those for 10% N2 + CO2. As these values were for the transition from biphasic to triphasic, there was 

greater uncertainty as to assigning these points as the water saturation limits. This was thought to be 

due to the fact that the 10 % H2 + CO2 fluid at 10 °C and 8.90 MPa was predicted to be biphasic by both 

EoSs before water was introduced. For these, the water solubility limit was defined when the fluid 

became triphasic. For gSAFT, the 10 % H2 + CO2 mixture was also predicted to be biphasic at 25 °C and 

8.90 MPa, so the point where it became triphasic was again assumed to be the water solubility limits. 

In future, a large volume view cell could be used to investigate the phase separation at these 

conditions to check the prediction of the EoSs. 

All of the predicted values were above the previously suggested water solubility limits of 500 ppm. 

The suggestion of a safety limit of 60% of the water solubility limit would be ca. 1000 to 1370 ppm for 

10 °C, depending on composition. This work suggests a limit of 1000 ppm would therefore be sensible 
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for any mixtures above 90 % CO2, which could reduce costs in the purification and drying stage. To be 

sure of this recommendation, further experiments would need to be carried out at the reduced 

temperatures.  

1.5.9. Summary of water solubility measurements and EoS comparisons 

The water solubility experiments carried out in this work on the 10 % H2 + CO2 mixture showed a 

continuation of the trend of decreasing water solubility with decreasing density. This trend of 

decreasing water solubility was shown on the water concentration-density graph, where the results 

were on the same trend line observed for previously reported mixtures at 40 °C. 

The water solubility limits were then estimated using the Advanced Peng-Robinson and gSAFT EoS, 

showing a slight underestimation by the EoS at 40 °C for all EoS apart from gSAFT with 10 % H2 + CO2. 

The experimental values and EoS predictions were then compared using ppm, to understand the 

currently proposed safety limits for CCS pipelines. The experimental and predicted values generally 

showed good agreement and were at least double the previously proposed water safety limit of 500 

ppm for 25 °C and 40 °C. This suggested that the safety limits could perhaps be increased, although 

further tests would be needed at lower temperatures, such as 10 °C, as these conditions are much 

more likely to be found in the UK and Europe. 
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1.6. Pressure drop modelling of CCS pipelines 

For future CCS pipeline networks, the wider effects of impurities on the pipeline and fluids needs to 

be understood, not just the effect on water saturation limits. For example, investment decisions will 

need to be made for the pipeline diameter, amount and location of recompression pumps, which will 

also be affected by fluid properties and expected flowrates. To understand the changes, a pipeline 

model was needed as large-scale pipeline networks are unsuitable for experiments.  

The physical properties for the fluid were calculated using PR-A EoS with the superTRAPP algorithm to 

predict transport properties. The scales and flowrates of the pipeline used were of the scale expected 

with CCS pipeline networks, the details of which are discussed below.23  

Before the pipeline model and predictions are discussed, a comparison of predicted and experimental 

values of density and viscosity are discussed, as these are the major physical properties affecting 

pressure drop.77   

There are a number of equations that have been proposed to calculate pressure drop in literature, 

with a variety of assumptions. Often these calculations ignored the viscosity of the fluid, whereas in 

this Thesis, the viscosity of the fluid was used within the pipeline model.2,78,79 

1.6.1. Literature comparison of equations of states for CCS relevant 

mixtures 

An evaluation of the accuracy of the vapour-liquid equilibria for different EoS, on CCS relevant 

mixtures, has been performed by Diamantonis et al.80 They found that Perturbed Chain – SAFT EoS 

was, on average, the most accurate EoS studied when compared to the limited experimental data 

available. When a single temperature-independent binary interaction parameter was used with Cubic 

EoSs, that had been correlated to experimental data, the SRK, PR, SAFT and PC-SAFT EoS were all 

comparable with errors in the range 3-6 %. The method also produced accurate results for a tertiary 

mixture by using binary interaction parameters for the corresponding binary mixtures. Another study, 
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by Mazzoccolia et al. found the PR EoS to be the most accurate among the cubic EoS for predicting the 

density of binary CO2 mixtures.81 

1.6.2. Density comparisons 

Although Diamantonis et al. showed that a number of EoS were within 3-6 % accuracy for predicting 

vapour-liquid equilibria, similar comparisons were needed for the density and viscosity.80 Colleagues 

at Nottingham have previously measured the density of CCS relevant mixtures, as presented below.  

Density experiments 

The density of 5 % and 10 % H2 + CO2, at relevant pressures, has previously been reported and 

published within the group at Nottingham.35 The method measured the density of the mixtures using 

an Anton-Paar Densitometer which observes the vibrational resonance frequency of a small tube, 

which is affected by the density. The method allowed the change in density to be measured over time, 

with a small volume of fluid vented through a computationally controlled vent after equilibrium was 

reached. This method of releasing small amounts of the mixture allowed the density to be measured 

at decreasing pressures; it was initially validated using pure CO2, before mixtures were measured.82 

Density prediction 

The density of mixtures can be predicted using EoSs, with the values predicted by the PR-A and gSAFT-γ 

Mie EoS compared to experimental values.72–74 A comparison of the experimental results and 

predicted values for pure CO2, 5 % H2 + CO2 and 10 % H2 + CO2 for each EoS is shown in Figure 16, 

Figure 17 and Figure 18, respectively.  
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Figure 16 - A comparison of the density of pure CO2 at 40 °C from the NIST chemistry webbook (—) with the predicted 
density from PR-A (- - -) and gSAFT (⋯) EoS. 70,72–74 

 

Figure 17 - A comparison of experimental density of 5 % H2 + CO2 at 40 °C () with the predicted density from PR-A (- - -) 
and gSAFT (⋯) EoS. 35,72–74 
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Figure 18 - A comparison of experimental density of 10 % H2 + CO2 at 40 °C () with the predicted density from PR-A (- - -) 
and gSAFT (⋯) EoS. 35,72–74 

Comparison of predicted values 

For the mixtures shown in Figure 16 to Figure 18, the percentage difference from the experimental 

results, ρexp, compared to the reference results, ρref, predicted using PR-A and gSAFT, are shown in 

Figure 19 (a) and (b), respectively. For both of the EoS above the critical point, the predicted values 

for the mixtures is ca. 5 % above the experimental value, which was considered reasonably accurate 

for the subsequent calculations.  

With PR-A, the greatest difference between experimental and predicted values was for the pure CO2, 

especially around the critical point, with 10 % H2 + CO2 being the most similar across all the pressures. 

For gSAFT, the greatest difference between experimental and predicted values was also for pure CO2, 

especially around the critical point, with 10 % H2 + CO2 the most accurately predicted across all 

experiments.  
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Figure 19 – The percentage difference experimental density (ρexp) from the reference density (ρref). The reference density 
was calculated using PR-A () EoS in (a) and using the gSAFT () EoS in (b), with pure CO2 shown in blue, 5 % N2 + CO2 in 
red, 10% N2 + CO2 in green, 5 % H2 + CO2 in pink and 10 % H2 + CO2 in black. The biggest difference for both EoSs is with 
pure CO2, with a general overestimation of density of ca. 5 % above CO2’s critical point pressure (7.39 MPa).5,35,72–74 

1.6.3. Viscosity comparisons 

In addition to density, the viscosity is a contributing factor to the pressure drop along pipelines. For 

the initial comparisons, the viscosity predicted by the PR-A EoS was compared to literature values.72 

The superTRAPP algorithm was used to calculate viscosity, which is a function of density.83 

Unfortunately, gSAFT was unable to predict viscosity within gPROMS ProcessBuilder due to current 

incompatibility with external algorithms such as superTRAPP.84 
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No literature data was discovered for the viscosity of binary mixtures of 5 % and 10 % N2 or H2 + CO2. 

However, viscosity data has been measured at relevant conditions for mixtures of 94.9 % and 89.8 % 

CO2 + impurities (Mixture 1 and 2 respectively), where the impurities were a mixture of non-

condensable gases (CH4, N2, H2, O2, Ar and CO) expected to be found in CCS-related mixtures.  The 

components of the Mixtures 1 and 2 are shown in Table 7. 

Table 7 - The composition of Mixtures 1 and 2 used in the literature for viscosity measurements.85 

Components Mixture 1 (mol%) Mixture 2 (mol%) 

CO2 94.9 89.8 
CH4 0.626 5.05 
N2 1.41 0 
H2 0.818 3.07 
O2 0.801 2.05 
Ar 1.21 0 
CO 0.213 0 

 

The predicted viscosities of Mixtures 1 and 2 were compared with the experimental values for 5 and 

10 % N2 or H2 + CO2 mixtures. The different compounds were expected to have an effect on the 

viscosity compared to N2 or H2, however were expected to lie within the error from the EoS 

predictions.  

Viscosity prediction comparison of pure CO2 

The experimental values for the viscosity of pure CO2, μexp, was compared with the predictions 

provided from PR-A with superTRAPP algorithm.72,83,85–87 The percentage change between μexp and μref 

presented in Figure 20 show the EoSs predictive capability within ±4 % for pure CO2, which were 

comparable to the literature predictions discussed in Section 1.6.1. 
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Figure 20 - The percentage difference experimental viscosity (μexp) from the reference viscosity (μref) for pure CO2. The 
reference density was calculated using PR-A with superTRAPP algorithm for transport properties. The experimental 
viscosities were collated from three literature sources at 4 different temperatures: 50, 35, 20 and 10 °C. The percentage 
difference had an absolute maximum difference of 4 %.72,83,85–87 

Viscosity prediction of CO2 with impurities 

As mentioned above, the experimental data for CO2-rich systems containing impurities was limited for 

the region of interest. The predicted viscosity of binary mixtures 5 % and 10 % N2 and H2 and Mixtures 

1 and 2 was therefore compared to the experimental data of Mixtures 1 and 2, with the % difference 

between EoS and experimental values shown in Figure 21. 

 

Figure 21 - The percentage difference experimental viscosity (μexp) from the reference viscosity (μref) for 5 % N2 + CO2 (), 
10% N2 + CO2 (), 5 % H2 + CO2 (), 10% H2 + CO2 (), Mixture 1 () and Mixture 2 () at 25 °C using PR-A with superTRAPP 
algorithm for the reference viscosity. The experimental viscosities used for the comparison was the measured values for 
Mixtures 1 and 2 for the 5 % and 10 % impurity mixtures.72,83,85 
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The points plotted in Figure 21 are also summarised in Table 8 and Table 9, where the absolute average 

deviation (AAD, %) differences are also shown. The % difference for both N2 + CO2 mixtures as well as 

the 5 % H2 + CO2 mixtures are similar to the predicted value for the composition of Mixtures 1 and 2, 

respectively. This data supports the previous assumption that the error in the EoSs outweighs the 

error caused by the difference in compositions.  

For 10 % H2 + CO2 the increased error with an increased amount of H2 was not unexpected. H2 has a 

lower viscosity than N2 and the other impurities in the mixtures, so the high H2 concentration mixtures 

were disproportionately affected.  

Table 8 – The experimental viscosities of Mixture 1 from literature with the % difference from the predicted values using 
PR-A with superTRAPP algorithm for Mixture 1, 5 % N2 + CO2 and 5 % H2 + CO2. 72,83,85 

  Predicted viscosity % difference 

Pressure (MPa) 
Experimental 

Viscosity (μPa·s) 
Mixture 1 5 % N2 + CO2 5 % H2 + CO2 

2.08 15.3 +1% -1% -2% 
4.18 15.9 +2% +1% 0% 

10.59 59.8 -8% +7% -6% 
20.66 81 0% +9% +2% 
51.60 124.2 -4% +2% -3% 

103.07 173 -6% -1% -5% 
151.12 213.2 -7% -2% -6% 

 AAD: 4.0% 3.1% 3.3% 
 

Table 9 - The experimental viscosities of Mixture 2 from literature with the % difference from the predicted values using 
PR-A with superTRAPP algorithm for Mixture 2, 10% N2 + CO2 and 10% H2 + CO2. 72,83,85 

  Predicted viscosity % difference 

Pressure (MPa) 
Experimental 

Viscosity (μPa·s) 
Mixture 2 10 % N2 + CO2 10 % H2 + CO2 

2.08 15.3 +1% 0% -2% 
3.53 15.2 +5% +4% +1% 

10.42 43.1 +18% +7% -31% 
20.57 73.8 +9% +5% -10% 
51.42 114.8 +4% +1% -9% 

104.49 167.4 -1% -3% -12% 
150.46 206.4 -3% -5% -13% 

 AAD: 5.9% 3.63% 11.1% 
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1.6.4. Pipeline model 

Both the density and viscosity could be predicted to a reasonable degree of accuracy, therefore the 

effect of impurities and conditions on future CCS pipelines could be explored in more detail. The 

pipeline model used was a pre-defined model provided by gPROMS, which allowed the conditions, 

components and dimensions of the pipeline to be inputted. As the model was proprietary, alteration 

of the underlying equations and methods was forbidden.  

Although the customisation of the pipeline model equations was forbidden, the basic equations for 

the pipeline were provided. The pipeline was a plug-flow model with the mass balance for the pipeline 

shown below, where 𝑚̃ is the mass hold up, 𝑀𝐹 is the mass flux through the volume, 𝑡 is time and 𝑧 is 

the axial coordinate. 

𝜕𝑚̃

𝜕𝑡
+
𝜕𝑀𝐹
𝜕𝑧

= 0 (3) 

The momentum balance for the pipeline model is shown in Equation 4, where 𝜐 is the linear velocity, 

𝑃 is the pressure and 𝑓𝜏 is the force balance. 

𝜕𝑚̃

𝜕𝑡
𝜐 +

𝜕𝑚̃

𝜕𝑧
𝜐2 +

𝜕𝑃

𝜕𝑧
= 𝑓𝜏 (4) 

The pressure drop, 
𝑑𝑃

𝑑𝑧
 , along the length of the pipeline was calculated using the Darcy-Weisbach 

equation where 𝑓𝐷 is the Darcy friction factor, 𝜌 is the density, 𝐷𝐻 is the hydrodynamic diameter and 

𝑣 is the fluid velocity.88 Literature calculations had shown that the Darcy-Weisbach equation, shown 

in Equation 5, provided a simple method with which to predict pipeline pressure drop.89 

𝑑𝑝

𝑑𝑧
= 𝑓𝐷

𝜌

2

〈𝑣〉2

𝐷𝐻
(5) 

The Haaland equation, shown in Equation 6, was used to calculate the Darcy friction factor 𝑓𝐷.90 

1

√𝑓𝐷
= −1.8 𝑙𝑜𝑔 [(

1

3.7

𝜖

𝐷𝐻
)
1.11

+ 
6.9

𝑅𝑒
] (6) 

 



45 
 

The advanced Peng−Robinson (PR-A) equation of state was used with the superTRAPP algorithm for 

transport properties.72,83 A surface roughness of 0.015 mm was assumed for stainless steel.91 The 

pipeline was considered to be parallel to the ground and adiabatic across the whole length; both of 

these assumptions are highly idealised but gave insight for initial investigations. 

For the pipeline model, an input pressure of 10 MPa was used as this was considered a reasonable 

expectation by and International Energy Agency Greenhouse Gases (IEAGHG) study on Greenhouse 

Gas (GHG) pipeline infrastructure.23 To keep the CO2-rich mixture in the dense phase a minimum 

pressure of 8 MPa would be expected, along with an industry standard for the pressure drop along a 

pipeline of 0.02 MPa·km-1.75 

1.6.5. Effect of impurities on pressure drop in pipeline 

As experiments for multi-kilometre pipelines were unrealistic for this project, the calculations for the 

pressure drop would require accurate values for the parameters. As shown above, the density and 

viscosity of the mixtures can be predicted within ca. 5 % error of experimental values using the PR-A 

EoS with superTRAPP algorithm for transport properties.  

This EoS was then used for initial calculations of the pressure drop of pipelines with 5 % and 10 % mol. 

impurities of either N2 or H2. Again, both of these were chosen as N2 and H2 have considerably different 

properties and is consistent with the work presented in this Thesis. The pipe dimensions were chosen 

as the mid-range of the large study undertaken by IEAGHG in 2014 with the 150 kg·s-1 flowrate being 

chosen as equivalent to ca. 5 million tonnes CO2 per year, the equivalent of a 0.8 GW average power 

station.23  

The pressure drops for both 5 % and 10 % impurities were not significantly different from that of pure 

CO2, as shown in Figure 22 where the flowrate was 150 kg·s-1 at 20 °C. The predicted values were all 

above the industry standard of 0.02 MPa·km-1 and take ca. 200 km to reach the dense phase limit of 

8 MPa. Figure 23 compares the effect of impurity concentration on the pressure drop, as well as the 

effect of reducing the internal diameter of the pipeline to 0.4 m with a fixed flowrate of 150 kgs-1 at 
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20 °C. The reduced pipeline diameter led to a much greater pressure drop, with the dense phase limit 

being reached at 60 km and 75 km for 10 % N2 + CO2 and 10 % H2 + CO2, respectively. 

 

Figure 22 – The pressure drop along a pipeline with a flowrate of 150kg·s-1 with an internal diameter of 0.5 m and ambient 
temperature of 20 °C. (a) The pressure drop for pure CO2 (—), 5 % N2 + CO2 (⋯) and 5 % H2 + CO2 (⋯); (b) The pressure drop 
for pure CO2 (—), 10 % N2 + CO2 (- - -) and 10% H2 + CO2 (- - -). Both examples show the pressure drop to be well above the 
industry standard (- - -) of 0.02 MPa per km and above the dense phase limit (—) for ca. 200 km. 72,75,83,84 
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Figure 23 - The pressure drop along a pipeline with a flowrate of 150kgs-1 with an internal diameter of 0.5 m and 
ambient temperature of 20 °C. (a) The pressure drop for 5 % N2 + CO2 (⋯), 10 % N2 + CO2 (- - -) and 10% N2 + CO2 with a 
0.4 m internal pipeline diameter (⋯); (b) The pressure drop for 5 % H2 + CO2 (⋯), 10 % H2 + CO2 (- - -) and 10 % H2 + CO2 
with a 0.4 m internal pipeline diameter (⋯). For the 0.5 m internal diameter the pressure drop was well above the 
industry standard (- - -) of 0.02 MPa·km-1 and above the dense phase limit (—) for ca. 200 km. The 0.4 m internal 
diameter had a large effect on pressure drop and went below the industry standard. 72,75,83,84 

As can be seen in Figure 21, for 10 % H2 + CO2, the viscosity of the fluid is underestimated between 

30 % and 10 % in the region of interest. The large underestimation in the viscosity, combined with the 

overestimation of the density of pure CO2, was thought to be the reason for the negligble difference 

in pressure drop between pure CO2 and 10 % H2 + CO2 fluids. 

The pipeline model was then used to investigate the expected pressure drop for Mixtures 1 and 2, 

which are similar to those expected in CCS pipelines. As shown in Figure 24, the pressure drop is similar 
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to the binary mixtures presented above. This was expected as the viscosities and densities were shown 

to be similar. The pressure drop for both mixtures was well above the industry standard and shows 

that dense-phase CO2-rich mixtures can be expected to transport over large distances without the 

need for repressurisation, with 0.5 m diameter pipelines.   

 

Figure 24 – The pressure drop of Mixture 1 (—) and 2 (—) at 150 kgs-1 and 20 °C with an internal diameter of 0.5 m. As 
expected, the pressure drop was similar to the values shown above for N2 and H2 + CO2 and was well above the industry 
standard pressure drop (- - -) and dense phase limit (—). 72,75,83–85 

1.6.6. Effect of conditions on pressure drop in pipelines 

For future CCS pipelines it is not just the composition of the mixture that is expected to change. Both 

the inlet pressure, temperature, size and flowrate of the pipeline would be variable, this is discussed 

below.  

In Figure 25, the inlet pressure is changed along with the ambient temperature of a 200 km pipeline 

while fixing the inlet flowrate at 150 kg·s-1 and internal diameter of 0.5 m; which shows the large 

increase in pressure drop for higher temperatures. Although the ambient temperatures are rarely 

expected to exceed temperatures of 30 °C for prolonged periods of time, especially in the UK, 

understanding this effect will be crucial for operators as ambient temperatures are expected to 

change along the pipe route. 
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Figure 25 – The predicted pressure drop for 10 % N2 + CO2 at 150 kg·s-1 and 0.5 m internal diameter, 200 km pipeline at 
six different temperatures: 5 °C (), 10 °C (), 15 °C (), 20 °C (), 25 °C () and 30 °C () and increasing inlet 
pressure.72,83,84 

As CCS is up scaled within the UK, through clustering of CO2 sources, the pipelines used to transport 

the CO2 will change in dimensions and flowrates depending on demand. The effect of mass flowrate 

and internal pipeline diameter, when the ambient temperature is fixed to 20 °C and inlet pressure of 

10 MPa, is shown in Figure 26. This showed that a large range of flowrates can be kept below the 

dense-phase limit of 8 MPa by varying the pipe diameter. For example, a flowrate of 350 kg·s-1 is 

equivalent to 11 million tonnes per year which could be kept below the pressure drop by using a 

0.75 m diameter pipeline.  

9 10 11 12 13 14 15

1.6

1.8

2.0

2.2

2.4

2.6

Fluid temperature (°C)

 5 °C

 10 °C

 15 °C

 20 °C

 25 °C

 30 °C

P
re

s
s
u
re

 d
ro

p
 (

M
P

a
)

Inlet pressure (MPa)



50 
 

 

Figure 26 - The predicted pressure drop for 10 % N2 + CO2 at 150 kg·s-1 at 20 °C with an inlet pressure of 10 MPa at 
increasing mass flowrates from 25 to 350 kg·s-1 for different internal pipeline diameter. The dense phase limit (—) and 
industry standard pressure drop (- - -) is shown. 72,75,83,84 

1.6.7. Summary of pressure drop modelling 

Understanding the pressure drop of a pipeline is crucial for the development of a pipeline network, as 

the need for distance between recompression points can affect both the capital and operating 

expenditure. A pipeline model was used to predict the pressure drop of CCS relevant mixtures. 

However, before any pressure drop modelling took place, the density and viscosity of different 

relevant mixtures were compared to the predicted value using both the Advanced Peng-Robinson and 

gSAFT EoS. The predicted values for both density and viscosity were within ca. 5 % of the experimental 

values which, considering the compositional difference, was accurate for the modelling of the 

pressure drop of pipelines.  

For the initial tests, a flowrate of 150 kg·s-1 and a pipeline diameter of 0.5 m was used as this was the 

equivalent of a 0.8 GW power station, with the pipeline diameter towards the middle of those studied 

in an IEAGHG report on CCS.23 The pressure drop predicted under these conditions lay well above the 

industry standard pressure drop of 0.2 MPa·km-1, with little difference shown between the different 

impurities and the pure CO2. When the pipeline diameter was decreased to 0.4 m, a more significant 

pressure drop was observed, below the industry standard pressure drop.  
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Further investigations were carried out on the effect of temperature and inlet pressure, showing a 

greater increase in pressure drop for higher temperatures. The effect of pipeline diameter and 

flowrate was also investigated, showing that mass flowrates of 350 kg·s-1, equivalent of 12 million 

tonnes per year, could be kept in the dense phase using a pipe with a diameter of 0.75 m.  
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1.7. Pressure drop for predicting phase behaviour  

The predictions of the density and viscosity shown in the previous section enabled the modelling of 

the pressure drop for mixtures in possible future CCS pipelines. This procedure led to the possibility 

of using the pressure drop in a tube to measure the properties, such as phase transitions, of other 

fluid mixtures.92 

When a fluid changes from a liquid to a gas there is a rapid expansion such that inside a fixed volume 

tube there will be an acceleration of the fluid along the pipe. This increase in velocity would increase 

the pressure drop, as per the Darcy-Weisbach equation.88 The experimental work had been previously 

carried out in Nottingham and a modified version of the pipeline model presented in the previous 

section was used to support the validity of the method. This need for computational validation was 

needed as there was limited literature data available for the conditions in question.  

1.7.1. Experimental set-up 

The measurement method was based on monitoring the pressure difference between the inlet and 

outlet pressure transducers, separated by a three metre stainless-steel tube. The stainless-steel tube 

was coiled around an aluminium heating block and surrounded by a heating jacket. Automated 

sampling, with a high-pressure sample loop, was used to analyse the composition of potentially 

reactive mixtures of CH3CN + H2O at high temperatures and pressures. A high-pressure liquid 

chromatography (HPLC) pump (Jasco PU-980) and a back-pressure regulator (BPR, Jasco BP-1580-81) 

were used to deliver fluid samples at a controlled flow rate and pressure. A schematic of the 

experimental setup is shown in Figure 27. 
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Figure 27 - Schematic of the automated high-pressure fluid continuous flow apparatus. The components are labeled as 
follows: BPR, back pressure regulator; CT, capillary tube; GLC, gas−liquid chromatography; HP-SL, high-pressure sample 
loop; OP, organic pump; P, pressure transducer; PC, computer; S, sample reservoir; T, thermocouple (shaded for logging 
temperature); V, check valve; and W, waste container. Dotted lines indicate data flow.92  

The key component was the coil of stainless-steel capillary tubing across which the pressure drop 

occurs. The specifications of the tube are 1.59 mm outer diameter, 0.10 mm inner diameter, and 3 m 

length.  

The general procedure used to record pressure-drop values was as follows. A sample of known 

composition was pumped through the rig, as shown in Figure 27. The pump and BPR were set to the 

elevated flow rate and pressures. The temperature controller was set to a temperature lower than 

the expected transition temperature. The rig was allowed to equilibrate, and a temperature ramp of 

0.5 or 1 °C·min-1 was applied for the collection of transition points. The pressure readings between the 

inlet and outlet of the stainless-steel tube were recorded and plotted as a function of temperature. 

The pressure drop depends, to a great extent, on the velocity of the fluid, therefore, several flow rates 

in the range from 0.02 ml·min-1 to 1 ml·min-1 were tested to establish the effect of fluid flow rate on 
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the pressure-drop values. The flow rates were chosen to minimize fluctuations caused by the BPR. As 

explained below, transition points were identified by a distinct change in pressure-drop values. 

1.7.2. Modelling set-up 

The model used for the estimation of the pressure drop in CCS pipelines was adapted to mirror the 

experimental dimensions used with these experiments. The advanced Peng−Robinson (PR-A) equation 

of state was used with the superTRAPP algorithm for transport properties.72,83 The computational 

model was based on an empty tube using the Haaland equation to calculate the Fanning friction 

factor.90 A surface roughness of 0.015 mm was assumed for stainless steel.91 The pressure-drop model 

ignored the heat-up stage of the process and assumed that the tube was adiabatic, with the fluid 

pumped at the experimental pressure and temperature. The adiabatic assumption was made to 

simplify the model because initial tests where the fluid was heated from ambient led to an unstable 

model. This unstable model often led to computational failures, which were thought to be due to the 

large gradient of heating as the fluid entered the reactor.  

For the initial validation of the method and model, the phase behaviour of IPA was measured. The 

maximum pressure drop calculated was matched to the pressure drop observed for the pure IPA 

system using an adjustment factor of 0.2. The adjustment factor was a linear multiplier of the friction 

factor and was needed as the initial predictions overestimated the pressure drop. This model, defined 

by the IPA pressure drop, was then used for all subsequent calculations. The adjustment factor could 

have been due to a number of reasons such as; higher surface roughness or the pressure transducer 

being set further along from the pipe outlet, in an expanded Swagelok T-piece. 

Heated pipe model 

The model of the heated pipe used was similar to the pipeline model described above. However, due 

to the heating of the pipe an energy balance equation was used as described below.  
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The energy balance for the pipe is shown in Equation 7, where 𝑢̃ is the volumetric energy holdup in 

the pipe, 𝑞 is the pipe energy flux, 𝑞𝑤 is the heat flux from the wall, 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒
𝑤  the internal surface area 

of the pipe, 𝐴𝑐𝑟𝑜𝑠𝑠 is the cross-sectional area of the pipe and 𝐿 is the length of the pipe. 

𝜕𝑢̃

𝜕𝑡
+
𝜕𝑞

𝜕𝑡
=
𝑞𝑤 𝐴𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝑤

𝐿 𝐴𝑐𝑟𝑜𝑠𝑠
(7) 

The volumetric energy holdup (𝑢̃) and pipe energy flux (𝑞) was calculated as shown In Equations 8 and 

9 respectively, where 𝑚̃ is the volumetric mass holdup, 𝐻 is the mass specific enthalpy and 𝑀𝐹 is the 

mass flux. 

𝑢̃ = 𝑚̃𝐻–𝑃 (8) 

𝑞 = 𝑀𝐹𝐻 (9) 

The heat flux (𝑞𝑤) from the wall of the pipe to the fluid was calculated as shown in Equation 10, where 

𝑘𝐻𝑇 is the pipe fluid to wall heat transfer coefficient, 𝑇 is the temperature of the fluid and 𝑇𝑤 is the 

temperature of the wall. 

𝑞𝑤 = 𝑘𝐻𝑇(𝑇 – 𝑇𝑤) (10) 

1.7.3. Experimental results and model comparison 

Both the experimental and computational prediction will be presented and compared throughout. 

The results used to define the model with pure IPA are shown in Figure 28, comparing the 

experimental values and previous literature values, both showing good agreement.  

 



56 
 

 

Figure 28 - (a) Pressure-drop measurements in pure IPA with a flow rate of 0.07 ml·min-1 at 1.64 MPa. The continuous 
black line shows the experimental recording, the black dashed line shows the computational prediction, and the black 
arrow indicates the transition point from the liquid to the vapour phase determined experimentally. (b) Measured P−T 
diagram of IPA from a range of isobars (○, experimental value; ▲, computer model) compared to the literature data (−). 
A ramp of temperature at a rate of 1 °C·min-1 was used for each isobaric measurement.92 

The noise in the experimental data was largely thought to be due to the back-pressure regulator, 

however it could also have been due to thermal expansion or the enthalpy of vaporization. 

Considering this noise there is still an obvious increase in the pressure drop at the phase boundary, 

which was defined as the phase change location. 
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Acetonitrile and water mixture 

Following on from the model defined with the pure IPA, the reactive mixture of acetonitrile and water 

was studied, with the results from both the experimental and computational pressure drop values 

shown in Figure 29. The experimental and model-predicted values show good agreement across all 

inlet pressure values. 

As CH3CN + H2O is a reactive mixture, there was concern that the two components would react and 

form a multi-component mixture. To check if the reaction occurred, a gas chromatogram of the 

mixture at the end of the experiments is shown in Figure 30, highlighting the lack of reaction between 

the two species. 

 

Figure 29 - Pressure-drop variation with temperature for CH3CN + H2O with xCH3CN = 0.1 at various pressures and a flow 
rate of 0.06 ml·min-1 for each isobar: (1) 2.12 MPa, (2) 3.14 MPa, (3) 5.61 MPa, (4) 8.35 MPa, (5) 10.29 MPa with ○ and ● 
representing the bubble and dew points, respectively. The temperature ramp rate is 1 °C·min-1. The dashed lines represent 
the computational prediction for the pressure drop for each isobar. 
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Figure 30 - GLC chromatogram of the outlet at 8.35 MPa. Two injections were made automatically for each pressure, in 
which the temperature for a specific injection was between the initial and end point of the ramp temperature. 

The values found from the experimental and computational methods for the CH3CN + H2O mixture are 

summarised and compared to literature values in Figure 31.42 The combination of the experimental 

results and the computational model show that the method developed was valid for measuring the 

phase behaviour of fluids. The advantages of this method, with its short residence time, allowed the 

phase behaviour of reactive mixtures to be measured. 
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Figure 31 - (a) Plot of the bubble (○) and dew points (●) obtained for CH3CN + H2O with xCH3CN = 0.10 using the 
experimental pressure-drop method. (b) Plot of the bubble (△) and dew points (▲) with xCH3CN = 0.10 obtained using 
the computational pressure-drop method. The dashed and solid black lines represent smoothed curves which join the four 
reported data points for either bubble or dew points.42 
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1.8. Chapter summary 

The solubility of water in supercritical 10 % H2 + CO2 was successfully measured, which continued the 

trend of reducing water solubility with density. The experimental water solubility limit was found to 

be ca. 1000 ppm across all of the different mixtures; with the PR-A EoS able to estimate the limit within 

an accuracy of ca. 5 %. The experimental values suggested that a safety limit greater than the 

previously proposed water concentration limit of 500 ppm could be used, which would be beneficial 

for the pre-transmission processing. However, further experiments would need to be carried out at 

lower temperatures because the pipeline conditions are unlikely to be >25 °C, especially in the UK.  

The effect of impurities was shown to have little effect on the pressure drop of CCS pipelines of 0.5 m 

internal diameter for CO2 mol% >90 %, with all calculations above the industry standard pressure drop. 

The conditions expected for pipelines in the UK (<30 °C) showed that the pressure drop was expected 

to be below 2.5 MPa, which would keep the CO2-rich fluid in the dense phase. The flowrate and 

internal diameter of the pipeline were shown to have a large effect on pressure drop, which was 

expected. As the design of the pipeline would be expected to change along the route from source to 

sink, especially with the clustering of CO2 sources in the UK, more detailed modelling would be 

required with expected impurities to have an optimally designed system. 

Finally, a novel method for predicting the phase behaviour of reactive mixtures was presented. The 

model developed in this Thesis helped to validate the method as there was a lack of literature data 

available. The pressure-drop method was shown to be able to measure the phase behaviour of 

reactive mixtures, which other previous methods were unable to.92  

1.9. Future work 

The measurement of fluid composition, especially the presence of water, would be useful for pipeline 

monitoring. The phase behaviour of fluids has previously been measured within the group using ATR; 

the development of this into a miniaturised ATR monitor could be useful for pipeline monitoring, 
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especially if these could be connected to an Internet of Things (IoT) system to give real time updates 

of pipeline composition.  

It would also be interesting to include possible economic impact of impurities for the CCS process. 

However, there is limited data available from current CCS projects along with a reluctance from 

companies to reveal economic data. Furthermore, even though the effect of impurities on pipeline 

behaviour for >90% CO2 mixtures only showed small differences with impurities, the effect on 

recompression processes would be more pronounced. For the accurate prediction of these processes, 

further experiments would be needed to improve EoSs relevant to CCS. 
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2. Introduction to relevant chemical reactions 
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2.1. Chapter Overview 

This chapter acts as an introduction for the Chapters 3 and 4 which are related to modelling novel 

chemical reactions and reactors. The concept of green and sustainable chemistry is introduced 

including a number of metrics that allow the green ‘credentials’ and sustainability of a process to be 

measured. The idea of flow chemistry is also discussed, with a brief explanation as to how continuous 

flow processes can address some of the challenges of green and sustainable chemistry. This chapter 

then introduces concepts that are crucial for understanding the research areas of the remaining work, 

which are; (i) photochemistry, (ii) high-temperature water chemistry and (iii) multi-step reaction 

processes. 

With photochemistry, a brief explanation is given as to its development as a synthetic technique along 

with an understanding of the underlying physical processes which occur on the absorption of a 

photon. This is followed by explaining the way photochemical transformations are carried out in the 

laboratory along with a brief introduction to the concepts required for the modelling of photochemical 

reactions. 

A similar approach is taken for high-temperature water (HTW), where an initial introduction is given 

explaining what HTW is and the origin of its use in chemical processes. The effects of HTW with 

chemical reactions are discussed, before the equipment used within the laboratories are introduced. 

Finally, multi-step chemical processes are introduced, including the benefits that the combination of 

multiple steps can bring. Following this, the modelling of both these processes is introduced, with 

possible benefits and potential issues discussed. 

2.2. Introduction to green and sustainable chemistry 

The chemical industry plays a large part in the global economy and will be key for future developments 

and innovations across a wide range of sectors, from healthcare to climate change.93,94 Within the UK, 

the chemicals sector accounted for £12.1 billion of the UK economy’s Gross Value Added and directly 
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supported 99,000 jobs in 2017.95,96 Despite this success, there are a number of pressures on the global 

chemical sector to improve, especially regarding the sustainability and toxicity of its processes.97 The 

concept of ‘sustainable chemistry’ and ‘green chemistry’ have been growing concepts in recent 

decades and they are now becoming more commonplace.98  

The terms ‘green chemistry’ and ‘sustainable chemistry’ are often used interchangeably. Both terms 

are responses to the need to produce chemicals in a more efficient and environmentally-friendly way. 

Green Chemistry, as defined by Sheldon, is shown below: 

“Green chemistry efficiently utilises (preferably renewable) raw materials, 

eliminates waste and avoids the use of toxic and/or hazardous reagents and 

solvents in the application of chemical products.” – Sheldon 99 

Sustainable chemistry is defined by Scheringer et al. below: 

“Sustainable chemistry is … chemical research aiming at the optimization of 

chemical processes and products with respect to energy and material 

consumption, inherent safety, toxicity, environmental degradability” – 

Scheringer et al.100 

2.2.1. The 12 Principles of Green chemistry  

The ‘12 Principles of Green Chemistry’ are another way of understanding the green credentials of a 

process. They are often thought of as ideals to be aimed for, and were proposed by Warner and 

Anastas, shown in Table 10.101 
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Table 10 – The 12 Principles of Green Chemistry as developed by Anastas and Warner.102,103 

1. Prevention Preventing waste is better than treating or cleaning up 
waste after it is created. 

2. Atom economy Synthetic methods should try to maximize the incorporation 
of all materials used in the process into the final product.  

3. Less hazardous chemical 
syntheses 

Synthetic methods should avoid using or generating 
substances toxic to humans and/or the environment. 

4. Designing safer chemicals Chemical products should be designed to preserve efficacy 
of function while reducing toxicity. 

5. Safer solvents and auxiliaries Auxiliary substances should be avoided wherever possible, 
and as non-hazardous as possible when they must be used. 

6. Design for energy efficiency Energy requirements should be minimized, and processes 
should be conducted at ambient temperature and pressure 
whenever possible. 

7. Use of renewable feedstocks Whenever it is practical to do so, renewable feedstocks or 
raw materials are preferable to non-renewable ones. 

8. Reduce derivatives Unnecessary generation of derivatives—such as the use of 
protecting groups—should be minimized or avoided if 
possible; such steps require additional reagents and may 
generate additional waste. 

9. Catalysis Catalytic reagents that can be used in small quantities to 
repeat a reaction are superior to stoichiometric reagents 
(ones that are consumed in a reaction). 

10. Design for degradation  Chemical products should be designed so that they do not 
pollute the environment; when their function is complete, 
they should break down into non-harmful products. 

11. Real-time analysis for 
pollution prevention 

Analytical methodologies need to be further developed to 
permit real-time, in-process monitoring and control before 
hazardous substances form. 

12. Inherently safer chemistry for 
accident prevention 

Whenever possible, the substances in a process, and the 
forms of those substances, should be chosen to minimize 
risks such as explosions, fires, and accidental releases. 

 

2.2.2. The 12 Principles of sustainable engineering  

Further to the principles of green chemistry, the ‘12 Principles of Green Engineering’ have been 

developed by Anastas and Zimmerman for the development of larger-scale processes, as shown in 

Table 11.104 
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Table 11 – The 12 Principles of Green Engineering as proposed by Anastas and Zimmerman.104 

1. Inherent rather than 
circumstantial 

Designers need to strive to ensure that all material and 
energy inputs and outputs are as inherently non-hazardous 
as possible. 

2. Prevention instead of treatment It is better to prevent waste than to treat or clean up waste 
after it is formed. 

3. Design for separation Separation and purification operations should be designed 
to minimize energy consumption and materials use. 

4. Maximize efficiency Products, processes and systems should be designed to 
maximize mass, energy, space and time efficiency. 

5. Output-Pulled versus Input-
Pushed 

Products, processes and systems should be ‘output pulled’ 
rather than ‘input pushed’ through the use of energy and 
materials. 

6. Conserve complexity Embedded entropy and complexity must be viewed as an 
investment when making design choices on recycle, reuse, 
or beneficial disposition. 

7. Durability rather than 
immortality 

Targeted durability, not immortality, should be a design 
goal. 

8. Meet need, minimise excess Design for unnecessary capacity or capability (eg. ‘one size 
fits all’) solutions should be considered a design flaw. 

9. Minimise material diversity Material diversity in multi-component products should be 
minimized to promote disassembly and value retention. 

10. Integrate material and energy 
flows  

Design of products, processes and systems must include 
integration and interconnectivity with available energy and 
material flows. 

11. Design for commercial 
‘afterlife’ 

Products, processes and systems should be designed for 
performance in a commercial ‘afterlife’. 

12. Renewable rather than 
depleting 

Material and energy inputs should be renewable rather 
than depleting. 

 

It should be noted that both the 12 Principles of Green Chemistry and Engineering should be 

considered as a checklist for a process to be checked against, with as many as possible to be 

considered with the development of a process. It is unlikely that all the principles could be met with a 

single process.  

2.2.3. Quantitative measures of sustainability  

Further to the qualitative definitions provided above, there are a number of quantitative measures 

for the sustainability of a chemical process, as defined below.  
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Atom economy 

Atom economy is a common measure of the sustainability of a chemical reaction. It is a measure of 

the number of atoms of the starting material are found in the final desired product, as defined in 

Equation 11.105 

𝐴𝑡𝑜𝑚𝑒𝑐𝑜𝑛𝑜𝑚𝑦 =
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑙𝑙 𝑟𝑒𝑎𝑔𝑒𝑛𝑡𝑠
× 100% (11) 

E-factor 

The E-factor is a simple ratio of the mass of waste produced during a process over the mass of product 

produced during a process, as defined in Equation 12. Originally water was not counted as a waste but 

it is now common to be counted within the E-factor calculation.99,106 It is a popular measure for 

understanding a processes sustainability due to its simplicity, as shown below.107 A typical 

pharmaceutical process has an E-factor of 25-100.108 

𝐸–𝑓𝑎𝑐𝑡𝑜𝑟 =
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡
(12) 

GREEN MOTION™  

GREEN MOTION™ is a recently developed metric for green chemistry which assesses the health, safety 

and environmental impacts of manufactured compounds, giving a number between 0-100.109 The 

safer and less impactful the process, the higher the rating. The calculations consider: the origin of the 

raw material, the solvent selection, the toxicity of the solvent and material, the reaction efficiency and 

process efficiency. By considering all of these factors, GREEN MOTION ™ is thought to be a quantitative 

measure of the degree to which a process adheres to the 12 principles of green chemistry. 

2.2.4. Consequences of green and sustainable chemistry 

The requirements of doing more with less has driven chemists to explore sometimes overlooked 

methods for producing chemicals; leading to the further exploration of processes such as 

photochemistry or unusual conditions such as High-temperature Water (HTW). The use of 
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photochemistry, carrying out reactions in water and daisy-chaining reactors can have inherently green 

credentials as they can reduce solvent-use and increase atom efficiency. 

2.3. Continuous flow chemistry 

Continuous flow chemistry is the process of performing chemical reactions, with the reactive starting 

material fluid continuously flowing through a typically small reaction volume. Flow chemistry is a 

growing area of research that is being used to address the principles of green chemistry and 

engineering.110 The understanding of flow chemistry lies at the interface of chemistry and chemical 

engineering and an understanding of both fields is often required to optimise processes.101,104,111 The 

use of flow set-ups have become more commonplace as groups have developed their own in-house 

reactors or as commercially available reactors have become available.112–115 Flow processes also lend 

themselves to novel energy inputs, such as light, due to the often small volume that is exposed to the 

energy input at one time.  

There are a number of fundamental differences between batch and flow processes with respect to 

production time and yield.116 The reaction time, and hence production rate, of a batch reaction is how 

long the flask is held at a set temperature. Whereas within flow processes it is defined as the flowrate 

and volume of the reactor. The stoichiometry of a reaction in a flow process is defined by the 

concentration of the reagents as well as the flow rates of each component.  

In 2007 the ACS Green Chemistry Institute and global pharmaceutical companies recommended 

continuous flow processing as the ‘number one key green research area to promote green and 

sustainable manufacturing’.111  

There are a number of other advantages of flow chemistry, however, there are also a number of 

disadvantages compared to traditional batch reactions, as outlined below. In industry, large-scale 

processes such as oil refining are all continuous.117 
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2.3.1. Advantages of flow chemistry 

Flow chemistry allows for the relatively simple scalability of processes from laboratory scale to 

industrial process scale as the principles for the reactors are more similar compared to industrial 

processes.118 It can also offer safety benefits due to the smaller volumes of reagents that are exposed 

to the energy input compared to batch chemistry where large volumes of organic solvents could be 

heated.116,119,120 The reduction in heated volume of thermal processes allows for more accurate 

heating control and a reduction in energy use for the overall process.111,121 Multiple flow reactors can 

also be used in series for multi-step reactions, with the added benefit of being able to introduce 

additional reagents chemicals into the process when required. Multiple reactors can also be used in 

parallel to ‘scale out’ the production rate of a process.  

2.3.2. Disadvantages of flow chemistry 

One major disadvantage of flow chemistry is the requirement of specialised equipment and operator 

knowledge that is not currently commonplace in chemical laboratories.110 The adoption of flow 

chemistry within the pharmaceutical industry, due to the regulatory environment, has also been slow 

however is starting to now improve, with the US Food and Drug Administration (FDA) actively 

encouraging the technique.122,123 Furthermore, with the possibility of multiple reaction steps 

integrated into one process, a change in one step, such as solvent choice, needs to be considered for 

the subsequent steps.123 
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2.4. Introduction to photochemistry 

Although photochemistry has been studied for many years there has been a recent increase in interest 

and research due to its potential for sustainable and efficient production of chemicals.124 The use of 

photons can also give higher selectivity, as well as a reduction in expensive and hazardous materials.125 

Chemical reactors have been historically designed for thermal chemistry, so if the potential of 

photochemistry is to be realised there needs to be a focus on developing reactors optimised for the 

absorption of photons.126 It is thought that a number of current industrial processes use 

photochemical conversions, although commercial information is often kept confidential.126 Of those 

disclosed, some of the most commonly known industrial processes involving photochemistry are the 

synthesis of the synthesis of rose oxide and the manufacture of artemisinin.127–129 It should be noted 

that the research group within Nottingham has a historical interest in the photochemical synthesis of 

artemisin.130,131 

Previously, most industrial uses of photoreactors have been largely focussed on either heterogeneous 

photocatalysis or microfluidics.132 There have been a number of reasons for this; heterogeneous 

reactors are widely used in industry for processes such as waste water treatment and hence there has 

been an industrial need to optimise them.133 For microfluidics, the dimensions can simplify the 

calculations due to the high proportions of light that is absorbed within the small path length.134  

More recently there has been an increased interest in larger scale homogeneous photoreactors, which 

have the potential to transform the chemical and pharmaceutical industry and hence also need to be 

optimised.135–137 Ideally, the reactor design and use should be optimised before the manufacture and 

scale up of reactors to maximise desired outcomes, with minimal design iterations.  

By incorporating a process model into the design of processes and reactors it was hoped to predict 

the best operating conditions before large amounts of solvents and chemicals are used, compared to 

traditional manual optimisation procedures.138  
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2.4.1. Benefits of photochemistry 

Photochemistry has been exploited by nature through photosynthesis using photons from the sun to 

convert CO2 and H2O into glucose.139 Over recent years, the development of new photochemical 

reactions has given researchers novel pathways within organic synthesis and access to compounds 

unsuitable for thermal chemistry.140,141 For example, the use of photochemistry can offer a unique 

pathway to products not available via traditional thermal chemical routes, such as with the 

electrocyclic cyclisation as shown in Figure 32.142  

 

Figure 32 - An electrocyclic ring-forming reaction with the choice of either thermal or photoreactions deciding which 
product is formed. 142 

Different products can be formed as the absorption of a photon leads to an excited state with a 

different electronic configuration than the ground state, such that the reactivity of excited molecules 

is different to ground state molecules.143–146 The formation of different products can also be 

wavelength dependent as shown in Figure 33.147 

 

Figure 33 - An example of the wavelength dependence of reactions, with different bonds becoming reactive depending on 
the wavelength used to initiate the photochemical reaction. 147 
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2.4.2. Limitations of photochemistry 

A large number of the limitations for photochemistry are related to the equipment and technology 

available to researchers.126 Traditionally typical photoreactors that are found in laboratories use 

broad-wavelength emitting light sources, such as mercury arc lamps, along with a large reservoir of 

reagents. The large reservoir often dictates that the concentration of reagents should be low due to 

the attenuation of light into the reactive medium. However, this has evolved in recent years due to 

the development of reactors by a number of groups specifically designed for high-throughput-high-

productivity reactions.126 Companies have also started to develop commercially available reactors for 

scale-up, such as the Vapourtec UV-150, Corning® G1 Photo Reactor or the Heraeus Noblelight.148–150 

2.4.3. Principles of Green Chemistry and Engineering relevant to 

Photochemistry 

Due to the breadth of photochemistry, there could be arguments put forward for all of the principles 

of green chemistry and engineering. However, there is likely to be a number of principles common 

between all photochemical processes which are presented in Table 12. 
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Table 12 - The principles of Green Chemistry and Engineering relevant to Photochemistry 

Relevant Principles for Photochemistry 

Green Chemistry Green Engineering 
2. Atom efficiency – Photons can be considered 
as reagents, leading to highly atom efficient 
conversions. 

