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Abstract 
 

Increasing global demand for natural gas has required more efficient, reliable, and safe production 

and transportation systems. Fundamental and applied research play a crucial role in understanding 

the challenges faced by industry, and are critical in the development of innovative solutions. However, 

for many phenomena of interest, such as phase behaviour at interfaces, existing measurement 

techniques capable of operating at the required process conditions do not exist or have insufficient 

resolution. The overarching theme of this research has been the development of new experimental 

techniques that enable fundamental insights and inform challenges associated with natural gas 

production. The new techniques developed and applied here to systems of industrial importance were 

based on novel spectroscopy and high-pressure acoustic levitation.  

 

Hydrate nucleation at the gas-water interface is of direct relevance to the field of flow assurance in 

the oil and gas industry. However, due to its stochastic nature and potential apparatus dependencies, 

hydrate nucleation can be difficult to characterise adequately or quantitatively. Conventionally, 

studies are performed with high-pressure vessels wherein solid-liquid interfaces generate potential 

hydrate nucleation sites that are non-trivial to characterise (e.g., microscopic imperfections). To 

overcome such constraints, the first statistically-significant set of container-free hydrate formation 

measurements is presented in this work, using a high-pressure acoustic levitator. Water droplets with 

well-defined geometries were acoustically levitated within a natural gas atmosphere at high-pressure 

and low-temperature conditions. Hydrate formation on the gas-liquid interface of the ellipsoidal 

droplets was directly imaged and used to extract induction times. Cumulative probability distribution 

functions for hydrate induction times at controlled subcooling were constructed and compared with 

those obtained from conventional liquid-phase measurements, and against predictions from classical 

nucleation theory. The results show that effects of solid surfaces on the observed nucleation may not 

be critical, and that presence of high shear in the system is more important to the hydrate nucleation 

rate than the presence of a secondary solid surface. Image analysis based on quantification of the 

droplet cross-sectional area has provided further insight as to the stochastic nature of hydrate growth 

and surface morphology of levitated droplets. 

 

The risk of gas hydrate formation is inherently linked to water content; however, rapidly and 

accurately monitoring water vapour content in production systems can be challenging. Terahertz 

spectroscopy was adapted here to measure low amounts of water vapour in high-pressure methane. 

The results presented in this thesis demonstrate, for the first time, that the accuracy and resolution of 
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THz-based water content measurement is appropriate for further research and development in high-

pressure, natural gas production lines. 

 

Raman spectroscopy and imaging were adapted to enable direct observation and quantitative 

characterisation of adsorption phenomena at various interfaces of interest in natural gas production. 

Fundamentally, Raman spectroscopy can provide quantitative information about the relative presence 

of species in a system, by considering the vibrational modes of various component molecules. Subtle 

shifts in these spectra can be used to interpret the phase in which the compound is present, and Raman 

imaging enables a map of its spatial distribution to be constructed. These three features mean Raman 

techniques have the potential to produce significant new insight into the following adsorption 

phenomena of relevance to hydrocarbon production and processing. 

 

In the limit that hydrate does nucleate and grow in natural gas production lines, surfactants are often 

deployed as anti-agglomerants to prevent hydrate particle cohesion and ultimate blockage formation. 

However, the extent and mechanisms by which surfactants partition between various interfaces and 

the bulk fluid have not been observed directly. Raman mapping was used to observe directly how a 

model cationic surfactant, cetylpyridinium chloride (CPC), adsorbed in solid-liquid systems. Raman 

mapping data were compared with the Gibb’s adsorption isotherm to quantify surfactant packing at 

the interface. This new method allows a better interrogation and understanding of the structure-

function relationships needed for advanced hydrate management strategies. 

 

At the terminal point of natural gas transportation lines, porous adsorbent solids play a critical role in 

gas storage and separation processes. It is crucial to evaluate the adsorption performance of the 

materials. However, conventional measurements have limitations, such as constrained operating 

pressure and temperature ranges,  long measurement times and the requirement for relatively large 

amounts of adsorbent material. In this work, in-situ Raman spectroscopy was used to characterise an 

adsorbent's sorption capacity rapidly over a wide pressure range, and with limited amounts of sample. 

Excess and net adsorption capacity of carbon dioxide in a commercial silica gel were measured. The 

results were in good agreement with those measured using conventional measurement techniques, 

such as volumetric and gravimetric sorption analysers, and could be well described by a Toth isotherm 

model. 
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1 Introduction and Background Literature 
 

Enabling natural gas production and transport reliably and safely with higher efficiency is 

crucial for increasing demand for the gas. Both fundamental and applied research needs to be 

focussed in order to understand current challenges and provide solutions. However, no 

investigation techniques are available to study through actual process conditions with sufficient 

resolution. Especially in high-pressure gas flowlines, hydrate formation has been issued 

because of plugging in the pipelines, which hinders transporting the hydrocarbons. One of the 

advances for a solution is applying surface-active species that change interfacial properties of 

the hydrate particles and delay propagation in the flow. Even though mechanical properties 

between the particle are well-characterised, the chemistry behind the additives is poorly 

understood. Therefore, chemical interrogation is required to understand a structure-function 

relationship of chemicals and develop next-generation solutions considering economic and 

environmental requirements. Besides, a fundamental understanding of hydrate nucleation in 

gas pipelines is lacking due to experimental constraints, which include an undesired solid 

template to hold water droplets. As the solid surface is known as promoting the nucleation, it 

is not ideal to study gas hydrate formation, which is an interfacial phenomenon between water 

and guest gas. Also, the supply of high purity gas has resulted in the need to remove impurities 

prior to commercial use. This led to reject impurities using adsorption process. Typically, the 

adsorption capacity was measured to evaluate performance. However, the measurement 

techniques do have limitations such as long period and complicated system to carry out and 

provide only the physical property. Developing a new adsorbent is crucial to increase the 

adsorption efficiency, so the simple and quick characterisation of adsorbents needs to be 

following with an in-depth understanding of the phenomenon.  