4. Maximise efficiency – Use of photochemistry 
can lead to highly efficient reactors of a small 
size. 

3. Less hazardous chemical syntheses – Photons 
are considered non-toxic reagents. 

10. Integrate material and energy flow – The 
energy flow of the reactor is used directly within 
the material flow. 

6. Energy efficiency – Photon energy is used to 
directly excite the molecules of interest rather 
than thermal heating of solvents. 

12. Renewable rather than depleting – Photons 
can be considered as renewable as they can 
easily be generated without using a material. 

8. Reduced derivatives – Photochemical 
reactions can give access to transformations 
that would typically require protecting groups. 

 

12. Inherently safer chemistry for accident 
prevention – Using photons can avoid the 
requirements for heating and therefore reduce 
risk. (Although caution should be taken with UV 
and high-powered lights) 

 

 

2.4.4. Photochemical processes  

To understand a photochemical process, there are a number of first principles of photochemistry that 

first need to be defined. The absorption of a photon can lead to a number of different subsequent 

processes which are outlined in Figure 34 and explained below.151 

 

Figure 34 - A Jablonski diagram showing the different processes associated with photon absorption; where S0 – singlet 
electronic ground state, S1 – first singlet excited ground state, S2 – second singlet excited ground state, T1 –  first triplet 
excited state, T2 – second triplet excited state, A – absorption, F - fluorescence, P – phosphorescence, ISC – intersystem 
crossing and IC – internal conversion. (Rotational excited states are not shown). Adapted from 152. 
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Photophysical Phenomena 

The absorption of photons can lead to a number of different excitations, from the electronic and 

vibrational ground state to an excited state with a higher vibrational and electronic excitation level.151 

Rotational excitation (λ ≈ 0.3 mm –  3 mm)  

Near-IR absorption with conventional intensities of light does not  generally lead to photo induced 

reactions.151 

Vibrational excitation (λ ≈ 700 nm – 1 mm) 

Near-IR and IR absorption. The distance between the nuclei changes and although photoreactions are 

uncommon with vibrational excitation, isomerisations can occur.151 

Electronic excitation (λ ≈ 190 nm –  750 nm) 

UV and visible absorption. The electronic energy of the molecule is altered, this may also affect the 

vibrational and rotational levels too. This leads to isomeric molecule with different physical properties 

which can lead to photo induced reactions.  

The different processes associated with electronic excitation are as follows, where A is the absorbing 

molecule: 

General Excitation A + hν  A* The absorption of a photon into an excited electronic and vibrational 

state. 

Thermal relaxation A*  A’. As A* is considered to be ‘hot’ compared to its environment it can 

equilibrate its temperature and hence moves to the lowest vibrational state of its electronic state (A’). 

Fluorescence A’  A + hν’.  The A’ excited electronic state returns to the ground state through the 

emission of a photon. 
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Radiationless decay A’  A. The A’ excited state can return to the ground state through a non-

radiative pathway. 

Intersystem crossing A’  A’’. Intersystem crossing occurs when the, often, singlet excited state (A’) 

lies close to a triplet state (A’’) which cannot be reached from the direct excitation of the ground state, 

due to a forbidden transition.  

Phosphorescence A’’  A + hν’’. Although the triplet states are often slightly more stable than singlet 

state with a lifetime of 10-4 to 1 s compared to 10-9 to 10-7 s, respectively; they still deactivate to the 

ground state through the emission of a photon.153 

If energy difference between A’’ and A’ is less than 40 kJ, the molecule can have sufficient thermal 

energy to cross back to A’ – if it then goes on to emit a photon to return to the ground state 

(fluoresces), this is called high temperature or α-phosphorescence or delayed fluorescence.151 

Energy transfer to acceptor molecule 

Aexc + B  Bexc + A  

Rather than the deactivation of the excited state through unimolecular mechanisms, deactivation is 

also possible through the transfer of energy to a secondary molecule, and is often the process used 

by photocatalysts.154 The energy transfer has to take place within the lifetime of either the singlet or 

triplet excited state.  

2.4.5. Photochemical reactions  

In addition to the mechanisms above, molecules that have absorbed light can then go on to react with 

other molecules. This photoreaction can happen at a number of different stages when the molecule 

is excited (e.g. either A*, A’ or A’’). For the purpose of the following explanations this shall be 

characterised as Aexc.151 
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Dissociation  

Into radicals – Aexc 
 B• + C•. Instead of relaxing back into the ground state, the photo-excited state 

molecule splits apart into two separate radical species. 

Into other instable molecules R-CH𝐍𝟐
𝐞𝐱𝐜  N2 + R𝐂̈H Similar to the radical mechanism, the photo-

excited state can form other instable molecules such as carbenes.155 

Into ions – Aexc 
 B+ + C- Rather than the separation of electron pairs into radical species they can be 

ejected from the separate species and form ions. 

Into a positive ion and an electron – Aexc 
 A+ + e-. The absorption of high energy photons is able to 

cause the emission of electrons from the molecule, also known as the photoelectric effect.151 

Formation of stable molecules –  Aexc 
 B + C. The excited state can also cause the molecule to split 

apart and form two stable molecules. 

Photoisomerisation – Aexc 
 B. Photoisomerisation is a relatively common effect where the excited 

state can relax back into a ground state with a different conformation to the molecule that was 

excited. 

2.4.6. Quantum yield 

Further to the absorption of photons, an additional term is required to describe the rate of a 

photoreaction. The quantum yield, φ, of a reaction is a measure of the efficiency of the reaction as 

compared to the number of photons it has absorbed. A number of different more-specific definitions 

can be used for the quantum yield (see Appendix I) depending on whether it is specific to the direct 

photochemical process or the overall process.151 A simple definition for understanding is the ‘ratio 

between the molar flux of molecules reacting during the photochemical reaction and the flux photons 

absorbed by the molecule’. 126 For a large number of reactions, φ is often <1, signifying a deactivation 

process has occurred and not every photon causes the reaction to proceed. The value of φ can also 

be >1, signifying the photochemical step is an activating step, triggering the whole process.126  
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Methods for measuring Quantum yield  

Modern techniques for measuring the quantum yield of reactions were largely developed for the 

understanding of biological processes, to further understand photosynthesis, however it is 

increasingly being considered for synthetic chemistry.139,156 There are generally two approaches for 

measuring quantum yield: via actinometry or through comparison of compounds with known 

quantum yields. Single photon quantum yield determination can also only be defined for 

monochromatic light, which is unlike typical experimental conditions.157 

Actinometry measures the radiant flux of a light via measuring the yield of a photochemical reaction 

with a known reference quantum yield.158 Once the radiant flux is known, the quantum yield of the 

reaction in question can then be calculated.159 Actinometry provides the most fundamental 

measurement of the number of photons absorbed. However, actinometry can become complex for 

comparisons when the light used is a broadband emitter and/or the chromophore absorbs at different 

wavelengths to differing amounts. 

The comparison method also uses a compound that reacts with a known quantum yield, however, the 

illumination of the starting material and known reference compound is carried out simultaneously. It 

can be considered more straightforward to calculate the quantum yield as there is reduced processing 

of experiments.  However, differing spectral properties can again introduce added complexity.160  

2.4.7. Emission of light 

Understanding the emission of light and its intensity is crucial for the development of a model handling 

photoreactions and photoreactors. The number of photons present is the driving force behind the 

reactions and hence needs to be understood. The light sources that are used in a wide range of 

industries have slight differences in both nomenclature and understanding. 

For example, light power is often widely confused between disciplines due to the variety of needs for 

lighting.161 Light power is often quoted in candela which is nominally the light given off by one candle. 

This relativity to a candela is not suitable due to both the use of UV lamps and the understanding of 
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absorbance, as set out below.162 For photoreactors it is more useful to speak in terms of power output 

per unit area. The power output can then be translated into the number of photons per second per 

unit area through use of the Planck-Einstein relationship, defined in Equation 13, where 𝐸𝑝 is the 

energy of the photon, ℏ is Planck’s constant, 𝑐 is the speed of light and 𝜆 is the wavelength of the 

photon.163 

𝐸𝑝 =
ℏ𝑐

𝜆
(13) 

One area of caution to take note of is the uncertainty between the manufacturer’s specification and 

number of photons entering the reactor volume. This uncertainty can be due to a number of reasons 

such as: geometry, light diffraction at the reactor surface or the age of the lamp.  

For simple modelling, an assumption of monochromatic light is widely used as this allows for the 

conversion of light power to photon output. This assumption leads to another source of uncertainty 

surrounding light intensity as lamps are often not monochromatic sources and molecules absorb at 

different strength over a range of wavelengths.  

2.4.8. Absorption of Light 

Understanding the absorption of light is an important aspect of the photochemical process, with the 

approach taken outlined below. The part of the molecule that absorbs light is known as the 

chromophore and can lead to a variety in both the wavelength and strength of absorbance, depending 

on the associated transitions. For example, highly conjugated molecules often absorb light, with the 

degree of conjugation leading to a change in wavelength.164 

Local volumetric rate of photon absorption (LVRPA) 

The local volumetric rate of photon absorption represents the number of photons absorbed by an 

absorbing species per unit time and per unit of reactor volume. The calculation of LVRPA requires a 

radiative transfer equation (RTE) to calculate the irradiance first.  
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Radiative transfer equation 

Radiative transfer equations (RTE) model the distribution of light throughout a field. There are a 

number of possible equations that could be used, with three described below. Further explanations 

for RTEs relevant to the models developed in this work are discussed within the Photochemical 

chapter. 

The Beer-Lambert law, defined in Equation 14, could be considered the simplest RTE as it relates the 

measured irradiance, 𝐼, of an electromagnetic beam to the length, 𝐿, it has travelled through an 

absorbing medium of known concentration, 𝐶. The absorbance, 𝐴, is a logarithmic relationship of the 

initial irradiance, 𝐼0, and is often quoted in the literature due to its self-referential nature.165 In the 

Beer-Lambert law, the decadic molar absorption coefficient, 𝜀, describes how absorbing a medium is 

in the linear direction. 

𝐴𝐵𝐿 = − log10 (
𝐼

𝐼0
) = 𝜀𝐿𝐶 (14) 

This Beer-Lambert derived RTE is only valid for linear light such that the absorption coefficient is per 

linear distance, as it has been derived from a single-dimension differential equation. For more 

complicated geometries, more complex RTEs are required; there are generally two approaches that 

can be used for more complex geometries: discrete-ordinates method or the two-flux approximation.  

Discrete ordinates method 

The discrete ordinates method (DOM) discretises the angular space into a finite number, 𝑵𝒅, of 

directions, 𝒖𝒊  . The RTE is a system of partial differentials and integrals that are solved with 

computational Partial Differential Equation (PDE) solvers. The integrals become a weighted 

summation of the light over 𝑵𝒅 directions. 166,167 

For simplicity, the derivation of an absorbing only medium is shown here as this was assumed for the 

homogeneous reaction mixture. For a medium that only absorbs, the RTE is defined in Equation 15 

where 𝑠 is the dimension distance: 
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𝑑𝐼

𝑑𝑠
= −𝛼𝐼(𝑠, 𝒖) (15) 

The angular space is discretised in Nd directions and for purely absorbing mediums the RTE can be 

solved using a finite volume method.168 The irradiance can be obtained by summing the irradiance 

from each direction and multiplying it by the weight (𝑤𝑗) of the associated light as defined in 

Equations 16. 

𝑅𝑇𝐸 = ∫ 𝐼(𝑠, 𝒖)𝑑𝛺 =∑𝑤𝑗𝐼(𝑠, 𝒖𝒋)

𝑵𝒅

𝑗=1

 

𝛺′=4𝜋

(16) 

A more in-depth explanation of the derivation of the full RTE for all mediums using the DOM is shown 

in Appendix I. These calculations require heavy pre-calculation which limits its ability to be coupled 

with other equations, such as mass balance.168 There are a number of disadvantages associated with 

the DOM method: 

 False diffusion due to the spatial approximation of the irradiance, although this can be 

improved by decreasing the mesh size it can cause large increases in computational 

requirements 

 The ‘ray effect’ which is specific to discretised RTEs, where the light is only considered for each 

direction.169 Again, a reduction in mesh size can improve this but leads to an increased 

computational requirement.  

Two-flux approximation 

The two-flux approximation overcomes the ‘ray effect’ by approximating the light to a function, known 

as a phase function, which can then be differentiated over the angular space.170,171 This phase function 

is differentiated by splitting the local environment into two hemispheres. The approximation was first 

developed for heat transfer problems and used the following assumptions: 

 rectangular 1D geometry; 

 isotropic phase function; and 
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 irradiance independent of the incident angle.172 

These approximations have since been extended for cylindrical and spherical coordinate systems as 

well as for anisotropic radiation fields.173 Similarly to the DOM method, the derivation for just an 

absorbing medium is shown below, while a more detailed discussion of the full RTE shown in the 

Appendix I. As defined previously in Equation 15, a homogeneous absorbing medium with no 

scattering was assumed. 

𝑑𝐼

𝑑𝑠
= −𝛼𝐼(𝑠, 𝒖) (15) 

This was then adapted by Van Noort et al. to become a simplified one-dimensional operator of the 

RTE independent of the azimuth (θ), shown in Equation 17, where 𝛾 is the angle measured between 

the unit vector (𝒖) and the r axis, as shown in Figure 35.173 

𝑑𝐼

𝑑𝑠
=
𝑑𝐼

𝑑𝑠1
cos 𝛾 (17) 

  

Figure 35 – The frame of reference used for the one-dimensional radiative transfer equation used with the two-flux 
approximation, where θ is the azimuth of which the RTE is independent, 𝜸 is the angle the unit vector (𝒖) makes with the 
r axis, which used within the phase function. 

The first equation can be analytically solved if it is separated into two hemispheres, which is well 

known as the two-flux method.172 This was extended for collimated radiation before being adapted to 
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the function defined in Equation 18 for the general angular dependence for each hemisphere, where 

n is the degree of collimation (n=0 is the isotropic case and n=∞ is the collimated case).174 

𝐼±(𝛾) = 𝐼±|cos𝑛 𝛾| (18)  

Using this definition within Equations 15 and 17 and then integrating over each hemisphere (positive 

and negative values of cos 𝛾) with the help of summation rules for the nth moment equations obtained, 

a first independent relation for the intensities is obtained, shown in Equation 19. 

𝑑(𝐼+ + 𝐼−)

𝑑𝑠1
= −𝑘ℎ𝛼(𝐼

+ −  𝐼−) (19) 

In which the collimation factor (𝑘ℎ) is defined in Equation 20. 

𝑘ℎ =
𝑛 + 2

𝑛 + 1
(20) 

A second independent equation was required for curvilinear systems of coordinates to ensure the 

obtained solutions verify the energy balance on the photonic phase, which is defined in 

Equation 21.172,175  

𝑑(𝐼+ − 𝐼−)

𝑑𝑠1
+
𝜓

𝑠1
(𝐼+ − 𝐼−) = −𝑘ℎ𝛼(𝐼

+ + 𝐼−) (21) 

In which the parameter 𝜓 depends on the coordinate system used, with cylindrical coordinates 𝜓 = 1. 

Differentiating (19) and combining with (21) led to this one-dimensional two-flux approximate RTE in 

any geometry, defined in Equation 22. 

𝑑2(𝐼+ + 𝐼−)

𝑑𝑠1
2 +

𝜓

𝑠1

𝑑(𝐼+ + 𝐼−)

𝑑𝑠1
− 𝑘ℎ

2𝛼2(𝐼+ + 𝐼−) = 0 (22) 

2.4.9. Kinetic models for photochemistry 

Major developments of photochemical reaction process models have either been for heterogeneous 

photocatalysis or for the decontamination of streams such as for cleaning water.150,154,176 The kinetic 
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models developed for these cases were useful for guidance, although were not directly applicable to 

the work presented in this Thesis; homogeneous chemical reactions. 

For integration into the reactor models, a new coupling of equations needs to be considered, 

compared to thermal reactor engineering; the coupling of the radiative transfer equation and the 

conservation equations. This has two main consequences: assuming the reactor is perfectly mixed or 

plug flow which is often used in thermal engineering will lead to a heterogeneous field of reaction 

rates and concentrations due to either mixing or light attenuation.126  

To the author’s knowledge, just one model is capable of understanding the kinetics and predicting the 

performance of homogeneous photochemical transformations. Aillet at al. developed a model that 

used experimental results to predict the quantum yield of photoreactions, which is discussed below.156  

Aillet’s photoreaction model 

The method chosen was developed by Aillet et al. and uses the following assumptions to simplify the 

behaviour so a quantum yield can be calculated, assuming there is: 

 plug flow with no variation in concentration across the diameter; 

 single wavelength; and 

 a known lamp intensity at the reactor wall. 156 

The experimental values used for the estimation were inputted into the equation derived by Aillet et 

al., as shown in Equation 23. The value shown in red in Equation 23, named the ‘Aillet Value’ from this 

point onwards, was plotted against the residence time, with the gradient of this graph equal to 

𝛷
𝐼𝑊,𝑝ℎ𝑜𝑡𝑜𝑛

∆𝑐
, where 𝐵0  =  𝐶𝐴0𝜀𝐴(𝑅𝑤  −  𝑅𝐿) 𝑙𝑛(10). 

The gradient can be used to calculate the quantum yield as the photon irradiance at the wall, 

 𝐼𝑊,𝑝ℎ𝑜𝑡𝑜𝑛 is known where ∆𝑐 =  
𝑅𝐿
2−𝑅𝑊

2

2𝑅𝑊
. 
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𝐶𝐴0 (𝑋 + 
1

𝐵0
 𝑙𝑛 [

1 − 𝑒−𝐵0

1 − 𝑒−𝐵0(1−𝑋)
]) = 𝛷

𝐼𝑊,𝑝ℎ𝑜𝑡𝑜𝑛

∆𝑐
𝑡 (23) 

The use of the Aillet value to calculate the quantum yield is used in Chapter 4 and compared to the 

method developed in this work with a number of examples. 

Future model possibilities 

For the scale-up of photochemical processes from typical laboratory scale (mg to g) to larger scales 

(kg to tonnes), a number of processes need to be further understood, as suggested by Loubière et al.: 

 Photocatalysis; 

 Competitive photoreactions; and 

 Consecutive photoreactions.126 

Loubière et al. recognised the need for “interconnecting photochemistry and chemical engineering 

from the beginning of a study in order to identify reaction and process limitations as soon as possible, 

and to develop a strategy to overcome these”.126 

2.5. Photochemical reactions in flow 

Carrying out photochemical reactions in flow can address a number of the issues traditionally found 

with batch photochemistry. Flow set-ups are generally designed for a small optical path length that 

combined with high powered light sources, allow for high concentrations of starting materials to be 

used.177,178 These high concentrations ensure a high efficiency for photon absorption while keeping 

conversion high and reducing solvent requirements.177 The tunability of conditions allows for much 

more flexible optimisations compared to batch methods as well as improving safety credentials.  

2.5.1. Photoreactor design 

This combination of lamp choice and reactor design has led to a number of innovations to optimise 

photochemical processes. For example, visible light photochemistry has rapidly grown over the last 
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decade due to the availability of inexpensive, long-lived and narrow-banded LEDs in the visible region. 

More recently, the advent of UV LEDs has driven similar innovations for UV reactions.179 

Light sources 

For photochemical reactions to proceed, a light source is needed to initiate the reaction. The light 

source can range from sunlight to highly specialised lamps designed for photochemical 

transformations. The choice of the light’s wavelength and power can have a large effect on the overall 

performance of the reaction.180 

Mercury lamps 

Mercury lamps are readily available at a range of powers, with the output wavelengths depending on 

the type of mercury lamp used. Low-pressure mercury lamps convert ca. 30% of the power drawn into 

UV photons, of which 90% are of 254 nm, as shown in Figure 36.177,181,182 

 

Figure 36 - The irradiance emission spectrum of a low-pressure mercury arc lamp measured 1 cm away from the lamp, 
showing the large proportion of photons at 254 nm. Recorded by Dr. Charlotte Clark using an Ocean Optics UV-VisUSB 
2000+ spectrometer. Reproduced with permission. 

Medium and high-pressure mercury lamps convert a higher percentage of power into photons, and 

hence much high-power lamps are commercially available. The photons emitted by medium and high-

pressure mercury lamps are at a wider set of wavelengths, these are considered ‘broadband’ emitters, 
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as shown in Figure 37.177,181 This is due to the fact that although mercury emits strongly emits at 254 

nm it also absorbs light at 254 nm and hence the energy is re-absorbed and emitted at higher 

wavelengths in a process known as ‘imprisonment of radiation’.183 

 

Figure 37 - The irradiance emission spectrum of a high-pressure mercury arc lamp measured 6 cm away from the lamp, 
showing the broad range of wavelengths emitted. Recorded by Dr. Charlotte Clark using an Ocean Optics UV-VisUSB 2000+ 
spectrometer. Reproduced with permission. 

From a practical point of view, medium and high-pressure mercury lamps emit photons at a variety of 

wavelengths which are then able to excite a variety of chromophores within a reactive system. The 

advantage of higher lamp powers then needs to be balanced against the reduced selectivity for 

reactions and the possible of formation of unwanted side products.140 

Light Emitting Diodes 

Light emitting diode (LED) technology has undergone large amounts of innovation recently, largely 

due to the advances of LED TVs and need for efficient lighting. LEDs are now largely seen as 

inexpensive, efficient and safe replacements for filament- and discharge-based lighting. There is a 

wide range of LEDs available depending on needs, with just the LEDs used in this work being discussed 

below.   
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Excimer lamps 

The excimer reactors take advantage of the excitation of rare-gas dimers, rare gas-halogen dimers or 

rare gas-halogen exciplexes to generate near-monochromatic light. The choice of the combination of 

gases/halogens leads to different wavelengths and can be tuned to create light at certain 

wavelengths.184 The gas acts as a dielectric medium between two electrodes such that when a 

sufficient voltage is applied across the plates, an electrical breakdown of the gas occurs which allows 

the formation of the excimer complex, which decay to give near-monochromatic photons.185  

2.5.2. Photoreactors used in this work 

The design of the reactors can have a large effect on the overall performance of the process. Due to 

the need for absorption of light by the fluids, typical reactor designs are often unsuitable. There are a 

number of different possible designs in the literature, which often vary by group and reaction. The 

reactors used in this work are described below. 

Excimer flow reactor 

The excimer flow reactor consists of a cylindrical vessel, with a ‘cold finger’ placed inside of the vessel. 

This cold finger is made of three concentric pipes, as shown in Figure 38. The inner pipe allows the 

reactive material to be pumped to the end of the reactor, while the remaining two pipes allow a 

coolant to be pumped through the reactor to regulate temperature. The cold finger is placed inside of 

a quartz tube, which is able to be inserted into the excimer lamp. 
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Figure 38 - A schematic of the excimer flow reactor set up, with the different T-pieces (TP) used for the separation of the 
reagent and coolant flows. Schematic produced from literature with permissions.186  

The outer diameter of the stainless-steel pipe is 12 mm and sits inside a quartz tube with an external 

diameter of 15.6 mm. Considering the thickness of the quartz tube, the gap between the two, in which 

the reactive fluid flows is 120 μm. This reactor system has a total volume of ca. 10 mL and an irradiated 

volume of 1.37 mL, both of which were determined mathematically by previous members of the 

group.186 Reagent solutions can be flowed through the irradiated volume at a variety of flow rates as 

a thin film ensuring all the solution can absorb light. The Excilamps can be easily interchanged so that 

the desired radiation wavelength can be selected. 

Excimer flow reactor lamps 

Four lamps have been manufactured for use with the Excimer flow reactor, which have a smaller 

diameter than the Excimer batch reactor. The Excimer lamp discharge tubes are cylindrical so the 

reactor can be placed inside the lamps, such that the surface of the reactor can be irradiated from all 

directions, as shown in Figure 39. 
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Figure 39 - The design of the excimer flow lamps, where 1 is the external casing, 2 is the discharge tube, 3 and 4 are the 
cooling fans, 5 is the power switch, 6 is the power supply plug and 7 is the hole in which the reactor is inserted.187 

In the group at Nottingham there are a number of different excimer lamps, with varying powers for 

both the Excimer flow and batch reactor setups. The Excilamps used with these reactors were 

obtained from the Institute of High Current Electronics (Tomsk, Russia).187 

The different wavelengths, the excimers used, power drawn and irradiance at the lamp surface for 

each lamp is shown in Table 13. The irradiance at the lamp surface is provided by the lamp 

manufacturer and was used for the modelling of the Excimer reactors. 

Table 13 - Table of the wavelengths and equivalent irradiances supplied by the manufacturer for the excimer flow lamps.187 

Emission wavelength 
(nm) 

Excimer used Power drawn (W) 
Irradiance at lamp 

surface (W·m-2) 

207 KrBr 180 100 
222 KrCl 113 210 
282 XeBr 113 360 
308 XeCl 113 490 

 

Excimer batch reactor 

The batch reactor is a jacketed quartz vessel, with the outer jacket containing coolant. The reaction 

mixture is stored in the central cavity, which has a radius of 1.27 cm, length ca. 36 cm and a maximum 

irradiatable volume of ca. 150 mL. Coolant can flow into the outer jacket through one of the side arms 

and out through the other side arm, as shown in Figure 40. The selection of a coolant fluid has to be 

considered in terms of the absorption of light as it is between the lamp and the reactive mixture. The 
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excimer batch reactor is then placed into the excimer lamp in a vertical orientation, compared to a 

horizontal orientation with the excimer flow reactors. As it is a batch reactor, there is a mechanical 

stirrer inserted into the top of the reactor; the effectiveness of this stirrer is discussed in the 

photochemical modelling chapter. 

 

Figure 40 - A schematic of the excimer batch reactor with the excimer lamp in a vertical orientation and the coolant 
pumped through the reactor in between the reactive mixture and the irradiated wall. Schematic produced by Toby 
Waldron-Clarke and reproduced with permission.  

Excimer batch reactor lamps 

As mentioned above, the Excimer batch reactor has a wider diameter which is used for the wider batch 

reactors. The lamps operate on the same principle, with the wavelength, composition, power and 

irradiance values provided by the manufacturer shown in Table 14. 

Table 14 - Table of the wavelengths and equivalent irradiances supplied by the manufacturer for the excimer batch 
lamps.187 

Emission wavelength 
(nm) 

Excimer used Power drawn (W) 
Irradiance at lamp 

surface (W·m-2) 

222 KrCl 269 180 
253 XeI 283 170 
282 XeBr 229 270 
308 XeCl 229 330 
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FEP tubular reactor 

The design of UV continuous flow photoreactor that has achieved the most prominence is the ‘FEP 

reactor’ initially designed by Booker-Milburn and co-workers in 2005.112
 This type of reactor consists 

of a water-cooled medium-pressure mercury lamp with fluorinated ethylene propylene (FEP) tubing 

wrapped directly around the cooling jacket of the lamp. Reagent solutions are flowed through the 

reactor via an HPLC pump and product is collected at the outlet. A schematic and photograph of this 

reactor set-up can be seen in Figure 41. The photo of the FEP tubular reactor is a model case, as the 

dimensions of the FEP tubing and coil diameter can change depending on the conditions required. 

 

Figure 41 - A schematic of the FEP tubular reactor and a photo of a model set up, with the lamp in the centre and the FEP 
tubing wrapped around it in a coil. Please note that the dimensions of the tube and coil can change depending on the 
conditions required. This photo was taken by Amy Flinn. 

An updated FEP tubular reactor, known as the Firefly, has been developed by colleagues in Bristol to 

increase the scale of production for photoreactions.136 The Firefly reactor was proposed to be used 

with a high temperature water reactor able to produce over 1 kg per day in a ‘daisy-chained’ process, 

as discussed in the Chapter 5.  

Vortex reactor  

The vortex reactor was designed to take advantage of a phenomena known as Taylor vortices, which 

occur when a rotating cylinder is placed inside a cylinder. The Taylor vortices increase the mass 
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transfer of new reagents to the irradiated wall to overcome an inherent issue with photochemical 

reactors.126,188,189 The reactor itself consists of a transparent Pyrex jacketed tube with an internal 

diameter of 22 mm that contains a stainless-steel cylinder with a bore running through the centre to 

allow for the reactive mixture to be continuously pumped through the reactor, as shown in Figure 42. 

 

Figure 42 - A schematic of the Vortex reactor used in this work, where a rotating cylinder is placed inside a cooled reaction 
vessel, which is exposed to LED blocks. Pumps are used to control the flow of both the reagents and coolant. Reproduced 
from literature with permission.135  

The gap size between the irradiated wall and the rotating cylinder can be changed by using cylinders 

of different diameters, with gap sizes of 1, 2, 3 and 4 mm used in this work. The choice of this gap size 

has to be considered when comparing results due to the increased volume of the reactor. The rotating 

cylinder is 15 cm tall, giving an overall reactor volume of 9.89 cm3 for the 1 mm gap.  

The light source can be easily interchanged with the Vortex reactor depending on requirements. For 

this work, blocks of visible LEDs were used consisting of 5 x 1400 lm chips built by Citizen Electronics. 

The light emitted was quoted in lumens and therefore not applicable for the modelling of 

photoreactors as lumens are a measure of visible light and not wavelength-specific irradiance.  

The rotation of the block could also be controlled, so the strength of the Taylor vortices could be 

altered. The strength of Taylor vortices can be measured using the Taylor number, 𝑇𝑎, which is 

calculated, as shown below where 𝛺 is the angular velocity, 𝑅1 is the external radius, 𝑅2 is the internal 
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radius and 𝜈 is the kinematic viscosity. The rotation speed required for Taylor vortices with the reactor 

set up used in this work is discussed in the photochemical modelling chapter. The strength of Taylor 

vortices is measured using the Taylor number, defined in Equation 24, where 𝛺 is the rotational 

velocity, 𝑅1 is the internal diameter, 𝑅2 is the external diameter and 𝜈 is the kinematic viscosity.190 

𝑇𝑎 =
𝛺2𝑅1(𝑅2 – 𝑅1)

3

𝜈2
(24) 

2.6. Introduction to high temperature water reactions 

Water is the most abundant natural solvent on Earth and has been used for numerous biological and 

geological processes for millions of years.191 It has inherently ‘green’ properties as it is non-toxic and 

non-flammable. Ambient water also has a number of unusual properties, including the hydrogen-

bonding effect. It also has a high heat capacity, which makes it an excellent heat buffer for exothermic 

reactions.191 The use of water can also eliminate the protection-deprotection processes of functional 

groups and hence increase the efficiency of reactions.192  

The properties of ambient water can also change when heated at pressure until it forms ‘High 

Temperature Water’, which is discussed in detail below. 

2.6.1. What is high temperature water (HTW)? 

High temperature water (HTW) has a broad definition of liquid water above 200 °C and supercritical 

water, where the critical point of water is 374 °C and 22.06 MPa.193 Often geochemical reactions occur 

in HTW, with the conversion of kerogen into petroleum occurring in HTW in the presence of clay 

minerals.194–196 HTW has also long been used in chemical processes for material synthesis, waste 

destruction, recycling and biomass processing. It is also increasingly being used within organic 

synthesis due to its unusual properties.197–201  

At standard conditions water’s anomalous properties are due to the strong hydrogen bonds between 

water molecules, which break down at higher temperatures. The breakdown of the hydrogen bonding 

network leads to water becoming less polar, with a polarity more like methanol or ethanol.202  This 
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change in solvation properties can be useful for the separation of product post-reaction when the 

water cools and some organic compounds become insoluble. HTW also becomes both more acidic and 

basic as the water self-ionises into H3O+ and OH-.203,204 The heat capacity of HTW also increases up to 

a maximum ca. 380 °C.205  

The properties can also vary widely within the definition of HTW used above and should be considered 

when comparing conditions. In order to access these conditions for chemical reactions, custom built 

equipment is needed, along with the suitable safety controls. 

2.6.2. High temperature water with organic reactions 

As the physical properties of HTW can vary with the conditions, a wide range of chemical reactions 

can be supported in HTW, including ionic, polar non-ionic and free radical reactions.193 HTW does not 

just act as a solvent, it can also act as a reagent or disassociate and act as both an acid and base 

catalyst.206 Water molecules can also catalyse a reaction through interacting with the transition state 

to reduce its energy. This transition state catalysis mechanism is important for intramolecular 

hydrogen transfer and isomerisation as the water molecules act as a proton relay to make the 

transition state less strained.207–209 

Challenges of HTW reactions 

The major challenges with HTW are the elevated temperatures and pressures required, with 

equipment found in traditional chemistry laboratories unsuitable. Flow conditions can be used to 

alleviate some issues as a small volume can be kept at the elevated conditions, rather than a larger 

volume batch reactor, which could pose serious safety issues.110  

Principles of Green Chemistry and Engineering relevant to HTW 

reactions 

There are a number of Green Chemistry and Engineering principles that can be considered for HTW 

reactions, as shown in Table 15.   
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Table 15 - The principles of Green Chemistry and Engineering relevant to reactions in high-temperature water. 

Relevant Principles for high-temperature water reactions 

Green Chemistry Green Engineering 
3. Less hazardous chemical syntheses – Water is 
non-toxic. 

4. Maximise efficiency – Use of high-
temperature water allows for rapid conversion 
of products on a small scale. 

5. Safer solvents and auxiliaries – Water is non-
toxic and can be used to replace the use of both 
bases and acids, due to their unusual properties.  

3. Design for separation – When cooled, water, 
returns to being non-solubilising for a large 
number of organic compounds.  

7. Use of renewable feedstocks – Water is a 
renewable resource. 

12. Renewable rather than depleting – Water is 
a renewable resource. 

8. Reduced derivatives – The properties of high-
temperature water can allow non-standard 
reactions, that typically require protecting 
groups. 

 

 

2.6.3. High temperature water reactors used in this work 

The high temperature and pressures needed for HTW often requires specialised equipment. The 

reactors used in this work are custom-built and consist of a stainless-steel coiled pipe. The coiled pipe 

is wrapped around a heated block that is again surrounded by an insulated jacket.  

Reactors used in this work 

There were two different reactor sizes used in this work, a larger and smaller reactor, which were used 

in a modular set up where the two reactors could be interchanged. The larger reactor was used 

initially, before a smaller reactor was designed to allow for further understanding of the reaction while 

reducing material and energy use. A simplified schematic of the experimental set up is shown in Figure 

43. It should be noted that there were a number of safety systems in place for the experimental work 

that have been omitted from the diagram for simplicity.  
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Figure 43 - A simplified schematic of the high-temperature water reactor built for this work where pumps control the flow 
of reagents entering the reactor and a back-pressure regulator regulates the pressure before the product are collected. It 
should be noted there are a number of safety measures in place, including pressure and temperature trips, that have been 
omitted for simplicity. Produced by Dr. Rowena Howie and used with permission.  

Reactor sizes for the larger and smaller reactor 

Two sizes of reactors were used in the development of this method; the larger reactor was used 

initially to carry out the reactions as it had been built previously.210 The smaller reactor was built to 

reduce material use in the optimisation and understanding stage of the development. A photo of the 

larger and smaller reactors used in this work are shown in Figure 44 (a) and (b), respectively.  

Both reactors consisted of a coiled pipe wrapped around a heating block that is used to control the 

temperature. The larger reactor consisted of a 6 m long stainless-steel pipe with an internal diameter 

of 0.152 cm, giving a reactor volume of ca. 44 cm3. The smaller reactor consisted of a 3 m long 

stainless-steel pipe with an internal diameter of 0.0285 cm, giving a reactor volume of ca. 0.77 cm3. 

 

Figure 44 - Photographs of (a) the larger reactor and (b) the smaller reactor used in this work, with the different 
components indicated for the smaller reactor. The larger reactor used the same design on a larger scale. Photos taken by 
Dr. Rowena Howie and used with permission.  

Coiled reactor 

Heating block 

Flow in 

Flow out 

(a) (b) 
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2.7. Multi-step reaction processes 

The combination of multiple reaction steps in series can take advantage of the specific advantages 

flow processes offer. By combining reaction steps, the intermediates do not have to be isolated and 

are directly transferred into the subsequent reactor; reducing costs and time. For practical reasons 

the combination of steps are sometimes separated so solvent swaps can occur. This technique is 

particularly useful with photochemistry where solvent choice can affect the absorption of light due to 

differing absorption behaviour.211,212 

Typically, the optimisation of each flow process is carried out before combining of the steps which can 

lead to competing factors. For example, the optimal residence times for each reactor could suggest a 

different flowrate for each step. These competing factors mean that the overall process has to be 

considered when optimising each separate step.116 This could be seen as the difference between local 

minima and global minima in a mathematical optimisation.213 

Connecting reactors in series is often known as ‘daisy-chaining’ where the output of one reactor is the 

input of the next with minimal processing between the reactors. The daisy-chained process used in 

this work was the daisy-chaining of an FEP tubular photoreaction followed by a high-temperature 

reaction, as shown in Figure 45. The first reaction was carried out in acetonitrile, with the output of 

the first reaction diluted with water in flow, before being flowed through the high temperature 

reactor. 
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Figure 45 - A simplified schematic of the multi-reaction process used in this work, with a FEP tubular reactor followed by 
the high-temperature water reactor. Water was added after the photochemical step through pumping at the same 
flowrate as the photochemical step to create a 50%vol. solvent mixture. It should be noted there are a number of safety 
measures in place, including pressure and temperature trips, that have been omitted for simplicity. Produced by Rowena 
Howie and used with permission.  

2.7.1. Benefits of modelling multi-step processes 

As mentioned previously, the optimisation of a single step can lead to a decrease in the overall 

efficiency of the process. For example, using one solvent in the first stage may improve the yield of a 

single step, however may require the solvent to be swapped which requires additional energy and 

produces additional waste.116,214  

Process models can be used to model the overall processes to understand interactions between 

different steps.119,123,215 For example, a complete process model of the artemisinin process which has 

been used to reduce the E-factor values of the process by ca. 65%, from 65 to 22.5.138  
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2.8. Aims of reaction modelling 

Considering the information presented above, there are a number of aims for the modelling of 

photochemical and high-temperature water reactions. A common aim for both sections is to ensure it 

is approachable from a typical chemist’s point of view, such that the terms used are common terms 

used in chemistry rather than being chemical engineering focussed. The aims defined at the start of 

the reaction modelling part of the Thesis are laid out below, where the number is related to the 

Chapter in which they are addressed. 

2.8.1. Aims of photochemical research section 

Considering the discussion above, there were a number of aims set for the modelling of the 

photochemical reactions: 

Aim 4.1 - Develop a process model of a photochemical reactor 

Aim 4.2  - Use photochemical process model to understand photochemical reaction kinetics and 

compare outputs with experimental results 

Aim 4.3 - Use kinetics to predict reactor performance of reactions for; unimolecular reactions, 

multi-component reactions with competing absorbances, photosensitised reactions and consecutive 

reactions 

Aim 4.4  - Develop models of more complex photochemical reactors 

Aim 4.5 - Use photochemical model in conjunction with the high-temperature water process model 

to predict performance of a daisy-chained process 
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2.8.2. Aims of HTW research section 

Considering the discussion above, there were a number of aims set for the modelling of the high-

temperature water reactions: 

Aim 5.1 - Develop a process model for a high-temperature water reactor 

Aim 5.2  - Use a high-temperature water process model to understand reaction kinetics and 

compare reactor performance prediction with experimental results 

Aim 5.3 - Use kinetics to predict reactor performance for a variety of reactions 

Aim 5.4  - Use a high-temperature water model in conjunction with the photochemical process 

model to predict performance of a daisy-chained process 

Aim 5.5 - Optimise multi-step reaction process 

2.8.3. Audience for modelling development 

The main aim of the model development was so that the chemists within the laboratory can use a 

computational program to quickly understand and optimise reactions. One of the major differences 

the author found when developing the model was the different lexicon between chemistry and 

chemical engineering. One example of this is the use of “concentration”; chemists usually think of the 

units being mol·dm-3 whereas chemical engineering often considers this with kg·m-3. The difference in 

lexicon and units meant care was needed with using research from both fields within the model 

development.  
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3. Chemical process modelling and mathematical 

techniques  
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3.1. Chapter Overview 

Within this chapter, the theories which govern the various modelling and mathematical techniques 

used throughout this Thesis are discussed. These techniques and ideas discussed are relevant across 

all of the different chapters, which is why this chapter is presented separately. Within this chapter, 

different modelling approaches are discussed, followed by methods and approaches typically used 

within the modelling of chemical processes. For the development of models, a practical point of view 

was taken rather than a theoretical approach, as the models were to be used to predict reactor 

performance rather than a purely theoretical approach. 

The numerical methods for solving the equations used in process models are then discussed along 

with an introduction to Maximum Likelihood Estimation (MLE). The ideas and techniques behind 

model validation are then discussed, followed by sensitivity analysis. Finally, the specific numerical 

techniques used in this work are then introduced and briefly discussed. 

The more specific points relevant to models of the pipes, photoreactors and high-temperature water 

reactors are discussed within each relevant chapter. 

3.2. Introduction to process modelling 

Chemical process models allow the user to understand an overall chemical transformation from the 

starting material to the product on a scale, typically, larger than the laboratory.216 The modelling of a 

chemical process allows for the process to be optimised, monitored, and controlled safely. The 

simplest model for a chemical reaction could be considered as the typical Arrhenius equation, where 

the rate of formation of a product is calculated.217 However, in real life situations the rate equations 

are often coupled to other processes such as mixing and heat transfer. The interaction of these 

processes also leads to the coupling of the equations which describe the processes.218  

Traditionally, chemical processes were modelled using paper-based calculations.219 More recently, 

with the development of increased computational power, chemical process models are often 
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modelled computationally. Using a computer allows for multiple equations to be solved 

simultaneously which would otherwise take a considerable amount of time manually.  

“It is unworthy of excellent men to lose hours like slaves in the labour of 

calculation which could be safely relegated to anyone else if machines were 

used” – Gottfried Leibniz, 1685.220 

 

The variety of processes that are observed in chemical reactors can lead to highly complex models. To 

overcome this, assumptions are often made to reduce the complexity and computational expense of 

calculation.  

The process of modelling a chemical process covers four important aspects: 221 

 Model development; 

 Parameter estimation using experimental data; 

 Model validation; and  

 Model predictions. 

Before the different concepts behind process models are developed further it is also worth 

appreciating the idea that models are just descriptions of what is observed and should be taken as 

that, rather than an exact understanding of all processes.  

“All models are wrong, but some are useful” – George Box, 1979.222 

 

3.3. Modelling approaches 

There are two general approaches for modelling of processes: empirical ‘top down’ approach or the 

theoretical models built using first principles from the ‘bottom up’.216 
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3.3.1. Empirical models 

Empirical models use observation and experimentation to develop relationships between process 

behaviours, considered to be a ‘top down’ approach.223 Empirical models are generally used when a 

correspondence between two or more variables has been observed within a process, with the 

relationship either too complex to understand, too complex to model or unnecessarily complex for 

the model needs.224 The model can be developed through trial and error, computational 

approximation of analytic formula or could be a ‘black-box’ model that offers no understanding of the 

underlying process. These such models are often accurate at predicting outputs within the 

experimental space used to develop the model but can quickly become inaccurate outside of this 

experimental space.224 An example of an empirical model is the Peng-Robinson equation of state 

described in Section 3.4.4.  

3.3.2. First principle approach 

The first-principles approach to process modelling is the opposite to empirical modelling, and typically 

uses physical principles to develop a model from the ‘bottom up’.225 The use of first principles is hoped 

to be more robust across different conditions as they model the physical processes. However, they 

can also lead to inaccurate predictions as certain behaviours may not been considered within the 

model. There are generally two reasons why some behaviours are not considered in first-principle 

models: the behaviour being unexpected and hence overlooked or the behaviour being too complex 

to model, leading to expensive computational requirements.226 The SAFT equation of state, described 

in Section 3.4.4, is considered a bottom up approach as it models the interaction between molecules 

to understand the behaviour. 

3.3.3. Hybrid approach 

The hybrid approach to process modelling uses a mixture of both first principles and experimentation 

to build an accurate model. The first principles allow for a greater understanding of the process while 

the use of experimentation allows for a greater accuracy for predicting experiments.226 The hybrid 
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approach requires parameter estimation to predict parameter values such as activation energy or pre-

exponential factor.227 The parameter estimations will represent true values of the parameters if all 

behaviours observed have been accurately modelled. However, if some behaviours have not been 

accurately modelled, the estimated parameters may be inaccurate to their true definition, even 

though the parameters are valid within the context of the model and allow for predictive 

capabilities.226  

3.4. Modelling of processes 

As chemical engineering is a quantitative field, it requires accurate descriptions of, often, complex 

processes. There are a number of different types of equations that can be used to model the 

behaviours observed in chemical processes.228 

3.4.1. Types of equations used in chemical engineering 

There are a number of different types of equations used in modelling of chemical engineering 

processes, from simple algebraic equations to partial differential equations. A short introduction to 

differential equations is given below as the solving of them is key to model development. 

Ordinary differential equations 

Differential equations are used to model a variable that changes across the system. These equations 

form ordinary differential equations when all of the quantities are functions of a single independent 

variable. For example, the change in concentration of compound A, 𝐶𝐴, in a reactor system is described 

in Equation 25, where 𝑘 is the kinetic constant.229 

–
𝑑𝐶𝐴
𝑑𝑡

= 𝑘𝐶𝐴 (25) 

The solution to this equation gives the concentration-time profile of the reagent in the reactor which 

can be used to design an optimally shaped reactor.  
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Higher-order differential equations are also common with chemical reactor engineering, for example, 

to describe heat transfer within a pipe as shown in Error! Reference source not found. and defined in 

Equation 26. The temperature, 𝑇, depends on the radial position, 𝑟, and the heat transfer coefficient, 

𝑘𝐻𝑇, which is dependent on temperature. The solution to this equation gives the temperature profile 

across the pipe, which allows us to understand the heat loss to the surroundings.77 

 

𝑑

𝑑𝑟
(𝑘𝐻𝑇𝑟

𝑑𝑇

𝑑𝑟
) = 0 (26) 

Some differential equations can be solved analytically, by hand, however computers are often unable 

to carry out analytical solutions of differential equations and require numerical methods.230 There are 

a number of methods for solving differential equations numerically, as shown Section 3.7, although 

higher-order differential equations can become computationally expensive. To solve the equations, 

the dependent variables at certain values of the independent variable needs to be defined, also known 

as boundary conditions for variables that change with directional coordinates, or initial conditions for 

variables that change with time. To be solved completely the number of boundary or initial conditions 

should be equal to the order of the differential equation. 

Steam 

Insulation Pipe wall 

T
steam

 

T
surface

 

Temperature  

profile 

Figure 46 - A schematic of a steam pipe at temperature, Tsteam, where the heat is transferred through the pipe wall and 
insulation, giving a temperature of Tsurface. The differential equation describing this behaviour is shown below.  
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The dimensions of the differential equations are then discretised into small distances for calculation, 

where the number of discretisation points chosen can have a considerable effect on the overall 

calculation, as shown in Section 3.4.2. 

Partial differential equations 

Equations that describe certain behaviours of systems are often functions of more than one 

independent variable. The equations can then be differentiated with respect to each independent 

variable and are known as partial differential equations and are indicated by a 𝜕. For example, 

molecular diffusion of a compound in a pipe can be in both the axial and radial directions, where 𝐷 is 

the diffusion coefficient, as shown in Equation 27.229  

𝜕𝐶

𝜕𝑡
= 𝐷𝑚𝑜𝑙

𝜕2𝐶

𝜕𝑧2
+ 𝐷𝑚𝑜𝑙

1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝐶

𝜕𝑟
) (27) 

Integral equations 

The differential equations described above and elsewhere in chemical engineering literature can be 

integrated, which leads to equations that describe the overall behaviour of the system. For example, 

the differential equation describing the reaction of compound A in Equation 28 is integrated, forming 

Equation 29 which describes the concentration of compound A with time, where 𝐶𝐴,0 is the initial 

concentration of A.219 

𝑑𝐶𝐴
𝑑𝑡

= −𝑘𝐶𝐴 (28) 

  ∫
𝑑𝐶𝐴
𝑑𝑡

 =  −∫𝑘𝐶𝐴  

ln
𝐶𝐴
𝐶𝐴,0

= −𝑘𝑡;  𝐶𝐴 = 𝐶𝐴,0𝑒𝑥𝑝
−𝑘𝑡 (29) 

Often differential equations can be solved analytically, as above, forming algebraic or transcendental 

equations. However, analytical solutions are not always available, and a numerical approach is 

needed. 
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The modelling of chemical processes requires multiple differential equations that are coupled to each 

other, such as the temperature profile and rate of reaction. Equations that contain dependent 

variables that are functions of the same independent variable need to be solved simultaneously to 

describe the system in question.231 PSE’s software, gPROMS, contain numerical solvers which are 

considered world leading for solving multiple equations simultaneously. 

3.4.2. Discretisation 

With differential techniques there are generally two issues with computational methods: they often 

cannot calculate the analytical solution or sometimes analytical solutions do not exist. Discretisation 

involves separating the independent variable into discrete amounts so that the calculations can be 

made for each discrete point. At infinitesimally small separation, both the function and discretised 

solution are equal. However, infinitely small volumes are unable to be modelled computationally.231  

In computational modelling the number of discretisation points are often known as the mesh size. The 

mesh size is ideally chosen so that the result is not significantly affected by changing the mesh size. 

The cells made from this mesh are assumed to be uniform in all variables relative to the differential 

equation being solved. Ideally, the size of an individual cell is small enough such that the calculation 

results do not change with further reducing the cell size. The size of the mesh should also be balanced 

with the computational time required, often simplified models can be used to check the sensitivity to 

the mesh before a full calculation is started.232 

The idea of mesh size is illustrated in Error! Reference source not found., with a single dimensional 

problem. Reactors often change across multiple dimensions, meaning problems can easily become 

computationally expensive.   
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Figure 47 - A schematic of a temperature difference between a hot an cold side indicated by the colour. The dashed lines 
indicate different mesh sizes, with a decreasing mesh size showing how at a certain size the discretisation shows negligble 
difference across the mesh.  

3.4.3. Coordinate systems 

There are a number of different coordinate systems that can be used in the set-up of models. The 

most commonly found system is the Cartesian coordinate system with x, y and z axis that are pair-

wise perpendicular to each other. Another relevant coordinate system is the cylindrical coordinate 

system that uses the radius (𝒓), polar angle (𝜽) and axial distance (𝒛) to define the position. Both the 

Cartesian and cylindrical coordinates are shown in Error! Reference source not found..233 The 

conversion between Cartesian and cylindrical coordinates is calculated as shown in Error! Reference 

source not found..234 

 

Figure 48 - A description of cartesian coordinates shown with (x,y,z) and cylindrical coordinates shown with (r, θ, z). 

 



110 
 

Table 16 – A table showing how to convert between cartesian and cylindrical coordinates. 

  From 

  Cartesian Cylindrical 
T

o
 

Cartesian 
𝑥 = 𝑥 
𝑦 = 𝑦 
𝑧 = 𝑧 

𝑥 = 𝑟 𝑐𝑜𝑠 𝜃 
𝑦 = 𝑟 𝑠𝑖𝑛 𝜃 
𝑧 = 𝑧 

Cylindrical 

𝑟 = √𝑥2  +  𝑦2 

𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑦

𝑥
) 

𝑧 = 𝑧 

𝑟 = 𝑟 
𝜃 = 𝜃 
𝑧 = 𝑧 

 

Laplacian 

The Laplacian operator (∇2) is a differential operator that gives the divergence of the gradient of 

Euclidean space. It is often used in the calculation of diffusion and has a useful form in both Cartesian 

and cylindrical coordinate systems. 233,235    

Laplacian in Cartesian coordinates 

The Laplacian in a Cartesian coordinate system is the second derivative of each direction, as defined 

in Equation 30. 19 

∇2𝑢 =
𝜕2𝑢

𝜕𝑥2
+
𝜕2𝑢

𝜕𝑦2
+
𝜕2𝑢

𝜕𝑧2
(30) 

 

Laplacian in cylindrical coordinates 

The Laplacian in cylindrical coordinates is the second derivative of each direction as defined in 

Equation 31; with axisymmetric systems the final term for the angular derivation can be ignored. 19 

∇2𝑢 =
𝜕2𝑢

𝜕𝑧2
+
1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝑢

𝜕𝑟
) +

1

𝜃

𝜕2𝑢

𝜕𝜃2
(31) 

3.4.4. Physical properties 

For the modelling of physical processes, an understanding of the physical properties of a fluid is 

needed. To simplify models, where the physical properties are not expected to change or have little 
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influence on the output, the properties can be assumed to be constant and defined by literature values 

at set conditions.228  

However, a high proportion of processes, especially in the chemical and engineering industry can be 

affected by the physical properties. Physical properties also often change depending on localised 

conditions, such as the density of a fluid flowing through a heated pipe will change along the pipe.236 

The models developed need to consider these changes and a number of programs, known as 

Equations of State (EoS), have been developed to predict fluid properties. 

Equations of state (EoS) 

Equations of state (EoS) predict physical properties of fluids and fluid mixtures and have been 

developed from the ideal gas law. The ideal gas law, shown in Equation 32, could be considered the 

simplest EoS, where the pressure (𝑝), volume (𝑉), number of moles (𝑛) and temperature (𝑇) are all 

related using the ideal gas constant (𝑅).237  

𝑝𝑉 = 𝑛𝑅𝑇 (32) 

There are a number of assumptions for this model to be used; the collisions between the molecules 

and container are perfectly elastic, there are no intermolecular forces and the volume of the 

molecules is negligible compared to that of the container.  

For most situations found in chemical processes, these assumptions are not valid, hence a number of 

EoSs have been developed to more accurately predict physical properties. They are generally split into 

two different approaches: top-down empirical relationships or bottom-up first principle approaches.  

Cubic equation of states 

One example of a model developed after the ideal gas law was published is the van der Waals equation 

of state (EoS) which has adapted the ideal gas law by adding terms for intermolecular forces (𝑎) and 

molecular size (𝑏), as shown in Equation 33.238  

𝑃 =
𝑅𝑇

𝑉 − 𝑏
−
𝑎

𝑉2
(33) 
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The models based on this van der Waals EoS are often called ‘cubic equation of states’ as they can be 

rearranged into a cubic equation, shown in Equation 34, with the simplest example from the van der 

Waals equation.239  

𝑃 = 
𝑅𝑇

𝑉 − 𝑏
−
𝑎

𝑉2
    →      𝑃𝑉2 = 

𝑅𝑇𝑉2

𝑉 − 𝑏
− 𝑎   →     𝑝𝑉2(𝑉 − 𝑏) = 𝑅𝑇𝑉2 − 𝑎(𝑉 − 𝑏) 

→ 𝑃𝑉3 − (𝑉2𝑃 + 𝑅𝑇)𝑉2 + 𝑎𝑉 − 𝑎𝑏 = 0 (34) 

This cubic equation can then be solved with known values for 𝑇𝑐, 𝑉𝑐 and 𝑃𝑐, as at the critical point 

∂P

∂T
,
∂2𝑃

∂T2
= 0. This provides solutions for the parameters, 𝑎 and 𝑏.  

𝑎 =  
27𝑅2𝑇𝑐

2

64𝑝𝑐
 ,     𝑏 =   

𝑅𝑇𝑐
8𝑝𝑐

 

Peng Robinson Equation 

The Peng Robinson (PR) equation has been shown to give accurate predictions of the volumetric 

behaviour for vapour-liquid equilibrium (VLE) calculations. By altering the attractive pressure term of 

the van der Waals equation so that the attractive energy parameter (𝑎) becomes temperature 

dependent Peng and Robinson proposed an equation of the form as shown in Equation 65.240 

𝑃 =
𝑅𝑇

𝑣− b
−

𝑎(𝑇)

(𝑣 + b) + b ∙ (𝑣 − b)
(35) 

The energy parameter, 𝑎(𝑇), is a function of temperature which at the critical point becomes a 

constant depending on 𝑇𝑐 and 𝑃𝑐. At the critical point 
∂P

∂𝑉
,
∂2𝑃

∂𝑉2
= 0 which allows for the values of 𝑎 and 

𝑏 to be calculated; by applying this to the PR equation the values become: 

𝑎(𝑇𝑐) = 0.45724
𝑅2𝑇𝑐

2

𝑃𝑐
 , 𝑏(𝑇𝑐) = 0.07780

𝑅𝑇𝑐
𝑃𝑐
,          𝑍𝑐 = 0.307 

For temperatures other than the critical temperature the intermolecular energy parameter (𝑎) is 

altered by a dimensionless scaling factor (𝜁), which is a function of the reduced temperature (𝑇𝑟) and 

the acentric factor (𝜔). The hard sphere parameter (𝑏) is kept the same as at Tc as shown below. 
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𝑎(𝑇) = 𝑎(𝑇𝑐) . 𝜁(𝑇𝑟, 𝜔),     𝑏(𝑇) = 𝑏(𝑇𝑐) 

𝑇𝑟  =  
𝑇

𝑇𝑐
 

An alteration to the Peng-Robinson EoS was made in 1978 to improve accuracy for mixtures for 

molecules with high acentric factors.72 An advanced version (PR-A) was also used within this work 

where known values for liquid densities and vapour pressures are matched to literature values.  

The advanced Peng-Robinson has a different scaling factor for the intermolecular energy parameter, 

as shown in Equation 36, where 𝑞𝑖 is a term dependent on the acentric factor of the molecule (𝜔). 

𝑎(𝑇𝑐) = 0.45724
𝑅2𝑇𝑐

2

𝑃𝑐
[1 + 𝑞𝑖(1 – √𝑇𝑟)]

2
(36) 

𝜔 > 0.491,   𝑞𝑖 = 0.3796 + 1.485𝜔 − 0.1644𝜔
2 + 0.01667𝜔3 

𝜔 ≤ 0.491,   𝑞𝑖 = 0.3746 + 1.542𝜔 − 0.2699𝜔
2  

Soave - Redlich - Kwong  Equation 

The Soave-Redlich-Kwong (SRK) equation is another cubic equation of state which is generally 

considered more accurate than the van der Waals equation. Originally the EoS was developed by 

Redlich and Kwong, with Soave providing an improvement, shown in Equation 37, that has become 

widely used.241  

𝑃 =
𝑅𝑇

𝑉 − 𝑏
−

𝑎 ∙ 𝜁

𝑉(𝑉 +  𝑏)
(37) 

The values for both 𝑎 and 𝑏 can be calculated from the critical temperatures as before and are shown 

below, where 𝜔 is the acentric factor which is a measure of the non-centricity of a molecule. 

𝜁 = ((1 + (0.480 + 1.574𝜔 − 0.176𝜔2)(1 − √𝑇𝑟))
2
,   𝑎 = 0.42748 

𝑅2𝑇𝑐
2

𝑃𝑐
 ,    𝑏 = 0.08664 

𝑅𝑇𝑐
𝑃𝑐
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First principles EoS 

The previously introduced cubic EoS are often considered ‘top-down’ approaches as they have been 

developed from fitting equations to experimental data. More recent developments in EoS have 

attempted to take a ‘bottom up’ approach, where the interactions between molecules give rise to the 

overall physical properties of the fluid.242 

Statistical associating fluid theory 

The Statistical Associating Fluid Theory (SAFT) EoS approach is a bottom up approach as it uses a 

statistical approach to predicting vapour-liquid equilibrium behaviour of mixtures through describing 

the interactions between components. This method has become more popular in recent years due to 

increased computational power at a relatively low price. This approach is based on the first-order 

perturbation theory of Wertheim.243–246 With perturbation theory, the potential energy of a relative 

complex molecular fluid is described as the sum of the potential energy of a simple reference fluid and 

a perturbation term. One advantage of using a SAFT approach is that a limited number of parameters 

are needed for relatively accurate predicitons.242 

SAFT was initially developed to estimate the Helmholtz free energy, a measure of the useful obtainable 

work from a closed thermodynamic system, by estimating the interactions between all the species. 

SAFT incorporates four distinct terms; the hard-sphere repulsive interactions, chain formation from 

covalent bonding between hard spheres, an associative term and a dispersion term. Error! Reference 

source not found. shows a schematic representation of the SAFT model.242 
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Figure 49 – Schematic representation of the physical basis of the SAFT model. The Helmholtz free energy is calculated for 
the hard spheres before terms to calculate the addition of covalent bonds, hydrogen bonding and dispersion forces are 
added.242 

Mathematically, SAFT is defined in Equation 38 for the residual Helmholtz free energy per mole (ℎ): 

ℎ𝑟𝑒𝑠(𝑇, 𝜌)

𝑅𝑇
=
ℎℎ𝑠(𝑇, 𝜌)

𝑅𝑇
+
ℎ𝑐ℎ𝑎𝑖𝑛(𝑇, 𝜌)

𝑅𝑇
+
ℎ𝑎𝑠𝑠𝑜𝑐(𝑇, 𝜌)

𝑅𝑇
+
ℎ𝑑𝑖𝑠𝑝(𝑇, 𝜌)

𝑅𝑇
(38) 

gPROMS-proprietary SAFT EoS 

gSAFT is the physical properties package utilised by Process Systems Enterprise, the sponsor of my 

studentship, and is an optional extra for the gPROMS process builder software.84 There are currently 

two options available with gSAFT; SAFT-VR SW and SAFT-γ Mie. SAFT-VR SW uses attractive potentials 

of a variable range and takes the whole molecule as a shape with a certain polarity. SAFT-γ Mie is a 

group contribution model which assesses contributions from different functional groups within the 

molecule. The latter often gives more accurate results but is also more computationally expensive; 

another advantage of SAFT-γ Mie is that properties can often be predicted for mixtures with limited 

experimental data due to the consideration of functional groups rather than complete molecules.  

Binary interaction parameters 

Binary Interaction Parameters (BIP) are factors that are often used within EoSs to increase the 

accuracy of physical property predictions when two fluids are mixed.247 The simplest BIPs account for 

deviations in predictions from simple mixing rules and have since been calculated using experimental 

data for a large number of binary mixtures.248 There have been some generalised BIP correlations 
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developed, particularly by Gao et al., for cubic EoSs with mixtures containing CO2, N2 and H2.249 The 

BIPs used in this work came from the INFOBIPS data set, derived from the Dechema Chemistry Data 

Series.250 

Transport properties 

Typical EoSs are not able to predict physical properties such as viscosity or thermal conductivity for 

fluids.251,252 Viscosity is an important variable in the prediction of physical processes, especially for 

understanding flow and pressure drop and the thermal conductivity is essential for understanding 

heat transfer within fluids. There have been a number of secondary methods developed to predict 

these properties using properties predicted by EoSs. The most common methods used in the industry 

are outlined below. 

Viscosity 

superTRAPP model 

The superTRAPP algorithm is a function of density and was developed by NIST for predicting viscosity 

for non-polar hydrocarbon that are consistent over a wide range of conditions, using propane as a 

reference fluid.253 It is an extended corresponding states model and is one of the most versatile and 

well-known algorithms for transport properties. The corresponding states theorem indicates that all 

fluids when compared at the same reduced temperature and reduced pressure have approximately 

the same compressibility factor.236 

Pedersen model 

The Pederesen algorithm is a predictive corresponding states model originally developed for oil and 

gas systems.254 It is based on accurate correlations for the viscosity and density of the reference fluid, 

methane.  
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Lohrenz-Bray-Clarke (LBC) model 

The LBC model is a predictive model which relates gas and liquid densities to a fourth-degree 

polynomial in reduced density.255 The reduced densities are calculated initially by the EoS rather than 

the original correlations provided by Lohrenz.  

Thermal conductivity 

superTRAPP method 

The superTRAPP method uses propane as a reference fluid and is applicable to both liquid and gas 

phases.253 It is an extended corresponding states model where the thermal conductivity is defined as 

the sum of the internal and translational contributions.  

3.5. Computational Fluid Dynamics 

Within the photochemical reactor model development, the process models developed were often 

compared with Computational Fluid Dynamic (CFD) models developed by a colleague. CFD aims to 

solve the Navier-Stokes equations, which are discussed in Section 3.6.3, and give an understanding of 

how a fluid moves depending on the forces, physical properties and size of container.256 CFD 

calculations are often highly computationally expensive due to the small mesh size used and number 

of equations that need to be balanced.257,258  

Comparisons are made between the process models, which are less computationally expensive, and 

CFD predictions throughout this work to show the validity of both methods, especially for reactors 

with complex flow behaviour.259 

3.6. Conservation equations 

Conservation equations are used to balance equations within process modelling. The conservation 

equations are developed from a simple idea that a quantity entering into a system must leave the 

system, get used up or be generated by the system.219 The relationships between these is simple and 

is explained below along with an equation to codify the relationships: 



118 
 

 The streams entering the system cause an increase of the substance in the system 

 The streams leaving the system reduce the amount of the substance in the system 

 The generation or consumption mechanisms, chemical reactions for example, can either 

increase or decrease the amount of substance in the system 

 The remaining amount is what is left in the system 

𝐴𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 =  𝐼𝑛 –  𝑂𝑢𝑡 +  𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 –  𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 

For chemical processes there are generally three equations that need to be balanced within a process 

model: 

 Mass balance; 

 Energy balance; and  

 Momentum balance. 

The balancing of these equations comes from thermodynamic principles. The equations used within 

each are decided within the development of the model. Some factors can be ignored if they are 

deemed either too complex or assumed to have negligible effect, with the model developer making 

these choices.218  

3.6.1. Mass balance 

The mass balance is derived from the law of the conservation of mass which states there is no 

generation of mass within a system.219 This law creates a mass balance, shown in Equation 39, where 

𝑀𝑖𝑛 is the total mass into a system, 𝑀𝑜𝑢𝑡  is the total mass leaving a system and 𝑀𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 is the 

accumulated mass within a system. 

𝑀𝑖𝑛 –𝑀𝑜𝑢𝑡 = 𝑀𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 (39) 

The conservation of mass applies to the total amount of mass within the system but does not apply to 

individual components within a system. For example, with chemical reactions, an input component 
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can be changed into a different component. The overall generation of mass, 𝑚̇𝑔𝑒𝑛, is equal to zero, 

whereas the generation of mass of a component 𝑖, 𝑚̇𝑔𝑒𝑛,𝑖, does not necessarily have to be equal to 

zero. However, the total of all components is equal to zero, as shown in Equation 40. 

𝑚̇𝑔𝑒𝑛 =∑𝑚̇𝑔𝑒𝑛,𝑖

𝑛

𝑖=1

= 0 (40) 

Diffusion 

Diffusion is a second order relationship regarding the change in concentration of a compound and is 

often described using Fick’s second law, defined in Equation 41, for the 𝑧 dimension, where 𝐷 is the 

diffusion coefficient.260 

𝑑𝐶

𝑑𝑡
= 𝐷

𝜕2𝑦

𝜕𝑧2
(41) 

The direction of diffusion can be both parallel and perpendicular to the flow of a reactor. This would 

depend on the shape of the reactor, and can have an effect on the output of a chemical reactor.219  

3.6.2. Energy balance 

The energy balance is derived from the law of the conservation of energy which states there is no 

generation of energy within a system.219 This law creates an energy balance, shown in Equation 42, 

where 𝐸𝑖𝑛 is the total energy into a system, 𝐸𝑜𝑢𝑡  is the total energy leaving a system and 

𝐸𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 is the accumulated energy within a system.  

𝐸𝑖𝑛 –𝐸𝑜𝑢𝑡 = 𝐸𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 (42) 

There can be a range of types of energy that are typically found within chemical processes, such as: 

 Kinetic energy if the system is moving; 

 Potential energy, such as gravitational potential energy, if the system is moving upwards; 

 Heat could enter the system via conduction, convection or radiation; and  

 Work could be done on, or, by the system. 
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Adiabatic 

An adiabatic system means no heat is gained or lost within the system. Assuming a system is adiabatic 

can simplify a model by removing the energy balance equation. Adiabatic assumptions can be used if 

the system is assumed to be a constant temperature.261  

Heat transfer to surroundings 

Different theories have been developed to model heat transfer into a fluid from its surroundings. 

Prandtl’s theory for convective heat transfer uses a boundary layer in which all the resistance to heat 

transfer is located.77 The rate of convective heat transfer, 𝑄̇, is defined in Equation 43, where 𝑘𝐻𝑇 is 

the heat transfer coefficient, 𝐴 is the surface area of heat transfer, 𝑇2 is the temperature of the 

surrounding fluid and 𝑇1 is the temperature of the solid surface. The values of 𝑘𝐻𝑇 have been 

measured in a wide range of situations within literature and are used to calculate heat transfer. 

𝑄̇ =–𝑘𝐻𝑇𝐴(𝑇2–𝑇1) (43) 

Constant energy flux 

The constant heat flux assumes a known rate of energy is inputted into the system at the wall, using 

a Neumann boundary condition.262 This can be used for electrical heaters where a known rate of 

energy is being produced, but the temperature is not directly known.  

Constant temperature at system boundary 

A constant temperature can also be defined within a model, using a Dirichlet boundary condition.262 

This can be used instead of a constant heat flux and is often used when a heater has been set to a 

defined temperature 

Photochemical energy 

Energy can also enter a system through the introduction of light, which can then be used to promote 

reactions. The equations used to describe the introduction of light energy to a system are presented 
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in Chapter 2 and 0 as they are generally less well understood than the thermal equations presented 

above. 

3.6.3. Momentum balance 

As momentum is equal to mass times velocity and hence is related to both the mass and energy 

balances and comes from Newton’s second law of motion.263 The conservation of linear momentum 

is defined in Equation 44, assuming a constant density, where 𝑚 is the mass of the fluid, 𝜐 is the fluid 

velocity and 𝐹𝑠𝑦𝑠 is the force balance for the system. 

𝑑

𝑑𝑡
(𝑚𝜐) =∑𝐹𝑠𝑦𝑠 (44) 

Navier-Stokes equations 

The Navier-Stokes equations describe the movement of viscous fluids and are derived from applying 

Newton’s second law of motion to fluids. The Navier-Stokes equations are applicable to a wide range 

of scientific and engineering principles; from weather forecasting to fluid flow in a pipe. Assumptions 

are often made to simplify the equations as they can become complex, for example, there may not 

always be a solution for three-dimensional problems. Proving there are always solutions for three 

dimensions is a ‘Millenium Prize Problem’, with an award of $1 million.264 One of the most-common 

simplifying assumptions is assuming the fluid is incompressible. 

Incompressible fluid 

A fluid is often considered incompressible when the effect of pressure on the fluid density is 

negligible.265 It is often assumed that most liquids are incompressible, whereas gases can become 

compressible at heightened velocity. The compressibility of different fluids can be measured by the 

compressibility factor. 

The simplified incompressible Navier-Stokes equation is shown in Equation 45 where 𝐮 is the flow 

velocity, 𝑡 is time, 𝜇 is the dynamic viscosity, 𝜌0 is the initial density, 𝑤 is the specific thermodynamic 

work carried out on the system and 𝐠 is an external source of stress, such as gravity. 
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𝜕𝐮

𝜕𝑡
+ (𝐮 ∙  ∇)𝐮–

𝜇

𝜌0
 ∇2𝐮 =–∇𝑤 + 𝐠 (45) 

Pressure drop 

A major issue with large scale pipelines is the pressure drop along the length of the pipe.266 Resistive 

interactions between the fluid and the pipe lead to frictional forces being developed, causing a 

pressure drop between two points. The relationship between the fluid and pipe properties is known 

as the Darcy-Weisbach equation, defined previously in Equation 5, where 𝑝 = pressure, 𝐿= Length of 

pipe (m), 𝑓𝐷= Darcy friction factor, 𝜌 = density (kgm-3), 〈𝑣〉 = mean flow velocity (ms-1) and  𝐷𝐻 = 

Diameter (m).88 

𝑑𝑝

𝑑𝑧
= 𝑓𝐷

𝜌

2

〈𝑣〉2

𝐷𝐻
(5) 

The two major contributing factors for pressure drop are the fluid velocity and viscosity, which are 

both used to calculate the Darcy friction factor. Pressure drop is proportional to the shear force within 

the system meaning an increased flow rate will cause a higher pressure drop. 

Reynolds Number 

The Reynolds number is the ratio between the inertial forces and viscous forces within a fluid and can 

be used to determine the difference between laminar and turbulent flow.267 The Reynolds number 

(𝑅𝑒) is calculated as shown in Equation 46 where 𝜌 = density (kgm-3), 𝑢 = velocity of the fluid (ms-1), 𝐿 

= linear length (m), 𝜇 = dynamic viscosity of the fluid (Pa∙s, N∙s m-2, kg∙m-1s-1), 𝑣 = kinematic viscosity 

of the fluid (m2s-1). 

𝑅𝑒 =
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
=
𝜌𝑢𝐿

𝜇
=
𝑢𝐿

𝜈
(46) 

A fluid flowing with a small Reynolds number (𝑅𝑒 < 2100) means that viscous forces dominate and are 

the main mechanism of energy dissipation, this is described as Laminar flow. A high Reynolds 

(𝑅𝑒 > 4000) number means the viscous forces are negligible and the flow is described as turbulent.265 
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Friction factor 

The measure of the interaction between the fluid and pipe surface, which is used to calculate the 

friction losses with pipe flow, is known as the friction factor. There are two widely known friction 

factors; Darcy friction factor (𝑓𝐷) or Fanning friction factor (𝑓𝐹). The Darcy friction factor is derived 

from ‘Moody charts’, which plot experimental values for pipes, whereas the Fanning friction factor is 

a direct ratio between the local shear stress and the local kinetic energy density.268 The Fanning friction 

factor (𝑓𝐹) is calculated as shown in Equation 47 where 𝜏 = local shear stress (kg∙s∙m-2), 𝜌 is the density 

(kg∙m-3) and 𝑢 is the bulk flow velocity (ms-1). It should be noted that the Fanning friction factor is 1/4th 

of the Darcy friction factor so care should be taken with use.  

𝑓𝐹 =
𝜏

𝜌
𝑢2

2

=
2𝜏

𝜌𝑢2
(47) 

Friction factor with laminar flow in a circular pipe 

For laminar flow where there is no mixing perpendicular to the direction of flow the Darcy friction 

factor is a very simple relationship between itself and the Reynolds number as shown in 

Equation 48.269 

𝑓𝐷 =
64

𝑅𝑒
(48) 

Friction factor from Colebrook Equation 

The frictional factor can be calculated from experimental data and the corresponding tables 

formulated for them. Before Colebrook there were separate approximations for different regions of 

Reynolds number that corresponded well to the experimental data. For example, the limiting Prandtl 

equation for fully smooth pipes is defined in Equation 49. 52  

1

√𝑓𝐷
= 2 log (

𝑅𝑒√𝑓𝐷
2.51

) (49) 
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Another valid limiting relationship was the von Karman relationship for a fully rough surface, defined 

in Equation 50.270 

1

√𝑓𝐷
= 2 log (

3.7 𝐷𝐻
𝜀

) (50) 

Colebrook neatly combined those expressions for Re = 4000 to 108 to form the Colebrook-White 

Equation as defined previously in Equation 51.271 

1

√𝑓𝐷
= −2 log [

𝜖

3.7 𝐷ℎ
+ 

2.51

𝑅𝑒√𝑓𝐷
] (51) 

The Colebrook equation shows the relationship between the Darcy friction factor (𝑓𝐷), the roughness 

of the pipe wall (𝜖) and hydraulic diameter 𝐷𝐻. 

Friction factor from Haaland Equation 

As the Colebrook equation is implicit for 𝑓𝐷, the solution can only be found graphically or iteratively 

which is computationally expensive. There were a number of approximations added that reduce the 

computational time, which is especially useful for large scale systems. Haaland used Colebrook’s 

approximation of the Prandtl formula and the von Karman relationship to form an equation explicit in 

𝑓𝐷, known as the Haaland Equation, defined previously in Equation 6.90 

1

√𝑓𝐷
= −1.8 log [(

1

3.7

𝜖

𝐷𝐻
)
1.11

+ 
6.9

𝑅𝑒
] (6) 

Although Haaland used an approximation for the smooth pipe limiting factor, the error of this 

approximation is within the error of the data used to calculate the Colebrook equation and is therefore 

comparable.272 

Velocity profiles in different systems 

The velocity profiles are calculated by solving the momentum conservation equations through 

balancing the pressure and viscous forces (assuming no potential forces such as gravity). 
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Velocity profile in a pipe 

For laminar flow, the velocity profile as a function of radial position, 𝑢(𝑟), of a fluid is defined in 

Equation 52, where 𝑅 is the radius of the pipe, 𝜇 is the dynamic viscosity and 
𝑑𝑃

𝑑𝑧
 is the pressure drop 

of the fluid.88,265 

𝑢(𝑟) =
𝑅2

4𝜇

𝑑𝑃

𝑑𝑧
(1 – 

𝑟2

𝑅2
) (52) 

Velocity profile in an annular reactor 

For an annular gap, the velocity profile as a function of radial position, is defined in Equation 53, where 

𝑅 is the outer diameter and 𝑅𝑖𝑛𝑛𝑒𝑟 is the internal diameter.262  

𝑢(𝑟) =
1

4𝜇

𝑑𝑃

𝑑𝑧
((𝑅2 – 𝑟2) – (𝑅2 – 𝑟2) 

ln(𝑅 𝑟⁄ )

ln (𝑅 𝑅𝑖𝑛𝑛𝑒𝑟
⁄ )

) (53) 

3.6.4. Dynamic vs steady state 

Steady state modelling of chemical processes performs mass and energy balances across stationary 

processes that are not time dependent. Dynamic simulations are more computationally expensive as 

they perform mass and energy balances at each time point.231 The advent of dynamic simulation has 

allowed for processes to be modelled online as well as investigating how effects such as a drop in 

temperature or pressure can affect the outputs.273,274 

3.7. Solving differential equations numerically 

The equations defined to model the behaviour of a system need to be solved computationally. The 

equations are often solved numerically as there are often complex derivatives that are also coupled 

to each other. For differential equations that cannot be solved analytically, a numerical solution can 

be used to approximate the functions through discretisation and subsequent calculations. A number 

of different methods can be used to solve differential equations, with two of the most well-known 

presented here to give understanding.228  
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3.7.1. Approaches for solving for differential equations 

There are generally three different methods for calculating the derivative: forward facing, backward 

facing and central difference, these are illustrated in Error! Reference source not found..228 Error! 

Reference source not found. shows the method chosen for the estimation can produce different 

results. 

 

Figure 50 - A schematic to illustrate how differential equations can be solved numerically, where the gradient a function 
F(t) at a point is calculated by perturbing the function either backwards or forwards, as described below. 

Forward facing 

Forward facing methods solve differential equations using the current value (𝐹0, 𝑡0) and future data 

value (𝐹1, 𝑡1).and are often used in single-step predictor-corrector methods, as defined in Equation 54.  

𝑑𝐹0
𝑑𝑡

≈
𝐹1 – 𝐹0
𝑡1 – 𝑡0

(54) 

Backwards facing 

The backwards facing methods solve differential equation by using the current value (𝐹0, 𝑡0) and 

previous data value (𝐹−1, 𝑡−1), as defined in Equation 55. Backwards-facing methods are common as 

often future data are not yet available and need to be predicted.  

𝑑𝐹0
𝑑𝑡

≈
𝐹0 – 𝐹−1
𝑡0 – 𝑡−1

(55) 
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Central difference 

For the central-difference method, the differential equation is calculated between the future value 

(𝐹1, 𝑡1) and previous data value (𝐹−1, 𝑡−1), as defined in Equation 56. The central difference method 

gives a more accurate approximation of the derivative compared to the forward and backward 

differences, but again relies on future values which is not always feasible.  

𝑑𝐹0
𝑑𝑡

≈
𝐹1 – 𝐹−1
𝑡1 – 𝑡−1

(56) 

3.7.2. Truncation errors 

Truncation errors in a numerical method are the error caused from using simple approximations to 

represent exact mathematical formulas.275 There are no truncation errors when exact solutions are 

used. However, with numerical methods the truncation error can reduced by either reducing the step 

size or using a better approximation. Using these two approaches to reduce the truncation error can, 

however, lead to an increased computational expense. The truncation error of different methods can 

be estimated and is usually split into either a local or global truncation error. 

The local truncation error is the difference between the estimated value and the exact value at a 

certain point, whereas the global truncation error is the sum of all the local truncation errors over all 

iterations.232 

3.7.3. Runge-Kutta methods 

The Runge-Kutta methods are a group of both implicit and explicit iterative methods for the 

approximation of ordinary differential equations.276,277 The theory behind the Runge-Kutta methods is 

that a differential function can be solved by examining the local gradient of a point and using that 

information to estimate either a previous or subsequent point. Euler’s method is considered the 

simplest algorithm of the Runge-Kutta class and is outline below.278 More complex algorithms such as 
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the ‘classic Runge-Kutta method’ use higher order approximations, where multiple points are used in 

the calculations.279 

Euler’s forward method 

Euler’s method solves first-order-first-degree differential equations that have initial conditions 

defined and is the simplest Runge-Kutta method.278 The method is described in Equation 57 where ∆𝑡 

is the step size and 𝐹𝑛 is a general function.  

𝐹′(𝑡) = 𝑓(𝑡, 𝐹(𝑡)), 𝐹(𝑡0) = 𝐹0 (57) 

Choosing a value for ∆𝑡 where 𝑡𝑛  =  𝑡0  +  𝑛∆𝑡, with one step of the Euler method from 𝑡𝑛 to 𝑡𝑛+1  =

 𝑡𝑛  + ∆𝑡 is:  

𝐹𝑛+1  =  𝐹𝑛  +  ∆𝑡𝑓(𝑡𝑛, 𝐹𝑛) 

Example of Euler’s forward method 

An example of the results of Euler’s forward method are shown for Equation 58, where different step 

sizes have been used to estimate the solution and compared to the exact solution. The solutions for 

different step sizes and the exact solution are shown in Error! Reference source not found., with the 

decreasing step size leading to a much closer solution.  

𝑑𝑦

𝑑𝑡
= 𝑦, 𝑦 = 𝑒𝑡 (58) 
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Figure 51 - Illustration of the accuracy of Euler's method using different step sizes to estimate the function 
𝒅𝒚

𝒅𝒕
 =  𝒚, 

showing the difference between the exact solution and Euler’s estimated values using different step sizes. 

In Error! Reference source not found., the true error has been calculated for each of the estimations 

by comparing the value to the analytical solution, 𝑦 =  54.598. The error is approximately halved 

when the step size is halved. The local truncation error is therefore assumed to be proportional to the 

step size.  

Table 17 – A comparison of the values for the estimation of 
𝒅𝒚

𝒅𝒕
 =  𝒚 when t = 4, with the true error calculated by subtract 

ting the estimated value from the analytical solution, showing a decrease in error with decreasing step size. 

Step size 𝒚(𝟒) True error 

1 16 38.60 
0.5 25.63 28.97 

0.25 35.53 19.07 
0.1 45.26 9.338 

0.01 53.52 1.078 
 

Euler’s backwards method 

The derivation of Euler’s backwards method is similar to the forward method but uses the previous 

point to estimate the next value instead, as shown in Equation 59.  

𝐹′(𝑡) = 𝑓(𝑡, 𝐹(𝑡)), 𝐹(𝑡0) = 𝐹0 (59) 

𝐹𝑛+1  =  𝐹𝑛  +  ∆𝑡𝑓(𝑡𝑛+1, 𝐹𝑛+1) 
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The solution is implicit as the new approximation 𝐹𝑛+1 appears on both sides of the equation. As the 

equation is implicit, solving the equation is more complex than the forward Euler method. Implicit 

equations can be solved using a number of different methods, such as fixed-point iteration or 

Newton’s method.231  

3.7.4. Newton’s method 

Newton’s method is an algorithm that finds the roots of algebraic equations. In its simplest form the 

function can be a single variable function, but more complex functions can be solved using the same 

principles.275 The principle of Newton’s method is explained below through the use of an example.  

Example of Newton’s method 

To find a root of a simple one-variable function, 𝐹(𝑥), the tangent of the function is calculated at an 

initial starting point, 𝑥0, using calculus, and illustrated in Error! Reference source not found.. The 

assumption is that the approximation can be improved using Equation 60. 

𝑥1 = 𝑥0–
𝐹(𝑥0)

𝐹 (𝑥0)
′ (60) 

This process is then be repeated, until an acceptable accuracy tolerance limit is reached, and is 

represented by a more general formula shown in Equation 61. 

𝑥𝑛+1 = 𝑥𝑛–
𝐹(𝑥𝑛)

𝐹 (𝑥𝑛)
′ (61) 

This process can also be shown geometrically, as shown in Error! Reference source not found.. The 

tangent at the initial point, 𝑥0, is calculated with the x-intercept of this initial tangent, 𝑥1, calculated. 

The tangent of the function at 𝑥1 is calculated, with the process of finding the x-intercept repeated 

until a minimal difference is observed between the x-intercept and the function’s 𝑥 value. This method 

of calculation can be used for more complex functions with multiple variables and system of 

equations.  
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Figure 52 – An illustration of Newton’s method for finding the root of a function. An initial point is taken, where the 
gradient is estimated, this gradient is then extrapolated to the axis before the function is calculated at this axis intercept. 
This process is repeated until the difference between consecutive estimated axis intercepts is considered to be negligible. 

3.8. Parameter estimation 

Parameter estimation is the process of using observations of a dynamic system to develop more 

accurate mathematical models that describe the system characteristics.280 An initial model, with a set 

number of parameters, is developed to mimic the system in question. A number of different 

techniques are able to estimate the parameters of the model. Fundamentally, the approach is based 

on least-squares minimisation between the model response and the system response. 

The different algorithms follow a similar path for estimating the parameters; an initial parameter value 

is guessed, and the model output calculated and compared to experimental values. After this, a new 

parameter value is calculated, and the model output is calculated and compared to experimental 

values. This process is calculated until the difference between the model output and measurements 

are minimal. A simplified diagram describing the parameter estimation process is shown in Error! 

Reference source not found..280 
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Figure 53 – A schematic explaining the process of parameter estimation, where experiments are inputted into the model 
before the output is analysed and the parameter estimate adjusted to improve the model. This process is repeated until 
the error reaches an acceptable difference.280 

Parameter estimation is an empirical approach and hence the validity of the estimated parameters 

should always be checked by the operator. For example, an estimated kinetic parameter could 

become negative to indicate the reversal of a reaction to fit the data but is not a physically valid value. 

The estimation of unrealistic values can be avoided through setting parameter value boundaries.   

3.8.1. Parameter estimation methods 

Measurements used in parameter estimation contain uncertainty due to measurement noise and 

environmental noise. Before parameter estimation is carried out there are a number of processes that 

can be carried out to aid with the estimation: 

 Understanding the uncertainty in the measuring instrument; 

 A prior understanding of the statistics associated with the observation matrix; 

 Knowing the range of the sensor’s measurement signal and typical range of parameter 

values; 

 Pre-processing of measurements; and 

 Removing outliers from the measurements.280 
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Maximum likelihood estimation 

Maximum likelihood estimation (MLE) is a method used to estimate the value of parameters for a 

model, such that the parameter values maximise the likelihood that the process described by the 

model produces the data that is observed. The likelihood that the model describes the observations 

is plotted as a function of parameter values, known as the likelihood function, which is then 

maximised. The approach of using prior ‘beliefs’ that are updated with observations derives from 

Bayesian statistics.281–283  

Bayesian Statistics 

Bayesian statistics is a statistical approach that aims to explain observed events with degrees of belief 

behind said event. This contrasts from Frequentist statistics that approaches the probability of an 

event occurring from the frequency of an event occurring.284 The Bayesian probability approach 

assumes an event happens and then looks at the likelihood that a certain function explains this. 

Bayesian statistics allows for the use of measurement errors as Bayes Rule, defined in Equation 62, 

allows you to calculate the actual probability of an event given the measured test probability, as shown 

below, where 𝑃(𝐴 | 𝐵) is a conditional probability of the likelihood 𝐴 has occurred given that 𝐵 is true. 

𝑃(𝐴|𝐵) =
𝑃(𝐵 | 𝐴)𝑃(𝐴)

𝑃(𝐵)
(62) 

MLE method 

The estimated parameter values obtained by MLE are those values which maximise the likelihood 

function (Equation 63) with the probability density equal to the likelihood function at the parameter 

values. This approach is taken as it is less computationally expensive compared to calculating the full 

probability density. The different stages of MLE are explained below: 285 

𝑃(𝛩 | 𝑦, 𝐼) =  
𝑃(𝑦 | 𝐼, 𝛩)𝑃(𝛩 | 𝐼)

𝑃(𝑦 | 𝐼)
 

- Prior probability function tells us what is known about the parameters before any data 

𝑃(𝛩|𝐼)  
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- Likelihood probability density function tells us how well the data fits the model 𝑃(𝑦| 𝐼, 𝛩) 

- Posterior probability density function tells us the probability density function after the 

data is analysed. 𝑃(𝛩|𝑦, 𝐼) 

- Evidence is the trust in the data: 𝑃(𝑦|𝐼) usually marginalised through using:  

𝑃(𝑦|𝐼)  =  ∫𝑃(𝑦|𝐼, 𝛩) 𝑃(𝛩|𝐼) 𝑑𝛩 

By solving the maximum likelihood parameter estimation, MLE determines values for the model 

parameters (𝛩) that maximise the probability that the mathematical model will predict the measured 

values. The algorithm assumes independent, normally distributed measurement errors (εijk), with zero 

means and standard deviations (σijk), with a maximum likelihood objective function (𝐽) as follows, 

where the equation parameters are defined in Error! Reference source not found.: 

𝐽 =  
𝑁

2
ln(2𝜋) + 

1

2
 𝑚𝑖𝑛𝛩 {∑∑ ∑ [ln(𝜎𝑖𝑗𝑘

2 ) + 
(𝑧̌𝑖𝑗𝑘 − 𝑧𝑖𝑗𝑘)

2

𝜎𝑖𝑗𝑘
2 ]

𝑁𝑀𝑖𝑗

𝑘=1

𝑁𝑉𝑖

𝑗= 1

𝑁𝐸

𝑖=1

} (63) 

Table 18 - The definition of the parameters used within the Maximum Likelihood Estimation method. 

Term Definition 

𝑵 Total number of measurements taken during all the experiments 

𝜣 Set of model parameters to be estimated 
𝑵𝑬 Number of experiments performed 
𝑵𝑽𝒊 Number of variables measured in the 𝑖th experiment 
𝑵𝑴𝒊𝒋 Number of measurements of the 𝑗th variable in the 𝑖th experiment 

𝝈𝒊𝒋𝒌
𝟐  Variance of the 𝑘th measurement of variable 𝑗 in experiment 𝑖 – determined by the 

variables defined variance model 
𝐳̌𝒊𝒋𝒌 𝑘th measured value of variable 𝑗 in experiment 𝑖 

𝒛𝒊𝒋𝒌 𝑘th (model-)predicted value of variable 𝑗 in experiment 𝑖 

 

Once the initial estimation is computed, the measured response and estimated response are 

compared with the response error used to compute the objective function, 𝐽. The first and second 

derivatives are then calculated using Equation 64, where 𝛩 is the estimated parameters at iteration 𝑖 

where ∇Θ
2 𝐽(𝛩) and ∇𝛩𝐽(𝛩) are the first and second gradients of the objective function. 

𝛩𝑖+1 = 𝛩𝑖 + [∇𝛩
2 𝐽(𝛩)]−1[∇𝛩𝐽(𝛩)] (64) 
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The second derivative of the objective function, ∇𝛩
2 𝐽(𝛩) is estimated, using a Gauss-Newton method, 

and is known as the Fisher information matrix. The Fisher information matrix provides a measure of 

the relative accuracy of the estimated parameters. The inverse of the Fisher information matrix gives 

the variance and covariances between parameters.280 A schematic of the MLE algorithm is shown in 

Error! Reference source not found., where the algorithm continues until pre-defined convergence 

limits are matched. 

  

Figure 54 – A detailed schematic of the iterative process for finding accurate estimated parameters using MLE. Initial 
parameter values are used to calculate the model output, with the error compared and the likelihood function, 𝑱, 
calculated. The likelihood function is then checked for convergence and if its not deemed to have converged, the 
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parameters are perturbed, so the gradient and divergence of the parameters can be calculated, which is used to estimate 
the next parameter iteration.280 

3.8.2. Parameter correlation 

Parameters in models can often be correlated to each other such that a change in one will lead to a 

change in others. For parameter estimations this can be a challenge as, during the estimation, 

changing the guesses of a parameter to improve the accuracy can have knock on effects, such as 

reducing the accuracy of a different parameter.231 

Covariance-variance matrix 

The correlation between parameters is a normalised measure of the covariances between the 

different parameters and the individual variances of the parameters. The formula for calculating the 

correlation, 𝜔𝑖𝑗, between two parameters 𝑖 and 𝑗, is shown in Equation 65, where 𝑣𝑖𝑗  is the variance 

between the two parameters and 𝑣𝑖𝑖  and 𝑣𝑗𝑗 are the individual variances of 𝑖 and 𝑗, respectively.286 

𝜔𝑖𝑗 =
𝑣𝑖𝑗

√𝑣𝑖𝑖𝑣𝑗𝑗
(65) 

Reducing correlation between parameters 

Often with kinetic parameter estimations there are high correlations between parameters as the pre-

exponential factors and activation energies can both be changed to match a result. Also, there is often 

correlation between parameters for different reactions as they often run in series. One method of 

reducing the correlation is the reparameterization of the Arrhenius equation using a reference 

temperature, Tref.287–289 The original Arrhenius equation is defined in Equation 44, followed by two 

reparameterised Arrhenius equations, defined in Equations 67, 68, 69 and 70 as the Ã-EA and Ã-B 

reparameterised Arrhenius equations, respectively.231,290,291 

𝑘 = 𝐴0𝑒𝑥𝑝 (
– 𝐸𝐴
𝑅𝑇

) (66) 

𝑘 = Ã𝑒𝑥𝑝 (
–𝐸𝐴
𝑅𝑇

) , Ã = 𝐴0𝑒𝑥𝑝 (
–𝐸𝐴
𝑅𝑇𝑟𝑒𝑓

) (67, 68) 
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𝑘 = 𝑒𝑥𝑝(Ã +  𝐵 (
𝑇 – 𝑇𝑟𝑒𝑓

𝑇
)) , 𝐵 =

𝐸𝐴
𝑅𝑇𝑟𝑒𝑓

(69, 70) 

Choice of reference temperature to reduce correlation 

Using reference temperatures within reparameterised Arrhenius equations is common for kinetic 

estimations.288 However, the choice of the reference temperature is less studied, with a commonly 

used definition the inverse average of the temperatures used in the estimation, as defined in Equation 

71. 289 

1

𝑇𝑟𝑒𝑓
=
1

𝑁𝐸
∑

1

𝑇𝑖

𝑁𝐸

𝑖=1

(71) 

Optimising Tref for the reparameterised Arrhenius equation 

Although the Tref defined above often reduces the correlations significantly, the reference 

temperatures can be changed to reduce the correlation between parameters further.289 The A-B 

reparameterised Arrhenius equation, defined in Equations 69 and 70, can be used to calculate the 

parameters at a new Tref, using the previously estimated parameters, indicated by a *, as shown in 

Equation 72. 

𝐴 = 𝐴∗–𝐵 + 𝐵∗ , 𝐵 =
𝐵∗𝑇𝑟𝑒𝑓

∗

𝑇𝑟𝑒𝑓
(72) 

The new parameter estimations, 𝛩, can then be written as a function of the initial parameter 

estimations, 𝛩∗, as shown in Equation 73.292 

𝛩 = 𝑔(𝛩∗) (73) 

The covariance matrix, 𝐕, of the estimated parameters at the new reference temperature can then be 

calculated from the covariance matrix of the initial estimation, 𝐕∗, where 𝑮 is a 𝑁𝛩 x 𝑁𝛩 matrix of the 

first derivatives of 𝑔(𝛩∗) with respect to each parameter, as defined in Equation 74 where 𝑁𝛩 is the 

number of parameters.292 

𝑽 = 𝑮𝑻𝑽∗𝑮 (74) 
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𝐆 =  

[
 
 
 
 
 
𝜕𝑔1
𝜕𝛩1

∗ ⋯
𝜕𝑔𝑁𝑃
𝜕𝛩1

∗

⋮ ⋱ ⋮
𝜕𝑔1
𝜕𝛩𝑁𝑃

∗ ⋯
𝜕𝑔𝑁𝑃
𝜕𝛩𝑁𝑃

∗
]
 
 
 
 
 

 

A minimum search algorithm can then be used with a norm of the correlation matrix, calculated from 

𝑽, such that the reference temperatures minimise the norm of the correlation matrix. A number of 

different norms can be used, with the Euclidean norm the most commonly used.293   

3.8.3. Uncertainty of sensors 

With MLE, the experimental data used is expected to have a certain degree of uncertainty associated 

with it. In this case, the experimental data is assumed to be normally distributed, with the uncertainty 

of the experimental data either provided to the estimation algorithm or also estimated using the 

experimental data.283 The experimental data used in this work were typically the yields of the 

reactions. The yields in this work were calculated using a number of different methods, with a varying 

degree of accuracies. The assumed accuracies were then used within the parameter estimations. For 

example, typical NMR yield methods with internal standards have an assumed accuracy of ca ± 5-

10%.294 The uncertainty in quantitative NMR and GC methods is assumed to be smaller, around ca. ± 

1%.295,296  

A novel spectroscopic method for calculating the yield of a reaction was also developed using Raman 

spectroscopy, to explore the potential of online measurements. The uncertainty for this method was 

unknown and was estimated within the parameter estimation process, as discussed in Chapter 5.  

3.9. Model validation 

Once the parameters have been estimated, the model needs to be validated using experimental data 

to ensure the future predictive capabilities. The simplest method for this is using a graphical 

comparison between the experimental values and the predicted values, as shown in Error! Reference 

source not found..  
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Further to visual analysis, there are a number of more detailed statistical analyses that can be carried 

out to get a quantitative measure of the validity of the models. A number of these techniques for 

validation are discussed below.297 For model validation, both the estimated parameters and the 

predicted output values of the model need to be validated. 