 

In this chapter, flow assurance - one of major challenges in natural gas production – will be 

covered and a background of Raman spectroscopy will be presented, which is a main analytical 

tool to develop new investigation platforms for natural gas production studies. 

 

 

1.1 Flow assurance in natural gas production 
 
Natural gas represents a transition fuel to the renewables, due to cleaner combustion and lower 

carbon dioxide emissions when compared with traditional coal-fired power plants. Increasing 
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environmental impacts from climate change necessitate coal-to-gas switching. Further to this, 

the global demand for natural gas has increased directly with the global availability of liquefied 

natural gas (LNG) as a transportation mechanism. According to Shell LNG Outlook 2020, 

global LNG demand is expected to double by 2040.1  

 

Table 1: An example of typical natural gas composition.2 

 
Compound Mole fraction 

Methane 0.8407 

Ethane 0.0586 

Propane 0.0220 

i-Butane 0.0035 

n-Butane 0.0058 

i-Pentane 0.0027 

n-Pentane 0.0025 

Hexane 0.0028 

Heptane and Heavier 0.0076 

Carbon Dioxide 0.0130 

Hydrogen Sulfide 0.0063 

Nitrogen 0.0345 

Total 1.0000 

 

 

Table 12 shows a typical composition of natural gas, of which methane is major component 

where light hydrocarbons constitute the majority of the gas phase. Gas-entrained heavier 

components condense, which are referred to as “condensates”. In some cases, sour components 

(e.g.  hydrogen sulphide and carbon dioxide) and inert gases (e.g. helium and nitrogen) present 

with a low fraction. However, those undesired components should be removed due to a 

decrease in heating and combustion values. Therefore, gas processing is crucial to supply the 

product for industrial purposes. Characterisation of adsorbent materials for gas separation is 

detailed in Chapter 4.  Natural gas production from subsea environments represents a high risk 

in terms of flow assurance in flowlines. Under low temperature and high-pressure conditions, 

hydrocarbon species can form solid compounds in the presence of water contents; gas hydrates 

are crystalline compounds where guest molecules, such as methane, ethane or carbon dioxide, 
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are enclathrated in hydrogen-bonded water cavities.3 These compounds hinder further 

transportation of the product and engender significant economic losses. The 

thermodynamically stable hydrate structure depends on the size of the guest molecules, where 

small gas molecules typically form structure I (sI) hydrate and heavier molecules (e.g. propane, 

freons and natural gas mixtures) are too large to fit in structure I cages and form a structure II 

(sII) hydrate. Figure 1 presents water cages for hydrates with different guest gas molecules. 

The notation of these structures takes the form jk to represent j, the number of vertices on a 

particular face, and k, the number of faces constituting a cage. 

 
 

Figure 1: Hydrate structures with varying a guest gas molecule (courtesy of Heriot Watt 

Institute of Petroleum engineering4)  

 

Whereas, previous studies presented a coexistence of sI and sII hydrate from pure methane5 

and carbon dioxide6, which are known as typical sI hydrate formers. Also, Chou et al. identified 

a pure methane sH hydrate at orders of magnitude higher pressure (880 MPa) than a general 

natural gas pressure during production. Beyond the typical natural gas components, some noble 

gases such as Argon, Krypton and Oxygen, and Nitrogen form sII hydrates as a pure guest gas 

even though those gas molecules are smaller than a methane molecule.7    

 

Sir Humphry Davy discovered clathrate hydrates in the presence of chlorine in 1810.8 

Hammerschmidt9 identified that natural gas hydrates resulted in blockages in gas transmission 

lines above the ice point. Most of production systems, such as long subsea tiebacks, require 



 4 

hydrate management strategies, because the systems are placed wherein hydrate formation is 

favourable. To manage and mitigate the issue, it is crucial to understand a hydrate plugging 

mechanism in production lines. A conceptual hydrate growth and deposition mechanism was 

proposed by Linglem.10 Zerpa et al.11 proposed four stages of hydrate plugging in a gas-

dominant flowline. Hydrate nucleation starts with a cross-entrainment of the gas and water 

phase, which leads a contact area increase between the phases, and a film growth follows at 

the interface. Depending on the droplet diameter, film growth may result in a hydrate shell on 

the droplet due to a limited mass transfer through the shell.12 This implies that water droplets 

with a partial hydrate conversion can agglomerate to occupy larger fractional area in the flow 

line.13 A condensed water phase on the wall can lead hydrate formation at a water-gas-wall 

interface as well. Rao et al.14 observed a water-saturated methane formed a uniform hydrate 

film along a cold pipe surface. Di Lorenzo et al.15 carried out hydrate formation experiments 

with a gas-dominant system using a high-pressure flow loop with a visual observation. In a 

natural gas mixture with deionized water and a turbulent flow regime, gas-entrained water 

droplets were observed, where hydrate deposits developed from both a film growth on the wall 

and solid particles entrained in the gas phase. Based on experimental observations of a gas-

dominant system in a flowline, a revised conceptual stages to hydrate plugging in the system 

was illustrated by Charlton et al.16 

 

 
Figure 2: A schematic of hydrate plugging in a gas-dominant pipeline (adapted from 

Charlton et al.16) 

 