 

 

Figure 55 – A comparison of experimental and predicted values of a model, which can be used as an initial check for the 
validity of a model. More quantitative measures of model validity are discussed below. 

3.9.1. Estimated parameter validation 

The validation of the estimated parameter values can be validated by understanding the error in the 

value relative to the degrees of freedom of the estimation.  

95% t-value 

The t-test can be used to test significance of a parameter to a confidence level, 𝛼, of usually 90% or 

95%. The t-value for the estimated parameters, 𝛩̂, is calculated as shown in Equation 75 where 𝜎𝑖 is 

the standard deviation of the parameter. The degrees of freedom, 𝑛𝑑𝑓, in the estimation is equal to 

the number of experimental values, 𝑁𝐸 , minus the number of parameters, 𝑁𝛩, that were estimated.298  
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𝑡 =
𝛩̂

𝑌𝑖(0.95)
,       𝑌𝑖(𝛼) = 𝑡 (

1 + 𝛼

2
 , 𝑛𝑑𝑓)𝜎𝑖 (75) 

𝑛𝑑𝑓  =  𝑁𝐸  – 𝑁𝛩 

The calculated t-value is then compared with the reference t-value for the statistics, 𝑌𝑟(𝛼)  =

 𝑡 (
1+𝛼

2
 , 𝑛𝑑𝑓), showing whether the standard deviation and confidence interval are small compared 

to the value of the parameter. 

Confidence ellipsoids 

Confidence ellipsoids show the region of parameter values where the equality defined in Equation 76 

is valid; where 𝛩 is parameter 𝑖 and 𝑗, with the 𝛩̂ indicating the estimated parameter, 𝑉 is the variance 

or covariance between the parameters, 𝑁𝛩 is the number of parameters, 𝑠2 is the unbiased estimator 

of the sample variance (defined in Equation 77), 𝛼 is the confidence parameter and 𝐹 is the F-

distribution. 

(
𝛩𝑖 – 𝛩𝑖̂
𝛩𝑗 – 𝛩𝑗̂

)

𝑇

(
𝑉𝑖𝑖 𝑉𝑖𝑗
𝑉𝑗𝑖 𝑉𝑗𝑗

) (
𝛩𝑖 – 𝛩𝑖̂
𝛩𝑗 – 𝛩𝑗̂

) ≤ 𝑁𝛩𝑠
2𝐹(𝛼,𝑁𝛩 , 𝑁 – 𝑁𝛩) (76) 

𝑠2 =
1

𝑁 − 𝑁𝛩
∑∑ ∑

(𝑧̌𝑖𝑗𝑘  – 𝑧𝑖𝑗𝑘)
2

𝜎𝑖𝑗𝑘
2

𝑁𝑀𝑖𝑗

𝑘=1

𝑁𝑉𝑖

𝑗=1

𝑁𝐸

𝑖=1

(77) 

The 𝛼 % confidence region means that if the experiments were repeated with slightly different values 

observed, 𝛼 % would fall within the defined region.297 

3.9.2. Model output validation 

As well as validating the parameter values, the output of the model has to be validated against 

experimental results, especially those not used within the parameter estimation method. 



141 
 

Absolute average difference  

The absolute average difference (AAD) is a measure is the average of the absolute deviations of a set 

of values, 𝑥𝑖, from a certain central value usually the mean of the set, 𝑥̅. The equation for the AAD is 

defined in Equation 78. 298 

𝐴𝐴𝐷 =
1

𝑛
∑|𝑥𝑖 – 𝑥̅|

𝑛

𝑖=1

(78) 

Root mean square error 

The Root Mean Square Error (RMSE) is the standard deviation of the residuals and is a measure of how 

widely distributed the residuals are, and is defined in Equation 79.298 

𝑅𝑀𝑆𝐸 = √∑
(𝑥𝑖,𝑝𝑟𝑒𝑑  –  𝑥𝑖,𝑒𝑥𝑝)

2

𝑁

𝑁

𝑖=1

(79) 

The RMSE and AAD are similar measures, with RMSE amplifying any outliers due to the use of the 

squared term in the equation. 

Goodness of fit test 

The goodness of fit test, also known as the 𝜒2-test, estimates how likely it is that an observed 

difference between the predicted values and measured values arose by chance and determine 

whether the model adequately fitted the measured data.299,300 Pearson’s 𝜒2-test examines whether 

the predicted values follow a specified distribution. The 𝜒2 value is calculated as shown in Equation 80, 

where 𝑂𝑖 is the observation values of type 𝑖 and 𝐸𝑖  is the expected values of type 𝑖, and 𝑝𝑖  is the 

fraction of the population of type 𝑖 asserted by the null hypothesis. The value chosen for 𝑝𝑖  is 0.01, 

0.05 or 0.1 in typical engineering problems.298 

𝜒2 =∑
(𝑂𝑖 – 𝐸𝑖)

2

𝐸𝑖

𝑛

𝑖=1

(80)   
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The calculated 𝜒2 value can then be checked against critical values, 𝜒𝑐𝑟𝑖𝑡
2 , which are well defined in 

literature. The degrees of freedom, 𝑛𝑑𝑓, for the comparison with critical 𝜒2 values is calculated, as 

shown below, where 𝑁𝐸  is the number of experimental measurements and 𝑁𝛩 is the number of 

estimated parameters. 

𝑛𝑑𝑓  =  𝑁𝐸  – 𝑁𝛩 

𝜒𝑐𝑟𝑖𝑡
2  =  𝜒2(𝑝𝑖 , 𝑛𝑑𝑓) 

Lack of fit test 

The lack of fit test uses a similar approach to the goodness of fit test, however instead compares the 

error in the model with the error of the measurement. The F-value is calculated as shown in 

Equation 81, where 𝜎𝑐 is the variation in the model values and 𝜎𝑚 is the variance of the measured 

values.298 The 𝐹 value is then compared with critical value, 𝐹𝑐𝑟𝑖𝑡, with the selected significance level, 

𝛼, using F-value tables.298 

𝐹 =
𝜎𝑐
𝜎𝑚

(81) 

𝐹𝑐𝑟𝑖𝑡  =  𝐹 (𝛼, 𝑛𝑑𝑓) 

The t-test  

The Bias test, also known as the t-test is used to identify subsets of observations from either variables 

or experiments where model bias may be present. It is used to identify whether the mean of the 

residuals is zero for each subset of experiments.298 There are two well-known t-tests: the student t-

test or Welch’s t-test.301,302  

Welch’s t-test 

Welch’s t-value is calculated for two different sets as shown in Equation 82, where 𝑋̅ is the sample 

mean, 𝑠 is the sample standard deviation, 𝑛 is the sample size and 𝑠𝑖
2 is the unbiased estimator of the 

variance.302 The degrees of freedom, 𝑛𝑑𝑓,𝑊𝑒𝑙𝑐ℎ, for the Welch t-test is defined in Equation 83. The 
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t-value is then compared with known t-values with a chosen significance level to judge whether the 

null-hypothesis can be rejected. 

𝑡 =
𝑋̅1 – 𝑋2

√
𝑠1
2

𝑛1
+
𝑠2
2

𝑛2

(82)
 

𝑛𝑑𝑓,𝑊𝑒𝑙𝑐ℎ =
(
𝑠1
2

𝑛1
+
𝑠2
2

𝑛2
)

(
𝑠1
2

𝑛1
⁄ )

2

𝑛1 –  1
 + 

(
𝑠2
2

𝑛2
⁄ )

2

𝑛2 –  1

(83)
 

Student t-test 

The student t-test is a statistical hypothesis test where the test statistic follows a Student’s t-

distribution under the null hypothesis. The one-sample t-test is used to test the null hypothesis that 

the population mean, 𝑋̅, is equal to a specified value, 𝜇0. The t-value is calculated as shown in 

Equation 84, where 𝑠 is the standard error of the mean and 𝑛 is the sample size. 301 

𝑡 =
𝑋̅– 𝜇0
𝑠
√𝑛
⁄

(84) 

3.10. Process optimisation 

Optimisation in chemistry laboratories is often carried out by changing single variables at a time until 

the optimal conditions are found. One benefit of modelling is that once the model has been made and 

validated the optimal conditions can be found computationally. This optimisation can be carried out 

manually by changing values and observing the model output, in a way similar to typical laboratory 

optimisations. An alternative way to optimise the process is mathematical optimisation of the model 

for a desired outcome, such as yield, known as the objective function.303  

A benefit of the mathematical optimisation method is that the conditions found are optimal 

conditions. Also, different outcomes can be optimised for, such as yield, space-time yield or 

productivity, by defining different objective functions. A disadvantage of the mathematical method is 
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that the model needs to be defined and validated which requires a certain number of experiments. As 

the scale increases, the testing of multiple parameters is expected to be more efficient using a 

computational model compared to traditional optimisation methods.303  

3.11. Sensitivity analysis 

Sensitivity analysis allows the model to be understood better by understanding the way uncertainty 

in values can affect the outcome of the models. This allows the operators to understand the model 

better and then decide how much effort should be spent on reducing uncertainty in variables. 298 With 

both sensitivity and uncertainty analysis there are two definitions that are required: 

 Factor – the variables inputted into the model that are changed within the model, with the 

distribution of the variables defined by the user to see how the output variables are changed, 

for example, the activation energy. 

 Response – variables that are measured during the sensitivity analysis to understand how it is 

changed by the factors, for example the reaction yield. 

3.11.1. Sensitivity analysis 

The sensitivity measures used here are sensitivity indices as the parameters are uncertain or there is 

non-linearity in the model. The sensitivity indices therefore measure averages over the entire space 

of interest; two of the most well-known techniques are variance-based or elementary effects 

sensitivity analysis.304,305 

The choice between each method is largely down to the differences in complexity of the model in 

question. Variance-based sensitivity analysis is considered more detailed but is more computationally 

expensive, whereas elementary effects sensitivity analysis can be used for highly complex models as 

it is less computationally expensive.305 
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Variance based sensitivity analysis 

Variance-based sensitivity analysis is the study of how the variance of the model output depends on 

the input factors that are affected by uncertainty.304 Variance-based sensitivity indices measure the 

influence of individual factors on the model output. There are two types of variance-based sensitivity 

indices: 

 first-order effect index: 𝑆𝑖; and 

 total effect index:  𝑆𝑇𝑖. 

The first-order effect indices measure the individual effect contribution of each input to the variance 

of the output. Generally, the larger the value of  𝑆𝑖, the greater the influence on the output of a defined 

factor. The equation for calculating 𝑆𝑖 is shown in Equation 85 where 𝜎𝑖,𝑦
2  is the variance attributed to 

factor 𝑖 on response 𝑦 and 𝜎𝑦
2 is the variance observed for response 𝑦. 

𝑆𝑖 =
𝜎𝑖,𝑦
2

𝜎𝑦
2

(85) 

The total effect index  𝑆𝑇𝑖 indices measure the contribution of both the first-order effects and higher-

order effects from the interactions with other factors. Again, the larger value of  𝑆𝑇𝑖 indicates a greater 

contributing effect. The equation for calculating 𝑆𝑇,𝑖 is shown in Equation 86 where 𝜎𝑖,𝑦
2  is the total 

variance attributed to factor 𝑖 on response 𝑦 and 𝜎𝑦
2 is the variance observed for response 𝑦. 

𝑆𝑇,𝑖 =
𝜎𝑇,𝑖,𝑦
2

𝜎𝑦
2

(86) 

For simplicity, the sensitivity indices defined above indicate what part of the variance in the response 

to which factor. For example, variance-based sensitivity analysis can be applied to Equation 87, with 

factors 𝑥1 and 𝑥2 and response y, with 𝑥𝑖 belonging to different sets, as shown in Error! Reference 

source not found..84 

𝑦 = 𝑥1
2 + 3𝑥2 (87) 



146 
 

Table 19 – A table showing the variance-based sensitivity indices for the above equation, with the higher number 
indicating a greater sensitivity to that factor. It shows that when x is between 0 and 10 the outcome is most sensitive to 
x1, whereas when x is between 0 and 1 the output of the equation is most sensitive to x2. 

 𝒙 ∈  [𝟎, 𝟏𝟎] 𝒙 ∈  [𝟎, 𝟏] 

 𝑺𝒊 𝑺𝑻,𝒊 𝑺𝒊 𝑺𝑻,𝒊 

𝒙𝟏 0.92 1.02 0.03 0.12 
𝒙𝟐 -0.01 0.08 0.88 0.97 

 

The sensitivity analysis indices calculated for the above equation do not have a defined meaning, 

however the most influential factors can be identified.  

Variance-based sensitivity analysis can then be used in different settings, such as factor prioritisation 

or factor fixing. 

Factor prioritisation can be used to identify which factors account for most of the output variance. 

Understanding the effect each factor has on the output allows the factors to be ranked in terms of 

their effect on the output and which factors may need more accurate measurements. The first-order 

effect index is considered to provide the ranking of the factors.304 

Factor fixing can be used to identify factors in the model which make no significant impact to the 

variance of the output. The identified factors can then be fixed anywhere in their range of variation 

without changing the output; this can help simplify models. The total effect index can be used to judge 

the effect of a factor, with  𝑆𝑇𝑖 = 0 indicating the factor does not influence the output.304  

The main disadvantage with variance-based sensitivity analysis is its high computational cost, which 

can become prohibitive for complex models. This computational expense can be reduced through 

screening important factors.  

Elementary effects 

The elementary effects (EE) method screens a number of important factors from a large number of 

input factors in a complex model. This method is used when the number of uncertain factors is high 

and/or the model is expensive to compute. EE uses an approach where factors are iterated one at a 
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time.305 The effect of different factors is calculated, with different indices from the method discussed 

above: 

 The mean of elementary effects, 𝜇𝐸𝐸, assess the overall influence of the factor on output. 

The mean of absolute values of elementary elements, 𝜇𝐸𝐸
∗ , can also be used in place of 

 𝑆𝑇𝑖 when the computational cost of the model is large.306 

 The standard deviation of elementary effects, 𝜎𝐸𝐸, estimates the higher-order effect due 

to non-linearity and interactions between parameters.  

For EE, the sensitivities are calculate based on the approximation shown in Equation 88, where 𝐸𝐸𝑖,𝑗 

is the elementary effect for factor 𝑖  for sample 𝑗, 𝑢𝑖 is factor 𝑖, 𝑦 is the response and ∆ is the difference 

in factors changed one at a time between steps.  

𝐸𝐸𝑖,𝑗 =
𝑦(𝑢1, . . . , 𝑢𝑖  + ∆, . . . , 𝑢𝑛) –  𝑦(𝑢1, . . . , 𝑢𝑖, . . . , 𝑢𝑛)

∆
∀𝑖 ∈ 1,… , 𝑛 (88) 

The different elementary effects are estimated by randomly sampling different trajectories and the 

averaging the effect. The mean of the elementary effects for factor 𝑖, 𝜇𝐸𝐸,𝑖, and standard deviation of 

the elementary effects for factor 𝑖, 𝜎𝐸𝐸,𝑖, can be calculated as shown in Equations 89 and 90, where 𝑛 

is the number of samples  

𝜇𝐸𝐸,𝑖 =
1

𝑛
∑𝐸𝐸𝑖,𝑗

𝑛

𝑗=1

(89) 

𝜎𝐸𝐸,𝑖 = √
1

𝑛 − 1
∑(𝐸𝐸𝑖,𝑗 – 𝜇𝑖)

2
𝑛

𝑗=1

(90) 

Applying EE sensitivity analysis to Equation 91 is shown below, with factors 𝑥1 and 𝑥2 and response y, 

with 𝑥𝑖 belonging to different sets, as shown in Error! Reference source not found..84 

𝑦 = 𝑥1
2 + 3𝑥2 (91) 
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Table 20 - A table showing the elementary effects indices for the above equation, with the higher number indicating a 
greater sensitivity to that factor. It shows that when x is between 0 and 10 the outcome is most sensitive to x1, whereas 
when x is between 0 and 1 the output of the equation is most sensitive to x2. 

 𝒙 ∈  [𝟎, 𝟏𝟎] 𝒙 ∈  [𝟎, 𝟏] 

 𝝁𝑬𝑬 𝝈𝑬𝑬 𝝁𝑬𝑬 𝝈𝑬𝑬 
𝒙𝟏 111 60.5 1.11 0.65 

𝒙𝟐 30 13.4 3.0 1.34 
 

Similarly to variance-based sensitivity analysis, the most influential factors can be identified by looking 

for the largest indices measure for each factor. 

3.12. Numerical methods used in this work 

The numerical solvers used in this work were those developed by PSE and included within the gPROMS 

developer environment. An in-depth description of the way they work is currently unavailable as the 

solvers are proprietary and considered world-leading within the Process modelling sector.84 A brief 

description of each solver is therefore described below. 

3.12.1. Solvers used within gPROMS ProcessBuilder 

The solvers for each different class of problems are described below, with the choice of solver and 

associated parameters able to be customised by the user.  

Linear algebraic equations 

For linear algebraic equations there were two solvers available, shown in Error! Reference source not 

found., with the MA48 solver and updated version of the well-known MA28 solver.307 

Table 21 - The name and description of the solvers used within gPROMS to solve linear algebraic equations. 

Solver name Description 

MA28 For sparse unsymmetric system of m linear equations and n unknowns using 
Gaussian elimination.  

MA48 An updated version of the MA28 solver. 
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Non-linear algebraic equations 

For non-linear algebraic equations there were two solvers available, shown in Error! Reference source 

not found., with both derived from Newton type methods, with BDNLSOL a proprietary solver.84,308 

Table 22 - The name and description of the solvers used within gPROMS to solve non-linear algebraic equations. 

Solver name Description 

BDNLSOL Newton type with block decomposition to handle sparsity. 
SPARSE A sparse (Quasi-)Newton solver without block decomposition. 

 

Differential-algebraic equations 

There were three solvers available for differential-algebraic equations within gPROMS, as described 

in Error! Reference source not found., with a variable time step used with a check taken between 

each step for a minimal error check. 84,308 

 

 

Table 23 - The name and description of the solvers used within gPROMS to solve differential-algebraic equations. 

Solver name Description 

DAEBDF Proprietary solver based on a variable-time-step and -order backwards 
differentiation formula. 

DASOLV Predictor-corrector backwards differentiation formula method with variable-
time-step and -order.309 

SRADAU Implements a variable time step and is a fully implicit Runge-Kutta method. 
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4. Modelling photochemical reactions and reactors 
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4.1. Chapter Overview 

This chapter describes the development of models for the various photochemical reactors used within 

the group, which enabled reaction output to be predicted. Initially an idealised reaction scheme was 

used with a number of assumptions, using a Beer-Lambert analogous law to model the absorption of 

photons. This model was then developed further using the two-flux approximation to model the 

absorption of light as well as introducing modelling the flow of material through the reactors.  

A model of the excimer reactor was then used to estimate the quantum yield of multiple reactions, 

assuming the manufacturer’s quoted lamp power was accurate, using the Maximum Likelihood 

Estimation (MLE) technique. The quantum yields estimated were then used to accurately predict the 

performance of reactions under different wavelengths and conditions. Furthermore, the quantum 

yield predicted in the Excimer flow reactor was also able to predict the performance of Excimer batch 

reactor experiments. The reverse was also shown to be true, showing the robustness of the method, 

considering the limitations and assumptions made.  

Also presented is the development of photo-kinetic schemes to consider photosensitisers using a 

Bodenstein-like assumption to simplify the scheme. The assumption was shown to be valid on 

different reaction schemes and was validated with experimental results. 

The quantum yields estimated with the excimer reactor model and experimental results were then 

used to understand the performance of the more complex reactors within the group, such as the 

fluorinated ethylene propylene (FEP) tubular reactor and Vortex reactor. Complex models for both of 

these reactors were developed, using an additional dimension, but proved to be too computationally 

expensive. This went against the benefits of using the fast-process model to quickly understand 

processes. Further assumptions were made for the models of both the Vortex and FEP tubular 

reactors, with experimental results used to validate the models.  
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4.2. Introduction to photochemical chapter 

The modelling of photochemical reactions and reactors has limited literature precedent, especially for 

the synthesis of chemical compounds. This has been seen as a limitation for the development of 

photochemistry as a commonly-used chemical method, with Oelgemöller et al. highlighting the need 

for chemical engineering principles within photochemistry.126 To the author’s knowledge, Aillet et al. 

developed the first, and only, model to calculate the quantum yield of a chemical reaction with regards 

to chemical synthesis.156 

Process models are widely used within the chemical industry to predict, monitor and optimise 

chemical reactions.310 Traditionally, these process models have been focussed on thermal chemical 

reactions with the reactor design being the most distinct differences between each process. For 

photochemistry to be used on an industrial scale, an accurate process model would be needed. Aillet’s 

method, introduced above, is not considered a process model as the calculations are used to calculate 

the product of the quantum yield and lamp irradiance.  

The need for an accurate photochemical process model was therefore identified as a key stage in the 

development of photochemistry as an industrial technique. For this, a number of steps were taken for 

the development from an idealised batch reactor to an accurate model for multiple reactors. Another 

benefit of creating a process model was that parameter estimation could be used to estimate the 

quantum yield of a reaction.  

As there have been multiple different reactor designs and lamps used by colleagues in Nottingham, 

the model developed was needed to be robust and flexible enough to be used between designs. For 

the more complex designs, Computational Fluid Dynamics (CFD) was expected to be needed to 

compare, as the mixing behaviours were expected to be complex. A comparison between the CFD 

model and gPROMS’ process model was expected throughout to ensure congruency and, therefore, 

accuracy for the more complex reactor predictions.  
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As a large part of this Chapter involved the development of a process model for a photochemical 

reactor the relevant points are introduced and discussed in turn, rather than discussed within this 

introduction section. 

4.3. Aims of photochemical research section 

The aims for the photochemical research section, defined in Section 2.8, are repeated here to give 

further context. The aims set for the modelling of the photochemical reactions were: 

Aim 4.1 - Develop a process model of a photochemical reactor 

Aim 4.2  - Use photochemical process model to understand photochemical reaction kinetics and 

compare outputs with experimental results 

Aim 4.3 - Use kinetics to predict reactor performance of reactions for; unimolecular reactions, 

multi-component reactions with competing absorbances, photosensitised reactions and consecutive 

reactions 

Aim 4.4  - Develop models of more complex photochemical reactors 

Aim 4.5 - Use photochemical model in conjunction with the high-temperature water process model 

to predict performance of a daisy-chained process 

4.4. Initial model development 

Photochemical reaction rate is largely governed by the absorption of light by the reactive molecules. 

This meant that the modelling of the absorption of light was crucial for the modelling of photoreactors. 

The initial model development will be explained using an idealised reaction, before experimental 

results are modelled.  
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4.4.1. Modelling the absorption of light  

The light entering used within the initial models was assumed to be linear and parallel. This 

assumption allowed the absorption of light to be based on a relationship analogous to the 

Beer-Lambert law, defined previously in Equation 14.  

𝐴 = − log10 (
𝐼

𝐼0
) = 𝜀𝐿𝐶 (14) 

The Beer-Lambert law was used to derive an equation for the amount of light absorbed within a small 

volume (dV = A x dz), as shown in Figure 56. Using this relationship for a small volume, the volumetric 

rate of photon absorption (LVRPA) per volume was derived, as shown in Equation 92, where 𝛼 is the 

Napierian molar absorption coefficient and 𝑖 represents the species that reacts and 𝑗 represents 

another species that absorbs light. The Napierian molar absorption coefficient is defined in 

Equation 93, where ε is the decadic molar absorption coefficient. 

 

Figure 56 - Schematic for the derivation of the light intensity where I0 - initial light intensity (mol s-1cm-1), L - reactor length 
(cm), z - distance into reactor (cm) and A - cross sectional area of light (cm2), where LVRPA stands for the local volumetric 
rate of photon absorption. 

𝐿𝑉𝑅𝑃𝐴 =
𝐼𝑎𝑏𝑠,𝐴
𝑉𝑧

= 𝐼0𝛼𝑖 𝐶𝑖𝑒
−∫ ∑𝛼𝑖,𝑗 𝐶𝑖,𝑗 𝑑𝑧

𝑧

0 (92) 

𝛼𝑖 = 𝜀𝑖𝑙𝑛(10) (93) 

4.4.2. Rate of photoreaction 

The absorption of light by a starting material is the driving force of a photochemical reaction. Within 

the model, this is considered using the LVRPA, as calculated above. The rate of reaction also relies on 
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a value known as the quantum yield, 𝛷, which is a measure of how much product is formed per 

amount of light absorbed. The rate of a photochemical reaction was defined as shown in Equation 94 

with an idealised reaction where A converts to B upon the absorption of light. 

𝐴 +  ℎ𝑣  →   𝐵 

𝑅𝑎𝑡𝑒𝐴→𝐵 = 𝛷 𝐿𝑉𝑅𝑃𝐴𝐴 (94) 

 

4.4.3. Quantum Yield 

The quantum yield of a reaction is a measure of the efficiency the reaction has compared to the 

number of photons it has absorbed. Within this work, the true differential quantum yield was used as 

it is relevant to the molecule that absorbs light and goes onto react, as this aided with the model 

development. Within this Chapter this definition of quantum yield will be defined using φ. See 

Appendix II for further details regarding alternative definitions to the quantum yield.  

4.4.4. Reactor model design and assumptions 

Initially, a simplified reactor model was proposed, with the design based on a photoreactor within the 

group. The reactor was a simple cylindrical batch reactor illuminated from one end by parallel fully 

collimated light. As the light was fully collimated it allowed for the absorption of the light to be 

modelled using equations analogous to the Beer-Lambert law, as derived above. A schematic of the 

simplified reactor model is shown in Figure 57. 

 

 

Figure 57 - A schematic of the simplified initial model of the photochemical reactor, which was based on a reactor 
previously used within the group. The light was assumed to be monochromatic and fully collimated. 
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For the development of a model, there were a number of assumptions made for the development of 

the photochemical reactor model. These are outlined below: 

 the photoreactions take place in a cell with planar and parallel windows of area A; 

 there is no mixing or diffusion of the fluid; 

 incident light is monochromatic; 

 the incidence of the light is perpendicular to the front window; 

 initial intensity of the light is constant (mol·s-1·cm-2); 

 the reaction fluid is not opaque, it can absorb light but not scatter light; and 

 the exit window does not reflect light. 

4.4.5. Example reaction – Paternó-Büchi 

To test the development of the reactor model, an example reaction was needed. The Paternó-Büchi 

reaction was chosen as it was a relatively well-studied reaction that had been previously used within 

the group, and hence offered the possibility of comparing with experimental results in future.311–313 

The reaction is a photochemical reaction between a carbonyl and an alkene to form four membered 

rings. Scheme 1 shows the reaction between benzaldehyde and furan to form the oxetane compound. 

Scheme 1 - Overall mechanism for the Paternó-Büchi reaction showing the reaction between benzaldehyde and furan to 
form an oxetane. This reaction was used as a test case for the development of the photochemical reactor models. 

 

The reaction was broken down into multiple steps involving the absorption of light and excitation of 

benzaldehyde, before reacting with furan to form reactive intermediates. The multiple steps of the 

proposed reaction are shown in Scheme 2.  

 

Benzaldehyde Furan Oxetane 

compound 
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Scheme 2 - The proposed mechanism for the Paternò–Büchi photochemical reaction scheme of benzaldehyde (1) with 
furan (4) to form the oxetane (6).  

 

The reaction mechanism shown in Scheme 2 is also summarised below, with a separation between 

photochemical and thermal steps of the mechanism: 

Photochemical Reactions 

Reaction 1: benzaldehyde + hν(365 nm) → 1[benzaldehyde]* 

Thermal Reactions 

Reaction 2: 1[benzaldehyde]* → 3[benzaldehyde]* 

Reaction 3: 3[benzaldehyde]* + furan → 1[biradical]≠ 

Reaction 4: 1[biradical] ≠  → oxetane  

Reaction 5: 1[biradical] ≠  → benzaldehyde  + furan  

Reaction parameters 

The quantum yields and kinetic parameters of the subsequent steps, shown in Table 24, were collated 

from a range of literature sources as there was not a single source for all values.312,314 The quantum 

yield was assumed to be 0.5 as a literature value could not be found for these conditions.  

 

Φ1 k2 

k3 

k4 

k5 
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Table 24 - The quantum yield and kinetic parameters  for the idealised Paternò–Büchi reaction scheme, adapted from 
literature sources, with the quantum yield assumed as 0.5 as there was limited literature values for this.312,314 

Photo reactions Quantum yield 

1 0.5 
Thermal reactions Rate constant (variable units) 

2 2.4 x 1010 s-1 
3 1.2 x 109 dm3·mol-1·s-1 
4 0.27 x109 s-1 
5 0.24 x 109 s-1 

 

Effect of discretisation on results 

For process models that solve differential equations, the separation of the discretisation points can 

have a large effect on results.315 It was therefore important to check that the output values were not 

affected by the number of discretisation points used in the calculations; this is also often called the 

‘mesh size’ in fluid dynamics engineering.279  

A variety of discretisation points (DPs), ranging from 13 to 1300, for the reactor model described above 

were tested. Figure 58 shows the attenuation of light at the beginning of the reaction along the reactor 

length, with the intensity of light approaching the Beer-Lambert law as the number of discretisation 

points increases.  

 

Figure 58 – Intensity of light with varying number of discretisation points (DP) at t = 0 along with the Beer-Lambert 
relationship (–). Please note after 5 cm nearly all the light has been absorbed and the intensity is insignificant. 
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For 1300 DPs there was minimal difference between the Beer-Lambert law values and the model’s 

calculated values. However, there are practical reasons not to choose a large numbers of DPs as it can 

become computationally expensive, especially with multiple dimensions.315 The use of higher number 

of DPs may also not offer significant changes in the calculated values. For example, the difference in 

calculated yields between 260 and 1300 DPs was minimal, as can be seen in Figure 59. 

 

Figure 59 - The calculated yield of oxetane product after 5 hours of illumination with an increasing number of discretisation 
points, showing the sensitivity to the value. 

Variable mesh sizes 

It should also be noted that the mesh sizes do not have to be regularly spaced; the DPs can have a 

higher density in a region of expected rapid change.316 This is often found with fluid flow as the velocity 

profile is the steepest closest to the walls. For the absorption of light, a greater gradient will be 

expected nearest the irradiated wall.  

Initial model development – no mixing case 

The concentration of the oxetane product relative to the initial concentration of the limiting reagent 

(benzaldehyde), is shown in Figure 60(a). The increase in the concentration of the oxetane product 

along the reactor with time shows the reaction development, and as there was no mixing in this case 

a ‘front’ of the product develops and moves along the reactor. This effect of a front moving along the 
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reactor was also shown with the relative light intensity shown in Figure 60(b), as the product was 

formed the solution near the light becomes transparent and the light intensity moved along the 

reactor.  

 

Figure 60 – The initial model results for the no mixing case where (a) is the concentration of the oxetane product relative 
to the starting concentration along the reactor length and (b) is the dimensionless light intensity along the reactor showing 
a ‘front’ develop with time.  

Initial model development – fully mixed case 

These conditions were repeated for the larger reactor with a fully mixed reactor vessel, where there 

were no concentration gradients. As it was fully mixed, the concentration was constant along the 

whole reactor, with the total concentration of the product increasing with time, as shown in Figure 

(a) 

(b) 
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61(a). The light intensity does not form a ‘front’ that moves along the reactor and rather shows 

decreasing attenuation as the concentration of the absorbing species react to form the product, which 

does not absorb, as can be seen in Figure 61(b).  

 

Figure 61 - The initial model results for the fully mixed case where (a) is the concentration of the oxetane product (6) 
relative to the starting concentration along the reactor length and (b) is the dimensionless light intensity along the reactor 
showing a decrease in light attenuation with time as the absorbing species are reacted. 

 

 

 

(b) 

(a) 
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4.5. Comparison with CFD 

All CFD calculations were carried out by colleague Dr. Medhat Sharabi. 

The idealised model results predicted by the gPROMS process model were compared with the CFD 

calculations to ensure congruency. All of the results were calculated using commercial CFD software 

Ansys Fluent with the calculations performed on a high-performance computer (HPC).317 For the 

idealised batch case, with no mixing, the results were compared and showed negligible difference 

between the two models, as shown in Figure 62. 

 

Figure 62 - The relative concentration of benzaldehyde (1) along the reactor with the no mixing case, again showing a 
'front' develop along the reactor. The differences between the gPROMS model and CFD model was negligible. 

A fully mixed case was not achievable with the CFD model for the original reactor size. As CFD models 

physical effects, a fully mixed case needed a physical effect that could mimic the reactor to appear 

fully mixed. Multiple different options for the physical effect were attempted with limited success for 

the original reactor size, including: stirrers, paddles and velocity sources.257  

To overcome this issue for the fully mixed case, a shorter reactor of 5 cm was modelled as it was hoped 

this would allow for a physical effect to ensure the reactor was fully mixed. The shorter reactor was 

able to produce a fully mixed case using negligibly thin paddles such that the volume of the reactors 
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was not affected. The dimensionless concentration of the oxetane product for the shorter reactor is 

shown in Figure 63, where the difference between the two values is negligible. This equivalence 

showed that it was possible to use the diffusion coefficient as a proxy for mixing of the reactor. 

 

Figure 63 - The dimensionless concentration of the oxetane product with time for the fully mixed case in the shorter 
reactor, showing neglible difference between the gPROMS and CFD models. 

4.6. Introduction to excimer reactor models 

The initial model development described above showed that the modelling of a photochemical reactor 

and reactions was possible. However, the reactor used was an idealised version of a cylindrical batch 

reactor used in the laboratory and was not wholly applicable to the reactors used experimentally. The 

reactors used experimentally were often either annular or cylindrical reactors with either batch or 

flow set-ups, such as the excimer flow and batch reactors.  

The orientation of the light for both the excimer batch and flow reactors was different compared to 

the initial model, as they were illuminated on the curved surface rather than from the end. To 

incorporate this change into the model, cylindrical coordinates were used. For the excimer flow 

reactor model, a term was introduced for the movement of material through an annular channel 

within the mass balance equation, as shown in Section 4.6.4. A schematic of the annular flow reactor 
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is shown in Figure 64, with the blue arrows indicating movement of the fluid and the yellow arrows 

indicating the direction of the light entering the excimer reactor model.  

 

It was possible to model the light emitting from the centre, similarly to the immersion well reactors 

described in the introduction, by changing the boundary conditions for the equation for the light’s 

‘radiative transfer equation’ (RTE).  

4.6.1. Radiative transfer equation for annular reactors 

Previously the Beer-Lambert equation was considered sufficient for a linear reactor as the lamp was 

assumed to emit parallel light. However, with a cylindrical reactor, this assumption was not valid as 

the circular shape can either increase or decrease power as the light diverges or converges, 

respectively, as shown in Figure 65. However, this effect was expected to be minimal with the excimer 

flow reactors, as the gap size is 120 µm, for larger gap sizes such as with the excimer batch reactors 

this effect could become considerable.  

 

L 

R1 

R2 

Figure 64 - A schematic of an annular flow photochemical reactor with the illuminated reactor wall from the outside. The 
yellow arrows indicate the illumination of light, the blue arrows indicate flow of material and R1 and R2 are the internal 
radius and external radius of the reactors, respectively. 
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Figure 65 - A schematic of (a) the divergence of light and (b) the convergence of light in an annular set-up, which leads to 
a decrease and increase in light intensity per unit area, respectively. 

To model the light aggregation effect in three dimensions there were two possible options; a discrete 

ordinate method which integrates over the angular space or the two-flux approximation, with both 

described in Section 2.4.8.172 

Choice of RTE for this work 

The two-flux approximation was chosen for subsequent calculations as it allowed for the irradiance to 

be calculated using gPROMS PDE solvers without having to introduce an extra dimension. The extra 

dimension would increase calculation time and therefore would not be useful for the intended goal of 

the fast process modelling of the reactors, which can be used for reactor output prediction.   

4.6.2. Comparison of two-flux method with previous Beer-Lambert law 

The excimer reactor model was used to compare between the two absorption models as the annular 

gap (120 µm) was much smaller than the reactor radius (0.68 cm); and hence the increase in light 

intensity from the convergence of irradiation was assumed to be negligible. The results for fully 

collimated light are shown in Figure 66, negligible difference can be seen, as was expected. A 

difference was observed when the collimation factor was changed such that the light entering the 

reactor was fully isotropic at the reactor surface. The irradiance of the isotropic light was attenuated 

at double the rate in the radial dimension compared to the fully collimated case. The difference was 

expected as the collimation factors (𝑘𝐻) are 2 and 1 for the isotropic and fully collimated cases, 

(a) (b) 
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respectively. This was expected as the light intensity leaves the surface in all directions rather than 

just perpendicular to the surface. 

 

Figure 66 - A comparison of the isotropic and collimated cases used in the two-flux approximation with the Beer-Lambert 
law used for the excimer flow reactor, with an annular gap of 120 µm, showing the good agreement between the two 
methods when fully collimated light is used.  

Effect of collimation 

The effect of collimation was investigated further using an idealised system of annular flow at 

1 ml·min-1 with a 1 mm gap. The equivalent lamp power as the 308 nm excimer lamp flow, with 0.01 

mol·dm-3 and total absorption of the medium as 8688 dm3·mol-1·cm-1 and molecular diffusion was also 

assumed. This absorption coefficient value was chosen to match literature values, which carried out 

an investigation into the effect of mass transfer on reaction rates.126 The reaction was a simple A → B 

photoreaction with a quantum yield of 1, with either just A being the only absorbing species (β = 1) or 

both A and B being equally absorbing (β = 0.5). The normalised light intensity is plotted in Figure 67 

with the concentration of A at equilibrium shown in Figure 68, for both isotropic and collimated cases. 
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Dimensionless light intensity 

Collimated light with β = 0.5 Isotropic light with β = 0.5 

  
Collimated light with β = 1 Isotropic light with β = 1 

  
Figure 67 - The dimensionless light intensity when either collimated light is used with a singular absorbing species or a 
competing absorption is occurring. The effect of isotropic light compared to the collimated light was the greater 
attenuation of light, while the competing absorption factor means that light is attenuated all along the reactor whereas 
with a singularly absorbing species the reactor becomes irradiated throughout as the absorbing reactant is consumed. 

 

Dimensionless concentration of compound A 

Collimated light with β = 0.5 Isotropic light with β = 0.5 

  
Collimated light with β = 1 Isotropic light with β = 1 

  
Figure 68 - The dimensionless concentration of compound A when either collimated light is used with a singular absorbing 
species or a competing absorption is occurring. The effects of collimation were similar to the attenuation of light and with 
the singularly absorbing species meant the absorbing reagent was consumed. 
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The major differences shown between the models in Figure 67 were the distance which the light 

passed into the reactor with either isotropic or collimated light. This distance was shown to affect the 

outcome of the reaction in this case, as shown with the concentration of A in Figure 68. The yield for 

the collimated model with β = 0.5 was 84 %, while the isotropic model produced a yield of 58 %. As 

the collimation factor for the different excimer lamps was unknown, the fully collimated case was 

chosen for future calculations for consistency with literature.156,174 

4.6.3. Lamp power and actinometry 

The irradiance power for the lamp was provided by the manufacturer’s specifications when installed. 

For the modelling of the reactors, there were two options for the choice of the lamp power to be used 

in the calculations; using the manufacturer’s specification or using actinometry to measure the 

amount of light absorbed. 

Actinometry has previously been attempted within the group, with the lamp power for the excimer 

flow lamp at 308 nm, using azobenzene, being estimated at 2.46 x 10-8 eins·s-1·cm-1 which is 20 % of 

the manufacturer’s specification.318 For the 222 and 282 nm flow lamps actinometry was attempted 

using uridine, however results were inconclusive as the flowrates required to produce reliable 

calculations produced a backpressure above the safety limit of the reactors. Considering this, for 

further calculations, the manufacturer’s specification was used.318 

4.6.4. Excimer flow reactor 

The excimer flow reactor has a small irradiated volume (1.37 cm3) with an annular gap of 120 µm. This 

small gap allowed higher concentrations to be used than with comparable batch reactors as a high 

proportion of the fluid is irradiated. As mentioned previously, the small gap also has some 

disadvantages as large flowrates cannot be used due to safety concerns with the build-up of back 

pressure.  
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Flow regime 

The introduction of a flow regime to the reactor meant an equation was needed to govern the 

movement of the fluid throughout the reactor. The equation for the velocity profile, 𝑢(𝑟), with the 

radial position, 𝑟, is shown in Equation 28, where 𝜇 is the kinematic viscosity. The pressure drop, 
𝑑𝑃

𝑑𝐿
, 

was calculated using the Darcy-Weisbach equations, as previously defined in Equation 5, where 𝑓𝐷 is 

the Darcy friction factor, 𝜌 is the density, 𝑣 is the fluid velocity and 𝐷𝐻 is the hydrodynamic diameter.88 

𝑢(𝑟) =
1

4𝜇

𝑑𝑃

𝑑𝐿
[(𝑅2

2 – 𝑟2) – (𝑅2
2 – 𝑅1

2)(
𝑙𝑛 (

𝑅2
𝑟⁄ )

𝑙𝑛 (
𝑅2

𝑅1
⁄ )

) ] (53) 

𝑑𝑝

𝑑𝑧
= 𝑓𝐷

𝜌

2

〈𝑣〉2

𝐷𝐻
(5) 

The 𝑓𝐷 was equal to 
64 × 1.49

𝑅𝑒
 as expected for laminar flow in an annular pipe, where 𝑅𝑒 is the Reynolds 

number calculated as shown in Equation 95, where 𝑣 is the linear velocity of the fluid and 𝐿 is the 

length of the reactor.77 

𝑅𝑒 =
𝜌𝑣𝐿

𝜇
(95) 

Due to the small annular gap the shape of the profile was very similar to that for infinite parallel plates 

where umax is 1.5 times uavg, as can be seen with the velocity profile shown in Figure 69.265 
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Figure 69 - The dimensionless velocity profile of the annular excimer reactor, where the maximum velocity is 1.5 times the 
average velocity, similar to the theoretical maximum for flow between two parallel plates.265  

For consistency the residence time distribution (RTD), or Eθ curve, of the Excimer reactor governed by 

this flow equation was checked against the CFD model to show both models were consistent. A 

molecular diffusion coefficient of 1 x 10-5 cm2·s-1 was used as this a typical value for these conditions.319 

A pulse of material was injected into the reactors and the output of the reactors was observed over 

time. The result of this RTD is shown in Figure 70, where Eθ = 𝑡̅E and 𝑡̅ is the average residence time 

expected as per the flow rate and reactor volume.229 The legend shows the number of discretisation 

points used for each dimension, with 3000 axial and 50 radial discretisation points, which showed 

good agreement with the CFD model. These findings showed that the models were in agreement as 

the difference was due to numerical diffusion in the PDE solvers, rather than the underlying 

equations.279,320 The 3000 axial and 50 radial discretisation points took 48 hours to compute within 

gPROMS, compared to less than 5 minutes for the 200 axial and 20 radial discretisation points case. 

This smaller number of discretisation points was considered to be sufficiently accurate because the 

gradients of concentration were not expected to be as high as the injected pulse used in these 

experiments.  
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Figure 70 - The Eθ curve for the Excimer reactor using a number of different mesh sizes compared with the CFD model of 
the excimer reactor.229 The increasing accuracy with discretisation points showed the difference was due to numerical 
diffusion, rather than a difference in the models. 

4.6.5. Excimer batch reactor 

The excimer batch reactor is a cylindrical reactor that is placed inside of the wide-bore excimer lamps 

and irradiated from the outside. However, it had a much greater irradiated volume (ca. 120 cm3) than 

the excimer flow reactors. The excimer batch models used the two-flux approximation as described 

above, with a higher number of discretisation points due to the larger radius (1.27 cm). The excimer 

batch reactors also have a small stirrer in the centre to ensure mixing; the effectiveness of this stirrer 

is discussed later. 

4.7. Excimer flow results 

The excimer flow model described above was then used with experimental data to investigate the 

robustness and predictive capabilities of the model. Firstly, the isomerisation of 2-pyridone is 

presented as the quantum yield has been reported in the literature; it was used as a test case for 

model validity.321 The gPROMS model is also compared to a literature method for calculating the 

quantum yield from experimental values.156 This literature method was then used alongside the 

gPROMS process model to calculate the quantum yields of a decarboxylative cyclisation reaction. The 
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gPROMS model was used to predict quantum yields when the literature method becomes invalidated. 

The modelling of a third reaction in the excimer flow reactor, the formation of Cookson’s dione, is 

subsequently presented.  

After experimental results were validated with the excimer flow, similar principles were applied to the 

excimer batch reactor to predict both quantum yields and reaction performance for two 

photosensitised reactions.  

4.7.1. 2-Pyridone Isomerisation 

The experiments and measurements for the isomerisation of 2-pyridone were carried out by my 

colleague and PhD student Toby Waldron-Clarke. 

The absorption of a photon by 2-pyridone can cause two separate photoreactions, forming either the 

photoisomer or photodimer. The quantum yield of both reactions has been reported in the literature 

as 2.60 % in aqueous solution. 321 

The overall reaction is shown in Scheme 3, where a photochemical reaction step formed the products, 

which can then thermally relax back into the 2-pyridone species. For this reaction, it was assumed that 

the backwards step was minimal in the reaction time taken and hence could be ignored.321 

Scheme 3 - The overall reaction for the photoisomerisation of 2-pyridone. The reverse reaction is a thermal process, which 
was assumed to be negligible with the timescale of the reaction considered in this work.321 

 

The process model used was the previously described excimer model at 308 and 282 nm. For the 

process model, the reaction was separated into two distinct reactions that could be inputted into the 

model. The two reactions were called the ‘isomerisation’ and ‘dimerisation’, as described in Scheme 

4.  

+hν 

2-pyridone Photoisomer Photodimer 
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Scheme 4 - The separated reactions that can occur with the absorption of a photon by 2-pyridone, with an isomerisation 
and a dimerization the possible reactions. 

 

The UV/Vis absorption spectrum for 2-pyridone, shown in Figure 71, at 1 x 10-4 mol·dm-3 in water, with 

the molar absorption coefficient at the relevant wavelengths is shown in Table 25. The UV/Vis 

absorption spectrum for both the isomer and dimer products showed no absorption in the relevant 

region, which was expected due to the loss of aromaticity.322  

 

Figure 71 - The UV/Vis spectrum of 2-pyridone at 1 x 10-4 mol·dm-3 in acetonitrile, with 222, 282 and 308 nm wavelengths 
highlighted as they are relevant to the excimer lamps used for this work. 

Table 25 - The decadic molar absorption coefficients for 2-pyridone at 222, 282 and 308 nm, with these values used within 
the reactor model to understand the absorption of light.  

Wavelength (nm) 222 282 308 

Molar Absorption 
Coefficient of 

2-pyridone 
(mol dm-3 cm-1) 

7109 4700 4093 
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Experimental results 

The photoreaction of 2-pyridone to form the photoisomer and photodimer was carried out at three 

different concentrations within the Excimer flow reactors. At each concentration, 5 different flowrates 

were used for the different wavelengths. The yields of the isomer, dimer and recovery of the starting 

material were calculated using 1H Nuclear Magnetic Resonance (NMR) with external standard, with 

the results and conditions shown in Table 26. The experiments used for the estimation are shown in 

black, with the experiments used for the internal validation shown in red. The experiments chosen for 

the validation were outside of the experimental space of those used in the estimation, to highlight the 

model’s robustness and predictive capabilities.  
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Table 26 - The experimental results for the 2-pyridone experiments for the Excimer flow reactors at 308 and 282 nm at a 
range of flowrates and concentrations. The yields were calculated by 1H NMR using an internal standard. 

Concentration 
(mol·dm-3) 

Flow Rate 
(cm3min-1) 

Photoproduct 
yield (%) 

Dimer 
Yield (%) 

SM 
recovered 

(%) 

Mass 
balance 

(%) 
  

308 nm 

0.01 

0.2 61 11 17 89 

0.67 28 7 52 87 

0.8 26 7 58 90 

1 22 5 63 90 

1.5 16 4 70 91 

2 13 3 74 91 

0.02 

0.2 44 9 29 82 

0.67 18 8 62 88 

0.8 16 7 65 88 

1 14 6 69 89 

1.5 10 5 75 90 

2 8 4 79 91 

0.03 

0.2 32 15 36 84 

0.67 13 11 64 87 

0.8 12 10 67 88 

1 10 6 71 87 

1.5 8 5 81 93 

2 6 4 83 93 
 

 

282 nm 

0.01 

0.2 65 10 12 87 

0.67 35 8 48 91 

0.8 30 7 54 91 

1 26 6 59 91 

1.5 20 5 67 92 

2 16 4 72 92 

0.02 

0.2 54 19 20 93 

0.67 23 10 57 90 

0.8 21 9 61 91 

1 15 7 68 90 

1.5 11 5 73 89 

2 9 4 77 90 

0.03 

0.2 39 19 28 90 

0.67 16 11 60 87 

0.8 14 10 62 86 

1 12 8 67 87 

1.5 9 6 74 89 

2 7 5 77 89 
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Aillet method for quantum yield estimation of 2-pyridone 

The calculated ‘Aillet value’, shown in red in the previously defined Equation 23, was plotted against 

the residence time, with the gradient of this graph is equal to 𝛷
𝐼𝑊,𝑝ℎ𝑜𝑡𝑜𝑛

∆𝑐
. The gradient can be used to 

calculate the quantum yield as the photon irradiance,  𝐼𝑊,𝑝ℎ𝑜𝑡𝑜𝑛 is known. 