To prevent this critical situation, there are multiple strategies available to operators. For 

example, direct electric heating (DEH) and or depressurization (“blowdown”) can be applied 

during transient start-up or shut-down operations, both of which create thermodynamically 

unfavourable conditions to hydrate formation. DEH is considered to maintain the temperature 

of a flowline higher than hydrate formation and wax appearance temperatures.17 Even though 

this method can reduce the remediation cost for already-viable fields, its application to current 
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systems during shut-down periods may be limited.18 Similarly, depressurization maintains the 

system pressure below the hydrate equilibrium requirement during extended shut-down periods; 

however, this approach may not be practical in long pipelines with a high hydrostatic shut-in 

pressures.19 For instance, a rapid depressurization at a wellhead can cause a severe temperature 

decrease, which may lead to favourable conditions for hydrate growth.20 

 

Currently, chemical inhibition methods have been developed across three different classes: 

thermodynamic inhibitors (THIs), kinetic hydrate inhibitors (KHIs), and anti-agglomerants 

(AAs). THIs are chemicals with strong hydrogen bonding capacity, which interfere with the 

formation of hydrate cages; methanol (MeOH) and mono-ethylene glycol (MEG) are the most 

common examples. These chemicals mitigate hydrate formation by shifting hydrate 

equilibrium requirements toward harsher conditions, as shown in Figure 3.  

 

 
Figure 3: Hydrate equilibrium shifts with varying methanol dosage (adapted from Koh 

et al.)21 

 

However, significant injection quantities (10 to 50 wt% of the aqueous phase) can be required 

for complete hydrate inhibition,22 where regeneration and disposal processes further increase 

capital and operating expenditures.23 For this reason, operators have a considerable 

requirement to reduce the required extent of THI injection to reduce costs.  

 

As an alternative, low-dosage hydrate inhibitors (LDHIs) have been developed, which require 

significantly lower injection volumes. Kinetic hydrate inhibitors are a subset of the LDHIs with 
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an injection requirement of 1 to 3 vol% of an aqueous phase.24 KHIs can suppress hydrate 

formation by increasing an induction time and decreasing the growth rate of hydrate crystals. 

Typically, KHIs can be used to delay an induction time longer than a residence time of the 

system in hydrate-forming region. Common KHIs contain either pyrrolidone or lactam groups, 

such as polyvinylpyrrolidone (PVP) and polyvinylcaprolactam (PVCap).25 KHIs can decrease 

the cost for hydrate mitigation due to a reduction in the total volume of chemical injection, and 

the ancillary facilities for THI post-processes that can be removed.26 

 

Anti-agglomerants (AAs) are LDHIs with a different mechanism than THIs and KHIs. AAs 

allow hydrate formation, but aim to mitigate hydrate plugging by preventing aggregation of 

hydrate particles.27 The adsorption of AAs to hydrate particles reduces the interparticle 

cohesive force between the particles, thereby increasing the transportability of the hydrate 

phase as a slurry. However, typical AAs are believed to inapplicable for a system with high 

watercuts above 50 vol% in a liquid phase.24  

 

 
 

Figure 4: Illustration of capillary bridge cohesion model between two hydrate particles 

in the presence of oil, reproduced from Aman et al.28  
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To study agglomeration of hydrate particles, a hydrate-hydrate interparticle force model was 

proposed by Aman:28 

 
 𝐹-

𝑅∗ =
2𝜋𝑑𝛾9:cos	(𝜃)

2𝑑 + 𝐻 + 2𝜋𝛾9: sin(𝜃4) 𝑠𝑖𝑛(𝜃4 + 𝜃) Eq. 1 

 

where 𝐹- is the cohesion force, 𝑅∗ is the harmonic radius of hydrate particles, 𝛾9: is the oil-

water interfacial tension (IFT), 𝜃4 is the liquid bridge embracing angle, 𝜃 is the wetting angle 

of water on the hydrate, 𝐻 is the height of the liquid bridge and 𝑑 is the immersion depth. 

 

AAs are primarily surfactants (surface active agents), containing two parts: a hydrophilic head, 

and lipophilic (hydrophobic) tail. These features create a dual affinity, in which surfactant 

molecules migrate and adsorb to a hydrophilic-hydrophobic interface. The affinity for 

adsorption can be characterised and quantified with surface/interfacial free energy (“surface or 

interfacial tension”), represented with units of N/m.  

 

 
 

Figure 5: A schematic of oil-water system in the presence of surfactants and interfacial 

tension profile as a function of a surfactant concentration 
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With increasing a surfactant concentration, the interfacial tension decreases until an interface 

is fully (or almost) saturated by surfactant molecules. Beyond this point, additional molecules 

congregate in the bulk phases, without further decreases in the interfacial tension. The 

molecules in the bulk the aggregate and form micelles at the so-called critical micelle 

concentration (CMC). This data enables an understanding of the surfactant packing limits at 

the interface, which is critical to determine the optimal dosage required to modify interfacial 

properties in industrial systems. 

 

 
 

Figure 6: An example of interfacial tension measurement. (a) OneAttension ThetaLite 

optical interfacial tensiometer in a lab, and (b) an illustration of a pendant drop technique 

detecting the curvature to measure an interfacial tension. 

 

The interfacial tension between two fluids is commonly measured with a pendent drop using a 

goniometer (tensiometer), where software monitors the physical shape of an aqueous droplet 

ejected from a syringe in an oil (or vapour) continuous phase. Depending on the density of the 

droplet phase relative to the continuous phase, the measurement is carried out with a pendant 

drop as shown the Figure 6 (b) or using an upward-shaped hooked needle. Accompanied with 

reading the dimensions, the Young-Laplace equation (Eq. 2) can be used to estimate the 

interfacial tension: 

 
 

𝛾 = 	∆𝜌𝑔
𝑅!G

𝛽  Eq. 2 

 

where ∆𝜌  is the density difference between a droplet and a continuous phase, g is the 

gravitational constant, 𝑅!G  is the square of the maximum radius of the droplet and 𝛽 is the 



 9 

curvature parameter read by the software. The density of each fluid is required to inform the 

interfacial tension measurement.  