𝐶𝐴0 (𝑋 + 
1

𝐵0
 𝑙𝑛 [

1 − 𝑒−𝐵0

1 − 𝑒−𝐵0(1−𝑋)
]) = 𝛷

𝐼𝑊,𝑝ℎ𝑜𝑡𝑜𝑛

∆𝑐
𝑡 (23) 

For both wavelengths the results from the 0.2 ml·min-1 experiments were ignored as the residence 

time (410 s) were much greater than the others and skewed the data as the conversion reached a 

limit. 

Aillet method at 308 nm 

The graph of the calculated ‘Aillet value’ for the experiments at 308 nm plotted against residence time 

is shown in Figure 72. The slope of the graph for 308 nm, 𝛷
𝐼𝑊,𝑝ℎ𝑜𝑡𝑜𝑛

∆𝑐
, is equal to 5.59 x 10-5 mol·dm-3·s-1, 

which, with the lamp manufacturer’s specification, gave a quantum yield of 0.54 %. If the literature 

value of the quantum yield of 2.60 % is fixed, the lamp power was equal to 21 % of the lamp 

manufacturer’s specification.321 It should be noted that the 21 % was also the value calculated with 

the initial actinometry tests at 308 nm completed in the group previously.318 
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Figure 72 - The calculated Aillet value plotted against residence time for 2-pyridone at 308 nm. The gradient and intercept 
used in the calculation of the Aillet value were 5.59 x10-5 mol·dm-3·s-1 and 7.45 x 10-4 mol·dm-3, respectively. 

Aillet method at 282 nm 

The graph of the calculated ‘Aillet value’ for the experiments at 282 nm plotted against residence time 

is shown in Figure 73. The slope of the graph for 282 nm, 𝛷
𝐼𝑊,𝑝ℎ𝑜𝑡𝑜𝑛

∆𝑐
, is equal to 6.15 x 10-5 mol·dm-3·s-1 

which, with the lamp manufacturer’s specification, gave a quantum yield of 0.88 %. If the literature 

value of the quantum yield of 2.60 % is fixed, the lamp power was equal to 36 % of the lamp 

manufacturer’s specification.321  
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Figure 73 - The calculated Aillet value plotted against residence time for 2-pyridone at 282 nm. The gradient and intercept 
used in the calculation of the Aillet value were 6.15 x10-5 mol·dm-3s-1 and 9.36 x 10-4 mol·dm-3, respectively. 

For the Aillet method the value of the quantum yield was largely dependent on the lamp power used 

in the calculation, which was to be expected. A comparison with the parameter estimation method of 

the quantum yield for the photoreaction of 2-pyridone is shown below using both the lamp 

manufacturers specified lamp power and the lamp power calculated using the Aillet method to match 

the literature quantum yield.321 

Parameter estimation strategy 

The estimation of the quantum yield of the photoreaction of 2-pyridone used the experimental results 

shown in black in Table 26. Initially the quantum yields were estimated using the experimental yields 

for the product yields and starting material recovery, at both the manufacturer’s quoted lamp power 

and the lamp power predicted by Aillet’s method to match the literature value.321 After the initial 

estimation is estimated using the original experimental data, further estimations were carried out 

where the inputted data were processed in order to improve the accuracy of the prediction.  

For the estimations outlined below, just the results predicted in the validation of the model are shown, 

as the results used in the estimation are expected to be close to the experimental values. A more in-
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depth comparison of the values used for the estimation and validation is shown later, to highlight the 

similarities in results between the two lamp powers.  

gPROMS Parameter estimation at 308 nm 

Using initial experimental data (308 nm) 

The original experimental data was used in the initial estimation of the quantum yields. The standard 

deviation of the sensors for each component was initially assumed to be 5 %, as per expectations for 

1H NMR yields with internal standards. However, the initial estimations failed to converge and hence 

the uncertainty of the sensor was unknown and had to be estimated. The predicted experimental 

values for each lamp power are shown in Figure 74, while the respective estimated quantum yields 

are shown in Table 27 with the standard deviation (SD) shown in brackets. 

Table 27 - The estimated quantum yields for both the isomerisation and dimerisation of 2-pyridone at 308 nm using all of 
the experimental data with the manufacturers lamp power specification and the power predicted as per Aillet's method. 

Lamp Power φisom (% ±SD) φdim (% ±SD) Correlation RMSE of value (%) 

100% 0.339 (±0.024) 0.040 (±0.005) 0.219 8.69 

21% 1.615 (±0.116) 0.189 (±0.026) 0.219 8.69 

 

 

Figure 74 - The predicted model results using the estimated parameters using the raw experimental data for the 
isomerisation of 2-pyridone at 308 nm. With (a) the manufacturers specification and (b) 21% of the manufacturers 
specification as estimated by Aillet's calculations. 

The most obvious issue with this prediction was the lack of fit for the starting material recovery in the 

estimations using the original experimental data, shown in Figure 74, which meant that the predictions 
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made by the model were not validated. This was not unexpected as the experimental mass balance 

showed a consistent loss of ca. 10 %, which was not considered in the kinetic model for this estimation. 

It was observed that if the recovery of the starting material is ignored in the calculation of the Root 

Mean Squared Error (RMSE), the value is reduced 3.28 %, suggesting the model could better predict 

the experimental results of the photoproduct and dimer.  

Experimental data without the recovery of starting material (308 nm)  

As the previous estimation suggested the model could predict the experimental results of the 

photoproduct and dimer well, the recovery of the starting material was ignored in the next estimation. 

A fixed standard deviation of 5 % was used for both sensors in this estimation as the previous 

estimations had suggested values around ca. 3.5 % for the estimation, which meant some of the 

validated results were outside of this range. A standard deviation of 5 % is also widely accepted for 

experimental values calculated by 1H NMR with an internal standard. The predicted experimental 

values for each lamp power are shown in Figure 75, while the respective estimated quantum yields 

are shown in Table 28. 

Table 28 - The estimated quantum yields for both the isomerisation and dimerisation of 2-pyridone at 308 nm using the 
experimental data for the photoproduct and dimer, without the starting material recover, for the manufacturers lamp 
power specification and the power predicted as per Aillet's method. 

Lamp Power φisom (% ±SD) φdim (% ±SD) Correlation RMSE of value (%) 

100 % 0.321 (±0.023) 0.038 (±0.009) 0.299 3.81 

21 % 1.527 (±0.110) 0.181 (±0.043) 0.300 3.81 
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Figure 75 - The predicted model results using the estimated parameters from the experimental data for the photoproduct 
and dimer for the isomerisation of 2-pyridone at 308 nm without the starting material recovery. With (a) the 
manufacturers specification and (b) 21 % of the manufacturer’s specification 

The results for this estimation did not show an obvious error and improved the RMSE compared to 

the previous estimation. This inconsistent result was for the slowest flowrate, 0.2 ml·min-1, and can 

be seen ca. 32 % in Figure 75.  

Normalised experimental data (308 nm) 

As mentioned with the initial estimation, the loss in mass balance was not previously considered. The 

experimental data used for the estimation were normalised using the mass balance of each reaction, 

as shown in Equation 96, with the quantum yield then estimated using the normalised data. 

𝑌𝑖𝑒𝑙𝑑𝑛𝑜𝑟𝑚
𝐴 =

𝑌𝑖𝑒𝑙𝑑𝐴

𝑀𝑎𝑠𝑠 𝑏𝑎𝑙𝑎𝑛𝑐𝑒
(96) 

The experimental values were predicted for the experiments used in the validation. As these predicted 

values were normalised, the data was ‘un-normalised’ using the average mass balance of the 

experiments used in the estimation. The results for this normalisation process are shown in Figure 

76 (a) and (b) for 100 % and 30 % lamp power, respectively. Again, a standard deviation for the 

normalised sensors was 5 %, which was slightly reduced when un-normalised. 
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Table 29 - The estimated quantum yields for both the isomerisation and dimerisation of 2-pyridone at 308 nm using the 
normalised experimental data with the manufacturers lamp power specification and the power predicted as per Aillet's 
method. 

Lamp Power φisom (% ±SD) φdim (% ±SD) Correlation RMSE of value (%) 

100 % 0.399 (±0.019) 0.047 (±0.008) -0.147 3.76 

21 % 1.902 (±0.091) 0.226 (±0.037) -0.146 3.76 

 

 

Figure 76 - The predicted model results using the estimated parameters from the normalised experimental data for the 
photoproduct and dimer for the isomerisation of 2-pyridone at 308 nm. With (a) the manufacturers specification and (b) 
21 % of the manufacturer’s specification. 

The normalisation process produced the best prediction for all of the experimental data used, but also 

involved the most data processing outside of the parameter estimation, which shows the balance that 

needs to be made between data processing and experimental values.  

Parameter estimation at 282 nm 

For the estimations carried out at 282 nm, the same estimations were carried out as those with 308 

nm. The reduced lamp power was 36 % of the manufacturer’s specification as calculated using Aillet’s 

method. For consistency, the same process was followed for the results at 282 nm, with a more 

simplified description of each result given as the results were similar to the results at 308 nm. 

Using initial experimental data (282 nm) 

Similarly to the estimation using the original experimental results at 308 nm, the predicted values at 

282 nm also showed a large uncertainty for the recovery of the starting material. A comparison 
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between the experimental results and predicted results for the original experimental results at 282 nm 

is shown in Figure 77, with the respective estimated quantum yields shown in Table 30. 

Table 30 - The estimated quantum yields for both the isomerisation and dimerisation of 2-pyridone at 282 nm using the 
raw experimental data with the manufacturers lamp power specification and the power predicted as per Aillet's method. 

Lamp Power φisom (% ±SD) φdim (% ±SD) Correlation RMSE of value (%) 

100 % 0.624 (±0.039) 0.097 (±0.031) -0.0127 7.46 

36 % 1.732 (±0.109) 0.269 (±0.087) -0.00867 7.46 

 

 

Figure 77 - The predicted model results using the estimated parameters from the raw experimental data for the 
isomerisation of 2-pyridone at 282 nm. With (a) the manufacturers specification and (b) 36 % of the manufacturer’s 
specification 

Experimental data without the starting material (282 nm)  

Similarly to the results at 308 nm the results were predicted well, with an outlier for the slower 

flowrate of 0.2 ml·min-1. A comparison between the experimental results and predicted results for the 

estimation ignoring the starting material recovery at 282 nm is shown in Figure 78, with the respective 

estimated quantum yields shown in Table 31. 

Table 31 - The estimated quantum yields for both the isomerisation and dimerisation of 2-pyridone at 308 nm using the 
experimental data for the photoproduct and dimer without the starting material recovery, for the manufacturers lamp 
power specification and the power predicted as per Aillet's method. 

Lamp Power φisom (% ±SD) φdim (% ±SD) Correlation RMSE of value (%) 

100 % 0.585 (±0.040) 0.082 (±0.014) 0.382 4.04 

36 % 1.624 (±0.080) 0.227 (±0.040) 0.381 4.04 
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Figure 78 - The predicted model results using the estimated parameters from the experimental data for the photoproduct 
and dimer for the isomerisation of 2-pyridone at 282 nm without the starting material recovery. With (a) using the 
manufacturers specification and (b) 21 % of the manufacturer’s specification  

Normalised experimental data (282 nm) 

The estimation for the normalised results at 282 nm showed the best predictive performance, which 

matches those observed with the results at 308 nm. The predicted results are shown in Figure 79, with 

the estimated parameters shown in Table 32. Again, there was an outlier at 0.2 ml·min-1 which 

overestimated the yield of the photoproduct.  

Table 32 - The estimated quantum yields for both the isomerisation and dimerisation of 2-pyridone at 282 nm using the 
normalised experimental data with the manufacturers lamp power specification and the power predicted as per Aillet's 
method. 

Lamp Power φisom (% ±SD) φdim (% ±SD) Correlation RMSE of value (%) 

100 % 0.696 (±0.032) 0.095 (±0.012) -0.073 4.34 

36% 1.375 (±0.063) 0.187 (±0.024) -0.073 4.34 
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Figure 79 - The predicted model results using the estimated parameters from the experimental data for the photoproduct 
and dimer for the isomerisation of 2-pyridone at 282 nm. With (a) the manufacturers specification and (b) 36 % of the 
manufacturer’s specification. 

Summary of parameter estimations for photoreaction of 2-pyridone 

The similarities between the predictions at different lamp powers showed that the predicted quantum 

yield values largely relied on the lamp power used in the calculations. The value of the quantum yield 

for the reduced power estimation was almost identical to the equivalent percentage of the quantum 

yield of the full power estimation, which can be seen in Table 33. The combined quantum yield of 2.13 

% for the normalised reaction at 308 nm is similar to the 2.60 % quoted in literature.321  

Table 33 - A comparison of the estimated quantum yields at both 308 and 282 nm for the different techniques used to 
treat the data, with the manufacturer's lamp power specification and the value predicted by Aillet's method. 

Wavelength 
(nm) 

Data set Lamp Power φisom (% ±SD) φdim (% ±SD) 
RMSE of 
value (%) 

308 

Original 
data 

100 0.339 (±0.024) 0.040 (±0.005) 8.69 

21 1.615 (±0.116) 0.189 (±0.026) 8.69 

No SM 
sensor 

100 0.321 (±0.023) 0.038 (±0.009) 3.81 

21 1.527 (±0.110) 0.181 (±0.043) 3.81 

Normalised 
100 0.399 (±0.019) 0.047 (±0.008) 3.76 

21 1.902 (±0.091) 0.226 (±0.037) 3.76 

282 

Original 
data 

100 0.624 (±0.039) 0.097 (±0.031) 7.46 

36 1.732 (±0.109) 0.269 (±0.087) 7.46 

No SM 
sensor 

100 0.585 (±0.040) 0.082 (±0.014) 4.04 

36 1.624 (±0.080) 0.227 (±0.040) 4.04 

Normalised 
100 0.696 (±0.032) 0.095 (±0.012) 4.34 

36 1.375 (±0.063) 0.187 (±0.024) 4.34 
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For a comparison between both methods a combination of the quantum yields estimated using MLE 

is required because Aillet’s method uses the total conversion to calculate the quantum yield. A simple 

addition of the two quantum yields for the isomerisation and dimerization reactions was carried out. 

For both wavelengths the best match between the quantum yields estimated using MLE and Aillet’s 

method were with the normalised method, a comparison at both wavelengths is shown in Table 34. 

Although the results were not identical, they were considered sufficiently similar, considering the 

different assumptions made within the two models.  

Table 34 - A comparison between both the Aillet and MLE method for estimating quantum yields. The red entries show 
that these values were fixed so that the lamp power could be estimated.  

  Estimated combined quantum yield (% ±SD) 

Wavelength Lamp power Aillet method MLE method 

308 
100 % 0.54 (±0.01) 0.45 (±0.02) 

21 % 2.60 (±0.05) 2.13 (±0.10) 

282 
100 % 0.88 (±0.02) 0.79 (±0.03) 

36 % 2.60 (±0.05) 2.19 (±0.09) 
 

The formation of the dimer product also had a concentration effect which was not considered within 

the model and would have added uncertainty to the estimated values. This concentration effect of 

the formation of the dimer can be seen in Figure 80, where the ratio of the product formation to the 

dimer formation shows a significant step effect with each concentration. 
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Figure 80 - The ratio of the photoproduct to the dimer at three different starting concentrations, showing the dependence 
of the dimer formation on concentration. 

The above results demonstrated the possibility of using the gPROMS model for both predicting 

reaction performance and, assuming an accurate lamp power can be used, quantum yield estimation. 

In subsequent calculations the manufacturer’s specification was used as the aim of the process model 

development was to be used for performance prediction, rather than quantum yield estimation. Also, 

as there are a number of Excimer lamps available within the laboratory and quantum yields vary with 

both wavelength and reaction, there was not a consistent way to compare relative efficiencies. 

Previous attempts at actinometry had also shown high uncertainty and a potential safety issue due to 

high flowrates, and hence back-pressure, associated with the glass excimer reactors.318  

4.7.2. Photodecarboxylative cyclisation of potassium 

N-phthalimidobutanoate 

The experiments and measurements for the photodecarboxylative cyclisation of potassium 

N-phthalimidobutanoate were carried out by colleague Dr. Erica DeLaney and have been published.186  

The photodecarboxylative cyclisation of pthalimides has been widely studied due to its importance in 

synthetic organic chemistry.323–328 These reactions can be either inter or intra-molecular reactions to 

efficiently form products with benign CO2 being the only waste product. Another benefit of these 
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reactions is that they can be carried out in aqueous mixtures with organic solvents such as acetone or 

acetonitrile.  

For intramolecular versions of this reaction the decarboxylation only occurs at the α-position when 

carboxylic acids are used. However, by producing the potassium salts of the carboxylic acids the 

carboxylic groups can be ‘activated’ such that they will react to form intramolecular ring systems, as 

shown in Scheme 5.329–331  

Scheme 5 - The overall reaction scheme of the photodecarboxylative cyclisation of potassium N-phthalimidobutanoate to 
form the tricyclic compound. 

 

The photodecarboxylative cyclisation of the potassium salt of potassium N-phthalimidobutanoate to 

form the tricyclic compound, as shown in Scheme 5, was carried out in the Excimer flow reactors. The 

lamps used for this flow reaction were 222, 282 and 308 nm; at each wavelength eight different 

experiments were carried out with two different concentrations and four different flowrates. 

 

 

 

 

 

 

Potassium N-phthalimidobutanoate Tricyclic compound 
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Experimental results  

The experimental results for the photodecarboxylative cyclisation for the are shown in Table 35, with 

the values used in the estimation shown in black and those used in the model validation shown in red. 

Table 35 - The experimental values for the photodecarboxylative cyclisation, with the values shown in red indicating those 
used in the estimation and those in black indicating those used in the validation. 

Wavelength (nm) 

Concentration of 
potassium 

N-phthalimidobutanoate 
(mol·dm-3) 

Flow rate (ml·min-1) Yield of product (%) 

308 

0.1 0.2 89 
0.1 0.5 78 
0.1 1 50 
0.1 1.5 26 
0.2 0.2 96 

0.2 0.5 53 
0.2 1 32 
0.2 1.5 22 

282 

0.1 0.2 82 
0.1 0.5 74 
0.1 1 61 
0.1 1.5 35 
0.2 0.2 77 
0.2 0.5 63 
0.2 1 39 
0.2 1.5 26 

222 

0.1 0.2 83 
0.1 0.5 54 
0.1 1 34 
0.1 1.5 22 
0.2 0.2 22 
0.2 0.5 19 
0.2 1 17 
0.2 1.5 11 

 

Model input 

The photoreaction was assumed to be a single step for this model, with potassium N-

phthalimidobutanoate transformed into the tricylcic product, with the rate depending on the 

absorption of light and quantum yield. The density and viscosity of the solvent were assumed to be 

the same as standard conditions as the reactor was not heated or under significant pressure.  
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The UV/Vis spectrum for the potassium N-phthalimidobutanoate starting material and tricylic product 

is shown in Figure 81 (a) and (b), with the corresponding decadic absorption coefficients shown in 

Table 36; for this reaction, the product was also found to absorb light. 

 

Figure 81 – The UV/Vis absorption spectra for (a) potassium N-phthalimidobutanoate starting material in 1:1 
acetonitrile:water mixture, with a concentration of 1 x 10-5 mol·dm-3 shown in red and 2.9 x 10-4 mol·dm-3 shown in blue 
and (b) the cyclised product also absorbed light at some wavelengths, with the spectra taken at 5 x 10-5 mol·dm-3 shown 
in green. All spectra taken by Dr. Erica Delaney with a 1 cm pathlength and reported in literature.186 

Table 36 - The molar decadic extinction coefficients for the pthalimide starting material and tricyclic product. 

 Molar decadic extinction coefficient (dm3mol-1cm-1) 

Compound 308 nm 282 nm 222 nm 
Potassium 

N-phthalimidobutanoate 
1370 1180 53000 

Tricyclic product 100 1000 7400 
 

(a) 

(b) 
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Photodecarboxylative cyclisation at 308 nm  

At 308 nm, potassium N-phthalimidobutanoate was the only species found to absorb light and hence 

the reaction could be considered similar to the isomerisation of 2-pyridone. Both the predicted values 

used in the estimation and the validation of the model are shown in Figure 82. The estimated quantum 

yield for the reaction for the reaction at 308 nm was 5.65 ± 0.6 %, with an RMSE for the predicted 

values of 6.26 %. As shown in Figure 82, both the experiments used for the estimation and validation 

showed good agreement across a wide range of experimental values. The quantum yield, as calculated 

using Aillet’s method was 5.24 ±0.76 %, showing good agreement with the MLE method (See Appendix 

II for the calculations).  

 

Figure 82 - The predicted values for the photodecarboxylative cyclisation at 308 nm, with the values used in the estimation 
shown with an increased transparency with the values used in the validation shown in full colour. The error bars are one 
standard deviation (7.5 %) each way. 

Photodecarboxylative cyclisation at 282 nm  

At 282 nm the tricyclic product was also found to absorb light and hence there was a competitive 

feature between the two products for the light. Both the predicted values used in the estimation and 

the validation of the model are shown in Figure 83. The estimated quantum yield for the reaction at 

282 nm was 13.3 ± 1.7 %, with an RMSE for the predicted values of 8.11 %. 
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The quantum yield, as calculated using Aillet’s method was 9.30 ±3.69 %, showing a considerable 

divergence with the MLE method (See Appendix II for the calculations). This divergence between the 

methods was expected as the assumptions of Aillet’s method were no longer valid due to the 

competing absorption between species. 

 

Figure 83 - The predicted values for the photodecarboxylative cyclisation at 282 nm, with the values used in the estimation 
shown with an increased transparency with the values used in the validation shown in full colour. The error bars are one 
standard deviation (7.5 %) each way. 

Photodecarboxylative cyclisation at 222 nm  

Similarly to the reaction at 282 nm, there is a competitive feature for the absorption of light between 

the two compounds at 222 nm. However, at 222 nm, both the starting material and products are more 

strongly absorbing than at 282 and 308 nm. For the Aillet method, the highly absorbing species meant 

the calculated values tend towards 𝐶𝐴,0(1 –𝑋) and hence little information can be gleaned from the 

method. However, with the computational model the highly absorbing medium along with the 

competing absorption can be considered. Both the predicted values used in the estimation and the 

validation of the model are shown in Figure 84. The estimated quantum yield for the reaction at 

222 nm was 13.6 ± 1.6 %, which is congruent with the value estimated at 282 nm. Although the 

quantum yield was similar to that at 282 nm, the RMSE for the predicted values was 9.72 %, which 
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was greater than the uncertainty of the sensor. This increased RMSE was largely due to the experiment 

carried out with 0.2 mol·dm-3 of the starting material at 0.2 ml·min-1, which the model predicted to 

give a yield ca. 60% yield.  

The quantum yield, as calculated using Aillet’s method was 6.28 ±1.81 %, showing a considerable 

divergence with the MLE method (See Appendix II for the calculations). Again, this divergence 

between methods was expected as the competing absorption between species, and considerably high 

absorption of a species, meant Aillet’s assumptions were no longer valid due. 

 

Figure 84 - The predicted values for the photodecarboxylative cyclisation at 222 nm, with the values used in the estimation 
shown with an increased transparency with the values used in the validation shown in full colour. The error bars are one 
standard deviation (7.5%) each way. There seemed to be an anomalous data point ca. 20 % for the experimental value 
which is discussed below.  

Comparison of all wavelengths  

When the Aillet method is valid, with a single absorbing species, both methods showed good 

agreement. However, as can be seen in Table 37, when the Aillet method becomes invalid the 

estimated quantum yields diverge, the Aillet calculations can be found in Appendix II. The gPROMS 

method was considered more valid as the competing absorption of species was accounted for along 

with the highly absorbing values at 222 nm, whereas the Aillet method becomes invalidated with 

multiple absorbing species.156 The standard error of Aillet’s method was calculated from the error of 
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the gradient calculation and the gPROMS MLE method calculated the standard deviation. For 308 nm 

both show similar values when the Aillet method is valid but diverge when Aillet’s method is invalid. 

Table 37 - A comparison of the estimated quantum yields at 222, 282 and 308 nm, where the manufacturer's lamp power 
specification was used, showing good agreement when Aillet’s method was valid and a difference when Aillet’s method 
becomes invalidated as per the assumptions used. 

 Quantum yield (%)  

Wavelength (nm) gPROMS method (±SD) 
Aillet method 

(±std. er.) 
Aillet method 

valid 

308 5.65 (±0.6) 5.24 (±0.76) Yes 

282 13.3 (±1.7) 9.30 (±3.69) No 

222 13.6 (±1.6) 6.28 (±1.81) No 

 

When all the predicted results are plotted together, as shown in Error! Reference source not found., 

it shows that the method is generally robust across all of the wavelengths. However, there were two 

issues with the initial model; an overestimation of products at high yields and the anomalous result of 

0.2 mol·dm-3 at 0.2 ml·min-1 for the 222 nm Excimer flow lamp.  

 

Figure 85 - A comparison of the predicted values for the product yield and the experimental values at 222, 282 and 308 nm. 
The error bars are one standard deviation (5%) each way, while the red circle highlight possible anomalous results. 

Two possibilities were considered for the overestimation of higher yields; the accuracy of the analysis 

and the breakdown of the product, which the model did not consider or the deposition of a breakdown 
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product. Firstly, the model and sensors were accurate for the values < 90 % so this was considered 

unlikely. The breakdown of the product was thought to be possible as initial experiments in a batch 

system displayed a reduction in yield for long exposure times. To consider this, an alteration was made 

to the model, so the product could absorb light and react to form an unknown breakdown product. 

The results for this alteration to the model are shown in Figure 86, where for the higher yields the 

predicted values are closer to the experimental values. An improved RMSE for the yield, ignoring the 

anomalous result, of 5.11 % compared to 7.86 % for the single reaction highlights the improvement.  

 

Figure 86 - A comparison of the predicted values for the product yield and the experimental values at 222, 282 and 308 
nm, with the inclusion of a subsequent photodegradation step in the model, showing better agreement for at high yields. 
The error bars are one standard deviation (5%) each way, while the red circle shows an anomalous result. 

Unfortunately, the anomalous result for 0.2 mol·dm-3 at 0.2 ml·min-1 for the 222 nm Excimer flow lamp 

was still present. This result was initially thought to be due to a deposit of an unknown compound, 

likely to be the breakdown product, on the inside of the reactor which would have reduced the yield. 
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4.7.3. Reaction of Cookson’s dione 

The experiments and measurements for Cookson’s dione in the Excimer reactors were carried out by 

colleague Adam Lee. 

The formation of a cage compound from Cookson’s dione is a simple unimolecular reaction, where 

the cage-like compound is formed from the [2+2] cycloaddition of Cookson’s dione, as shown in 

Scheme 6.332 The reaction has been shown to perform efficiently at a range of different UV 

wavelengths, while not forming other products. It has also been used in a number of examples as a 

test case for reactor optimisation, both within the group at Nottingham and elsewhere.136,156,333 

Scheme 6 - The formation of the 'cage-like' compound from the [2+2] cycloaddition of Cookson's dione. 

 

Cookson’s dione in excimer flow reactor  

The Excimer flow lamp wavelength selected for the validation experiments was 282 nm as it showed 

the best overlap with the absorption of Cookson’s dione for the available Excimer lamps, shown in 

Figure 87. The UV/Vis absorption spectrum of Cookson’s dione is shown in Figure 87 highlighting the 

wide absorption profile of the compound in the UV range. 

The dashed lines at 254, 282 and 308 nm indicate the major emission lines of three relevant lamps 

discussed in this section; the absorption coefficients at these wavelengths are shown in Table 38.  

Cookson’s dione Cage-like compound 
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Figure 87 - The UV/vis spectrum of Cookson's dione reaction at 0.002 mol·dm-3 in acetonitrile. The wavelengths of 254, 
282 and 308 nm are highlighted as these are relevant for this work. 

Table 38 - The absorption coefficients of Cookson’s dione in acetonitrile at the major emission lines of three relevant 
lamps. The * indicates the lamps are for the Excimer flow reactor. 

Wavelength (nm) Absorption coefficient (dm3mol-1cm-1) 

254 472 
282* 246 
308* 110 

 

Experimental results for Cookson’s dione in Excimer flow reactor 

The concentration of the starting material was chosen as 0.25 M using five different flowrates, ranging 

from 0.1 ml·min-1 to 1 ml·min-1. The experiments’ yields and starting material recovery for the 282 nm 

Excimer flow reactor measured by GC analysis are shown in Table 39. Those experiments shown in red 

were used in the estimation of the quantum yield. 

The yields of the 0.25 ml·min-1 experiments were originally around 70 %, much lower than the 96 % 

shown below. However, once the results were analysed it was clear they were anomalous and were 

repeated. The 0.25 ml·min-1 experiments were last in the run and after inspection of the reactor, a 

thin discoloured layer could be seen on the inside of the reactor, as seen in Figure 88. This thin layer 

would have reduced the amount of light transmitted into the reactor and reduced the productivity.186 
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Table 39 - A summary of the experimental results for Cookson’s dione at 282 nm used in the parameter estimation, shown 
in red, and those used for the validation in black. Those marked with * indicate those that were repeated after 
examination of the results and reactor. 

Flowrate (ml·min-1) 
Cage-like product Yield 

(%) 
Starting material 

recovery (%) 
Mass balance (%) 

1 45% 54% 99% 

1 44% 54% 98% 

1 45% 54% 99% 

0.75 58% 42% 100% 

0.75 57% 41% 98% 

0.75 58% 41% 99% 

0.5 70% 27% 98% 

0.5 72% 28% 100% 

0.5 71% 28% 99% 

0.25 96% (69%*) 3.2% 99% 

0.25 96% (71%*) 1.7% 98% 

0.25 96% (69%*) 1.7% 98% 

0.1 96% 1.3% 97% 

0.1 96% 0.8% 97% 

0.1 98% 0.7% 99% 

 

These experiments were repeated, with the final values shown in Table 39, and validated using 

modelling, as shown below. 

Modelling Cookson’s dione in the Excimer flow reactor 

The model developed for the Excimer reactor consisted of a single reaction, with Cookson’s dione 

converting into the cage-like compound after the absorption of a photon. The rate of absorption of 

photons by Cookson’s dione was calculated using the manufacturer’s specification of lamp intensity 

Figure 88 - (a) A picture of the clean reactor and (b) a picture of the reactor after the final experiment showing 
discolouration - a sign of fouling. 
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at 282 nm, along with the absorption coefficient of Cookson’s dione at 282 nm. The quantum yield of 

the reaction at 282 nm is unknown, therefore it was estimated using experimental results. Assuming 

the manufacturer’s light intensity specification was accurate, the MLE-estimated quantum yield for 

this reaction was Φ282nm = 24.9 ± 0.5 %. 

For this case, Aillet’s assumptions were valid, with the Quantum yield predicted using Aillet’s method 

being Φ282nm = 22.7 ± 2.59 %, which agreed well with the MLE method (Please see Appendix II for more 

details). 

A comparison of the experimental and computational values for product yield and starting material 

yield is shown in Figure 89 (a,b), showing good agreement, with an RMSE of 2.02 % for the cage 

product and 1.55 % for the starting material recovery.  

The quantum yield, as estimated using this method, was not as high as expected for Cookson’s 

dione.156 The most likely reason for a lower quantum yield was that the current lamp output is below 

the manufacturer’s specifications.  
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Figure 89 - A comparison between the predicted and experimental values for (a) the cage product yield used in the 
estimation () and validation () and (b) starting material recovery used in the estimation () and validation (). The 
error bars shown are one standard deviation (2.5 %) each way. The experiments used in the validation show good 
agreement with predicted values.  

Excimer Reactor CFD and Process Model Comparison 

As the eventual aim was to compare the results of the Process model and CFD model of the Vortex 

reactor with experimental values, a comparison of the models for the excimer flow reactors is 

presented for consistency. These values are taken at equilibrium (3000 s), with the yield of the cage-

like compound along the axial dimension shown in Figure 90, with minimal differences between the 

two models. 
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Figure 90 - Comparison of the predicted yield of 8 along the axial dimension of the Excimer flow reactor, showing minimal 
difference between the two computational methods. 

To investigate other possible differences between the two models, the light intensity and 

concentration of the cage-like compound, across the radial direction, is shown in Figure 91 (a) and (b).  

The light intensity shows minimal difference between the two methods. The concentration of the 

cage-like compound across the radial dimension shows a small deviation between the two methods. 

However, the difference between the two concentrations is less than 1% across all values.  
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Figure 91 - (a) The intensity (x10-8) of light across the radial direction and (b) the concentration of the cage-like compound 
across the radial dimension at 12 cm. The intensity shows negligible difference between the two, while the concentration 
of the product shows a small difference between the two models which is <1% of the value, which was also considered 
negligible. 

The comparisons between the gPROMS process model and the CFD models show good agreement 

with experimental results, this will be used to assist the development of the Vortex reactor. 
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4.8. Use of photosensitisers 

Photosensitisers are generally used in photochemical reactions for two reasons: to increase the 

number of photons absorbed or for transferring energy to a species that does not absorb photons at 

the relevant wavelengths. For example, photosensitisers have been used to produce triplet oxygen, 

which has been used within the group as a step to produce the anti-malarial drug artemisinin. 130,131,135 

4.8.1. Photosensitisers in kinetic schemes 

The introduction of a photosensitiser into a kinetic scheme adds an initial step such that the 

absorption of light by the photosensitiser starts a reaction. This additional step is shown in Scheme 7, 

where PS denotes the photosensitiser and A, B, C, and D are typical reagents with * denoting excited 

states.  

Scheme 7 - An idealised reaction scheme of typical reagents A, B, C and D using a photosensitiser (PS) where * indicates 
an excited state. 

 

The estimations discussed below showed highly correlated factors likely due to the relative difference 

in timescales of photoreactions compared to the solvers. Considering this difference in timescales, a 

Bodenstein-like assumption was used for the photosensitiser’s excited state.151,334 The concentration 

of the photosensitiser excited state was assumed to be constant, relative to the amount of light it 

absorbs. This separated the reaction scheme into steps of combined reactions, where Scheme 7 would 

be simplified into Scheme 8 using φ’. This is defined as the ‘quantum kinetic parameter’ within this 

work, as described below.  
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Scheme 8 - Simplified scheme of the use of photosensitisers with combined reactions of Scheme 7, with the Bodenstein-
like assumption used to simplify the reaction scheme. 

 

The first stage of the reaction was therefore combined such that the overall rate of the initial reaction 

was dependent on the absorption of light by the photosensitiser (𝐿𝑉𝑅𝑃𝐴𝑃𝑆) and the limiting starting 

material. The limiting starting material, denoted by A in Scheme 7, is excited by the quasi-steady state 

photosensitiser. The rate of two reactions in Scheme 8 is therefore calculated as shown in Equation 97. 

𝑅𝑎𝑡𝑒1 = Φ1
′ 𝐿𝑉𝑅𝑃𝐴𝑃𝑆[𝐴]  ;     𝑅𝑎𝑡𝑒2 = Φ2

′ 𝐿𝑉𝑅𝑃𝐴𝑃𝑆[𝐴][𝐶] (97) 

The quantum kinetic parameters for the reactions are different to the quantum yields used previously 

as the combination of the reactions combined kinetic effects from multiple reactions into a single 

parameter. Due to this difference, the quantum yields were named ‘quantum kinetic parameters’ and 

denoted with a ‘. For example, the units of the quantum kinetic parameters Φ1
′  and Φ2

′ , shown in 

Scheme 8, are dm3·mol-1 and dm6·mol-2, respectively. This assumption is explored in the following 

section using an example, as well as being further discussed in Appendix II. 

As the photosensitiser was not consumed with the reaction, the attenuation of light into the reactor 

was constant and hence mixing became essential. For the excimer flow model, this was not a large 

issue due to the microchannel, however became more obvious with larger gaps such as with the 

excimer batch reactors. 

4.8.2. Cis-/trans-cyclooctene with photosensitiser 

The experiments and measurements for the isomerisation of cis-/trans-cyclooctene were carried out 

by colleague Adam Lee. 

Cyclo-octene is the first shortest cyclic alkene that is able to isomerise to form the trans- isomer of 

itself, as shown in Scheme 9. Trans-octene have become an interesting target for synthetic chemists 

Φ1
′  Φ2

′  
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due to its inherent high reactivity.335,336 A number of methods have been investigated to produce 

trans-octene; including both thermal and photochemical steps.337–339  

Scheme 9 - A scheme to show the photoisomerisation of cis-octene to form trans-octene, without a photosensitiser. It 
should be noted that a photosensitiser can also be used to promote this reaction. 

 

The photoreaction of the cis- isomer can be initiated by either direct absorption or via a 

photosensitised mechanism. The photosensitised mechanism is known to form an equilibrium, this 

limits the yield of trans-octene to ca. 20 %.340,341 The direct isomerisation method has been shown to 

produce a yield of ca. 50 % however has only been carried out on a small batch scale.342–344 The direct 

photoisomerization method is also limited by the possible lamps used as the absorption band of cis-

octene is observed < 210 nm. 47 

The isomerisation of cis-octene was carried out using both the excimer flow reactors and the excimer 

batch reactors with the use of methyl benzoate as a photosensitiser. The absorption spectrum of 

methyl benzoate is shown in Figure 92, with the decadic molar absorption coefficients shown in  

Table 40. 

 



206 
 

 

Figure 92 - The UV/Vis absorption spectrum of methyl benzoate photosensitiser at two different concentrations in 
acetonitrile, with the spectra at 4.88 x 10-4 mol·dm-3 shown in red and 7.12 x 10-4 mol·dm-3 shown in black. 

Table 40 - The decadic molar absorption coefficient of the photosensitiser, methyl benzoate, at 222 and 253 nm 

Wavelength (nm) Methyl benzoate decadic absorption coefficient (±std. er., 
dm3·mol-1·cm-1) 

222 550 
253 510 

 

Initial tests 

As the photosensitised mechanism was known to create an equilibrium between the two isomers, 

limited at ca. 20 %, the mechanism in Scheme 10 was proposed. This reaction scheme allows both 

isomers to interconvert via reaction with the excited state of the photosensitiser (PS*).  

Scheme 10 - The initially proposed mechanism for the photosensitised isomerisation of cis-octene, where PS represents 
the photosensitiser and * indicates an excited state. The numbers represent the different reaction steps. 

 

The initial reaction was assumed to be a photochemical reaction, with all subsequent reactions 

considered to be thermal reactions. As the temperature in the model was assumed to be constant, 

just the kinetic parameters for the reaction were estimated rather than the pre-exponential factor 
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and activation energy. The estimated values from this initial estimation are shown in Table 41. As 

mentioned in the introduction, the standard deviations and the correlation of each factor were unable 

to be calculated as it was assumed the variance-covariance matrix was singular due to the highly 

correlated factors. 

Table 41 - The estimated kinetic parameters for the initially proposed mechanism for the photosensitised isomerisation 
of cis-octene. The standard deviations could not be calculated as the covariance-variance matrix was singular as the 
parameters were highly correlated. 

Photoreaction Quantum yield 

6 1 
Thermal reaction Kinetic parameter (units indicated) 

7 263000 dm3·mol-1·s-1 
8 177000 dm3·mol-1·s-1 
9 2240 s-1 

10 381 s-1 
11 6120 s-1 
12 230 s-1 

 

The highly correlated parameters for this reaction meant that no reliable conclusions could be drawn 

from the estimated values. In light of the issue regarding highly correlated parameters, the new model 

was proposed to overcome this issue.   

Updated model 

As the timescales of the photoreactions and excited states were considered much shorter than the 

process model’s typical timescale, the multiple steps shown in Scheme 10 were combined into the 

proposed model shown in Scheme 11. The combined reactions were hoped to reduce the correlations 

between parameters without losing the predictive capabilities.  

Scheme 11 - The simplified model for the photosensitised isomerisation of cis-octene, with the combined step of the 
photosensitiser absorbing a photon and reacting 

 

Previous models and estimations had used the excimer flow models for both the estimation and 

validation of models. The experiments used for quantum kinetic parameter estimation of the 

photosensitised isomerisation of cis-octene were carried out in the batch excimer reactor. The yields 
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were calculated at different time points by taking small volumes for analysis. The excimer lamp chosen 

was the 253 nm Batch Excimer lamp with an output power of 17.3 W·m-2, as per manufacturers 

specifications. The mixing of the batch reactor needed to be investigated as the efficiency of the mixer 

was unknown.  

Mixing effect in batch excimer reactor 

The excimer batch reactor had a considerably larger irradiated volume, ca. 120 cm3, compared to the 

excimer flow reactor. This larger volume and path length meant the mixing will have a much more 

pronounced effect compared to the excimer flow where minimal mixing occurs. The excimer batch 

reactor is designed such that a stirrer can ensure mixing of the reagents. For the model, this offered a 

challenge as the amount of mixing would be hard to quantify without considerable further research. 

Instead of further work investigating the extent of mixing, the overall effect of mixing was investigated 

in the model.  

As has been suggested within the model development section, the effect of mixing can be mimicked 

through the use of a dispersion coefficient. Initial tests showed that changing the dispersion value 

affected the yields of both products. As the quantum kinetic parameters were being estimated from 

experimental data, the estimated values were expected to be affected by the dispersion value chosen. 

To address this issue, two different mixing conditions were chosen for investigation; molecular 

diffusion and a fully mixed reactor. 

Molecular diffusion case 

A dispersion coefficient of 1 x 10-5 cm2·s-1, typical for the conditions, was chosen in both the axial and 

radial directions.345 The standard deviation of both yield sensors was chosen as 2.5 % as the results 

were analysed by quantitative 1H NMR and showed good repeatability when ran in triplicate. The 

estimation was carried out, giving the quantum kinetic parameters at 253 nm for each reaction shown 

in Table 42, with the estimated yields shown in Figure 93.  
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Table 42 - The estimated quantum kinetic parameters for the photosensitised isomerisation of cis-octene, with just 
molecular diffusion at 253 nm. 

Photoreaction Quantum kinetic parameter (±SD, dm3mol-1) 

cis-octene → trans-octene 7.78 (±13.31) 
trans-octene → cis-octene 16.65 (±31.76) 

 

 

Figure 93 – The predicted results for the yield of (a) cis-octene and (b) trans-octene shown by the line compared to the 
experimental values for the photosensitised isomerisation of cis-octene, with just molecular diffusion. The predicted 
values show the right trends, but do not fit the experimental values well. 

Although the predicted yields showed the correct trends, they did not give a close fit to the 

experimental values. This difference is further exemplified by the uncertainty of the estimated 

quantum kinetic parameters.  

Fully mixed case 

A fully mixed case was then investigated, where the concentration is constant over the whole reactor 

volume. As above, the yield sensors’ standard deviation was set as 2.5 %, with the estimated quantum 

kinetic parameters for 253 nm shown in Table 43, with the estimated yields for both cis- and trans-

octene shown in Figure 94.  

Table 43 - The estimated quantum kinetic parameters for the photosensitised isomerisation of cis-octene, with a fully 
mixed reactor vessel at 253 nm. 

Photoreaction Quantum kinetic parameter (±SD, dm3·mol-1) 

cis-octene → trans-octene 5.05 (±1.33) 
trans-octene → cis-octene 1.13 (±0.22) 
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Figure 94 - The predicted results for the yield of (a) cis-octene and (b) trans-octene shown by the line compared to the 
experimental values for the photosensitised isomerisation of cis-octene, with a fully mixed reactor vessel. The predicted 
values agree much better with experimental values when compared with the molecular diffusion case.  

As Figure 94 shows, both the predicted yields for the fully mixed case fit more closely than the 

molecular diffusion case presented above. The uncertainty in the estimated quantum kinetic 

parameters is also reduced in comparison to the molecular diffusion case. 

For both cases, the estimated parameters exhibited a high correlation between each other, with the 

molecular diffusion case showing a correlation of 0.999 and the fully mixed case showing a correlation 

of 0.967. Unfortunately, a method to reduce this correlation was unlikely to succeed due to the nature 

of the reaction scheme, where the concentration of each product depends upon the other reaction. 

Validation of other cases for cis-/trans-octene isomerisation 

Previously, the use of flow reactors has allowed for a number of experiments to be used for the 

estimation of parameters while the remaining experiments have been used to validate the model. 

Using batch reactions does not allow for the facile and fast alteration of conditions and hence the 

parameters were estimated at a single condition, with data points collected over time. Once the 

parameters were estimated from the batch reactor with the 253 nm excimer lamp, the model was 

then validated by predicting experimental results for both batch and flow results at 222 nm.  
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Validation of 222 nm batch  

The results of the yield for both cis- and trans-octene were predicted in time, assuming the same 

quantum kinetic parameter as estimated with 253 nm experiments. The experimental values and 

validated model predictions at 222 nm are shown in Figure 95. Both of these show good agreement 

between predicted and experimental values. 

 

Figure 95 - A comparison of the predicted yields from the validation of the photosensitised reaction at 222 nm, with the 
results shown in time in (a) and as a comparison in (b). For this, the same data points are presented using two different 
methods. 

Validation of 222 nm flow  

The predicted yields for both cis- and trans-octene at the excimer flow reactor outlet, at equilibrium, 

are shown in Figure 96. Again, the model predicts the results well, with an RMSE of 3.8%, which is 

larger than the 2.5 % sensor yield standard deviation used in the estimation.  
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Figure 96 - A comparison of the predicted results for the photosensitised isomerisation of cis-octene in the excimer flow 
reactors at 222 nm showing good agreement using the quantum kinetic parameter estimated with the 253 nm Batch 
Excimer lamp and reactor. 

The slight difference could be due to a number of different factors, such as the lamp power being 

below the manufacturers specifications as for all of these models this had been assumed. Another 

possible reason was the uncertainty introduced from the additional factors needing to be considered 

in the mass balance from the flow of material.  

4.8.3. Photocyclisation of THPAA and propargyl alcohol 

The experiments and measurements for the reaction of THPAA with propargyl alcohol were carried out 

by colleague Jonny Hunter and Dr. Rowena Howie. 

The photoreaction of tetrahydrophthalic acid anhydride (THPAA) with propargyl alcohol, shown in 

Scheme 12, is a reaction currently being studied with colleagues in Nottingham and Bristol. The 

reaction is hoped to be the first step in a daisy-chained process, with a thermal reactor connected 

subsequently in series, where the bridged compound undergoes an electrocyclic ring opening to form 

an 8-membered ring. 
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Scheme 12 - The overall reaction mechanism of the photosensitised reaction of THPAA with propargyl alcohol 

 

The reaction mechanism shown in Scheme 12 was used for estimating the kinetics of each reaction, 

including both a photosensitised and non-photosensitised photoreaction as THPAA also absorbed 

light. A breakdown pathway for the bridged product was also included as a decrease in the yield of 

this product had been observed for long exposure times. A reduction in mass balance had also been 

observed for the flow reactions, which was thought to be due to the production of breakdown 

products.  

Table 44 - The decadic absorption coefficients of the reagents used in the photoreaction of THPAA with propargyl alcohol. 
The UV/Vis spectra measurements for this reaction was carried out by Adam Lee. 

 Decadic absorption coefficient (dm3·mol-1·cm-1) 

Compound 282 nm 308 nm 
THPAA 125 63 

TXO 5620 2530 
Bridged product 85 71 

Non-bridged product 28 25 
 

As with the cis-trans octene reaction, the initial parameter estimations had led to parameter values 

that were highly correlated and containing large uncertainties of the order 106 dm3·mol-1·cm-1.  

Combining reactions 

As proposed above, the combining of reactions that are considered fast in comparison to the process 

model was a possible method to address the highly correlated estimated values. The reactions of 

THPAA 

Propargyl 

alcohol 

Bridged 

compound 

Non-bridged 

compound 
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THPAA to form either the bridged or non-bridged products were combined such that both a 

photosensitised and non-photosensitised reaction can proceed. The multiple reactions steps shown 

in Scheme 13 have been changed into multiple single step reactions that proceed simultaneously to 

form both of the products. The estimation was carried out using the excimer flow reactor model with 

five experiments with the photosensitiser, thioxanthone (TXO), and five experiments without the 

photosensitiser. The table of experimental results is shown in Appendix II, with the values shown in 

the results comparisons below. 

Scheme 13 - The multiple reactions proposed for the photoreaction of THPAA with propargyl alcohol with the use of a 
photosensitiser 

  

Without photosensitiser in batch reactor 

As the reaction was being optimised in the laboratory, initial tests used a non-photosensitised reaction 

in the batch excimer reactor. The sensors used for the experimental results were the bridged and non-

bridged products. Although further data was gathered, such as the recovery of starting material as the 

mass balance showed significant errors, this was ignored as the breakdown products were not 

identified. As the experimental results were variable the standard deviations for the yield sensors 

were set at 10 % yield. For the batch excimer experiments, the 282 nm lamp was used for the 

estimation, with the 308 nm lamp used as an external validation. The estimated quantum kinetic 

parameters are shown in Table 45, with the experimental results and model predictions shown in 

Figure 97.  
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Table 45 - The estimated quantum kinetic parameters for the photoreaction of THPAA and propargyl alcohol without a 
photosensitiser 

Photoreaction 
Quantum kinetic parameter (±SD, units 

indicated) 

Bridged product formation (no TXO) 2.635 (±0.692) dm3mol-1 
Non-bridged product formation (no TXO) 1.333 (±0.543) dm3mol-1 

Photodegradation 0.644 (±0.306)  
 

The predicted output values for 308 nm, displayed in Figure 97, show good agreement with the initial 

formation of both major products before the degradation of the non-bridged product.  

With photosensitiser in batch excimer reactor 

For the inclusion of the reactions with the photosensitiser, TXO, the quantum kinetic parameters for 

the non-photosensitised reactions were fixed. The estimated quantum kinetic parameters for the 

photosensitised reactions were estimated, with the values shown in Table 46, with the italicised 

reactions indicating that they were fixed from the previous estimation. The experimental yields and 

model estimation and validation over time are shown in Figure 98 (a) and (b), respectively. 
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Figure 97 - A comparison of the experimental results for the reaction of THPAA and propargyl alcohol without a 
photosensitiser, with the results used in the estimation shown in (a) and the predicted results shown in (b). The experimental 
results are shown as the points, with error bars show one standard deviation (10%) each way, while the lines is the model-
predicted values. 
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Table 46 - The estimated quantum kinetic parameters for the photoreaction of THPAA and propargyl alcohol with a 
photosensitiser. The italicised values were fixed from the previous estimation. 

Photoreaction 
Quantum kinetic parameter (±SD, units 

indicated) 

Bridged product formation (no TXO) 2.635 (±0.692) dm3mol-1 
Non-bridged product formation (no TXO) 1.333 (±0.543) dm3mol-1 

Bridged product formation (with TXO) 30.64 (±23.4) dm6mol-2 
Non-bridged product formation (with TXO) 13.51 (±17.0) dm6mol-2 

Photodegradation 0.644 (±0.306)  
 

With photosensitiser in flow excimer reactor 

The quantum kinetic parameters estimated using the batch reactor performances outlined above 

were then used within the excimer flow reactor model at 308 nm. A comparison of the experimental 

and predicted results, with and without TXO, are shown in Figure 99 (a) and (b), respectively. 

0 30 60 90 120 150 180

0

20

40

60

80

 Experimental bridged product yield

 Experimental non-bridged product yield

 Predicted bridged yield from estimation

 Predicted non-bridged yield from estimation

Y
ie

ld
 (

%
)

Time (min)

0 30 60 90 120 150 180 210

0

20

40

60

80

 Experimental bridged product yield

 Experimental non-bridged product yield

 Predicted bridged yield from validation

 Predicted non-bridged yield from validation

Y
ie

ld
 (

%
)

Time (min)

Figure 98 - A comparison of the experimental results for the reaction of THPAA and propargyl alcohol with a photosensitiser, 
with the results used in the estimation shown in (a) and the predicted results shown in(b). The experimental results are 
shown as the points, with error bars show one standard deviation (10%) each way, while the lines is the model-predicted 
values. The results shown here are similar to those displayed in the previous figure, with an apparent limit met ca. 65%. 
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As can be seen in Figure 99(b), the model overestimated the yield of the bridged product for the results 

without TXO. The model also overestimated the performance for many of the experiments with TXO, 

with a number of other factors possibly affecting these results. The most likely error is the 

manufacturers power specification throughout all of these experiments being not comparable 

between reactor lamps. This theory is also supported by the fact that the 253 nm Excimer flow lamp 

used for the estimation is brand new and hence has not had time to reduce in efficiency like the other 

lamps used in these experiments. 
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Figure 99 – (a) A comparison of experimental results for the reaction of THPAA and propargyl alcohol with a 
photosensitiser  and the predicted values in the 308 nm excimer flow reactor and (b) A comparison of experimental 
results for the reaction of THPAA and propargyl alcohol without a photosensitiser and the predicted values in the 308 
nm excimer flow reactor. The predicted values with a photosensitiser are within the error, whereas without the 
photosensitiser the predicted values are greater than experimental values, possibly due to the uncertainty in lamp 
power. 
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4.9. Vortex Model Development  

Reactors with Taylor Vortices were first developed to aid with mixing in predominantly thermal 

chemical reactions. More recently, vortex reactors have been adapted for photochemical 

transformations.135,346,347 The Taylor vortices are particularly useful for photochemistry as they refresh 

the reaction mixture close to the irradiated surface, which helps address the inherent issue of light 

attenuation in photochemical reactors, as shown in Figure 100.126 

Within the laboratory at Nottingham, the Vortex reactor is one of the largest reactors and reaction 

optimisations can use large quantities of material. The capability to predict the performance of the 

Vortex reactor computationally from smaller scale experiments was an attractive prospect. In order 

to achieve this goal a computational model was needed to predict performance. 

One possible route to predict performance is to use highly detailed models of Taylor vortices 

developed using Computational Fluid Dynamic (CFD) techniques. However, these are computationally 

expensive, with calculations often taking several days.135,258 Developing an accurate process model 

that could predict experimental results would be preferable for reaction optimisation and scale up as 

R 

R
inner

 L 

Figure 100 - A schematic of the Vortex reactor with the blue and red alternating arrows representing the Taylor vortices. 
L represents the length of the reactor and R and Rinner is the reactor radius and the radius of the rotating pipe, respectively. 
The dashed arrow represents the direction of flow. 
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typical process model calculations are much less computationally expensive, often taking in the order 

of minutes.348  

To develop an accurate model, an idealised system was chosen to model in both CFD and gPROMS; 

the Paternó-Büchi reaction was chosen as with the initial model development. Parameters could then 

be easily changed within the process model to match the CFD result. Once the CFD model matched 

the gPROMS to an acceptable accuracy, the Process model was used with experimental results to 

predict the intensity of the lamp used with the Vortex reactor. 

4.9.1. Model proposal 

For the initial development of the Vortex reactor models, there was not any experimental results as 

the reactor was being built within the workshop, hence the model was developed through 

consultation with literature and CFD calculations. 

Simplified model 

Process models for Vortex reactors have previously been proposed in the literature, often with each 

Taylor vortex as a small Continuous Stirred Tank Reactor (CSTR) with material flowing from each 

Vortex CSTR to the next.188,349,350 For thermal reactions each ‘CSTR vortex’ would have an average 

temperature and concentration of species. However, for photochemistry it was decided that this 

approach would be unsuitable as the spatial position is critical for the reaction due to the attenuation 

of light in the radial direction. 

The initial model was developed for the Vortex reactor set up as an annular reactor with external 

radiation, similar to the Excimer reactor, as shown in Figure 100. The length of the reactor was 15 cm, 

the reactor radius was 1.1 cm and internal radius, Rinner, equal to 1 cm. This set up led to an annular 

gap of 1 mm, which was the first set up built with the Vortex reactor. It should also be noted that the 

rotating cylinder in the centre can be replaced with different cylinders such that the annular gap 

becomes 2, 3 or 4 mm.  
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Although the lamp used was one block of LEDs, the light entering the reactor was assumed to be fully 

collimated, perpendicular to the surface of the reactor and uniform across the whole surface.126 This 

meant that the process model would be axisymmetric and would considerably reduce the calculation 

time needed and is discussed further below. 

As the CSTR approach for photochemistry was decided to be unsuitable, a new model was proposed 

after inspection of the CFD models of the Vortex reactor, as shown in Figure 101. The use of the 

dispersion coefficient as a proxy for mixing had been shown with both the excimer batch reactor and 

initial model development.351 For the vortex model different zones of dispersion along the reactor was 

proposed. The size of these zones and dispersion coefficients are discussed below, as these were 

altered to match CFD results. 

 

Figure 101 - A schematic of the different dispersion zones used in the development of a process model suitable for the 
Vortex reactor. A higher and lower dispersion zone was used within the model to mimic the complex mixing of the Taylor 
vortices.  

4.9.2. Idealised model based on Paternò–Büchi reaction 

To test this proposed model, a model reaction was needed that could be compared with the CFD 

model and experimental results. While the Vortex reactor was built, a photochemical reaction scheme 

was proposed, such that comparisons between the Process model and CFD model could be completed. 

An idealised version of the Paternò–Büchi reaction was selected for comparison as it is a well-known 

photochemical reaction and could be performed in the laboratory.311 The proposed reaction scheme 

Lower dispersion zone 

High dispersion zone 
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and corresponding kinetic values were collated and adapted from literature sources, as shown in 

Scheme 1 and Table 24.312,314 The absorption coefficients of the benzaldehyde species at 365 nm was 

11 dm3mol-1cm-1, as per literature studies.352 The light was assumed to be monochromatic at 365 nm 

with an output power of 400 W·m-2. 

Scheme 14 - The proposed Paternò–Büchi photochemical reaction scheme of benzaldehyde with furan to form the 
oxetane. 

 

Table 47 - The quantum yield and kinetic parameters  for the idealised Paternò–Büchi reaction scheme, adapted from 
literature sources.312,314 

Photo reactions Quantum yield 

1 0.5 
Thermal reactions Rate constant (variable units) 

2 2.4 x 1010 s-1 
3 1.2 x 109 dm3·mol-1·s-1 
4 0.27 x109 s-1 
5 0.24 x 109 s-1 

 

Initial calculations, using typical experimental concentrations of 1, were encouraging for the proposed 

model. However, due to the low absorption coefficient, much of the light was in excess and the effect 

of mixing was minimised. To further investigate the viability of the model, an abnormally high 

concentration of benzaldehyde (4.63 mol·dm-3 - equivalent of 0.5 mass fraction) was chosen for the 

model such that most of the light was absorbed within a small distance of the reactor wall, as shown 
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in Figure 102. The role of mixing would then be accentuated as reactions would only take place within 

a small region, close to the reactor wall.  

 

Figure 102 - The relative light intensity across the radial dimension for the Paternò–Büchi reaction, with a 4.26 mol·dm-3 
concentration of benzaldehyde to accentuate the role of mixing. 

Model descriptions with differing dispersion values  

As mentioned above, the dispersion coefficients for the Vortex reactor were used as a proxy for mixing 

as dispersion ensures unreacted species will diffuse towards the irradiated zone. During model 

development several different dispersion values were tried whilst trying to match the Process model 

to the more complex CFD model. A selection of these results are shown in Figure 103, with the best 

match shown in red. The models displayed are described below along with the dispersion coefficient 

values shown in Table 48. 

Models A and B were split into 50 sections, as this was the number of Taylor vortices found during the 

CFD modelling of a 1 mm gap. Model A was then split such that 1 3⁄
rd was of lower dispersion and 

2
3⁄

rds at higher dispersion. Model B was split into sixths such that 1 6⁄
th had lower dispersion values 

and 5 6⁄
ths had higher dispersion values. Model C used the parameter estimation to match dispersion 
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coefficients for the whole reactor to the CFD results. Model D was also split into 50 zones with a layer 

of 1 7⁄
th of the section width of molecular diffusion and the rest being of high dispersion. 

Table 48 - The dispersion values and zone fractions for the different proposed Vortex process models, as shown in Figure 
103. 

  
High dispersion zone 

dispersion coefficient (cm2·s-1) 

Lower dispersion zone 
dispersion coefficient 

(cm2·s-1) 

Model 
High dispersion 

fraction 
Axial 

direction 
Radial 

direction 
Axial 

direction 
Radial 

direction 
A 2/3 0.2 0.1 0.02 0.1 
B 5/6 0.2 0.1 0.02 0.1 
C All 0.0728 0.4144 0.0728 0.4144 
D 1/7 0.2 0.1 1 x 10-5 1 x 10-5 

 

Figure 103 - Comparison of the different dispersion models against the CFD results, shown in black. A summary of the 
different models can be found in Table 48. Model A shows the greatest similarity where the vortex is split into 2/3rds 
higher dispersion and 1/3rds lower dispersion. 

CFD and Process Model comparison 

The biggest difference between the two models was the rate of production of the oxetane product 

over time, with the CFD model showing a more gradual rate of production. A wide range of parameters 

within the Process model were changed to match this initial rate, however no significant 

improvements could be made.  
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As Process Model A was able to accurately predict the yields (<1 % difference) compared to the CFD 

model at equilibrium, it was decided to proceed with further model development using experimental 

results. 

4.9.3. Vortex reactor experimental results for Cookson’s dione 

The experiments and measurements for Cookson’s dione in the Vortex reactors were carried out by 

colleague Dr. Darren Lee. 

As both the Process model and CFD model showed good agreement for an idealised model of the 

Vortex reactor, Cookson’s dione was chosen as a test case as the quantum yield had been estimated 

using the Excimer model. A considerable difference was seen between the experimental set up and 

the model setup, mostly related to how the light was treated. 

Vortex Lamp set up 

Firstly, a difference between the experimental set up and computational models should be 

highlighted. A schematic of the experimental set up of the lamp is shown in Figure 104(a), where the 

lamp shines light towards one side of the reactor from a distance of ca. 5 cm. This is unlike the 

computational model of the Vortex reactor, as shown in Figure 104(b), which assumed uniform 

irradiation around the reactor. Modelling the experimental set up would require a radial dimension 

for the light, which led to much longer computational times and outweighed the benefits of the 

Process model; to be used to quickly predict scale-up performance. By assuming uniform irradiance, 

the light entering the reactor was hoped to be ‘averaged out’ around the reactor, which it was hoped 

the high rotation speeds of the fluid would encourage.  
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The experiments with Cookson’s dione reaction in the Vortex reactor used a single high-pressure 

1400 W Jenton mercury arc lamp. The lamp was assumed to emit light at 254 nm as this was the 

dominant absorbance band within the region that the starting material, Cookson’s dione, absorbs as 

can be seen in Figure 105. Conveniently, the 254 nm emission also overlapped well with the 

absorbance maxima of Cookson’s dione, 253 nm. 

 

Figure 105 - Optical power spectra of the 1400 W Jenton Hg arc lamp measured 50 cm away from the lamp at 30% of the 
output. This spectrum was taken by Dr. Darren Lee. 

The lamp spectra, in Figure 105, were measured 50 cm away from the lamp at 30 % of the power 

output so that the optical power meter was able to detect safely, this also highlighted another 

difference between models and experiment. The models assumed a single wavelength of light and 

Figure 104 - Schematic of the different lamp set ups possible with the vortex reactor where (a) shows the experimental 
set up with a lamp that irradiates a certain section of the reactor and (b) an idealised version where the irradiance is 
averaged out over the surface of the reactor. 

 

(a) (b) 
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corresponding absorption by species at said wavelength. Furthermore, the optical power output 

values were wavelength dependent and hence complex to model.  

Considering these assumptions, the estimation of a lamp power for the high-power mercury arc lamp 

was carried out using experimental values below. 

Experimental results for Cookson’s dione in the Vortex reactor 

During the construction of the Vortex reactor, both quartz and Pyrex were used as the external reactor 

wall. Quartz was expected to perform better than Pyrex as it has a higher transmission for the relevant 

UV wavelengths.353 The experimental results using both quartz and Pyrex are shown in Table 49. 

Table 49 - A table of experimental results for the reaction of Cookson's dione in the Vortex reactor at 0.5 mol·dm-3. Yields 
were calculated using 1H NMR and a biphenyl internal standard. 

Pyrex Quartz 

Flow Rate (mL min-1) Conv. (%) Yield (%) Flow Rate (mL min-1) Conv. (%) Yield (%) 

1 100 <99 1 - - 

2 100 <99 2 - - 

3 100 <99 3 - - 

4 100 <99 4 - - 

5 94 94 5 99 94 

8 - - 8 90 89 

10 63 59 10 74 74    
10 (no argon flow) 73 71 

 

Vortex lamp power estimation 

The estimated quantum yield, at 282 nm, for the Cookson’s dione Excimer flow results was then used 

to estimate the average lamp power received into the Vortex reactor. As Cookson’s dione is known to 

be an efficient reaction over a wide range of wavelengths, the quantum yield at 254 nm was assumed 

equal to the quantum yield at 282 nm. An average lamp irradiance around the whole surface was then 

estimated. The results for the estimation of the lamp irradiance for both Pyrex and quartz, are shown 

in Table 50. 

 



227 
 

Table 50 - Estimated values for the averaged light intensity entering the Vortex reactor, for both Quartz and Pyrex outer 
walls. 

Reactor Material Averaged estimated initial intensity ±SD (Wm-2) 
Quartz 11100 ± 472 
Pyrex 9120 ± 380 

 

For these results, all the experiments were used in the estimation of the lamp power as there was a 

limited number of results. The difference between quartz and Pyrex was significant, with quartz light 

irradiance ca. 21 % greater than that of Pyrex. This increase can also be seen in the result at 10 ml·min-1 

where quartz is ca. 25 % more productive than the Pyrex equivalent. Although the difference was 

expected, calculating the relative difference from first principles would be highly complex and hence 

using a semi-empirical model, with parameter estimation, is better suited.354  

Vortex Reactor Model Comparison with CFD 

The Vortex models, in both gPROMS and CFD were then compared using the estimated light power 

shown previously. The model predictions for the original 1 mm gap sized reactor, at different flowrates 

is shown in Figure 106. This comparison showed good agreement across both models and supports 

the use of gPROMS as a simplified version. The gPROMS model took in the order of minutes to finish, 

whereas the CFD models took in the order of days to finish. The major difference between the two 

models was the time taken to reach equilibrium, with gPROMS model reaching equilibrium faster. This 

difference was observed in the initial model development and was thought to be due to the use of an 

axial dispersion coefficient which would push reagents to the end of the reactor as they form, whereas 

CFD would model better mixing.  
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Figure 106 - A comparison of the CFD and gPROMS model for the Vortex model at 8, 10 and 15 ml·min-1 showing good 
agreement between the CFD and gPROMS’ models, as well as consistent differences between the flowrates as shown in 
the experimental results. 

The effect of the spin speed was also compared with both models. Unfortunately, a parameter for spin 

speed was not used in the gPROMS model and hence was compared with the base case. However, as 

can be seen in Figure 107, changing the revolutions per minute (rpm) did not cause a large difference 

for the 1 mm gap.  

 

Figure 107 - A comparison of the gPROMS vortex model with the CFD model at 4 different rotation speeds showing the 
CFD results converging on a similar value to that predicted by the gPROMS process model. It should be noted that the 
CFD models were stopped after conclusions were drawn due to computational expense. 
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To investigate the models further, the flowrate was fixed at 10 ml·min-1 while the gap size of the 

reactor was altered, with the predicted results shown in Figure 108. Again, both of the models showed 

good agreement. The increase in gap size showed no effect on the overall yield for both the models 

and experimentally. 

 

Figure 108 - A comparison of both the CFD and gPROMS model of the vortex reactor with different gap sizes showing the 
CFD models all converging on a similar value as predicted by the gPROMS process model. It should be noted that the CFD 
models were stopped after conclusions were drawn due to computational expense. 
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4.10. FEP tubular reactor model development 

The experiments and measurements for the reaction of THPAA with propargyl alcohol were carried out 

by colleague Jonny Hunter and Dr. Rowena Howie. 

To increase the production of chemicals in flow, so that the process can be daisy-chained with a 

thermal reactor an FEP tubular reactor was used with a mercury arc lamp. The FEP tubular reactor had 

a much greater hydrodynamic diameter compared to the excimer flow reactor and hence much 

greater flowrates could be used. The elevated flowrates allowed for a much greater production of the 

desired compounds; which was needed for demonstrating the ability of producing 1 kg/day. The 

internal FEP tube diameter was 0.5 cm and the coil diameter was 6.5 cm.  

 

Initially the FEP tubular reactor was modelled as an extended tubular reactor, with a constant wall 

source from one direction, as shown in Figure 109. This model allowed for the attenuation of light 

across the direction perpendicular to the flow, rather than in a cylindrical orientation as shown 

previously. For this different orientation a new RTE was proposed where the pathlength was 

calculated using cylindrical coordinates, including an azimuthal (𝜃) angular dependence, as shown in 

Figure 109 - An idealised drawing of the proposed model for the FEP tubular reactor. The FEP tube had an internal diameter 
of 0.5 cm and the internal diameter of the coiled tubing was 6.5 cm. 
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Figure 110. The model used an angular dependence to calculate the pathlength, with the pathlength 

of the light entering the reactor shown in Equation 97. 

𝑃𝑎𝑡ℎ𝑙𝑒𝑛𝑔𝑡ℎ = 𝑟 cos𝜃 + 𝑅 cos (𝑎𝑟𝑐𝑠𝑖𝑛 (
𝑟 sin 𝜃

𝑅
)) (97) 

This model initially assumed a lamp power at 254 nm, with the angular dependence of the light shown 

in Figure 111. One interesting feature, shown in Figure 111, is the difference between the light at the 

front of the reactor at the start of the reaction compared to the end of the reactor at the end of the 

reaction. Without a photosensitiser a front of light develops as the absorbing species react, compared 

to with a photosensitiser the light distribution stays near constant as the photosensitiser is not used 

up. 

  

Figure 110 - A schematic of the FEP tubular reactor and the calculations used to measure the pathlength of light entering 
the reactor 
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Figure 111 - The dimensionless light intensity across the FEP tubular reactor, with (a) and (b) showing the start and end of 
the reactor and reaction, respectively, without a photosensitiser; and (c) and (d) show the start and end of the reactor 
and reaction, respectively, with a photosensitiser.  

The initial plan was to use this model to estimate the light intensity of the mercury arc lamp used in 

the reactions. However, due to the angular dependence of the light the computational time taken to 

complete each calculation shown above was ca. 30 minutes compared to 1 minute for the excimer 

flow reactors. To overcome this a simplified FEP tubular reactor was proposed with annular flow.156 
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4.10.1. Simplified FEP tubular reactor  

The simplified FEP tubular reactor was similar to the annular flow reactors used with the excimer flow 

reactor models, with the lamp on the inside of the annulus rather than outside, as shown in Figure 

112.156 The dimensions used were matched as best as possible to the total volume, length and width. 

The dimensions of the simplified annular-like FEP reactor were a length of 71 cm, with an internal 

radius of 3 cm and an external radius of 3.271 cm. The specific light power was unknown, however, as 

the experiments were carried out before the modelling commenced all of the experiments contained 

little information, with all giving ca. 70 % yield.  

As there was little information for the lamp power estimation, a sensitivity analysis was carried out as 

an alternative. A range of lamp powers and flowrates were used in the model, showing little effect, 

with a consistent yield for the bridged yield of 68 % across a wide range of factor values. The lamp 

used was a mercury arc lamp that emits across a wide range of wavelengths, which the photosensitiser 

absorbs, giving a full-conversion value for the bridged product yield of ca. 68 %. This yield for the 

bridged product was also observed by colleagues using the Firefly reactor in Bristol.  

As seen in Figure 113, any value for the irradiance over 500 W·m-2, which would be expected for a 

mercury arc lamp, does not change the value away from the ca. 68 % yield. The production of the non-

Figure 112 - A schematic of the FEP tubular reactor and the simplified annular reactor that is designed to mimic the FEP 
reactor 
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bridged compound is still affected but as this is not the desired product, and goes on to breakdown 

with long exposure, it was not concerning.  

 

 

The modelling of this reaction was then able to be used in the next chapter, where the bridged product 

undergoes a hydrolysis and electrocyclic ring-opening reaction.  
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Figure 113 - Sensitivity analysis of the effects of flowrate and irradiance on the FEP tubular reactor, showing for any 
irradiance value above ca. 500 W·m-2 the yield of the bridged product is ca. 68 %, while the yield of the non-bridged 
product shows much greater variation 
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4.11. Chapter summary 

A photochemical reactor batch model was developed from first principles to satisfy an idealised 

photochemical reaction scheme. The model was then developed further to incorporate an annular 

geometry as well as the flow of materials. These models were used to model the excimer reactors as 

this offered singular wavelengths, which helped simplify calculations. The models were then used to 

estimate quantum yields and compared well with literature methods and values. Actinometry was not 

attempted as previous attempts in the group had shown that for accurate results a flowrate was 

required that created a backpressure above the safety rating of the reactors.  

The manufacturer’s lamp power was used for further calculations as the aim of the project was for 

prediction of reactor performance. The capabilities of predicting reactor performance was shown 

across both batch and flow systems at multiple different wavelengths.  

The use of photosensitisers was also investigated, where a number of further assumptions were 

needed to reduce correlations between parameters. The reproducibility of the estimations with 

photosensitisers was shown between batch and flow reactors for two different reaction schemes. 

Two more complex reactor models were developed; the FEP tubular reactor and the Vortex model 

reactor. The FEP tubular reactor initially involved complex radial dependence of light pathlength, 

which was found to be too computationally expensive and hence a simplified annular reactor 

assumption was used. 

With the Vortex reactor, initially, a complex model involving angular dependence of flow was 

attempted however this was also too computationally expensive. A simplified model was then used 

with different zones of diffusion to mimic the mixing of the vortexes.  

Throughout the development of the models a comparison with CFD calculations was carried out to 

ensure both approaches were congruent. This allowed for more understanding with the comparison 

of the complex Vortex reactor as the assumptions regarding the absorption of light were the same. 
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Both models showed good agreement for the output yield at equilibrium across most conditions. The 

major difference between the gPROMS process model and the CFD model was the initial rate of 

reaction, with the gPROMS model approaching equilibrium much quicker. The speed of the gPROMS 

model compared to the CFD model was thought to be the greatest advantage. 

For a more complex photosensitised reaction, where the reaction proceeded with and without 

photosensitiser, the predictive capabilities were shown, however these were more uncertain. For 

scale-up of this reaction with the FEP tubular reactor, this uncertainty did not affect the final yield of 

the desired product of ca. 68% which was also observed independently by colleagues using the Firefly 

reactor in Bristol. The validated model of this step of the reaction will be used in the next chapter 

where the subsequent thermal step will be modelled in the thermal reactor. 

4.12. Future work 

As mentioned in the introduction to the photochemical modelling, the amount of light is a crucial 

parameter used within the models. As the aim of this work was to predict the performance of the 

reactor under different conditions, the accuracy of the lamp power was not considered to be a highly 

important issue. This was because the method of estimation considered the lamp power and 

estimated a quantum yield relative to this value. Actinometry had been previously considered for 

measuring this, although the systems chosen showed a high degree of uncertainty along with safety 

concerns for the glass reactors. To use the technique to accurately estimate quantum yields, the light 

power would need to be measured more accurately and hence in future, different actinometry 

systems could be investigated. 

For the quantum kinetic parameter defined using a Bodenstein-like assumption, it would be 

interesting to see how far the quantum kinetic parameter had an inverse concentration dependence 

as assumed. This could be investigated by carrying out further reactions at difference concentrations 

of starting materials and photosensitisers.  
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The models developed have been shown to be robust across a range of reactions, reactors and 

conditions. However, with the Vortex reactor, the lamp power was estimated using the experimental 

results of Cookson’s dione reaction. It would therefore be interesting to follow a different reaction 

through estimating the quantum yield in the excimer flow reactor and then predicting the 

performance of the reactor using the estimated lamp power.  
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5. Modelling reactions in a high-temperature water 

reactor 
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5.1. Chapter Overview 

This chapter lays out development of a computational model for two high-temperature water (HTW) 

reactors, (Internal volumes of 43 cm3 and 0.77 cm3) which were used to estimate the kinetic 

parameters for two consecutive reactions. Initially a ring-opening step was investigated with 

experimental results from the larger reactor. A process of reparameterization of the Arrhenius 

equation was also used to reduce uncertainty and correlation between parameters, with an optimal 

reference temperature identified to reduce the correlations.  

A similar process was then used for a multi-step reaction within the larger reactor. However, due to 

the high yielding experimental results there was limited information contained within the 

experiments. The separate reactions were combined into a single step within the model which 

reduced uncertainty in the values at the expense of understanding the mechanism and relative rates. 

Using this assumption highlighted the limitations of this method, that uncertainty in the values could 

be reduced by making further assumptions. 

To understand the reactions further, a smaller reactor was developed so more experiments could be 

carried out while reducing the material usage. The experimental results for the multistep reaction 

were used in the parameter estimation, again using the reparameterization and reference 

temperature optimisation to reduce parameter uncertainty and correlations. 

The estimated kinetic parameters were used to accurately predict the performance of the previously 

presented experiments in the larger reactor. The performance of the reaction was also predicted at 

60 ml·min-1, which was the expected output of the production of the starting material from colleagues 

at the University of Bristol. A new reactor design was then proposed by using the model to define the 

dimensions that would increase yield and reduce reactor footprint. 
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5.2. Thermal chapter introduction 

The production of medium and large cyclic ring systems is of great importance in organic synthesis, as 

they are often found within biologically relevant compounds.355 The synthesis of ring systems through 

direct cyclisation is often challenging due to the strain of the ring molecules and unfavourable entropic 

factors. 356 The reluctance to directly cyclise is most acutely observed for 8-, 9- and 10- membered 

rings. To form these ring systems alternative approaches are required, such as through ring-expansion 

and rearrangement or fragmentation reactions; for example, strategies involving the expansion of 4-

membered rings have proved useful within synthesis.357 An example of this electrocyclic ring opening 

used in this work is shown in Scheme 15. 

Scheme 15 - The hydrolysis of the bridged compound to form the diacid before an electrocyclic ring-opening step to for 
the ring-opened product. It should be noted that the bridged compound is formed in a photochemical step discussed in 
the previous chapter. 

 

Colleagues from the University of Bristol have previously investigated the thermolysis of the ‘bridged 

product’, a 6:4 multi-ring system, formed from the photochemical reaction of THPAA with propargyl 

alcohol (discussed in the previous chapter) which produces an 8:5 ring-opened product. Another 

interesting outcome of this reaction is that the process is formally forbidden due to the disrotatory 

mode of action.355  

The reaction was optimised by colleagues using the equipment available in Bristol, eventually finding 

optimal conditions of being kept at in xylene at 140 °C for 48 hours, achieving a yield of 95%. This 

process was therefore seen as an opportunity to greatly improve the processes’ efficiency and 

sustainability credentials, using the specialised equipment and abilities at Nottingham.  

Bridged compound                        Diacid                              Ring-opened product 
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It was hoped that the high-temperature reactors would lead to an increased reaction rate, as well as 

helping to overcome the entropic limitations. The replacement of xylene as the solvent was also 

considered a key task as it is considered a health hazard and is often sourced from non-renewable 

sources.358,359  

Modelling of the newly developed process in tandem with experiments was considered to be crucial 

for optimising the process, especially for the eventual multi-reactor process. The initial experiments 

were carried out before the model was developed, with the final experiments being guided by the 

model to understand the model better.  

5.3. Aims of HTW research section 

The aims for the high-temperature water research section of this Thesis, defined in Section 2.8, were: 

Aim 5.1 - Develop a process model for a high-temperature water reactor 

Aim 5.2  - Use a high-temperature water process model to understand reaction kinetics and 

compare reactor performance prediction with experimental results 

Aim 5.3 - Use kinetics to predict reactor performance for a variety of reactions 

Aim 5.4  - Use a high-temperature water model in conjunction with the photochemical process 

model to predict performance of a daisy-chained process 

Aim 5.5 - Optimise multi-step reaction process 
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5.4. High temperature water reactor model development 

The different aspects of the high temperature water reactor are discussed below, alongside the 

assumptions taken. 

5.4.1. Model description 

A schematic of the reactor model is shown in Figure 114, showing a coiled tube that is placed inside a 

heating block, depicted by the red dashed line. The model of the high temperature thermal coil reactor 

was developed within Process Systems Enterprise’s gPROMS© ProcessBuilder 1.3.1. The inner 

diameter of the reactor tube is 0.305 cm, with a coil diameter, Dc, of 7 cm and length of 600 cm. The 

temperature of the heating block, as measured by a K-type thermocouple inside the heating block, 

was assumed to be the fixed temperature of the reactor wall. The initial concentration was calculated 

at standard temperature and pressure, before being introduced into the reactor where it changed 

depending on conditions. 

The mathematical relationships of the model have been developed from engineering principles so 

that, with parameter estimation, a hybrid model can be developed to predict behaviour outside of the 

experimental space. 

 

Figure 114 - A schematic of the model, showing the coiled tubular reactor inside a heating block depicted by the red dashed 
line. Dc is the coil diameter and is used in the calculations of effective dispersion coefficients discussed below. 

The kinetics used in the model used either the standard Arrhenius equation or a reparameterised 

version of the Arrhenius equation to reduce uncertainty and correlations, discussed below. The kinetic 

Flow out 

Flow in 
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scheme did not consider the possible non-linear effect of HTW with changing temperature, such as 

the increased acidity/basicity which could increase the rate of the hydrolysis or the possible transition 

state stabilisation of HTW. 

Physical properties 

The physical properties, such as density, viscosity or thermal conductivity, of the reaction mixture 

were calculated using the Peng-Robinson Advanced 1978 (PR-78A) equation of state (EoS).72 Due to 

the low concentration of reagents, the physical properties calculated for this system were assumed to 

be equal to that of the solvent. Initial tests were carried out using the SAFT-γ Mie EoS as PR-78A was 

unable to predict fluid behaviour without previous physical property data. With SAFT-γ Mie and a 

concentration of starting material of 0.275 mol·dm-3, the maximum used experimentally, the change 

in properties shown in Table 51. Unfortunately, SAFT-γ Mie is unable to calculate viscosity and thermal 

conductivity, so the change could not be considered for these parameters. The difference was 

assumed to be minimal compared to the predicted model values, as shown with density and heat 

capacity, especially regarding the error associated with the error in the EoS. 

Table 51 – A table to show the change in predicted physical properties using SAFT-γ Mie for the reaction mixture with and 
without the reagents. A small change is observed on the physical properties with the inclusion of the starting material and 
hence the assumption of using the solvent properties to predict physical behaviour was valid. 

 Value predicted by SAFT-γ Mie at 230 °C and 15 MPa 

Property 
50:50 vol. H2O:CH3CN 

solvent 

0.275 mol·dm-3 in 
50:50 vol. H2O:CH3CN 

solvent 

% Change from 
including reagent 

Density (kgm-3) 644 623 -3.2% 

Heat Capacity  
(kJkg-1K-1) 

4.60 4.70 +2.2% 

 

5.4.2. Mass balance 

The mass balance of the reactor is described using a typical model for flow reactors, as shown in 

Equation 98, where 𝑡 is time and 𝐶𝑖,𝑧,𝑟 is concentration of compound 𝑖 at radial position 𝑟 and axial 
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position 𝑧.219 𝐷𝑎𝑥 and 𝐷𝑟𝑎𝑑 are the axial and radial dispersion coefficients, respectively, while the rate 

of reaction for compound 𝑖, is summed over all reactions, 𝑗. 

𝑑𝐶𝑖,𝑧,𝑟
𝑑𝑡

= −𝑢(𝑟)
𝜕𝐶𝑖,𝑧,𝑟
𝜕𝑧

+ 𝐷𝑎𝑥
𝜕2𝐶𝑖,𝑧,𝑟
𝜕𝑧2

+ 𝐷𝑟𝑎𝑑
1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝐶𝑖,𝑧,𝑟
𝜕𝑟

) +∑𝑟𝑎𝑡𝑒𝑖,𝑗 (98) 

The fluid was assumed to be incompressible as the fluid was a liquid and the velocity was relatively 

small compared to the speed of sound.77,265 The velocity of the fluid across the radial direction, 𝑢(𝑟, 𝑧), 

was calculated using Equation 52, where 𝑢 is the linear velocity, 𝑅 is the reactor internal radius, 𝜇 is 

the kinematic viscosity and 𝑃 is the pressure.219 

𝑢(𝑟, 𝑧) =
𝑅2

4𝜇
(
𝑑𝑃

𝑑𝑧
) (1 − 

𝑟2

𝑅2
) (35) 

𝑑𝑝

𝑑𝑧
= 𝑓𝐷

𝜌

2

〈𝑣〉2

𝐷𝐻
(5) 

𝑓𝐷 =
64

𝑅𝑒
(99) 

The pressure drop per length, 
dP

dz
, was calculated as per the Darcy-Weisbach equation previously 

defined in Equation 5, where 𝑓𝐷 is the Darcy friction factor, 𝜌 is the density of the fluid and 𝑢𝑎𝑣𝑔 is the 

average linear velocity of the fluid. As laminar flow was expected, and the pressure drop was not 

expected to be a key factor, the Darcy friction factor was calculated from Equation 99, where Re is the 

Reynolds number.265 The coiled shape was expected to affect the dispersion within the reactor and is 

discussed below.267,360  

5.4.3. Energy balance 

The energy balance of the reactor is governed by Equation 100, where T is the temperature and 𝛿 is 

the thermal diffusivity of the fluid.219 The thermal diffusivity, 𝛿, of the fluid was calculated as per 

Equation 101, where 𝑘𝑇 is the thermal conductivity, 𝜌 is the density of the fluid and 𝑐𝑝 is the heat 

capacity. The boundary condition of the heated reactor is shown in Equation 102, with the reactor 
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assumed to have a constant temperature at the wall of the reactor, where 𝑘𝐻𝑇 is the heat transfer 

coefficient.262  

𝜕𝑇

𝜕𝑡
=

𝛿

𝑅 −  𝑟

𝜕

𝜕𝑟
(𝑅 −  𝑟)

𝜕𝑇

𝜕𝑟
+ 𝛿

𝜕2𝑇

𝜕𝑧2
− 𝑢(𝑧, 𝑟)

𝜕𝑇

𝜕𝑧
(100) 

𝛿 =
𝑘𝑇
𝜌𝑐𝑝

(101) 

𝑘𝑇
𝜕𝑇

𝜕𝑟
= 𝑘𝐻𝑇(𝑇𝑤𝑎𝑙𝑙 – 𝑇ℎ𝑒𝑎𝑡𝑒𝑟) (102) 

The change in temperature of the reaction due to the enthalpy of reaction was ignored as it was 

estimated using the gSAFT γ-Mie equation of state and was shown to be negligible compared to the 

heating of the reactor (See Appendx III). Also, as mentioned previously, water’s high heat capacity 

means that it often acts as a heat buffer for reactions.236 A heat transfer coefficient, 

𝑘𝐻𝑇 = 0.1 Wcm-2K-1, was used as per expected values for heat transfer for the forced convection of hot 

water over stainless steel. The thermal conductivity of the fluid was calculated using the PR-78A EoS.72  

The final yields were calculated by 1H NMR when the solution had been cooled down to room 

temperature after the BPR, and hence the equivalent concentration at the outlet was calculated within 

the model. 

5.4.4. Effect of Dispersion 

Dispersion within flow reactors can have a considerable effect on the conversion and yields of 

chemical reactions.219 Coiled reactors is known to have a considerable effect on dispersion due to the 

formation of Dean vortices, which greatly increase dispersion perpendicular to flow, as shown in 

Figure 115.361 The dispersion coefficient is therefore expected to be higher than molecular diffusion 

for coiled reactors, and is known as the effective dispersion coefficient. 
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Figure 115 – A diagram depicting the formation of Dean vortices perpendicular to the fluid flow when a fluid flows through 
a curved pipe. The direction of flow is indicated by the blue arrows, with 𝒅𝒕 indicating the diameter of the tube and 𝒅𝒄 
indicating the diameter of the coil.361 

The effective Dispersion coefficient can be calculated using Equation 103, as proposed by Aris, where 

Dm is the molecular diffusion coefficient, κ is the dispersion ratio dependent on fluid flow and 

geometry, 𝑑𝑡 is the tube diameter and 𝑢 is the mean axial velocity.362  

𝐷𝑠 = 𝐷𝑚 + κ
𝑑𝑡
2𝑢2

192𝐷𝑚
(103) 

The dispersion ratio in coiled tubes depends on both the Dean number (𝐷𝑒) and the Schmidt number 

(𝑆𝑐), as defined in Equations 104 and 105, respectively. 𝑑𝑡 is the diameter of the tube and 𝑑𝑐 is the 

diameter of the coil, Re is the Reynolds number for the flow and Dm is the molecular diffusion 

coefficient for the fluid.361,363 

𝐷𝑒 = 𝑅𝑒√
𝑑𝑡
𝑑𝑐

(104) 

𝑆𝑐 =
𝜇

𝜌𝐷𝑚
(105) 

The effect of Dean vortices can be calculated using a number of different mathematical relationships 

that have been published. 364–366 There are various graphical methods for calculating the effective 

dispersion ratio, with different sources reporting different values depending on the conditions. 
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However, in the region of interest (ca. 𝐷𝑒𝑆𝑐 = 1000) the models were consistent. The dispersion ratio 

was therefore calculated using the relationship reported by R.N. Iyer at. al, shown in Equation 106.365 

κ = 1.65 − 0.863log(De√Sc) + [0.113(log√Sc)]
2

(106) 

To investigate the range of values of κ relevant to the thermal reactor, the parameters values 

estimated by the PR-A EoS were inputted into Equation 106. The expected dispersion coefficient 

values ranged from 0.59 cm2·s-1 to 5.42 cm2·s-1 within the experimental space used for the larger 

reactor. See Appendix III for more details. 

The lowest expected dispersion coefficient value for the larger reactor, 0.590 cm2·s-1, was relatively 

large for this system. The reaction was modelled using this dispersion coefficient value at a flowrate 

of 34 ml·min-1, with the concentration profile across the radial direction plotted in Figure 116. The 

radial variation in concentration is negligible (ca. 0.5 %) for D = 0.590 cm2·s-1. Greater dispersion 

coefficient values would reduce the variation in concentration across the radial dimension even 

further. It can therefore be assumed that the radial dispersion of this system was large enough such 

that the fluid exhibits plug-flow-like behaviour.  

 

Figure 116 - The normalised concentration of 3 across the radial dimension at equilibrium with D = 0.590 cm2·s-1 at a 
flowrate of 34 ml·min-1, showing negligible variation across the radial dimension. 
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5.5. Ring opening step in larger reactor 

The experimental results for this section were kindly collected by PhD Student Bryan Tambosco and Dr. 

Rowena Howie. 

The electrocyclic ring opening of the diacid to form the 8-membered ring opened product was first 

carried out experimentally in the custom-built reactor with an internal volume of 43.9 cm3. The ring-

opening step was thought to be the rate limiting step in the overall scheme as it is a symmetry 

forbidden step, with the formation of the ring-opened product only being observed at elevated 

temperatures.355 The variables that were changed to explore the reaction spaces were: flowrate, 

temperature, pressure and initial concentration of the diacid starting material.  

5.5.1. Model input for larger reactor 

The reaction scheme used in the thermal reactor model is shown in Scheme 16; a breakdown of the 

product was included as a reduction in mass balance and was observed at certain conditions. As the 

yields had been calculated by 1H NMR, the yield sensor’s standard deviation was fixed at 5% of the 

yield. The breakdown step was included to consider the reduction in mass balance, but the amount of 

“unknown” was not used in the estimation. For the hydrolysis step, the introduction of a water 

molecule was not considered within the model as the reaction solvent was 50% water by volume and 

hence concentration effects were assumed to be negligble. 

Scheme 16 - The initial estimations were carried out on the electrocyclic ring opening of the diacid to form the 8 membered 
ring-opened product, followed by the possible breakdown of the product. 
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5.5.2. Experimental results 

In total, 33 different experiments were carried out at a range of flow rates, temperatures, pressures, 

and concentrations. The experimental conditions and corresponding yields, starting material recovery 

and mass balance are shown in Table 52. The 11 experiments shown in red were used for the 

estimation of parameters with the remaining experiments used to validate the model. These 

experiments for the parameter estimation were chosen as a spread across the reaction space. 
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Table 52 - The experimental results collected by Bryan Tambosco and Dr. Rowena Howie for the electrocyclic ring-opening 
of the diacid followed by the breakdown of the product in the larger reactor. The experiments shown in red were used for 
the parameter estimation while the experiments in black were used in the model validation. 

Temperature 
(°C) 

Pressure 
(bar) 

Flow rate 
(ml·min-1) 

Initial 
Concentration 

diacid (mol·dm-3) 

Recovery of 
diacid starting 
material (%) 

Yield of ring-
opened 

product (%) 

Mass 
balance 

(%) 

230 150 19 0.0624 15.6 75.4 91.0 

230 150 19 0.0613 17.6 73.4 91.0 

245 125 26.5 0.0915 13.0 81.1 94.1 

245 175 26.5 0.038 11.8 77.1 88.9 

215 175 11.5 0.0908 20.1 67.8 87.9 

215 175 26.5 0.0373 54.4 38.8 93.2 

215 125 11.5 0.0882 24.0 67.3 91.3 

215 125 26.5 0.0893 54.2 43.8 98.0 

215 125 11.5 0.0371 23.8 68.6 92.4 

245 125 26.5 0.0375 11.8 78.1 89.9 

245 175 11.5 0.0879 4.10 91.1 95.2 

215 175 26.5 0.088 50.3 40.3 90.6 

245 175 26.5 0.0867 13.1 85.9 99.0 

230 150 19 0.0678 15.4 72.5 87.9 

215 175 11.5 0.0407 27.9 67.2 95.1 

245 125 11.5 0.0941 1.5 94.0 95.5 

200 150 19 0.0665 67.0 25.6 92.6 

230 200 19 0.0683 8.80 76.8 85.6 

230 150 19 0.0673 15.7 75.5 91.2 

230 150 19 0.0645 17.0 78.5 95.5 

230 150 19 0.0638 16.1 78.7 94.8 

230 150 34 0.0666 25.6 68.2 93.8 

260 150 19 0.063 1.40 93.4 94.8 

230 100 19 0.0654 16.9 70.1 87.0 

230 150 4 0.0634 0 91.9 91.9 

230 150 19 0.1258 11.2 77.0 88.2 

230 150 19 0.0676 17.6 78.1 95.7 

230 150 19 0.0652 16.0 78.0 94.0 

230 150 19 0.0667 17.1 78.3 95.4 

230 150 19 0.0649 15.7 76.8 92.5 

230 150 19 0.0632 17.7 75.4 93.1 

215 175 11.5 0.039 27.9 67.2 95.1 

215 125 26.5 0.0394 50.7 38.2 88.9 
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5.5.3. Kinetic parameter estimations for the ring-opening step in larger 

reactor 

The kinetic parameter estimation shown below goes through a number of mathematical steps in order 

to reduce the uncertainty in the values and reduce correlations between parameters. The standard 

Arrhenius equation was used initially before subsequent reparameterised versions were used to 

reduce uncertainty and parameter correlation. 

Initial estimation with standard Arrhenius 

The initial estimation used the standard Arrhenius equation, defined in Equation 66, and took over 

nine hours for completion. The length of calculation was likely due to the high correlation between 

parameters and large standard deviations which can be seen in Table 53, so that any small change in 

one value would lead to changes in others. 

𝑘 = 𝐴0𝑒𝑥𝑝 (
−𝐸𝐴
𝑅𝑇

) (66) 

Table 53 - The estimated kinetic parameters for the standard Arrhenius equation for the ring-opening and breakdown 
steps in the larger reactor. The standard deviations of the estimated parameters were considerably larger compared to 
the values, which was thought to be due to the high correlation between parameters. 

Reaction A0 (±SD) (s-1) EA (±SD) (kJ·mol-1) 

Ring-opening 1.757 (±3.91) x 108 97.69 (±9.16) 

Breakdown 29.22 (±724) 49.12 (±105) 

 

The high correlation between parameters is shown in the correlation matrix in Table 54, where the 

parameters for each reaction are completely correlated, as shown by the value of 1.   

Table 54 - The correlation matrix of the estimated parameters for the ring-opening and breakdown steps using the 
standard Arrhenius equation, showing the high correlation between the activation energy and pre-exponential factor for 
each reaction. 

Parameter No. 1 2 3 4 

EA,1 1 1    
EA,2 2 0.227 1   
A1 3 1 0.224 1  
A2 4 0.228 1 0.225 1 
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The predicted performance of the experiments used during the estimation and validation are shown 

in Figure 117 (a) and (b), respectively. The predicted values show that even though the estimated 

parameters contain large errors and are highly correlated, the model still accurately predicted the 

performance of the experiments.  

 

Figure 117 - (a) The predicted values of the experiments used in the initial Arrhenius estimation, showing good agreement 
which was expected and (b) the prediction of experimental values for experiments not used in the estimation, showing 
that the estimated parameters accurately predict values outside of the experimental space used in the estimation. The 
yield of the diacid product is shown with  and the yield of the ring-opened product shown by , with the error bars a 
standard deviation each way. The dashed line indicates a perfect fit between prediction and experiment. 

Further estimations were carried out using reparameterised Arrhenius equations to reduce the 

standard deviations and correlation of parameters. The initial estimated parameters were used to help 
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guide initial parameter guesses and value boundaries for further estimations, which helped to reduce 

computational time. 

Estimation with reference temperature (ÃEA - Tref = 230.65 °C) 

As the initially estimated parameters were highly correlated, the Arrhenius equation was 

reparameterised to include a reference temperature which was hoped to reduce the correlations 

between estimated parameters. The first reparameterised Arrhenius equation used is defined in 

Equation 67 and 68. 