 

While the interfacial tension between two fluids can be simply measured, such a simple method 

is not applicable to study a surface tension between a liquid and a substrate. As an alternative, 

a sessile drop technique can be used to measure a contact angle of a liquid droplet on the surface: 

Figure 7 illustrates a so-called “wettability” measurement on a nominal solid of interest, 

including hydrate surfaces.  

 
 

Figure 7: A correlation of interfacial properties in a ternary system (vapor-liquid-solid) 

and (b) a wetting angle profile on surfaces with a different wettability. 

 

In a simple ternary system, a correlation between phases can be described with Young’s 

equation29: 

 𝛾(7<") =	𝛾(7<1) +	𝛾(1<")𝑐𝑜𝑠𝜃 Eq. 3 
 

Wettability has a significant importance in flow assurance. A water-wet hydrate in 

hydrocarbon-continuous systems is likely to interact with other particles, forming a capillary 

bridge and enabling agglomeration between particles. However, if hydrate particles are oil-wet, 

they will likely be dispersed in the hydrocarbon phase. 
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The density of a surfactant on the surface can be estimated using Gibbs adsorption isotherm, 

which can be derived from the Gibbs-Duhem equation30: 

 

 𝑑𝐺 = 𝑉𝑑𝑝 − 𝑆𝑑𝑇 +h𝑛#𝑑𝜇#

H

#IJ

 Eq. 4	

 

where 𝑑𝐺 is the Gibbs free energy, 𝑝 is pressure, and V is volume, 𝑆	is entropy of the surface, 

𝑇 is temperature, 𝑛# is the number of molecules of species, and 𝜇> is the chemical potential of 

species j. To describe a surface, the pressure-volume term (𝑉𝑑𝑝) is replaced by area multiplied 

by surface tension term (𝐴𝑑𝛾K) as followed: 

 

 𝑑𝐺K = 𝐴𝑑𝛾K − 𝑆K𝑑𝑇 +h𝑛#K𝑑𝜇#

H

#IJ

 Eq. 5 

 

where 𝜎 denotes the terms are interfacial properties. At chemical equilibrium, where Gibbs 

free energy and temperature are constant, the equation reduces to Eq. 6: 

 

 𝑑𝛾K = −h
𝑛#K

𝐴 𝑑𝜇#

H

#IJ

 Eq. 6 

 

The number of molecules species i per area can correspond to surface excess (Γ#K), and this 

enables further simplification to Eq. 7: 

 

 𝑑𝛾K = −hΓ#𝑑𝜇#

H

#IJ

 Eq. 7 

 

For a simple system consisting of a solvent (subscript 1) and a solute (subscript 2), Eq. 7 may 

be expanded to Eq. 8: 

 

 𝑑𝛾K = −ΓJ𝑑𝜇J +−ΓG𝑑𝜇G Eq. 8 
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The bulk phase components (subscript 1) are assumed to not adsorb to the surface; this 

enables the assumption of ΓJ = 0. Thus, Eq. 8 reduces to Eq. 9: 

 

 𝑑𝛾K = −ΓGK𝑑𝜇G Eq. 9 
 

where ΓGK is defined as the solute surface excess concentration, where the chemical potential 

is defined as: 

  

 𝜇# =	𝜇#! + 𝑅𝑇𝑙𝑛(𝑎#) Eq. 10 

 

where 𝜇# is the chemical potential of species i, 𝜇#! is the chemical potential of species i at an 

ideal reference state for the pure species, and 𝑎# is the activity of species i. Differentiating Eq. 

10, and applying it to Eq. 9, yields: 

 

 𝑑𝛾K = −ΓGK𝑅𝑇𝑑(𝑙𝑛(𝑎G)) Eq. 11 
 

At a very dilute concentration of solute (surfactant, subscript 2), where the activity coefficient 

of species 2 may assume to be constant, activity can be replaced with the concentration of the 

solute. Eq. 11 may be rewritten with the assumption and give the common form of the Gibbs 

adsorption isotherm for non-ionic surfactants. 

 

 ΓGK = −
1
𝑅𝑇

𝑑𝛾K

𝑑𝑙𝑛𝐶G
	 Eq. 12 

 

where surface tension (𝛾K) is directly measured as a function of known concentration (𝐶G).  

 

For ionic surfactants of the form of R-M+ with the ideal bulk behaviour below CMC, Eq. 8 

becomes  

 

 𝑑𝛾K = −Γ%𝑑𝜇% +−ΓL𝑑𝜇L Eq. 13 
 

In the absence of electrolyte (salts), electroneutrality of the surface may be described as Γ%K = 

ΓLK . Eq. 13 can be rewritten with the mean ionic activities (𝑎G = (𝑎%𝑎L)J/G	):31,32 
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 ΓGK = −
1
2𝑅𝑇

𝑑𝛾K

𝑑𝑙𝑛𝐶G
	 Eq. 14 

 

Whereas, for ionic surfactant solutions in the presence of a large ionic strength (e.g. significant 

salt concentration), the activity may be unity due to counter ions from the salts against the 

surfactant ions.32 In this case, Eq. 12 can be appropriate to find the surface excess concentration. 

 

 

1.2 Raman spectroscopy 
 

Raman spectroscopy is a powerful measurement tool named in honour of Sir. C. V. Raman, 

who pioneered the technique in 1928. It is most often used to analyse the composition and state 

of material by observing the molecular vibrational and rotational transitions of molecules via 

the inelastic scattering of light.33 The energy of the scattered light is analysed to reveal 

information about the molecular energy states, which can be used to characterises a system.  