𝑘 = 𝑒𝑥𝑝(Ã  – 
𝐸𝐴
𝑅
(
1

𝑇
 – 

1

𝑇𝑟𝑒𝑓
)) (67) 

Ã = 𝑙𝑛 𝐴0 –
𝐸𝐴
𝑅𝑇𝑟𝑒𝑓

(68) 

The reference temperature used was calculated from the inverse average of the experimental 

temperatures, as defined in Equation 71.289 

1

𝑇𝑟𝑒𝑓
=
1

𝑛
∑

1

𝑇𝑖

𝑛

𝑖=1

(71) 

The estimated kinetic parameters are shown in Table 55. The standard deviation of the activation 

energies were unchanged, as expected with this reparameterization method.289 The correlation matrix 

for the estimated parameters is shown in Table 56, which shows the reduced correlations between 

parameters compared to the standard Arrhenius.  

Table 55 - The estimated kinetic parameters using the A-EA reparameterised Arrhenius equation and Tref value = 230.65 °C 
for the ring-opening and breakdown steps in the larger reactor. 

Reaction Ã1 (±SD) EA (±SD) (kJ·mol-1) 

Ring-opening -4.336 (±0.055) 97.68 (±9.16) 

Breakdown -8.353 (±0.396) 49.08 (±105) 
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Table 56 - The correlation matrix of the estimated parameters for the ring-opening and breakdown steps using the A-EA 
reparameterised Arrhenius equation and Tref value = 230.65 °C. The correlation between parameters has been reduced 
using the reparameterised equation. 

Parameter No. 1 2 3 4 

EA,R 1 1    
EA,B 2 0.151 1   
AR 3 0.665 -0.0369 1  
AB 4 0.0132 -0.44 0.227 1 

 

The correlation between reaction parameters was reduced further using a second reparameterised 

Arrhenius equation. 

Estimation with reference temperature (ÃB - Tref = 230.65 °C) 

A different reparameterised Arrhenius equation, defined in Equations 48 and 49, was also used to 

reduce the correlation between parameters. The benefit of using this equation was that an 

optimisation algorithm could be subsequently used to choose Tref to further reduce the correlation.  

𝑘 = 𝑒𝑥𝑝(Ã  +  𝐵 ( 
𝑇 − 𝑇𝑟𝑒𝑓

𝑇
)) (69) 

𝐵 =
𝐸

𝑅 𝑇𝑟𝑒𝑓
(70) 

The estimated parameters using this method are shown in Table 57. The values for Ã show a small 

amount of uncertainty along with B for the ring-opening step, however, with B for the breakdown step 

there was significant uncertainty in the value. 

The correlation matrix for the estimated parameters is shown in Table 58, which shows identical 

correlations to the previous estimation. This equivalency was expected as the difference between the 

two estimations was an identical mathematical operation on all values. 

Table 57 - The estimated kinetic parameters using the A-B reparameterised Arrhenius equation and Tref = 230.65 °C value 
for the ring-opening and breakdown steps in the larger reactor. 

Reaction Ã (±SD) B (±SD) 

Ring-opening -4.336 (±0.055) 23.32 (±2.19) 

Breakdown -8.353 (±0.396) 11.72 (±24.95) 
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Table 58 - The correlation matrix of the estimated parameters for the ring-opening and breakdown steps using the A-B 
reparameterised Arrhenius equation and average Tref value. The correlation between parameters is identical to the A-EA 

correlation matrices showing the mathematical similarity. 

Parameter No. 1 2 3 4 

ÃR 1 1    
ÃB 2 0.151 1   
BR 3 0.665 -0.0369 1  
BB 4 0.0132 0.44 0.227 1 

 

Reference temperature optimisation 

As described in Section 3.8.2, an optimal value of Tref can be found using an algorithm to minimise the 

norm of the correlation matrix, defined in Equation 107. The Eulerian norm of the covariance matrix 

is plotted in Figure 118, with T’ defined below for each reaction, where a * indicates the initial 

estimation and 1 and 2 represent the ring-opening and breakdown step, respectively.  

A minimisation algorithm in Matlab was then used to find the function minima, with the T’ values 

being 1.0149 and 0.993 for reaction 1 and 2, respectively. The T’ values correspond to new reference 

temperatures for each reaction of 223.26 °C and 234.21 °C for the ring-opening and breakdown step, 

respectively.  

𝑮 =

[
 
 
 
 
 
 

1 0 0 0
0 1 0 0

1 −
𝑇𝑟𝑒𝑓,1
∗

𝑇𝑟𝑒𝑓,1
0

𝑇𝑟𝑒𝑓,1
∗

𝑇𝑟𝑒𝑓,1
0

0 1 −
𝑇𝑟𝑒𝑓,2
∗

𝑇𝑟𝑒𝑓,2
0

𝑇𝑟𝑒𝑓,2
∗

𝑇𝑟𝑒𝑓,2]
 
 
 
 
 
 

𝑇′ =
𝑇𝑟𝑒𝑓
∗

𝑇𝑟𝑒𝑓
(107) 
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Figure 118 - A plot of the norm of the covariance matrix for varying T' values for each reaction. The values for T' were 
1.0149 and 0.993 for the ring-opening and breakdown step, respectively. These T' values corresponded to 496.41 K and 
507.36 K for the ring-opening and breakdown step, respectively. 

The benefit of the Matlab method is the reduced computational expense of calculating the parameters 

without using the MLE method.289 The new parameters were calculated using the relationships 

defined in Equation 108 where * indicates the initially estimated parameters. These calculations were 

incorporated into the same Matlab script used for the minimisation algorithm. The parameters 

calculated using the Matlab method are shown in Table 59. 

𝐴 = 𝐴∗–𝐵 + 𝐵∗    ,    𝐵 =
𝐵∗𝑇𝑟𝑒𝑓

∗

𝑇𝑟𝑒𝑓
(108)   

Table 59 - The estimated kinetic parameters predicted with the Matlab script using the A-B reparameterised Arrhenius 
equation and the optimised Tref value for the ring-opening and breakdown steps in the larger reactor. 

Reaction Ã (±SD) B (±SD) 

Ring-opening -4.683 (±0.041) 23.67 (±2.22) 

Breakdown -8.271 (±0.355) 11.64 (±24.77) 

 

Estimation using optimised reference temperature (ÃB) 

To show the validity of the Matlab method, the optimised reference temperatures of 223.26 °C and 

234.21 °C were used to estimate the kinetic parameters using the MLE method. The parameters 
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estimated temperatures using gPROMS’ MLE method with the optimal reference temperatures are 

shown in Table 60.  

The correlation matrix for the estimated parameters from gPROMS is shown in Table 61, which shows 

the reduced correlations between parameters; the correlation table calculated using the Matlab 

showed negligible difference, as expected. 

Table 60 - The estimated kinetic parameters predicted by gPROMS using the A-B reparameterised Arrhenius equation and 
the optimised Tref value for the ring-opening and breakdown steps in the larger reactor. The values are identical to the 
values predicted by Matlab which shows the validity of both methods once the initial estimation has been made. 

Reaction Ã (±SD) B (±SD) 

Ring-opening -4.683 (±0.041) 23.67 (±2.22) 

Breakdown -8.271 (±0.355) 11.64 (±24.77) 

 

Table 61 - The correlation matrix of the estimated parameters for the ring-opening and breakdown steps using the A-B 
reparameterised Arrhenius equation and optimised Tref value. The correlation between parameters has been reduced 
using the reparameterised equation. 

Parameter No. 1 2 3 4 

ÃR 1 1    
ÃB 2 0.177 1   
EA,R 3 0.0993 -0.0704 1  
EA,B 4 -0.161 0.000343 0.227 1 

 

The benefit of using the mathematical relationships is that the new parameters and their covariances 

can be calculated using the Matlab script developed taking ca. 5 seconds, compared to another 

estimation in gPROMS taking ca. 1 hour. However, it should be noted that the Matlab method is only 

valid when the sensors’ standard deviations are fixed between estimations. 

Estimation with optimised reference temperature (ÃEA)  

The optimal reference temperatures, defined above, for each reaction were then used in the first 

reparameterised Arrhenius equation so the standard deviations of the activation energy can be 

calculated and easily compared. The estimated values are shown in Table 62, showing a small change 

in value compared to those shown for the estimation using the averaged Tref value in Table 55. The 
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correlation matrix for the estimated parameters is shown in Table 63, which show much-reduced 

correlations between parameters compared to the initial estimation shown in Table 54. 

Table 62 - The estimated kinetic parameters using the A-EA reparameterised Arrhenius equation and the optimised Tref 
value for the ring-opening and breakdown steps in the larger reactor. 

Reaction Ã (SD) (s-1) EA (±SD) (kJ·mol-1) 

Ring-opening -4.683 (±0.042) 97.64 (±9.16) 

Breakdown -8.271 (±0.396) 47.36 (±105) 

 

Table 63 - The correlation matrix of the estimated parameters for the ring-opening and breakdown steps using the A-EA 
reparameterised Arrhenius equation and optimised Tref value. The correlation between parameters has been reduced 
using the optimal Tref and reparameterised equation. 

Parameter No. 1 2 3 4 

ÃR 1 1    
ÃB 2 0.176 1   
EA,R 3 0.0978 0.0718 1  
EA,2 4 -0.162 0.012 0.230 1 

 

The method of reducing correlations between parameters was successful, as shown by the correlation 

matrix shown in Table 56. Unfortunately, the standard deviation of the activation energy for the 

breakdown step was still considerably high, which was expected as the method is known to not reduce 

the uncertainty in the activation energy.289 The activation energy of the breakdown step parameter’s 

t-value of 0.215 was below the 95% reference t-value for the parameter of 1.73, which suggested the 

data used was not sufficient for an accurate estimation. The 95% confidence ellipsoids for the 

activation energy against Ã, for both reaction steps are plotted in Figure 119 (a) and (b), respectively. 

If more data was used for the estimation the confidence ellipsoids could be made smaller. However, 

the values were considered accurate enough, especially for the ring-opening step, which was 

considered the most important step.  
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Figure 119 - The 95% confidence ellipsoids for the estimated parameters, with the activation energy plotted against Ã for 
the ring-opening step in (a) and the breakdown step in (b). The confidence ellipsoids for the ring-opening step were 
considered reasonably accurate, while for the breakdown step, there was a large uncertainty in the values which was not 
unexpected as significant enough breakdown of the product was only observed in a small number of samples.  

As the breakdown step assumed the formation of an unknown breakdown product, further 

experiments were not carried out as this was not considered to be significant for the overall aim of 

the model. The predictive capabilities of the model were also considered accurate enough, which can 

be seen in Figure 120. The RMSE for the yields of the ring-opened product and the diacid were 4.82% 

and 4.70%, respectively.  
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Figure 120 - (a) The predicted values of the experiments used in the optimised reference temperature reparameterised 
Arrhenius equation, showing good agreement which was expected and (b) the prediction of experimental values for 
experiments not used in the estimation, showing the estimated parameters accurately predicted values outside of the 
experimental space. The yield of the diacid product is shown with  and the yield of the ring-opened product shown by 
, with the error bars a standard deviation each way. The predictive capability is the same as the initial Arrhenius 
estimation. The dashed line indicates a perfect fit between prediction and experiment. 

Effect of reparameterization on the predictive capabilities of the model 

The reparameterization of the Arrhenius equation using reference temperatures for the reaction did 

not affect the overall estimation performance, as can be seen in Figure 121, where the initial Arrhenius 

model predictions matches the optimised reference temperature with Ã and EA prediction.   
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Figure 121 - A comparison of the predicted values using the initial Arrhenius and the reparameterised Arrhenius with 
optimised Tref, showing the reparameterisation did not affect the predictive capabilities. The yield of the diacid product is 
shown with  and the yield of the ring-opened product shown by . The dashed line indicates a perfect fit between 
predictions. 
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5.6. Hydrolysis followed by ring-opening step in larger reactor 

The experimental results for this section were kindly collected by Dr. Rowena Howie. 

In the overall reaction process, the bridged compound produced from the photochemical reaction 

discussed in the previous chapter, is hydrolysed into the diacid which goes under the ring opening to 

form the ring-opened product.  This multi-reaction step, shown in Scheme 17, was the main reaction 

of interest that needed to be understood for a daisy-chained process. The experimental results came 

from the laboratory optimisation of the process. 

Scheme 17 - The multistep reaction scheme that involves the bridged product from the photoreaction undergoing a 
hydrolysis to form the diacid which undergoes an electrocyclic ring opening to form the 8 membered ring-opened 
product. 

 

5.6.1. Model input 

The reactor model used was the same as used in the previous section, with the only change coming 

from the reaction scheme and different starting materials. As the yields were calculated with 1H NMR, 

the standard deviations of both yield sensors were 5% of the yield. For the hydrolysis step, the 

introduction of a water molecule was not considered within the model, as the reaction solvent was 

50% water by volume and hence concentration effects were assumed to be negligible. 

5.6.2. Experimental results 

The experimental results for the reaction in series are shown in Table 64, where a high conversion of 

the bridged product starting material, and a high yield of the ring-opened product is observed. As 

before, the experiments shown in red were used for the estimation and the experiment shown in 
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black used for the validation. The experiment chosen for the validation was outside of the 

experimental space used for the estimation to try and show the predictive capabilities.  

Table 64 - Experimental results for the multi-step reaction process of the hydrolysis followed by the ring-opening steps. 
The experiments shown in red were used in the estimation and the experiment shown in black was used in the validation 
of the model The experiment chosen to validate the model was chosen as it was outside of the experimental space used 
in the estimation and hence would show the predictive capabilities. 

Temp 
(°C) 

Flowrate 
(ml·min-1) 

Concentration of 
bridged compound 

(mol·dm-3) 

Recovery of 
bridged 

compound (%) 

Yield of 
diacid (%) 

Yield of ring-
opened 

product (%) 

260 34 0.0268 0 6 94 
260 34 0.069 0 3 97 
260 34 0.063 0 5 95 
240 20 0.03264 0 8 92 
250 20 0.03264 0 3 97 
260 20 0.03264 0 0 99 
250 25 0.153 0 2 98 

 

5.6.3. Kinetic parameter estimation for multi-step reactions 

For this multi-step reaction, a number of estimations were carried out in attempt to gain a further 

understanding of the reaction mechanism and reaction rates. Rather than showing the multiple 

estimations, as above, different approaches were taken to improve understanding as the high 

conversion of the reaction meant the data contained limited information. 

Initial estimation with reference temperature (ÃEA - Tref = 254.07 °C) 

The initial estimation was carried out using a reference temperature of 254.07 °C, calculated using the 

inverse average defined previously. The estimated values for the activation energy and Ã are shown 

in Table 65. 

Table 65 - The estimated parameters for the hydrolysis and ring-opening steps using experimental results from the larger 
reactor. All of the kinetic parameters show large uncertainty in the predicted values. 

Reaction EA (±SD) (kJ·mol-1) Ã (±SD) (no units) 

Hydrolysis 15 (±4400) -2.705 (±1.43) 
Ring-opening 93 (±1400) -2.843 (±7.91) 
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The standard deviation of all the estimated values are relatively large, along with correlation values 

above 0.9 for all parameters. This highlighted the lack of information within the experimental results, 

which was expected to be an issue as the yields for the ring-opened products were all >90%. The use 

of different rate equations was attempted but showed little difference in reducing the uncertainty. To 

overcome this some other approaches were attempted; the inclusion of further data from previous 

experiments, fixing the parameters from previous estimations and the combination of steps into a 

single reaction. 

Inclusion of further data 

To overcome the large uncertainty in the parameters, additional experiments were included for this 

estimation where the intermediate diacid was used as the starting material, as shown in Table 66. It 

was hoped that this would include more information about the separate reaction stages. The inclusion 

of these extra experimental results helped improve the estimations for the ring-opening step, as can 

be seen in Table 67, but showed little difference for the hydrolysis step.  

Table 66 - The additional experiments that were used in the estimation to reduce errors in the estimation. 

Temp (°C) 
Flowrate 
(ml·min-1) 

Concentration of 
bridged compound 

(mol·dm-3) 

Recovery of bridged 
compound (%) 

Yield of ring-
opened 

product (%) 

215 26.5 0.089 54 44 
245 11.5 0.088 4 91 
245 26.5 0.087 13 86 
215 19 0.034 59 40 

 

Table 67 - The estimated kinetic values the hydrolysis and ring-opening steps, using additional experiments of just the 
conversion diacid to the ring-opened product in the larger reactor. The uncertainty in the ring-opening step was reduce 
while the uncertainty in the hydrolysis step remained high.  

Reaction EA (±SD) (kJ·mol-1) Ã (±SD) (no units) 

Hydrolysis 58 (±3.9 x 105) 7.57 (±4.2 x 105) 
Ring-opening 102 (±16) -3.24 (±0.27) 

 

One noticeable observation was that although the kinetic parameters for the hydrolysis step had a 

large error, the rate of hydrolysis far exceeded that of the ring-opening step at the expected 
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conditions. This faster reaction for the hydrolysis was not unexpected as the reaction was carried out 

in a water:acetonitrile (50:50) mixture, with HTW known to increase acid/base catalysed reactions.198 

Fixing of parameters 

In Section 5.5.3 the kinetic parameters for the ring-opening step were estimated, as shown in Table 

62. The kinetic parameter values for the ring-opening step were then fixed, leaving just the kinetic 

parameters of the hydrolysis step to be estimated, with the values shown in Table 68.  

Table 68 - The estimated kinetic values the hydrolysis and ring-opening steps, with the values of the ring-opening step 
fixed from the initial estimation discussed in the previous section shown in italics. 

Reaction EA (±SD) (kJ·mol-1) A (±SD) (no units) 

Hydrolysis 149.6 (±1.07 x 106) 7.25 (±2.74 x 106) 
Ring-opening 97.6 -4.68 

 

As shown in Table 68, the standard deviations of the estimated parameters were significantly larger 

than the estimated values, hence why fixing the values did not improve the uncertainty in the 

estimation.  

5.6.4. Combination of reactions 

Both the inclusion of further data and fixing the parameters from a previous estimation did not reduce 

the uncertainty in the estimated parameters. A different model was then proposed, where both 

reactions are combined into a single step, as there was a large relative difference in rates between the 

two reactions in the initial estimation. As mentioned previously, the hydrolysis step being carried out 

in HTW was considered to proceed at a much greater rate than the formally forbidden ring-opening 

step.198,355 The combined step is shown in Scheme 18, showing a single reaction where the bridged 

product converts into the ring-opened product directly.  
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Scheme 18 - A scheme showing the combination of the hydrolysis and ring-opening step into a single step, where the 
bridged product reacts to form the 8-membered ring product. As water was 50% of the solvent by volume the hydrolysis 
reaction was assumed to be much faster than the formally forbidden ring-opening step and hence the reactions could be 
combined. 

 

Combining the two into a single reaction produced more consistent values with reduced uncertainty, 

as can be seen in Table 69. 

Table 69 - The estimated values for kinetic parameters of the combined reaction using experimental data from the larger 
reactor, showing less uncertainty than the separate reactions discussed above. This highlights the limitations of the hybrid 
method as uncertainty in the values has been reduced by introducing assumptions. 

Reaction EA (±SD) (kJ·mol-1) Ã (±SD) (no units) 

Combined Reaction 87.85 (±11.2) -3.33 (±0.048) 
 

The correlation between the two parameters was 0.324, and hence the values could be considered to 

represent the parameters well, as shown in the 95% confidence ellipsoid in Figure 122. To show the 

predictive capabilities of the model, the outlet concentration, instead of yield, are shown in Figure 123 

as the yields were all mostly >90%.  
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Figure 123 - A comparison of the outlet concentration of the ring-opened product for the experiments used in the 
estimation (■) and the predicted results (■). The outlet concentration was used in this case as the experimental yields 
were all > 90 %. The dashed line indicates a perfect fit between prediction and experiment. 

5.7. Summary of the larger reactor experiments 

Both the ring-opening step and multiple reactions have been accurately modelled using experiments 

carried out in the larger reactor. The uncertainty in the estimated kinetic parameters was reduced 

using a reparamaterisation of the Arrhenius equation using a reference temperature. The choice of 

the reference temperature was then optimised using a Matlab script developed within this work.  

For the multi-step reaction, the data used contained limited information and hence the kinetic 

parameter estimations were limited in value. The additional experiments used did not reduce the 

uncertainty which was unexpected. The uncertainty in kinetic parameters was improved by combining 

the two reaction steps into a single step, which highlights the limitations of kinetic parameter 

estimations – mathematical uncertainty can be reduced by increasing the number of assumptions.  

Modelling the multiple reactions was challenging due to the experimental values for the yield being 

>90% and therefore contained limited information for the modelling of the process. To address this 

issue, while reducing material and energy use, a smaller reactor was developed such that the reaction 
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kinetics could be understood further. It was hoped that shorter residence times could be achieved, 

which would have been challenging using the larger reactor with current laboratory capabilities. 

5.8. Hydrolysis followed by ring-opening step in smaller 

reactor 

The experimental results for this section were kindly collected by Dr. Rowena Howie, Jonny Hunter and 

the spectroscopic measurements made by Dr. Ashley Love. 

The previous experiments were been carried out in a reactor with an internal volume of 43.9 cm3 at 

high flow rates. These high flow rates meant that a large amount of material was used for 

experimental optimisation. To overcome this, a smaller throughput reactor was designed and built 

that could be used for optimisation and understanding reaction mechanisms, while reducing material 

usage. The reactor built had an internal diameter of 0.0285 cm and a length of 3 m, giving a total 

volume of ca. 0.77 cm3. The benefit of the smaller reactor was thought to be that higher flow rates 

would reduce the residence time, so intermediate steps of the reaction scheme could be studied.  

5.8.1. Model input 

The new dimensions of the reactor were entered into the model, with the underlying equations 

remaining the same. The kinetic model used was also the same as previously introduced for the 

hydrolysis followed by ring-opening steps as shown in Scheme 19. The effective dispersion coefficients 

were calculated and shown to also exhibit plug-flow-like behaviour – more details can be found in 

Appendix III. 
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Scheme 19 - The combined reaction of the hydrolysis of the bridged compound followed by the electrocyclic ring 
opening of the diacid to form the 8 membered ring-opened product. 

 

5.8.2. Experimental results 

The experiments were carried out at a range of flowrates, such that for some experiments the 

residence time was sufficiently short, so that the production of the diacid was expected to be 

considerable. For previous experiments, in the larger reactor, this was more difficult to carry out as 

the larger volume meant that a high flowrate would be needed that exceeded the current laboratory 

equipment capabilities. For the smaller reactor, this was less of an issue with a wide range of yields 

for the diacid found, as shown in Table 70. 

The yields of each product were calculated using 1H NMR and compared with a novel Raman method 

developed by Dr. Ashley Love where an aliquot was taken at equilibrium after the back-pressure 

regulator (See Appendix III for more details). As this method was developed for these experiments, 

the uncertainty in the sensors was unknown and hence the sensor’s standard deviation was estimated 

as a parameter. 
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Table 70 - The experimental results for the hydrolysis of the bridged product followed by the electrocyclic ring-opening of 
the diacid to form the 8-membered ring-opened product in the smaller reactor. 

Temperature 
(°C) 

Pressure 
(bar) 

Flow rate 
(ml·min-1) 

Inlet 
concentration 

of bridged 
compound 
(mol·dm-3) 

Yield of 
ring 

opened 
product 

(%) 

Yield of 
diacid (%) 

Recovery of 
bridged 

compound (%) 

225 150 0.1 0.3 95 - - 

225 150 0.2 0.3 97 - - 

225 150 0.266 0.3 97 3 - 

225 150 0.4 0.3 92 8 - 

225 150 0.53 0.3 84 15 - 

225 150 0.8 0.3 67 28 - 

225 150 1.06 0.3 56 44 - 

225 150 1.6 0.3 40 58 1 

225 150 3.2 0.3 13 70 1 

250 150 0.52 0.35 97 1 - 

250 150 0.8 0.35 94 3 - 

250 150 1.6 0.35 82 18 1 

250 150 3.2 0.35 52 44 1 

 

5.8.3. Kinetic parameter estimations 

A similar approach to that described above for the estimation and optimisation of the reaction in the 

smaller reactor. Rather than repeating all of the steps again, as with the first reaction, just the key 

steps are presented below. 

Initial estimation with standard Arrhenius equation 

An initial estimation was carried out using the standard Arrhenius equation so parameter limits could 

be understood. The estimated kinetic parameters for the Arrhenius estimation for the hydrolysis and 

ring-opening step are shown in Table 71. The standard deviations for the recovery of the starting 

material and the yield of the product sensors were 1.96 % and 2.80 %, respectively.  The covariance-

variance matrix was assumed to be singular hence the standard deviations were not able to be 

calculated. 
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Table 71 - The estimated kinetic parameters for the standard Arrhenius equation for the hydrolysis followed by the ring-
opening in the smaller reactor. The standard deviations of the estimated parameters were unable to be calculated as the 
parameters were highly correlated, with the covariance-variance matrix assumed to be singular.  

Reaction A (±SD) (s-1) EA (±SD) (kJ·mol-1) 

Hydrolysis 8.07 x 109 (n/a) 98.9 (n/a) 

Ring-opening 5.73 x 1011 (n/a) 123.9. (n/a) 

 

Estimation with Ã and B reparameterised Arrhenius  

The reparameterised Arrhenius equation with parameters Ã and B was used initially so the optimal 

reference temperatures can be calculated and optimised. The kinetic parameters estimated for this 

are shown in Table 72, with the correlation matrix in Table 73, showing relatively high correlations 

between parameters. The averaged inverse reference temperature of 233.81 °C was used for this 

estimation. The standard deviation for the sensors related to the recovery of the starting material and 

the yield of the product were estimated as 1.94% and 2.81%, respectively.  

Table 72 - The estimated kinetic parameters for the A-B reparameterised Arrhenius equation, with a Tref of 223.81 °C, for 
the hydrolysis followed by the ring-opening in the smaller reactor.  

Reaction Ã1: (±SD) B1 (SD) 

Hydrolysis -0.732 (±0.133) 18.44 (±7.29) 

Ring-opening -2.309 (±0.037) 30.55 (±1.87) 

 

Table 73 - The correlation matrix of the estimated parameters using the A-B reparameterised Arrhenius equation with a 
Tref of 223.81 °C for the hydrolysis (H) followed by the ring-opening (R) in the smaller reactor. The correlation between 
parameters has been reduced using the average Tref and reparameterised equation. 

Parameter No. 1 2 3 4 5 6 

ÃH 1 1      
ÃR 2 -0.642 1     
BH 3 0.738 -0.614 1    
BR 4 -0.673 0.618 -0.787 1   

σdiacid 5 0.0367 0.282 -0.172 0.0686 1  
σproduct 6 -0.0369 -0.281 0.172 -0.0686 -0.173 1 

 

For the optimisation of the reference temperatures, the covariance-variance matrix used was the 

matrix between the 4 kinetic parameters. The standard deviation of the sensors was ignored as the 

standard deviation was expected to stay the same and would not affect the optimisation search of the 
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Tref value. This similarity in σ for different estimations can be seen with the near-identical values for 

each sensor with this estimation, and the previous estimation with the standard Arrhenius. 

The two-dimensional contour plot of T’ for the two reactions is shown in Figure 124, giving T’ values 

of 1.015 and 1.0137 for the hydrolysis and ring-opening reactions, respectively. These T’ values were 

equivalent to reference temperatures of 226.32 °C and 226.96 °C for the ring-opening and hydrolysis 

step, respectively.   

 

Figure 124 - A plot of the norm of the covariance matrix for varying T' values for each reaction. The values for T' were 
1.0150 and 1.0137 for the hydrolysis and ring-opening step, respectively. These T' values corresponded to 226.32 °C and 
226.96 °C K for the hydrolysis and ring-opening step, respectively. In this case 1 indicates the hydrolysis step and 2 
indicates the ring-opening step. 

Estimation with optimised reference temperature (ÃEA)  

The optimal reference temperatures of 226.32 °C and 226.96 °C calculated in the previous step were 

then used to estimate Ã and EA for the reactions.  The estimated kinetic parameters are shown in Table 

74, with the correlation matrix shown in Table 74. The correlation matrix shows a reduction in the 

correlations between parameters when compared to the previous estimation, as shown in Table 75. 

The standard deviations for the recovery of the starting material and the yield of the product were 

1.94 % and 2.81 %, respectively, which matched previous estimations.  
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Table 74 - The estimated kinetic parameters for the A-EA reparameterised Arrhenius equation, with optimal Tref values, 
for the hydrolysis followed by the ring-opening in the smaller reactor. 

Reaction Ã (±SD) EA (±SD) (kJ·mol-1) 

Hydrolysis -0.985 (±0.093) 77.7 (±30.7) 
Ring-opening -2.767 (±0.030) 129 (±7.90) 

 

Table 75 - The correlation matrix of the estimated parameters using the A- EA reparameterised Arrhenius equation with 
optimal Tref values for the hydrolysis followed by the ring-opening in the smaller reactor. The correlation between 
parameters has been greatly reduced using the optimal Tref and reparameterised equation. 

Parameter No. 1 2 3 4 5 6 

ÃH 1 1      
ÃR 2 -0.222 1     

EA,H 3 0.023 -0.023 1    
EA,R 4 -0.155 0.174 -0.787 1   

σdiacid 5 0.239 0.287 -0.173 0.0685 1  
σproduct 6 -0.239 -0.287 0.173 -0.0686 -0.173 1 

 

The confidence ellipsoids are shown in Figure 125, which show that there still remains some 

uncertainty within the estimated parameters, especially for the hydrolysis step of the reaction. This 

uncertainty around the hydrolysis reaction can also be seen in Table 76. The 95% t-value for the 

activation energy of the hydrolysis step, shown in red, lies below the reference t-value, shown in bold, 

which indicates the data used is not sufficient to accurately estimate this parameter. The effect of this 

lack of information is discussed below the comparison of the predicted and experimental results.  

As mentioned previously, the model did not consider the possible non-linear effects of the increased 

acidity/basicity of HTW, which was expected to increase the reaction rate of the hydrolysis step, which 

could be a source of the lack of information regarding the hydrolysis step.  

Table 76 – The estimated parameter and 95% t-values for the hydrolysis hydrolysis followed by the ring-opening in the 
smaller reactor. A reference t-value of 1.76 was used, with t-value for the activation energy of the hydrolysis step below 
this value indicating the data used was not sufficient for the estimation.  

Parameter Parameter value Standard deviation 95% t-value 

ÃH -0.985 0.093 4.92 
ÃR -2.767 0.030 43.5 

EA,H (kJ·mol-1) 77.7 30.7 1.18 
EA,R (kJ·mol-1) 129 7.90 7.61 

Reference t-value:   1.76 
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Figure 125 - The 95% confidence ellipsoids for the estimated parameters, with the activation energy plotted against Ã for 
the (a) the hydrolysis step and (b) the ring-opening step. The confidence ellipsoids for the ring-opening step were 
considered reasonably accurate, while for the hydrolysis step, there was greater uncertainty in the values which was not 
unexpected as there was only limited experiments with the diacid intermediate isolated. 

Experimental results prediction and comparison 

The reactor model and kinetic parameters were validated with three experiments within the 

experimental space of the estimation experiments. Both the estimation and validation predictions for 

the diacid and ring-opened product are shown in Figure 126 (a) and (b), respectively. The predicted 

values show good agreement and are within the estimated standard deviations of the sensors. 
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Figure 126 – (a) The predicted yield of the diacid in the smaller reactor with the experiments used for the estimation () 
and the validation (), showing good agreement for both; (b) The predicted yield of the ring-opened product in the smaller 
reactor with the experiments used for the estimation () and the validation (), showing good agreement for both. The 
difference between predicted and experimental results seemed to be lower than those with the larger reactor model. The 
error bars shown are a standard deviation each way, with the dashed line indicating a perfect fit.  

5.9. Sensitivity analysis for the estimated parameters 

Due to the lack of information regarding the activation energy of the hydrolysis step, a sensitivity 

analysis of the kinetic parameters estimated in the previous section was carried out to understand the 

kinetic parameter value’s effects on the system outputs. The sensitivity analysis was also carried out 

as the estimation had suggested the data used in the estimation was not sufficient for the accurate 
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estimation of the activation energy of the hydrolysis step. By carrying out the sensitivity analysis the 

effect of this parameter on the overall system could be judged. 

5.9.1. Variance based sensitivity analysis at set temperature 

The sensitivity analysis was carried out at fixed conditions so that the effects of just the kinetic 

parameters could be more easily understood and presented. The kinetic parameters’ values were set 

as the factors, with the estimated standard deviations used to set their uncertainty. The yields of the 

diacid and ring-opened products along with recovery of the bridged-product starting material were 

set as the responses. 

A flow rate of 2 ml·min-1 and a temperature of 230 °C was used as these were towards the middle of 

the experimental range, and would predict yields where the effect of values could be observed. A four 

factor quasi-Sobol sampling method was used with 50 probability distribution samples, leading to 300 

scenarios as per the 𝑁𝐷(𝑘𝑓 + 2) sampling requirement of variance-based sensitivity analysis.305 The 

first order and total effect of each factor is shown in Table 77 for each response, with the factors that 

have the largest effect on each response shown in red.  

Table 77 – A table showing the sensitivity analysis results for both the first-order and total variance-based sensitivity 
effects, highlighting the importance of the Ã for both the hydrolysis and ring-opening steps for the model output. The 
largest value for each response is highlighted in red. 

 Yield of diacid 
Yield of ring-opened 

product 
Recovery of bridged 

starting material 

Factor 
First order 
effect (𝑺𝒊) 

Total 
effect (𝑺𝑻𝒊) 

First order 
effect (𝑺𝒊) 

Total 
effect (𝑺𝑻𝒊) 

First order 
effect (𝑺𝒊) 

Total 
effect (𝑺𝑻𝒊) 

𝐀̃𝐡𝐲𝐝𝐫𝐨𝐥𝐲𝐬𝐢𝐬 0.1976 0.2042 0.5666 0.5032 0.9216 0.8382 

𝐀̃ 𝐫𝐢𝐧𝐠 𝐨𝐩𝐞𝐧𝐢𝐧𝐠 0.7882 0.7606 0.3981 0.3630 0.0694 1.96x10-18 

𝐄𝐀,   𝐡𝐲𝐝𝐫𝐨𝐥𝐲𝐬𝐢𝐬 0.0978 0.0041 0.0255 0.0770 0.1687 0.0747 

𝐄𝐀,   𝐫𝐢𝐧𝐠 𝐨𝐩𝐞𝐧𝐢𝐧𝐠 0.1029 0.0074 -0.0519 0.0035 0.0694 3.15x10-18 

 

The factor that affected the yield of the diacid was 𝐀̃ for the ring opening step, with 𝐀̃ for the 

hydrolysis step being the major affecting factor for both the yield of the ring-opened product and the 

recovery of the bridged starting material. The activation energies of both steps were not seen to be 

major factors in any of the responses. A graphical representation of the kinetic estimations is shown 
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in Figure 127, where the biggest correlations can be seen for the factors identified in the sensitivity 

analysis. It should be noted that graphical visualisations are not always the most useful in sensitivity 

analysis as multiple factors can have an effect on the responses. 

The results from this sensitivity analysis show that although the t-value suggested the experimental 

data used did not contain enough information to define the activation energy of the hydrolysis step, 

the output of the reactor is not greatly affected by the value of this parameter.  
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Figure 127 – A graphical representation of the sensitivity analysis at a set temperature of 230 °C with a flowrate of 2 
mlmin-1. (a), (b), (c) and (d) show the variation of the yields from changing Ãhyd, Ãring-opening, EA,hyd and EA,ring-opening, 
respectively. (i), (ii) and (iii) show the yield of diacid, the yield of the ring-opened product and the recovery of the 
starting material. Although the sensitivity analysis is not mathematically related to the correlation between the factors 
and responses, those that have the best correlations shown here are also have the greatest total effect, as shown in 
Table 69. This would be harder to pick out graphically for higher dimensions of factors, which is the reason a 
mathematical index is best. 

(a) (b) 
(i) 

(ii) 

(iii) 
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Figure 117 – A graphical representation of the sensitivity analysis at a set temperature of 230 °C with a flowrate of 2 
mlmin-1. (a), (b), (c) and (d) show the variation of the yields from changing Ãhyd, Ãring-opening, EA,hyd and EA,ring-opening, 
respectively. (i), (ii) and (iii) show the yield of diacid, the yield of the ring-opened product and the recovery of the 
starting material. Although the sensitivity analysis is not mathematically related to the correlation between the factors 
and responses, those that have the best correlations shown here are also have the greatest total effect, as shown in 
Table 69. This would be harder to pick out graphically for higher dimensions of factors, which is the reason a 
mathematical index is best. 
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5.10. Prediction of larger reactor from smaller reactor’s 

estimated parameters 

One of the benefits of the smaller reactor was that the material and energy use was greatly reduced 

during the optimisation process. However, for future reaction scale-up it also offered a route of 

understanding kinetic parameters at a small scale before being able to predict the performance of the 

larger reactor. The possibility of this prediction was investigated using the kinetics parameters 

estimated in the smaller reactor within the larger reactor models. 

5.10.1. Prediction of the hydrolysis and ring-opening steps in the 

larger reactor 

As the model was shown to be valid for the smaller reactor, the estimated kinetics were then used to 

predict the performance of the experiments carried out in the larger reactor. The Tref used was 

238.65 °C which is the inverse average of all the temperatures used in the estimation and the 

temperatures used in the larger reactor. The production of the diacid and ring-opened product was 

predicted for the reactions in series with a comparison shown in Figure 128, showing good agreement. 

The predicted outlet concentration of the two products are also shown in Figure 128, this shows the 

reproducibility of the model over different conditions, which the yields can mask when there is high 

conversion, as seen in the experimental values. 

This performance prediction shows the possibility of estimating kinetic parameters in the smaller 

reactor, using small amounts of material, which could be used to accurately predict performance in 

the larger reactor. 
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Figure 128 – A comparison of the predicted and experimental values for (a) the yield and (b) the concentration of the 
diacid () and the ring-opened product () in the larger reactor using the parameters estimated using experiments in the 
smaller reactor. The concentration is plotted here as the experiments were of high conversion which may have masked 
the accuracy of the model. The dashed line indicates a perfect fit between prediction and experiment. 

5.10.2. Prediction of the ring-opening step in the larger reactor 

The kinetic parameters for the ring-opening step estimated in the smaller reactor, with the reaction 

in series, were then used to predict the performance of the first experimental results presented above: 

the single-step conversion of the diacid to the ring-opened product. The predicted performance of 

these reactions can be seen in Figure 129, showing an accurate prediction of the conversion of the 

diacid and yield of the ring-opened product. The slight overestimation of the ring-opened product was 
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thought to be due to the kinetic scheme in the smaller reactor not considering the breakdown of the 

product, which had been observed for the larger scale reactor. 

 

Figure 129 – A comparison of the predicted and experimental values for (a) the yield of the diacid () and (b) the yield of 
the ring-opened product () in the singular conversion of the diacid to the ring-opened product using kinetic parameters 
estimated with experiments in the smaller reactor. The diacid showed a good agreement between experimental and 
predicted values. However, the ring-opened product yield was overestimated which was thought to be due to the kinetic 
model in the smaller reactor not considering the breakdown of the product. The dashed line indicates a perfect fit between 
prediction and experiment. 

This overestimation highlights some of the difficulties with scale up as some issues are not observed 

on a small scale, but can become significant at a larger scale. However, the RMSE was 3.94 % and 9.44 

% for the diacid and ring-opened product, respectively, which was considered acceptable for the diacid 

as the yields had been calculated using 1H NMR.  
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5.11. Daisy-chain with Photoreactor 

As mentioned in Chapter 4 and in this Chapter’s introduction (Section 5.2), a final goal of the modelling 

was to model a daisy-chained process up to ca. 1 kgday-1. The bridged compound starting material for 

these reactions can be produced photochemically as outlined in the previous chapter. Colleagues in 

Bristol were able to produce the bridged compound at 30ml·min-1 with a ca. 70 % yield, with a starting 

concentration of THPAA of 0.5 mol·dm-3 in acetonitrile. This would then be diluted by 50 % water by 

volume in flow, giving an equivalent concentration for the bridged compound of 0.175 mol·dm-3 at 

60ml·min-1. 

Prediction of performance with 60 ml·min-1 

The equipment in the laboratory in Nottingham was unable to reach flowrates of 60 ml·min-1, so the 

reactor model was used to predict the performance. 

Current reactor at 60 ml·min-1 

To understand what would have been feasible with the current equipment, the computational model 

was used to predict the performance at 60ml·min-1. The yield of the final ring-opened product was 

82 %, the equivalent of 2.6 kg per day, with the concentration profiles of the diacid and ring-opened 

product along the reactor shown at equilibrium in Figure 130.  
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Figure 130 – The concentration profile for the diacid (—) and the ring-opened product (—) along the larger reactor at 
260 °C and 60 ml·min-1. This concentration profile was predicted using the parameters estimated from experiments in the 
smaller reactor. The outlet concentration of 0.145 mol·dm-3 of the ring-opened product is equivalent of 84 % yield. 

Using the model to design an optimal reactor 

The model was then used to predict a possible reactor size for a future reactor that would be able to 

produce a high yielding amount of the ring-opened product, assuming further pumps were also 

provided to reach 60 ml·min-1 flow rates. A reactor of 0.24” internal diameter and a length of 300 cm 

predicted a 96 % yield of the bridged product, as shown in Figure 131, which is the equivalent of ca. 3 

kg per day. It should be noted that for this prediction no breakdown of the product was assumed as 

the kinetics did not consider this. In practise, it is likely that a proportion of the product would degrade 

and reduce the yield of the ring-opened product below 96 %. 
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Figure 131 - The concentration profile for the diacid (—) and the ring-opened product (—) along a hypothetical reactor, 
with an internal diameter of 0.24” and 3 m length at 260 °C and 60 ml·min-1. This reactor was designed using the 
parameters estimated from experiments in the smaller reactor. The outlet concentration of 0.168 mol·dm-3 of the ring-
opened product is the equivalent of a 96 % yield. 

5.12. Chapter Summary 

A model was developed for the high-temperature reactor used within the group, with a number of 

assumptions used to allow for a numerically feasible model. Measuring the kinetics of the reaction, 

using typical techniques such as in-line spectroscopy, was unsuitable due to the extreme conditions 

used. To understand the kinetics of the reaction, parameter estimation was used for the kinetic 

parameters.  

Initially the parameter estimation of the standard Arrhenius equation was used for just the ring-

opening step in the larger reactor, followed by a possible breakdown of the product. The parameters 

had large uncertainties and high correlations between themselves, so a reparameterisation strategy 

was used to reduce the uncertainty and correlation. The estimated parameter values were then used 

to find the optimal reference temperature to reduce the correlations between parameters. The final 

parameter values for the ring-opening step, followed by a possible breakdown step showed a much-

reduced correlation and uncertainty compared to the initial estimation using the standard Arrhenius 

equation. 
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Following from this, the hydrolysis of the bridged-compound produced in the photochemical step, 

discussed in the previous chapter, was carried out in the larger reactor, with the subsequent ring-

opening step also carried out. This multi-step reaction was then modelled, with parameter estimation 

used to estimate the kinetics. The data used for this multi-step reaction system contained little 

information as the yield of each experiment was >90%. A number of techniques were used to produce 

reasonable results, with the combination of the reactions into a single step reducing the uncertainty 

to acceptable levels. The steps taken to reduce the uncertainty highlighted the limitations of the 

parameter estimation method used. 

Due to the large use of material with the larger reactor, a smaller reactor was developed so less 

material could be used, while still understanding the reaction. Again, the parameter estimation 

method was used, followed by a number of subsequent steps to optimise the reference temperature 

of the reparameterised Arrhenius equation. The estimated kinetic parameters accurately predicted 

the experimental results, however, for the activation energy of the hydrolysis step, it was suggested 

that the data used lacked sufficient information to predict the parameter. The uncertainty in this 

parameter was investigated through sensitivity analysis and was showed to have little influence on 

the overall outcome of the process. This lack of difference was thought to be because the hydrolysis 

step occurred at a greater rate than the ring-opening step, and hence had little effect.  

The kinetic values estimated in the smaller reactor were used to predict the performance of the results 

in the larger reactor, accurately predicting the results of the multi-step reaction process. The kinetic 

parameters were then used to predict the outcome of just the ring-opening step in the larger reactor. 

For just the ring-opening step, the kinetics predicted in the smaller reactor overestimated the 

experimental results, which was thought to be because a possible breakdown of the final product was 

observed in the larger reactor, which was not considered in the smaller reactor model. 

The performance of the larger reactor at elevated flowrates, which Nottingham’s laboratory 

equipment could not match, was then predicted. The model predicted a yield of 84% for the final 
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compound, equivalent of >2 kg per day, which was above the initial goal of 1 kg per day. The model 

was then used to design a possible new reactor to achieve yields of >95%, by doubling the internal 

diameter and halving the length. Looking to the future, this showed the possibility of understanding 

reaction kinetics in the smaller reactor, before predicting the performance of a larger scale process, 

as well as allowing new equipment to be designed to optimise processes further. 

5.13. Future work 

The modelling of the reactions in this chapter was often carried out retrospectively, after the 

experimental data had been collected. This retrospective approach led to some limitations in the 

capabilities, as the data had often been collected following typical chemical optimisation techniques, 

where parameters are changed to increase the yield of a single product. In future, it would be better 

if the modelling was to be used in a more proactive method, taking advantage of the Design of 

Experiments (DoE) to obtain information about the whole reaction process. By using DoE more 

proactively, it would be hoped to reduce material and energy use even further. 

The possibility of predicting the performance of a reaction in the larger reactor, by estimating the 

kinetics in the smaller reactor was shown. However, this predictive capability has only been shown 

with one reaction, and hence increasing the library of reactions that have been modelled will hopefully 

further the validation of this method. It would also be interesting to see if the predicted yield of 84% 

for the larger reactor at a flow rate of 60 ml·min-1 was valid. 

It may also be possible to have a number of different reactors built, such that when the kinetics of a 

reaction has been understood, a reactor can be chosen to optimally produce a certain result. 
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6. Thesis summary 

As discussed in the introduction to this Thesis, the original aims were changed in light of the UK 

Government’s CCS policy change, with the outcome being two separate parts: a part related to CCS 

and another part related to novel chemical reaction modelling. Both parts of the Thesis contain 

common themes of modelling and predictive capabilities which have been discussed throughout. This 

summary is therefore split into the subsequent chapters, with the aims defined in each chapter used 

as the basis of the summary. 

Chapter 1 – CCS related work 

Aim 1.1  - To carry out experimental work for determining the phase behaviour of tertiary systems 

of CO2, H2 and H2O relevant to CCS pipeline operation 

Experimental work was carried out using a previously developed spectroscopic method for measuring 

water solubility in a fluid mixture of 10 % H2 + CO2 at 40 °C and pressures above 8 MPa. The results 

showed a continuation of the trend of reducing water solubility with a decrease in density. Water 

solubility in 10 % H2 + CO2 followed the trend line defined with previously reported experimental work 

(Pure CO2, 5 % N2 + CO2 and 10 % N2 + CO2), which the water solubility was shown to be dependent on 

density. The properties of N2 and H2 are significantly different such that the relationship between 

density and water solubility could be seen as a reliable indicator for predicting water solubility of 

varying CCS-relevant mixtures at the conditions chosen.  

Aim 1.2  - To compare the experimental work on phase behaviour with the predictive capabilities 

of PSE’s Equation of State 

Both the experimental work carried out in this Thesis and previously reported values for the water 

solubility, density and viscosity of CCS-related mixture were compared with the predictive capabilities 

of two different EoSs. For water solubility, the EoSs underestimated the water solubility limits 

compared to the experimental values. This underprediction of the water solubility limits was seen as 
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being preferable than an overprediction if they were to be used within safety simulations. However, 

both the predicted and experimental limits were considerably above the previously suggested pipeline 

water limits, which suggested these safety limits could possibly be increased in future. Further work 

would also be needed at temperatures relevant to those found in countries such as the UK to confirm 

these findings.  

For both density and viscosity, the predicted and experimental values were found to be within 5 % 

error of each other, in the region of interest, which was considered accurate compared to previously 

reported comparisons.  

Aim 1.3 - To use PSE’s software to understand the effect impurities with CO2 has on the operation 

of pipelines, especially the pressure drop of a pipeline. 

As the viscosity and density of the CCS-relevant mixtures had been shown to be accurate within the 

region of interest, the EoSs were used within a pipeline model to understand the effect impurities 

would have on pipeline behaviour. The pipeline model used was a proprietary model of PSE and was 

based on a single-phase plug flow model. An 0.5 m internal diameter pipeline with an equivalent 

flowrate of 5 million tonnes CO2 per year was used initially, with an inlet pressure of 10 MPa. The 

results showed little difference from the presence of impurities, when the CO2 was >90 %, with all 

predictions above the industry standard pressure drop. Subsequently, the effect of internal diameter 

and surrounding temperature was investigated, with both of these showing a greater effect than the 

role of impurities.  