 

Raman spectroscopy is similar to Infra-Red (IR) spectroscopy in that it measures vibrational 

and rotational modes. Some key differences between IR and Raman spectroscopy are detailed 

in Table 2.  

 

Table 2: Comparison between Raman and infra-red spectroscopy 

 
 Raman spectroscopy Infra-red (IR) spectroscopy 

Active a change in polarisability a change in dipole moment 

Detect 
the scattering of light by the 

vibrating molecules 

the absorption of light by 

vibrating molecules 

Availability using 

water as a solvent 
Possible 

Impossible due to excessively 

significant absorption of water 

Intensity 

proportional to 
Quantity of molecules a change in the dipole moment 
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Universal applicability is necessary to develop a chemical characterisation platform. The 

vibrational spectroscopic techniques above are based on chemical bonds, which facilitate to 

understand molecular interaction in a system. In addition to study in qualitative manner, 

quantitative analysis is also required to present a strategic solution for industrial issues, such 

as a dosage of additives and selectivity in a multi-component system as well as chemical risk 

assessment beyond fundamental physio-chemical phenomena. Particularly, a Raman spectrum 

provides intensity of a peak at a certain frequency shift (Raman shift), where indicates a 

specific molecular bond, and the intensity enables quantifying a molecular population. Two of 

the key advantages of Raman spectroscopy that are exploited in this project are the ability to 

spatially resolve sample responses (imaging) and the ability to measure solutions. This section 

introduces the background Raman theory relevant to the research presented in this thesis. 

 

1.2.1 Conventional Raman spectroscopy 
 

Raman active molecules should feature polarisability, which is the tendency for the molecule’s 

electron-cloud distribution to be affected by an external electric field.34,35 Polarisation can be 

described by 

 

 𝑃 = 	⍺𝐸 Eq. 15 
 

where ⍺ is polarisability and E is external electric field, 𝐸 = 𝐸!cos	(𝑤2𝑡). The polarisability 

term can be expanded to include an average polarizability term, ⍺!, and a second frequency 

dependent term related to the molecular vibration, ⍺"#$E 36: 

 

 ⍺ = 	⍺! +	⍺"#$E 𝑄"#$cos	(𝜔"#$𝑡 + 𝛿"#$) Eq. 16 
 

Here, 𝑄"#$ is amplitude, 𝜔"#$ is angular frequency and 𝛿"#$ is phase of the molecular vibration. 

Applying Eq. 16 to Eq. 15 results in: 

 

 𝑃 = 	⍺!𝐸! cos(𝜔!𝑡) +	⍺"#$E 𝑄"#$E!cos	(𝜔!𝑡)cos	(𝜔"#$𝑡 +	𝛿"#$) Eq. 17 
 

By re-expressing the two cosine functions in second term as: 
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cos(𝜔!𝑡) cos(𝜔"#$𝑡 +	𝛿"#$)

=
1
2 [cosl

(𝜔!𝑡) + (𝜔"#$𝑡 +	𝛿"#$)m

+ cosl(𝜔!𝑡) − (𝜔"#$𝑡 +	𝛿"#$)m] 

Eq. 18 

 

the polarisation strength can be derived as 

 
𝑃 = 	⍺!𝐸! cos(𝜔!𝑡) +

1
2⍺"#$

E 𝑄"#$E![cosl(𝜔! − 𝜔"#$)𝑡 + 𝛿"#$m]

+
1
2⍺"#$

E 𝑄"#$E![cosl(𝜔! + 𝜔"#$)𝑡 + 𝛿"#$m] 
Eq. 19 

 

In Eq. 19, the three terms with angular frequencies correspond to 1) Rayleigh scattering (elastic 

process): 𝜔!, 2) Raman Stokes scattering: (𝜔! − 𝜔"#$), and 3) Raman anti-Stokes scattering: 

(𝜔! + 𝜔"#$) in the figure below. 

  

 
Figure 8: A schematic of energy level transition during Raman spectroscopic 

measurement. 

 

As an external electric field (incident photon) with a wavelength of 𝜆! is applied to a sample, 

it increases the electronic energy state to a higher virtual state (exciting laser photons), after 

which it relaxes back down to the ground state via a scattering process as shown in Figure 8.37-

39 Rayleigh scattering is an elastic process, which has no energy transfer between the photons 

from the light and molecules during the process. Therefore, the electron returns to the ground 

state with no exchange of energy to the scattered photon. In the case of inelastic scattering, 

such as Raman Stokes and anti-Stokes scatterings, energy is exchanged between the electron 

and scattered photon by an amount equal to the transition between two vibrational energy states. 
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The resulting Raman energy shift from Stokes scattering of a photon with a wavelength of 𝜆%  

can be described as:40 

 

 𝑅𝑎𝑚𝑎𝑛	𝑠ℎ𝑖𝑓𝑡	[𝑐𝑚<J] =
1
𝜆!
−
1
𝜆%

 Eq. 20 

 

The process of transferring energy from the photons to molecules is called Raman Stokes 

scattering, and vice-versa for Raman anti-Stokes scattering. (The Raman spectrometer used in 

this work measures the Stokes scattering process.) The amounts of both energy shifts are 

identical, and their energy shift is symmetric about the incident radiation wavelength. 

 

Figure 9 illustrates the basic principle of Raman spectroscopic measurement. First, scattered 

light via reflection or transmission by an incidence of light (Figure 8) is passing through a slit. 

Then, diffraction occurs and a direction (angle) of the wave is determined by a wavelength 

(frequency). Size of the aperture can be reduced to enhance a spectral resolution. And a 

collimator allows all the light path to be parallel and reaches a diffraction grating. The 

diffraction grating is also a key element to determine the resolution. Afterwards, photons with 

different energy reflected from the grating and detected on a CCD camera at varied locations. 

The locations indicate a Raman shift, which is corresponding to molecular energy shift, and 

the number of counts detected is presented as the intensity in a Raman spectrum. 
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Figure 9: Basic principle of Raman spectroscopy. 
 

Each molecular vibration of a bond will produce a corresponding to a unique Raman shift in a 

scattered light. When analysed spectrally, the scattered light will exhibit intensity peaks centred 

at these Raman energy shifts. The intensity of the peak is related to the prevalence of the 

corresponding molecular vibration (related to the density of the molecule and occurrence of 

specific molecular bond) and its scattering cross section. The latter is often dependent on 

temperature, which can be used as sensitive in-situ method for temperature sensing.41,42  

 

 
Figure 10: An example Raman spectrum of Methane at 12 MPa and 10 °C. 
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As spectral data is acquired, the spectral peaks are analysed by fitting them with suitable profile 

functions (curve) to facilitate sample characterisation. Gaussian, Lorentzian and Voigt profiles 

are typically used for the analysis as follows: 

 

Gaussian profile: 

 𝐼&,( =	 𝐼3?&𝑒𝑥𝑝 r−
(𝑥 − 𝑥!)G

2𝑤G s Eq. 21 

 
Lorentzian profile: 

 
𝐼&,) =	 𝐼3?& r−

𝑤G

(𝑥 − 𝑥!)G +𝑤Gs Eq. 22 

 
Voigt profile: 

 𝐼&,* = 	𝑓 ∗ 𝐼&,( + (1 − 𝑓) ∗ 𝐼&,) Eq. 23 
 

where 𝐼&,( ,	𝐼&,),	𝐼&,* indicates an intensity at the x-axis, with Gaussian, Lorentzian and Voigt 

profile, respectively. 𝑥 is the spectral location (Raman shift), 𝑥! denotes a centre-location of a 

peak with the maximum intensity and 𝑤 is a width-parameter. The f is a mixing factor between 

Gaussian and Lorentzian profile.  

 

 
Figure 11: Raman peak line-shape analysis with (a) Gaussian, Lorentzian and Voigt 

profiles, and (b) parameters to characterise a sample. 

 

 

Figure 11 illustrates these three common curve shapes for fitting to spectral data and peak 

parameters to characterise a molecular sample. The key peak parameters are: 
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1) Centre location: this represents the Raman shift (wavenumber) of the associated molecular 

vibrational mode. In addition to the base Raman shift, small variations in the peak location for 

the same molecule (e.g. blue/red shift) can be related to a change of intra- and intermolecular 

forces in a system. This could indicate a phase change (e.g. water to ice and hydrate7), which 

is accompanied by a structural transition43,44, or a confinement with other molecular species 

(e.g. gas adsorption45).  

 

2) Area: this is related to the density of molecular species and the scattering cross section for a 

specific interaction. When calibrated, Raman peak area quantifies a concentration (density) of 

molecules in a unit area or volume at a constant refractive index40 or at heterogeneous system 

a correction of intensity is required with applying effective index of refraction.46 This 

parameter can be used to determine relative composition in a multi-component system.  

 

3) Width (full width half maximum, FWHM): This relates to a structural distribution (order). 

For example, a crystalline-material shows a narrower Raman peak than an amorphous material 

with an identical molecule.47 

 

 

1.2.2 Surface enhanced Raman spectroscopy 
 

On drawback of Raman spectroscopy is the weak signal intensity, approximately 6 to 10 orders 

of magnitude lower than fluorescence.48 Surface enhanced Raman scattering (or spectroscopy) 

(SERS) vastly increases applicability of Raman spectroscopic analysis, by amplifying the 

signal.49 SERS was first observed by Fleischmann and co-workers in 1974, demonstrating an 

unexpectedly intense signal obtained from pyridine adsorbed on a roughened silver electrode. 

In 1977, this phenomenon was hypothesised to be derived from a strong electro-chemical field 

at the roughened surface50 and a coupling (polariton) between pyridine and the metal species51 

referred as electromagnetic and chemical enhancement, respectively. Later, Moskovits 

proposed that the enhancement was originated by collective oscillations of electron cloud of a 

nanostructured metal surface with “bumps”.52 Following studies found that the electromagnetic 

enhancement is based on an excitation of localised surface plasmon resonances (LSPRs).53-56  
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Figure 12: A schematic of dipole localized surface plasmon resonance (LSPRs) in the 

presence of a silver nanoparticle. (other plasmonic material also can be applied.) 

 

Figure 12 illustrates the LSPRs: 1) a light of incidence with an angular frequency, 𝜔#+0 and 

amplitude, E0, leads 2) an oscillation of conduction electrons of the silver nanoparticle, 

resulting in charge separation. This phenomenon is called the dipolar localized surface plasmon 

resonances (LSPRs). The magnitude of the induced dipole,	𝜇#+,,-.	, can be determined as 

 

 𝜇#+,,-.	 =	𝛼-.𝐸!(𝜔#+0) Eq. 24 
 

where 𝛼-. is the polarisability of the silver nanoparticle and 𝐸!(𝜔#+0) is the incident electric 

field strength. A Hertzian dipole with the electric field line in the vicinity of the silver 

nanoparticle emits an enhanced electric field 𝐸120(𝜔#+0)  with an angular frequency of the 𝜔#+0. 

the enhanced local electric field also induces a dipole in the molecule with the magnitude as 

𝜇#+,,32140514	. 