Aim 1.4  - Undertake a training exercise modelling existing experimental work on the pressure 

drop and phase behaviour of a CH3CN mixture at elevated temperatures 

A pipeline model was used to predict the pressure drop of a number of mixtures, with the results 

compared to experimental work previously carried out in the group. The model initially used pure 

isopropyl alcohol (IPA) to define the model, with a friction factor used to match the results. The model 

defined with pure IPA was then used to predict the pressure drop of an acetonitrile:water mixture, 
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which is typically reactive at elevated temperatures. Experimental results for this reactive mixture 

showed little formation of a reactive product, as per gas chromatography analysis. The measured 

pressure drop was predicted well by the model, which supported the validation of the method 

previously developed.  

Future work 

The method developed for measuring water solubility could be adapted for attenuated-total 

reflectance equipment, so a tool could be developed for online monitoring of pipelines. There would 

also be the possibility of integrating an ATR sensor into an Internet of Things (IoT) system. It would 

also be interesting to understand the economic impacts of impurities on future CCS pipeline networks. 

Chapter 4 Photochemical reaction modelling 

Aim 4.1 - Develop a process model of a photochemical reactor 

Initially an idealised model of a photochemical batch reactor was developed using a Beer-Lambert 

derived equation to model the absorption of light by a reactive medium. This initial model used a 

number of simplifying assumptions, such as having parallel light with no movement of particles. The 

reaction kinetics of the Paternò-Büchi reaction were collated from a range of literature sources, with 

the quantum yield assumed so the calculations could be carried out. The results for this showed a 

front developing of reagents and light, as expected for the no mixed case. CFD was also used to model 

an identical set up, with results from both showing good agreement.  

The two-flux approximation was then used with cylindrical coordinates to develop models for the 

excimer flow and batch reactors. For these reactor models, diffusion and flow of reagents was also 

considered. Initial calculations using the process model and CFD calculations were compared; again, 

both showed good agreement.  
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Aim 4.2  - Use photochemical process model to understand photochemical reaction kinetics and 

compare outputs with experimental results 

Experimental results from the excimer flow models were modelled first, using MLE to estimate the 

quantum yields which was then used to predict reactor output. The estimated quantum yield for the 

photoisomerization of 2-pyridone was compared with the literature quantum yield. As the light power 

used in the model was the manufacturer’s specified value, the estimated quantum yield was 

considerably lower than the literature value. For example, at 308 nm, the MLE estimated was 0.54 %, 

which was 21% of the literature value of 2.60%. It was noted that previous work in the group had 

carried out actinometry on the 308 nm lamp and calculated the number of photons entering the 

reactor to be 21% of the manufacturer’s specification. The estimated quantum yields for the 

photoreaction of 2-pyridone were also compared with a literature method for calculating the quantum 

yield and showed good agreement when the assumptions in the literature method were valid. 

Actinometry was then considered for all of the reactors that were to be used. However, as this work 

was focussed on model development, the manufacturer’s specification was decided to be used as the 

estimated quantum yields would take the difference in lamp power into account. The estimated 

quantum yields were then used to validate the model with experimental results not used in the 

estimation; showing good agreement. 

The excimer flow reactor models were then used with the estimation of quantum yields and reaction 

performance prediction of two further reactions; the photodecarboxylative cyclisation of potassium 

N-phthalimidobutanoate and the photoisomerization of Cookson’s dione. The estimated quantum 

yields for both of these reactions were then also compared with the literature method for calculating 

the quantum yield. Both methods showed good agreement when the assumptions used in the 

literature method were valid. There was a difference in values when the literature method’s 

assumptions were not valid, such as with competing absorbances, which the method developed in 
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this work considered. Again, for both of these reactions, the models were validated with experiments 

not used within the estimation.  

Aim 4.3 - Use kinetics to predict reactor performance of reactions for; unimolecular reactions, 

multi-component reactions with competing absorbances, photosensitised reactions and 

consecutive reactions 

The development of the photoreactor model discussed in the previous aim allowed the quantum yield 

of unimolecular reactions and reactions with competing absorbances. After this, the prediction of the 

performance of multi-component and photosensitised reactions was approached together because 

the photosensitiser was a separate component. Initially a similar approach was used as the 

unimolecular reaction, with a number of additional reactions included after the absorption of a photon 

by the photosensitiser. However, the estimated values for these reaction schemes had large 

uncertainties and high correlations between each other.  

A novel Bodenstein-like assumption was made for the excited photosensitiser, which was assumed to 

have a concentration relative to the amount of light present in the reactor. For this, a ‘quantum kinetic 

parameter’ was used in place of a quantum yield. This assumption simplified the reaction schemes 

into fewer steps and reduced the uncertainty in the estimated parameters. This assumption was then 

used for the estimation of the ‘quantum kinetic parameter’ for the photosensitised isomerisation of 

cis-octene and the photocyclization of THPAA and propargyl alcohol. These models were also validated 

using experimental results not used within the parameter estimation. 

Aim 4.4  - Develop models of more complex photochemical reactors 

Two more complex reactors have been developed by colleagues at Nottingham; the vortex reactor 

and FEP tubular reactor.  

The vortex reactor model produced highly complex mixing properties due to the formation of Taylor 

vortices. During the design and manufacture of the vortex reactor a CFD model had been developed 

which was used as a guide within this work. A major assumption was made for the development of 
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this work; the light entering the reactor being uniform and parallel to the surface which was unlike 

the experimental set up. This assumption was used as the process model was designed to be a rapid 

alternative to the CFD; including an angular dimension would have increased computational expense.  

An idealised Paternò-Büchi reaction was used to compare results from the CFD model and process 

model. The dispersion coefficients varied along the reactor to mimic the mixing of the vortex, with the 

values chosen to ensure the CFD and process models showed good agreement. The vortex process 

model defined using the Paternò-Büchi was then used to understand the reaction of Cookson’s dione 

in the vortex reactor.  

As the quantum yield of the Cookson’s dione reaction had previously been estimated in the excimer 

reactor, experimental results from the vortex reactor were used to estimate the lamp power of the 

vortex reactor. The assumptions of the light being uniform across the reactor surface and 

monochromatic meant the estimated lamp power value was likely to be inaccurate. However, the 

lamp power estimation meant that the performance of the vortex reactor could be predicted. A small 

number of experimental results were compared and showed good agreement. Further comparisons 

were made with both the process models and CFD models with all showing good agreement. An 

interesting conclusion of the vortex reactor modelling was how the rotation speed showed little effect 

on the output of the reaction, which could help reduce the temperature and energy use for the vortex 

reactor. 

For the modelling of the FEP tubular reactor a model using trigonometry and the Beer-Lambert law 

was initially derived. As the trigonometric function required an angular dependence, the 

computational requirements increased considerably. This trigonometric function was used for the 

photosensitised reaction of THPAA with propargyl alcohol. After further consideration the angular 

dependence was removed and the FEP tubular reactor model was simplified to an annular reactor 

with dimensions relevant to the FEP tubular reactor. This simplification allowed for faster calculations 

alongside the prediction of the output of the reactor. 
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Aim 4.5 - Use photochemical model in conjunction with the high-temperature water process 

model to predict performance of a daisy-chained process 

The FEP tubular reactor model was used to model the photosensitised reaction of THPAA with 

propargyl alcohol where the major product of this reaction was the starting material in a thermal 

reaction. The outcome of combining the photochemical and thermal steps is discussed further in 

Aim 4.4. 

Future work 

As mentioned in the introduction to Chapter 3, the lamp power for the excimer lamps was assumed 

to be equal to the manufacturer’s specifications. This was deemed unlikely to be true, and although 

actinometry was not carried out, this would be an aim to pursue for reporting accurate quantum yield 

values. The Bodenstein-like assumption made as was a novel development and it would be interesting 

to understand this assumption further, using more experiments to further validate the method. 

Finally, further experiments need to be carried out to develop and understand the limitations of the 

vortex reactor model. 

Chapter 4 HTW reaction modelling 

Aim 5.1 - Develop a process model for a high-temperature water reactor 

A reactor model of a coiled tubular reactor placed inside a heating block was modelled using 

engineering principles. The Advanced Peng-Robinson equation of state was used to calculate the 

physical properties of the reaction fluid. To simplify the model, the heat of the reaction was shown to 

be negligible compared to the heating profile caused by the high temperatures used experimentally 

(> 200 °C).  
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Aim 5.2  - Use a high-temperature water process model to understand reaction kinetics and 

compare reactor performance prediction with experimental results 

The overall aim of the HTW reactor model was to model two reactions; the hydrolysis of the product 

formed in the photochemical step discussed above and a subsequent ring-opening step of the product 

from the hydrolysis step. 

The electrocyclic ring-opening reaction step was modelled first, with the kinetic parameters estimated 

using the standard Arrhenius equation. Although the predicted yields were validated against 

experimental results, the estimated parameters contained large uncertainty and high correlations 

between parameters.  

The Arrhenius equation was reparameterised with a reference temperature, before the kinetic 

parameters were estimated. Following this, an algorithm was used to optimise the reference 

temperature to reduce the correlation between parameters. The reparameterization method was 

shown to have no effect on the predicted reactor performance. 

Following from this estimation, the hydrolysis step was introduced to the model before the ring-

opening step. The experimental data for this were limited in information as all of the yields were 

over 90 %. The estimation of the kinetic parameters produced values with high uncertainties, which 

was not surprising due to the lack of information in the experimental data. A number of different 

methods were attempted to reduce this uncertainty, including the inclusion of extra experiments of 

just the ring-opening step. The method that was most successful in reducing the uncertainty was  

combining the hydrolysis step and ring-opening step together. As the reaction was carried out in a 

solvent mixture of water 50% vol. the hydrolysis step was expected to be rapid at the elevated 

temperatures, but also highlighted the limitations of the method; uncertainty is reduced by 

introducing assumptions.  
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A smaller reactor (internal volume 0.77 cm3) was then manufactured as the previous experiments used 

large amounts of material (internal volume: of 43 cm3). The smaller reactor was then hoped to be able 

to have shorter residence times so that the formation of the intermediate product could be further 

understood. The reactor model was then adjusted for the new dimensions and the kinetic parameters 

estimated. The reparameterization and reference temperature optimisation method was also used to 

reduce the correlations between parameters. The estimated kinetic parameters from the smaller 

reactor were then validated using experimental values for the smaller reactor.  

The kinetic parameters estimated in the smaller reactor were then used to predict the performance 

of the experimental results of the larger reactor. The recovery of the starting material for this was 

found to be accurate, however, for the final product the model overestimated the production. This 

overestimation was thought to be due to the product breaking down, which had been observed in the 

larger reactor, but was not considered in the smaller reactor model.  

Aim 5.3 - Use kinetics to predict reactor performance for a variety of reactions 

The performance of two reactions that were part of the same scheme was carried out within this work. 

However, unfortunately this method was not carried out for any further reactions and would be a 

future aim of the project.  

Aim 5.4  - Use a high-temperature water model in conjunction with the photochemical process 

model to predict performance of a daisy-chained process 

Both models were used together, with the output of the prediction of the photo reactor equalling the 

input of the thermal reactor. As the models had been validated separately the daisy-chained model 

was used to predict the performance of the reactor at conditions that matched colleagues from the 

University of Bristol’s flowrates but were unable to be reached in Nottingham due to equipment 

limitations.  
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It was hoped to develop a graphical user interface (GUI) so the daisy-chaining of processes could be 

made by defining an icon and using gPROMS ‘drag and drop’ process sheet builder. Some progress 

was made towards the development of icons that could be used within gPROMS but there was limited 

time due to writing. It is a future goal of the project to develop a GUI and easy-to-use method so that 

the method can be adopted more widely by members of the group.  

Aim 5.5 - Optimise multi-step reaction process 

The models developed within this work were used to predict the performance and operation of the 

reactors at a wide range of conditions. A mathematical optimisation was not carried out on the larger 

reactor for two reasons; the reaction was shown to be high yielding across a wide range of conditions 

and the breakdown of product was not considered in the smaller reactor model. If the breakdown was 

understood, the optimal conditions would be constrained and a mathematical optimisation would be 

more useful. 

Future work 

The high temperature water reactor model should be used more proactively in the future, possibly 

using design of experiments (DoE), as the majority of the work presented in this Thesis was carried 

out retrospectively. It would also be interesting to understand the accuracy of the predictions made 

at 60 ml·min-1 and for the hypothetical reactor design. 
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8. Appendix  

8.1. Appendix I – Introduction to photochemistry and HTW 

8.1.1. Definitions of quantum yield  

The quantum yield of a reaction is a measure of the efficiency the reaction has compared to the 

number of photons it has absorbed. However, there are a number of different definitions in the 

literature regarding quantum yield which are outlined below. 

Apparent Integral Quantum Yield 

𝛷𝑖 =
∆𝑁𝑖
𝑁ℎ𝜈

=
𝐶𝑖(𝑡) − 𝐶𝑖,0

∫ 𝐼𝑇 𝑑𝑡
𝑡

0

(107) 

The apparent integral quantum yield, defined in Equation 107,  is the ratio between the photochemical 

reaction and the total light absorbed by the whole system; where ∆𝑁𝑖  is the number of moles of 

reactant 𝑖 that react in time 𝑡 and 𝑁ℎ𝜈 is number of light quanta (moles/einsteins) absorbed by the 

whole system in time 𝑡. 𝐶𝑖(𝑡) and 𝐶𝑖,0 are the concentrations of 𝑖 at time 𝑡 and 𝑡 = 0, respectively. 𝐼𝑇 

is the total amount of light absorbed by the whole system, not just the molecule in question, 𝑖.  

True Integral Quantum Yield 

𝛷𝑖
𝐴 =

∆𝑁𝑖
𝑁ℎ𝜈,𝑖

=
𝐶𝑖(𝑡) − 𝐶𝑖,0

∫ 𝐼𝑖 𝑑𝑡
𝑡

0

(108) 

The true integral quantum yield, defined in Equation 108, is reactant specific and looks at the ratio 

between the reactions happening to 𝑖 compared to the amount of light 𝑖 has absorbed. 𝑁ℎ𝜈,𝑖 is the 

amount of light 𝑖 has absorbed in time 𝑡. 

The integral based quantum yields above are conceptually easy to understand and often can be 

measured experimentally; however, some assumptions are needed. For example, if a quantum yield 

is measured relative to the starting material it has to be assumed that said starting material only reacts 

photochemically. A similar assumption has to be taken with quantum yields that are taken relative to 
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the production of a product; it has to be assumed to only be formed photochemically. Also, care needs 

to be taken with what we see as a desired quantum yield – one reaction may have a high quantum 

yield (which is often seen as good) because once it absorbs light it is likely to go onto react, but it could 

be reacting to form an unwanted side product. These assumptions are likely to be true simple 

reactions at low temperature but would need to be considered for more complex reactions. 

Time independent quantum yields 

The previous quantum yields are useful for understanding an overall reaction scheme but are 

integrated over time and hence cannot be used in a program that predicts over time. Time 

independent quantum yields are therefore generally preferred for this computational approach. 

Apparent Differential Quantum Yield 

𝛷′𝑎,𝑖 =
𝐶𝑖̇
𝐼𝑇

(109) 

The apparent differential quantum yield, defined in Equation 109, is a measure that looks at an 

infinitesimal small change, with 𝐶̇𝑖 being the change in the concentration of 𝑖 with time, with 𝐼𝑇 being 

the total amount of light absorbed per unit volume in the infinitesimal time step.  

 

True Differential Quantum Yield 

𝛷′𝑖 =
𝐶𝑖̇
𝐼𝑖

(110) 

The true differential quantum yield, defined in Equation 110,  is the simplest method for mathematical 

treatment of the kinetics as it treats just the individual molecule that both absorbs and goes onto 

react. This is therefore useful for mixtures where there is more than one species present that absorbs 

the light. This in combination with the Bodenstein assumption thus allows it to be treated as one 

photochemical step. 
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The quantum yield used in the subsequent work is the true differential quantum yield as the code is 

built up with differential equations and the rates are based within the time steps of the calculations, 

along with the amount of light that has been absorbed by the photoreactive species.  

8.1.2. RTE section 

The derivation of an absorbing and scattering medium is shown below for the discrete ordinate 

method and two-flux approximation. 

DOM derivation 

The Discrete Ordinate Method (DOM) discretises the angular space into a finite number (𝑵𝒅) of 

directions (𝒖𝒊). The RTE is then replaced by a system of partial differentials and integrals that are 

solved by digital quadrature. The integrals therefore become a weighted summation of all the 𝑵𝒅 

directions, as defined in Equation 111.  

𝜉

4𝜋
∫ 𝐵(𝐮′ → 𝐮)𝑣 𝑑𝛺′
 

𝛺′=4𝜋

=
𝜉

4𝜋
∑𝑤𝑗𝐵(𝐮𝐣

′ → 𝐮𝐣)

𝑵𝒅

𝑗=1

𝐿(𝑠, 𝐮𝒋) (111) 

 

The overall RTE can then be written as: 

{
 
 
 

 
 
 

𝐮𝟏 ∙ ∇𝐼 =  − (𝛼 + 𝜉)𝐼(𝑠, 𝐮𝟏)  +  𝛼𝐼
0(𝑇)  + 

𝜉

4𝜋
 ∑𝑤𝑗𝐵(𝐮𝐣′ → 𝐮𝟏)

𝐍𝐝

𝑗=1

𝐼(𝑠, 𝐮𝒋) 

⋮

𝐮𝐍𝐝 ∙ ∇𝐼 =  − (𝛼 + 𝜉)𝐼(𝑠, 𝐮𝐍𝐝)  +  𝛼𝐼
0(𝑇)  + 

𝜉

4𝜋
 ∑𝑤𝑗𝐵(𝐮𝐣′ → 𝐮𝐍𝐝)

𝐍𝐝

𝑗=1

𝐼(𝑠, 𝐮𝐍𝐝) 

 

Where 𝑤𝑗 are the quadrature weights corresponding to the direction 𝒖𝒊. These equations are then 

solved using quadratures (SN) or Fiveland quadrature (FN). 

The above equations need boundary conditions specifying the luminance leaving the boundaries of 

the domain for each direction. For an isotropic surface, the luminance leaving the border at point P0 

in the direction 𝒖𝒊, where  𝒖𝒊 ∙ 𝒏𝑷𝟎 where 𝒏𝑷𝟎 is the normal vector of the surface at point P0 directed 

towards the middle, is defined in Equation 112. 
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𝐼(𝑠, 𝐮𝒊) = 𝐼
𝑊𝑎𝑙𝑙(𝑠, 𝒖𝒊) + 𝜖𝐼

0(𝑇) +
1 −  𝜀 − 𝑡

𝜋
∑ 𝑤𝑗𝐼(𝒔, 𝒖𝒋)|𝒖𝒋 ∙ 𝒏𝑷𝟎|

𝑵𝒅/𝟐

𝑗=1(𝒖𝒊∙𝒏𝑷𝟎<𝟎)

(112) 

Where 𝜖 and 𝑡 are the emission and transmission coefficients of the wall, with the term 1 −  𝜀 − 𝑡 

representing the reflectivity coefficient 𝑟. 

The solution to the above equations is then solved numerically. Caution should be taken with non-

uniform grids as this method was developed for uniform grids. They should be solved at the same 

resolution as hydrodynamics, but as hydrodynamic grids are often non-uniform the solutions become 

much more complex. There has been a number of developments in this area to extend the DOM 

method to non-uniform meshes. 

Simplification for absorbing only medium 

For a medium that only absorbs the RTE is simplified to Equation 15, as defined previously. 

𝑑𝐼

𝑑𝑠
= −𝛼𝐼(𝑠, 𝒖) (15) 

 

For the Discrete Ordinates Method (DOM) the angular space is discretised in Nd directions, obtaining 

these equations: 

{

𝐮𝟏 ∙ ∇𝐼 =  − 𝛼𝐼(𝑠, 𝐮𝟏) 
⋮

𝐮𝐍𝐝 ∙ ∇𝐼 =  − 𝛼𝐼(𝑠, 𝐮𝐍𝐝)
 

For purely absorbing mediums the RTE can be solved using a finite volume method, with a step 

diagram. The total irradiance can be obtained by summing the irradiances from each direction and 

multiplying it by the weight (𝑤𝑗) of the associated light, as defined previously in Equation 16. 

𝐼𝑡𝑜𝑡𝑎𝑙(𝑠) = ∫ 𝐼(𝑠, 𝐮)𝑑𝛺 =∑𝑤𝑗𝐼(𝑠, 𝐮𝐣)

𝐍𝐝

𝑗=1

 

𝛺′=4𝜋

(16) 
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Collimated radiation 

For purely collimated radiation with u perpendicular to the surface, the energy flux density is equal to 

luminance.  

𝐹0  =  𝐼0 

Technically the units are different as 𝐹 (eins·cm-2·s-1) whereas 𝐼 (eins·cm-2·s-1·sr-1), however as the light 

is collimated this is not considered. 

Isotropic Radiation 

For isotropic radiation where irradiance is independent of the direction of the light the Energy Flux 

Density at the wall (F0) is defined in Equation 113. 

𝐹0 = 2𝜋∫ 𝐼0(𝐬 = 0, 𝐮𝒊)|𝐮𝒊 ∙ 𝐧|𝑑𝛺
 

𝐮𝒊∙𝐧𝑷𝟎<𝟎

(113) 

 Two-flux approximation derivation 

For the two-flux approximation the angular space is separated into two hemispheres, where the 

luminance is assumed to be constant but different in each hemisphere. This model was first developed 

by Schuster et al. and used the following assumptions: 

 Rectangular 1D geometry 

 Isotropic phase function 

 Luminance independent of the incident angle 

Cornet et al. proposed an extension of this method to cylindrical and spherical geometries in one 

dimension but also taking into account an anisotropic radiation field, depending on the angular 

dependence of the radiation. The Radiative Transfer Equation (RTE) for an absorbing, scattering and 

emission free medium is defined in Equation 114. 

𝑑𝐼

𝑑𝑠
= −(𝛼 + 𝜉)𝐼(𝑠, 𝒖) +

𝜗

4𝜋
∫ 𝐹𝑃(𝒖

′ → 𝒖)𝐼(𝑠, 𝒖′)𝑑𝛺′
 

𝛺′=4𝜋

(114) 
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Where 𝐹𝑃 is the phase function and s is the curvilinear coordinate related to the direction 𝒖 of the 

light beam. 𝛼 is the Naperian linear absorption coefficient and 𝜉 is the linear scattering coefficient. 

This can also be written as shown in Equation 115. 

1

𝛽𝑇

𝑑𝐼

𝑑𝑠
= −𝐼(𝑠, 𝒖) +

𝜗

4𝜋
∫ 𝐹𝑃(𝒖

′ → 𝒖)𝐼(𝑠, 𝒖′)𝑑𝛺′
 

𝛺′=4𝜋

(115) 

Where 𝛽𝑇 and 𝜔 are the extinction coefficient and the albedo, respectively, defined below, where 𝛽𝑇 

is the extinction coefficient (a sum of the absorption and scattering coefficients) and 𝜗 is the albedo 

of the fluid which defines how absorbing or reflective the medium is. 

𝛽𝑇 = 𝛼 + 𝜉 ;   𝜗 =
𝜉
𝛽𝑇
⁄  

The two-flux approximation splits the irradiance into two hemispheres (+/–), with the irradiance at 

position c1 defined in Equation 116, where the +/- signs indicate the positive and negative 

hemispheres, respectively. The irradiance is a function of five parameters, the coordinates and both 

the zenith (γ) angle and azimuthal (ϕ) angle, as shown in Figure 35. 

{
 
 

 
 (+) = ∫ 𝑑

 

𝛺+
𝛺 = 2𝜋∫ sin𝛾  𝑑𝛾  = 

𝜋
2⁄

0

2𝜋∫ 𝑑𝑍
1

0

, (𝑍 = cos 𝛾)

 

(−) = ∫ 𝑑
 

𝛺−
𝛺 = 2𝜋∫ sin𝛾  𝑑𝛾  = 

𝜋

𝜋
2⁄

2𝜋∫ 𝑑𝑍
0

−1

, (𝑍 = cos 𝛾)

(116) 

For most cases the RTE cannot be solved analytically and hence numerical methods have to be applied. 

However, certain assumptions can be made to simplify the problem: 

 A single direction is chosen for reference (y axis in cartesian and r axis in the cylindrical 

coordinates) 

 The luminance is considered symmetrical about the axis of choice, so that it does not only 

depend on the zenith (𝛾) angle. 

 The solid angle is expressed as 𝑑𝛺 =  2𝜋 sin γ 𝑑γ 
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Considering these assumptions, the equation for the variation in irradiance with position for the 

curvilinear coordinates in the Cartesian and cylindrical systems is defined in Equation 117. 

𝑑𝐼

𝑑𝑠
= cos 𝛾 

𝑑𝐼

𝑑𝑐1
(117) 

In order to consider varying luminance with the zenith angle (𝛾) Cornet introduced an angular 

dependence as defined in Equation 118, where n is the degree of collimation (n→0 luminance is 

independent of zenith angle and hence isotropic; n→∞ luminance will tend to 0 in all directions except 

for 𝛾 = 0 and hence fully collimated).  

𝐼(𝑐1, 𝛾) = 𝐼
±(𝑐1)|cos

𝑛𝛾| = 𝐼±(𝑐1)|𝑍
𝑛| (118) 

Where 𝑍 =  𝑐𝑜𝑠 𝛾. This formula, therefore, allows for calculations with varying degrees of collimation 

between collimated and isotropic, which is expected for differing lamps and equipment. Equations 

115 and 118 are combined using the assumptions described above, giving the RTE defined in 

Equation 119. 

1

𝛽𝑇
𝑍
𝑑𝐼

𝑑𝑐1
= −𝐼 +

𝜗

2
(∫ 𝐼 𝐵(𝑍′, 𝑍)|𝑍′

𝑛
|𝑑𝑍′

0

−1

  +   ∫ 𝐼 𝐵(𝑍′, 𝑍)|𝑍′
𝑛
|𝑑𝑍′

1

0

) (119) 

Equation 119 is the integrated over the solid angle, which gave Equation 120 corresponding to the 

two hemispheres.  

1

𝛽𝑇

𝑑 ∫ 𝐼
1

0
|𝑍𝑛|𝑍 𝑑𝑍

𝑑𝑐1
= −∫ 𝐼 𝑑𝑍 

1

0

+ 
𝜗

2
(∫ ∫ 𝐼𝐵(𝑍′, 𝑍)|𝑍′

𝑛
|𝑑𝑍𝑑𝑍′ +∫ ∫ 𝐼𝐵(𝑍′, 𝑍)|𝑍′

𝑛
|𝑑𝑍𝑑𝑍′

1

0

 
1

0

1

0

 
0

−1

) 

 

1

𝛽𝑇

𝑑 ∫ 𝐼
0

−1
|𝑍𝑛|𝑍 𝑑𝑍

𝑑𝑐1
= −∫ 𝐼 𝑑𝑍 

0

−1

+ 
𝜗

2
(∫ ∫ 𝐼𝐵(𝑍′, 𝑍)|𝑍′

𝑛
|𝑑𝑍𝑑𝑍′ +∫ ∫ 𝐼𝐵(𝑍′, 𝑍)|𝑍′

𝑛
|𝑑𝑍𝑑𝑍′

0

−1

 
1

0

0

−1

 
0

−1

)

(120) 

The following constants are then introduced where 𝑏−+ is the fraction of the luminance which is back 

diffused by the diffusion effect, while𝑓−− corresponds to the fraction of the luminance that is pre-

diffused, 𝑏+− is the fraction of the luminance that is back-diffused and 𝑓++ is the fraction of the 

luminance that is pre-diffused.  
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𝑏−+  =  
1

2(𝑛 + 1)𝐿−
∫ ∫ 𝐼𝐵(𝑍′, 𝑍)|𝑍′

𝑛
|𝑑𝑍𝑑𝑍′

1

0

 
0

−1

 

𝑓++  =  
1

2(𝑛 + 1)𝐿+
∫ ∫ 𝐼𝐵(𝑍′, 𝑍)|𝑍′

𝑛
|𝑑𝑍𝑑𝑍′

1

0

 
1

0

 

𝑏+−  =  
1

2(𝑛 + 1)𝐿+
∫ ∫ 𝐼𝐵(𝑍′, 𝑍)|𝑍′

𝑛
|𝑑𝑍𝑑𝑍′

0

−1

 
1

0

 

𝑓−−  =  
1

2(𝑛 + 1)𝐿−
∫ ∫ 𝐼𝐵(𝑍′, 𝑍)|𝑍′

𝑛
|𝑑𝑍𝑑𝑍′

0

−1

 
0

−1

 

For this part the phase function is symmetrical, such that the fraction of the outbound direction 

depends only on the angle formed between the incident light direction and the outbound direction. 

Mathematically this equivalence is represented as: 

{
𝑓++  =  𝑓−−  =  𝑓 

 
𝑏−+  =  𝑏+−  =  𝑏

 

The property of normalisation of the phase function allows 𝑓 to be presented as: 

𝑓 =  1 –  𝑏 

From: 

1

𝛽𝑇𝑘𝐻

𝑑𝐼+

𝑑𝑐1
= – (1–𝜗𝑓)𝐼 + 𝜗b𝐼–

 
1

𝛽𝑇𝑘𝐻

𝑑𝐼−

𝑑𝑐1
= +(1–𝜗𝑓)𝐼−–𝜗b𝐼+

(121) 

Where 𝑘𝐻 is the collimation factor as defined by 𝑘𝐻  =  
𝑛+2

𝑛+1
 

The summation of Equation 121 gives Equation 122 for both hemispheres. 

𝑑(𝐼+ + 𝐼−)

𝑑𝑐1
= −𝛽𝑇𝑘𝐻(1 − 𝜔(1 − 2𝑏))[𝐼

+ − 𝐼−] (122) 

 

The photon flux density vector (𝐹) and spherical irradiance (𝐸) express themselves as: 
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𝐹 = 2𝜋 (𝐼+∫ |𝑍𝑛+1| 𝑑𝑍
1

0

 – 𝐼–∫ |𝑍𝑛+1| 𝑑𝑍
0

−1

 ) =
2𝜋

𝑛 + 2
(𝐼+ − 𝐼−) = 𝐹+ − 𝐹−

 

𝐸 = 2𝜋 (𝐼+∫ |𝑍𝑛| 𝑑𝑍
1

0

 – 𝐼–∫ |𝑍𝑛| 𝑑𝑍
0

−1

 ) =
2𝜋

𝑛 + 1
(𝐼+ − 𝐼−) = 𝐸+ + 𝐸−

(123) 

Using these definitions and the assumptions stated above the balanced radiation equation can be 

combined into Equation 124. 

𝑑(𝐼+ − 𝐼−)

𝑑𝑐1
+
𝜓

𝑐1
(𝐼+ − 𝐼−) + 𝛽𝑇𝑘𝐻(1–𝜗)(𝐼

+ + 𝐼−) = 0 (124) 

Where m is a parameter depending on the coordinate system: 𝜓 = 0 – cartesian; 𝜓 = 1 – cylindrical 

coordinates and 𝜓 = 3 – spherical coordinates. 

By combining the differential of Equation 122 with Equation 124, a one-dimensional two-flux 

approximation RTE is formed for any coordinate system, as shown in Equation 125. 

𝑑2(𝐼+ + 𝐼−)

𝑑𝑐1
2 +

𝜓

𝑐1

𝑑(𝐼+ + 𝐼−)

𝑑𝑐1
− 𝛽𝑇

2𝑘𝐻
2 (1 − 𝜗)(1 − 𝜗(1 − 2𝑏))(𝐼+ + 𝐼−) = 0 (125) 

8.2. Appendix II – Photochemical chapter 

8.2.1. Decarboxylative cyclisation 

A comparison of the Aillet calculations used in the decarboxylative cyclisation is discussed in this 

section, followed by a discussion of the estimated quantum yields using both methods. 

Aillet calculations 

The ‘Aillet method’ was used to estimate the quantum yield of the decarboxylative cyclisation. The 

following three Figures show the ‘Aillet Graph’ so the gradient can be calculated for 308 nm, 282 nm 

and 222 nm excimer flow reactors. For 282 nm and 222 nm, the method becomes invalidated but the 

calculations are still carried out, with it also explaining the great uncertainty in the values for the 

experiments with a higher residence times. The gradients and subsequent calculated values are then 

shown in Table 78, where ∆𝑐 is equal to 0.0121 cm. 
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Figure 132 – The Aillet graph for the decarboxylative cyclisation at 308 nm, with the error bar one standard deviation of 
the measurements each way. 

 

Figure 133 - The Aillet graph for the decarboxylative cyclisation at 282 nm, with the error bar one standard deviation of 
the measurements each way. The Aillet method becomes invalidated at 282 nm due to the multiple absorbing species. 
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Figure 134 - The Aillet graph for the decarboxylative cyclisation at 222 nm, with the error bar one standard deviation of 
the measurements each way. The Aillet method becomes invalidated at 222 nm due to the multiple absorbing species and 
high absorbing values. 

Table 78 – The Aillet gradient calculated using the Aillet graphs presented above, with the light intensity from the 
manufacturer’s specification and the estimated quantum yield. 

Wavelength (nm) 
Aillet gradient 

value (±std. er., 
mol·dm-3·s-1) 

Light intensity 
(eins·cm-2·s-1) 

Quantum yield 
(±std. er., %) 

Aillet method 
valid? 

308 5.45 (±0.793) x 10-4 1.26 x 10-7 5.24 (±0.76) Yes 
282 6.52 (±2.59) x 10-4 8.49 x 10-8 9.30 (±3.69) No 
222 2.02 (±0.584) x 10-4 3.90 x 10-8 6.28 (±1.81) No 

 

Statistical significance of the quantum yield estimations 

As the quantum yield estimations were assumed to be normally distributed for the estimation, a 

comparison of the different methods are shown in Figure 135, Figure 136 and Figure 137 for 308 nm, 

282 nm and 222 nm, respectively. A summary of the overlapping probability density is shown in Table 

79, where the high degree of overlap is shown when the Aillet method is valid (308 nm) and a reducing 

amount of overlap as Aillet’s assumptions are no longer true (282 nm and 222 nm). 
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Figure 135 - The overlap of probability density functions of the estimated quantum yields, shown in yellow, using Aillet's 
method (—) and gPROMS' MLE method (—) at 308 nm. This is the equivalent of P = 73.4 % showing good agreement as 
Aillet’s assumptions are valid. The dashed lines indicate the estimated value. 

 

Figure 136 - The overlap of probability density functions of the estimated quantum yields, shown in yellow, using Aillet's 
method (—) and gPROMS' MLE method (—) at 282 nm. This is the equivalent of P = 40.2 % showing more than likely to 
not be equivalent when Aillet’s assumptions are not valid. The dashed lines indicate the estimated value. 
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Figure 137 - The overlap of probability density functions of the estimated quantum yields, shown in yellow, using Aillet's 
method (—) and gPROMS' MLE method (—) at 222 nm. This is the equivalent of P = 3.38 % showing highly likely to not be 
equivalent when Aillet’s assumptions are not valid. The dashed lines indicate the estimated value. 

Table 79 - The Aillet gradient calculated using the Aillet graphs presented above, with the light intensity from the 
manufacturer’s specification and the estimated quantum yield. 

Wavelength 
(nm) 

Aillet method φ 
(±SD, %) 

MLE method φ 
(±SD, %) 

Overlapped 
probability 
density (%) 

Aillet method 
valid? 

308 5.24 (±0.76) 5.65 (±0.57) 73.4 Yes 
282 9.30 (±3.69) 13.3 (±1.69) 40.2 No 
222 6.28 (±1.81) 13.6 (±1.64) 3.38 No 

 

8.2.2. Cookson’s dione Aillet calculations 

A comparison of the Aillet calculations used in the Cookson’s dione reactions is presented in this 

section, with the Aillet gradient shown in Figure 138, alongside the subsequent calculations shown in 

Table 80. 
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Figure 138 - The Aillet graph for Cookson’s dione at 282 nm, with the error bar one standard deviation of the 
measurements each way. The Aillet method is valid for these conditions. 

Table 80 - The Aillet gradient calculated using the Aillet graphs presented above, with the light intensity from the 
manufacturer’s specification and the estimated quantum yield. 

Wavelength (nm) 
Aillet gradient 

value (±std. er., 
mol·dm-3·s-1) 

Light intensity 
(eins·cm-2·s-1) 

Quantum yield 
(±std. er., %) 

Aillet method 
valid? 

282 15.9 (±1.83) x 10-4 8.49 x 10-8 22.7 (±2.59) Yes 
 

8.2.3. Bodenstein-like assumption for quantum yield 

A Bodenstein-like assumption was used to simplify the kinetic schemes of photoreactions that used 

photosensitisers, as the production of the excited photosensitiser was often assumed to be much 

faster than the production rate of the product. A symbolic reaction scheme of three consecutive 

reactions (i, ii and iii) is presented below, where A and B are the starting material and products, 

respectively, while PS is the photosensitiser and * symbolises the excited state. 

(𝑖) 𝑃𝑆 +  ℎ𝜈 →  𝑃𝑆 ∗ ;    (𝑖𝑖)  𝑃𝑆 ∗ + 𝐴 →  𝐵 ;   (𝑖𝑖𝑖)  𝑃𝑆 ∗ →  𝑃𝑆 

The intermediate steps presented here are assumed to be rapid compared to the overall rate of 

production of B. A Bodenstein-like assumption is made for the excited photosensitiser as it is not used 
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up in the reaction and within the control volume can be assumed to be of constant concentration, 

hence the rate of production of PS* is equal to the rate of consumption of PS*. 

𝛷1 𝐿𝑉𝑅𝑃𝐴𝑃𝑆  =  𝑘2[𝑃𝑆
∗]   + 𝑘3[𝑇𝑋𝑂

∗][𝐴] 

[𝑃𝑆∗]  =  
𝛷1 𝐿𝑉𝑅𝑃𝐴𝑃𝑆
𝑘2  + 𝑘3[𝐴] 

 

𝑑[𝐵]

𝑑𝑡
 =  

𝑘3[𝐴] 𝛷1 𝐿𝑉𝑅𝑃𝐴𝑃𝑆
𝑘2  + 𝑘3[𝐴] 

 

The reaction to form the product was assumed to be much slower than the photoexcitation and the 

relaxation of the photosensitiser, meaning the rate of formation of B can be rewritten, as defined in 

Equation 126. 

𝑑[𝐵]

𝑑𝑡
= 𝛷′𝐿𝑉𝑅𝑃𝐴𝑃𝑆[𝐴];𝛷

′ =
𝑘3𝛷1
𝑘2 

(126) 

8.2.4. Experimental results for the THPAA cyclisation 

The experimental results used in the THPAA quantum kinetic parameter estimation are shown in Table 

81, Table 82, Table 83 and Table 84, with the different conditions explained in the captions for each. 

Table 81 – The experimental results for the cyclisation of THPAA at 282 nm and 308 nm and 0.1 mol·dm-3 of starting 
material, without any photosensitiser. 

282 nm, without TXO, 0.1 mol·dm-3 SM 308 nm, without TXO, 0.1 mol·dm-3 SM 
 Yield/Recovery (%)  Yield/Recovery (%) 

Time 
(min) 

Bridged 
Non-

bridged 
Recovery 

Mass 
Bal. 

Time 
(min) 

Bridged 
Non-

bridged 
Recovery 

Mass 
Bal. 

0 0 0 97 97 0 0 0 100 100 

15 21 6 77 104      

30 40 11 37 88 30 60 16 19 95 

60 68 17 3 88 60 67 15 3 85 

90 65 12 2 79 90 60 12 3 75 

120 57 9 2 68      

150 61 9 2 72 150 71 12 3 86 

180 58 7 2 67 180 61 9 3 73 
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Table 82 - The experimental results for the cyclisation of THPAA using the 282 nm and 308 nm excimer batch reactor and 
0.1 mol·dm-3 of starting material, with 1 % TXO photosensitiser. 

282 nm, 1% TXO, 0.1 mol·dm-3 SM 308 nm, 1% TXO, 0.1 mol·dm-3 SM 
 Yield/Recovery (%)  Yield/Recovery (%) 

Time 
(min) 

Bridged 
Non-

bridged 
Recovery 

Mass 
Bal. 

Time 
(min) 

Bridged 
Non-

bridged 
Recovery 

Mass 
Bal. 

0 0 0 93 93 0 0 0 96 96 

15 22 7 70 99 15 36 10 48 94 

30 45 12 35 96 30 65 17 4 86 

60 66 16 2 84 60 55 13 3 71 

90 64 13 1 78      

120 56 11 1 68 120 60 11 3 74 

150 48 8 1 57 150 53 9 3 65 

180 60 9 1 70 180 58 9 3 70 

 

Table 83 - The experimental results for the cyclisation of THPAA using the 282 nm and 308 nm excimer flow reactor and 
0.1 mol·dm-3 of starting material, without photosensitiser. 

282 nm, without TXO, 0.1 mol·dm-3 SM 308 nm, without TXO, 0.1 mol·dm-3 SM 
 Yield/Recovery (%)  Yield/Recovery (%) 

Flowrate 
(ml/min) 

Bridged 
Non-

bridged 
Recovery 

Mass 
Bal. 

Flowrate 
(ml/min) 

Bridged 
Non-

bridged 
Recovery 

Mass 
Bal. 

5 5 1 85 91 5 5 1 85 91 

2.5 8 2 82 92 2.5 8 2 82 92 

1 17 5 73 95 1 17 5 73 95 

0.5 23 6 51 80 0.5 23 6 51 80 

0.25 31 8 27 66 0.25 31 8 27 66 

 

Table 84 - The experimental results for the cyclisation of THPAA using the 308 nm excimer flow reactor and 0.1 mol·dm-3 
of starting material, with 1 % of TXO photosensitiser. 

308 nm, 1 % TXO, 0.1 mol·dm-3 SM 

 Yield/Recovery (%) 

Flowrate 
(ml/min) 

Bridged 
Non-

bridged 
Recovery 

Mass 
Bal. 

5 6 2 94 102 

2.5 11 3 77 91 

1 23 6 52 81 

0.5 43 11 36 90 

0.25 64 16 8 88 

 

  



334 
 

8.3. Appendix III – High temperature water chapter 

8.3.1. Enthalpy of reaction and temperature change in reactor 

To understand how the enthalpy change of both reactions could affect the reactor temperature, the 

enthalpy of formation of both molecules was estimated using the gSAFT γ-Mie EoS. The benefit of 

using this EoS was that as it was developed from understanding functional groups effect on properties, 

the functional groups present in each molecule could be inputted into the programme. The estimated 

values for the enthalpy of formation of each molecule are shown in Table 85. 

Table 85 – The estimated enthalpy of formation for each molecule used in this reaction as predicted by SAFT-γ Mie. 

Molecule 

 

  

Enthalpy of formation 
(kJ·mol-1) 

-841.3 -1012 -768.5 

 

Hess’s law was then used to estimate the enthalpy of reaction, as shown in Table 86, which was then 

used along with the estimated heat capacity of the solvent to understand the possible change in 

temperature of the reaction fluid.  

Table 86 – The enthalpy of reaction for the reaction steps used in this work as calculated by using Hess’s law. 

Reaction Enthalpy of reaction (kJ·mol-1) 

Hydrolysis -170.7 

Ring-opening  243.5 

Overall process 72.8 

 

The effect on the temperature was calculated using properties such as heat capacity and density 

predicted by the gSAFT γ-Mie EoS. A concentration of 0.1 mol·dm-3 was assumed as it was towards the 

top of the values used to estimate the kinetics and would be towards the maximum temperature 

change expected from the reaction. For simplicity and understanding the calculations were also 
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carried out for a batch reaction; the majority of the flow reactor is at near constant conditions too 

apart from the initial entry section (ca. 5 % of reactor). The calculations can be followed in Table 87, 

with the final temperature change of the fluid considered for endothermic and exothermic reactions. 

Table 87 – The calculations used to estimate the increase in temperature of a reaction mixture as predicted by the SAFT-γ 
Mie EoS, showing only a small increase in temperature with the reaction fluid. 

 Hydrolysis Ring opening 
Multi-step 

process 

Enthalpy of reaction (kJ·mol-1) -170.7 243.5 72.80 

Density of solvent at 230 °C 15MPa (kgdm-3) 0.53 0.53 0.53 

Concentration of compound (molkg-1) 0.19 0.19 0.19 

Enthalpy of reaction (kJkg-1) -31.97 45.60 13.63 

Heat capacity of solvent (kJkg-1K-1) 4.60 4.60 4.60 

Temperature change to solvent (°C) 6.95 -9.91 -2.96 

 

The overall temperature change for the multi-step reaction was a reduction in temperature of 2.96 °C, 

which was considered negligible enough to not be considered within the model. The assumptions 

made regarding the heat transfer and uncertainty in the EoS’s physical properties used to calculate 

the heating rate were also expected to be greater than the estimated temperatures from the heat of 

reaction.  

8.3.2. Effect of dispersion  

The values from the reactor model and predicted physical properties used to estimate the effective 

dispersion coefficient. Two conditions are shown to highlight that even towards the lower end of the 

conditions used the effective dispersion coefficient is still significant and hence the plug-flow like 

assumption made was valid. In Table 88 are the values for the larger reactor and in Table 89 the values 

for the smaller reactor are shown, using Equation 106. 365 

κ = 1.65 − 0.863log(De√Sc) + [0.113(log√Sc)]
2

(106) 
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Table 88 – The values used in the calculation of the dispersion ratio for the larger reactor, with the effective dispersion 
coefficient large enough such that the plug-flow assumption made was valid. 

 215 °C, 175 bar 245 °C, 125 bar 

Flowrate (ml·min-1) 11.5 34 

Fluid velocity (m·s-1) 2.62 x 10-3 7.75 x 10-3 

Dynamic viscosity (kg·m-1s-1) 1.14 x 10-5 9.54 x 10-5 

Density (kg·m-3) 578 478 

Mol. Diffusion Coefficient 
(m2·s-1) 

1.00 x 10-9 1.00 x 10-9 

Tube diameter (m) 3.05 x 10-3 3.05 x 10-3 

Coil diameter (m) 0.07 0.07 

Reynolds number 405 118 

Dean number 84.6 24.7 

Schmidt number 19.7 200 

DeSc0.5 376 349 

log10(DeSc0.5) 2.58 2.54 

Dispersion ratio 0.177 0.186 

Effective dispersion 
coefficient (cm2·s-1) 

0.590 5.42 

 

Table 89 - The values used in the calculation of the dispersion ratio for the smaller reactor, with the effective dispersion 
coefficient large enough such that the plug-flow assumption made was valid. 

 215 °C, 175 bar 245 °C, 125 bar 

Flowrate (ml·min-1) 0.1 3.2 

Fluid velocity (m·s-1) 6.54 x 10-3 2.09 x 10-3 

Dynamic viscosity 
(kg·m-1·s-1) 

1.14 x 10-5 9.54 x 10-5 

Density (kg·m3) 578 478 

Mol. Diffusion Coefficient 
(m2·s-1) 

1.00 x 10-9 1.00 x 10-9 

Tube diameter (m) 5.07 x 10-4 5.07 x 10-4 

Coil diameter (m) 0.025 0.025 

Reynolds number 168 531 

Dean number 23.9 75.7 

Schmidt number 19.7 200 

DeSc0.5 106 1070 

log10(DeSc0.5) 2.03 3.03 

Dispersion ratio 0.365 0.0727 

Effective dispersion 
coefficient (cm2·s-1) 

0.209 42.6 
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8.3.3.  Raman method for calculating yield of smaller reactor yields 

The initial yields for each experiment carried out in the smaller reactor were calculated by 1H NMR 

yield, giving the results shown in Table 90. 

Table 90 – The yields, calculated using 1H NMR, of the ring-opened product and the intermediate formed from the 
hydrolysis step, carried out in the smaller reactor.  

Flow rate 
(ml·min-1) 

Estimated residence 
time (min) 

Yield of ring opened 
product (%) 

Yield of hydrolysis 
product (%) 

0.1 8 95 - 
0.2 4 97 - 

0.266 3 97 3 
0.4 2 92 8 

0.53 1.5 84 15 
0.8 1 67 28 

1.06 0.75 56 44 
1.6 0.5 40 58 
3.2 0.25 13 70 

 

The samples used to calculate the 1H NMR were also measured using a Raman probe to explore future 

possibilities of in-line spectroscopic analysis. The spectra, displayed in Figure 139, show an obvious 

increase in a product formation ca. 1650 cm-1, with the spectra colour changing from blue (0.25 

minutes) to yellow (8 minutes) with residence time. The spectra have also been normalised using this 

product peak which allowed the formation of the product to be tracked and compared to the 1H NMR 

results. 
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Figure 139 - The normalised spectra of the reactor output for the combined hydrolysis and ring-opening reactions in the 
smaller reactor. It should be noted that the spectra have been normalised at ca. 1650 cm-1. 

The normalised product peak values were then plotted against residence time, as shown in Figure 140, 

which agree well with the values shown in Table 90. Therefore, this Raman method showed good 

potential for future work involving online analysis of this reaction. 

 

Figure 140 – The normalised counts for the ring-opened product peak plotted against residence time showing the 
formation of the ring-opened product in the smaller reactor. These normalised values show good agreement with the 
yield values calculated using 1H NMR. 

 