 

 𝜇#+,,32140514	 =	𝛼32140514𝐸120(𝜔#+0) Eq. 25 
 

where 𝛼32140514 is the polarizability of a sample molecule.  
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Figure 13: A schematic of surface enhanced Raman spectroscopy (SERS) aided by silver 

nanoparticles. 

 

There are scattered signals from the sample with three dipole components, i) 𝜇#+,,32140514𝜔#+0, 

ii) 𝜇#+,,32140514(𝜔#+0 − 𝜔"#$)  and iii) 𝜇#+,,32140514(𝜔#+0 + 𝜔"#$) , which is corresponding 

Rayleigh, Raman Stokes and Raman anti-Stokes scattering, respectively. The electromagnetic 

enhancement was reported as at maximum 8 orders of magnitude higher average over the 

plasmonic material.34,57,58 Also, many studies address what influences the electromagnetic 

enhancement on Raman scattering. Le Ru et al.59 mentioned hot-spots where 2 nm gaps 

between a lined quadrimer with a diameter of 60 nm, featuring the maximum enhancement 

with their setup. A dimension of the gap and plasmonic material can differ the signal 

enhancement. This is supported by Dieringer and co-workers’ study,60 indicating a substrate 

roughness affected the enhancement factor.  

 

Apart from the electromagnetic enhancement as a major factor, SERS is also aided by chemical 

enhancement. It relates to charge transfer mechanisms, which are interactions between the 

molecules and the substrate.61,62 There are a couple of suggested mechanisms to describe the 

chemical enhancement: 1) static charge transfer63: the changed polarisability in a metal-

molecule polariton increased intrinsic Raman cross sections, and 2) transient charge transfer64: 

temporary electron or hole transfer between metal and adsorbed molecule contributes to 

enhance a signal.   
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Figure 14: Approximate wavelength ranges of Laser (incident light) where copper, gold 

and silver have been well-characterised and established as SERS-active materials. 

(reproduced from Sharma et al.49) 

 

A variety of SERS-compatible substrates have been studied such as metal species65,66 (e.g. gold, 

silver, copper and aluminium), and semiconductors67. Zeman and Schatz theoretically studied 

surface enhancement factors with ten metal spheroidal particles in 1986.68 Currently, Silver 

and gold are the most typically investigated species due to their high signal-enhancement 

factors and featuring less reactive to air than copper. Figure 14 shows approximate wavelength 

ranges in which three metal species have been well-characterised for SERS. And some studies 

found out the signal enhancement can be dependent on excitation wavelength using a same 

plasmonic material.69,70 

 

Even though the SERS effect began with using the roughened material, its application has been 

broadened to a sample sensing71,72 and mapping73,74, and single molecule detection75 as  

different forms of SERS substrates were investigated such as roughened electrode76,77, 

structured metal surface70,78 and colloids.79,80 The form of the substrate is determined by a 

sample to investigate. A general form is a plasmon material on a solid template. In this case, a 

sample locates on the metal substrate where limits a volumetric detection range of a sample. 

Alternatively, metal colloids can be used to investigate molecules in a liquid or multiphase 

system. The colloids can be synthesised with a chemical reduction.  

 

Citrate-reduced colloids, especially silver and gold colloids, are the most typical SERS 

substrates for a liquid study because it’s well-characterised and can be prepared relatively 

easier. Demonstration of first citrate-reduce silver colloids was reported by Lee and Meisel.81 

They boiled a silver nitrate aqueous solution with sodium citrate for reduction. And diverse 
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researches on the preparation followed such as applying stabilisers, adjusting heating/mixing 

rates and pH, as well as varying the silver nitrate to citrate ratio.82,83 Also, a couple of the 

nucleation mechanism were proposed. Pillai and Kamat84 suggested a few silver seeds formed 

at the initial citrate-reduction stage. And the seeds grew larger until electrostatic repulsion 

limited further aggregation. Whereas, Munro et al.85 reported an initial reduction of silver was 

identified with initial particles with a size of (60 – 80) nm in the first 2 minutes after adding 

citrate. And eventually they found an approximately monodisperse distribution of smaller 

particles with a size of 27 nm. LaMer model proposed that particle size can be controlled by a 

rapid nucleation followed by slow growth.86 Based on the model, Meng and co-workers87 

studied the nanoparticle preparation with three methods at varying temperature, considering 

the nucleation process. Two preparation methods were carried out at a liquid temperature of 

100 and 92 °C, respectively. And the other was a two-step method, including 1) a reduction of 

silver nitrate at 100 °C by citrate for 10 minutes and 2) the sample was transferred into a water 

bath with 92 °C for a slow growth. And they reported that the method resulted in stable quasi-

spherical silver nanoparticles with an average size of 47 nm and a relative standard deviation 

of 14 %, which featured greater uniformity and signal enhancement than the other methods. 
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2 Experimental setup and procedure 
 
2.1 Raman microscope system with a temperature and pressure control for 

in-situ investigations of thermodynamic processes 
 

All Raman spectroscopic studies in this work was carried out using Renishaw inVia Reflex 

Raman microscope spectrometer, pictured in Figure 15. The operation of the spectrometer is 

illustrated schematically in Figure 16. The system has 3 available excitation sources with a 

Rayleigh line rejection filter set (up to 100 cm-1): 532 nm Nd:YAG (neodymium-doped yttrium 

aluminium garnet; Nd:Y3Al5O12) diode laser, maximum power 200 mW; 785 nm high power 

near infrared diode laser, maximum power 300 mW; and 830 nm high power near infrared 

diode laser, maximum power 300 mW (Renishaw). All measurements presented utilised the 

532 nm laser. As illustrated in Figure 16, the spectrometer operated in a backscattering 

configuration, with the Raman signal collected through the microscope objective that also 

served to focus the excitation laser on the sample. The Raman signal was firstly conditioned 

by an edge filter to remove the Rayleigh scattered light (< 30 cm-1), thus allowing the 

spectrometer to analyse the inelastically scattered signals (without becoming saturated) across 

the spectral range from (100 to 5300) cm-1. The Raman signal was then focused through an 

optical slit (65 μm width) and a collimating lens before dispersing off a holographic diffraction 

grating (2400 grooves/mm) and detected onto a Peltier cooled-CCD camera with (1024 x 256) 

pixels. Spectrometer control, data acquisition, and analysis were carried out using a software 

(WiRE 5.1, Renishaw).  

 

 
Figure 15: An overview of in-situ Raman microscope setup. 
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Figure 16: A schematic of inVia Reflex Raman spectrometer. 

 

 
Figure 17: Raman spectra of a silicon wafer acquired with an edge filter, overlaid with 5 

repetitions inset (a): a lower Raman shift range (filtered, < 100 cm-1), and (b) a crystalline 

silicon peak centred at 520.7 cm-1.	
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A silicon wafer was focussed for spectral calibration purpose. As shown in Figure 17, the 5 

spectral acquisitions were carried out with the edge filter and it confirmed the spectral range 

with the filter. The measurements identified the average of peak centre of crystalline silicon to 

be 520.7 cm-1 with the standard deviation of 0.01 cm-1, which was agreed with other 

literature.88,89 

 

Raman spectroscopic studies are conventionally performed on samples by mounting them 

under the microscope using a mounting template. To investigate the systems of interest in this 

project, a custom high-pressure (HP) temperature controlled visual cell was designed to 

achieve the required process conditions. The Raman cell was fabricated with a design tailored 

for versatile measurements based on design considerations below: 

 

1) dimension: the cell was required to fit in a Raman microscope enclosure. Measurements 

were carried out in the relatively limited space. Moreover, the cell was designed 

to be mounted on a 3-axis motorised translation stage with a spatial resolution 

of 0.1 microns, controlled by the Wire software. 

 

2) optical path: in order to achieve a reliable Raman spectroscopic measurement, it is critical 

to ensure the laser excitation and Raman signal can be focussed on the sample 

located within the cell and the optical path is not clipped by the cell. These two 

criteria must be compatible with the objective’s working distance and numerical 

aperture.  

 

3) high-pressure rating: a high-pressure rating is required to investigate processes relevant to 

natural gas processing. This is particularly important for visual cells, since the 

optical window material and sealing mechanism must be rated accordingly, with 

optical properties compatible with the optical path requirements.  

 

4) Temperature and pressure control: Hydrocarbon components and other materials change 

their behaviour with temperature and pressure conditions.90,91 The Raman cell 

needs to enable investigation through the thermodynamic conditions. Also, 

pressure and temperature controls need to be carried out for reliable repetitions 

of an experiment. 
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5) Reliable data acquisition: data collection is crucial to characterise the behaviour with 

spectral and visual datasets. 

 
2.2 High-pressure temperature-controlled visual Cell 
 

The height between the microscope objective and the automated three-axis translation stage on 

which the cell was mounted presented a major constraint on the cell dimensions, limited to a 

height of approximately 3 cm. This led to the cell having a horizontally-oriented assembly for 

sensing and temperature control. As depicted in Figure 18, the Raman cell has an octagonal 

body that is coupled to a recessed lid with integrated window location. The cell was made form 

stainless steel 316, selected due to its a corrosion resistance and durability over a wide range 

of temperature. An anti-reflection coated sapphire window of 9 mm-thickness was placed 

between a machined glass-filled polytetrafluorethylene (PTFE) gasket and a nitrile O-ring. The 

design pressure of the cell was 30 MPa. The cell and window thicknesses were determined by 

the equations below. Following an equation in Australian Standard AS 1210-2010,92 

 

 𝑡0N1#+,4B = 0.5	𝐷	 w𝑒(
O
A) − 1x Eq. 26 

 

where D is the internal cell diameter (20 mm), P is the design pressure (30 MPa) and f is the 

yield tensile strength of a material (138 MPa,92 stainless steel 316 under non-cryogenic 

temperature), and 𝑡0N1#+,4B is the minimum calculated thickness of a cylinder (cell), which was 

determined to be 2.43 mm. For the minimum thickness of the sapphire window calculation,93,94  

 

 𝑡6#+,26 = 0.5	𝐴6 y𝐾6𝑓7
∆𝑃6
𝑆P

z
!.Q

 Eq. 27 

 

where  𝐴6  is the unsupported aperture diameter (26.5 mm),  𝐾6  is the support condition 

coefficient (0.75 for a clamped window), 𝑓7  is the safe factor (4), ∆𝑃6  is the pressure 

differential (30 MPa, the design pressure), and 𝑡6#+,26 is the minimum calculated thickness of 

a window, which was determined to be 7.26 mm. External connections to the cell for fluid 

injection, temperature sensing, and temperature control were located on the eight flat surfaces 

around the sides of the cell and the base of the cell. The four narrow sides of the cell were used 

to connect high-pressure fluid inlet/outlets and a temperature measurement port with 1/16’’ 
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fittings (15-2AM1, High Pressure Company). An additional fluid injection port is located on 

the bottom of the cell. Fluid injection was achieved using 1/16” PEEK tubing (TPK-110, VICI-

Valco), selected due to its flexibility and reliable high-pressure rating. The flexibility of the 

tubing minimised the physical tension to the cell during automated translation using the 

microscope stage. The microscope enclosure was continuously purged with a dry compressed 

and a Peltier-based moisture condenser was used to mitigate condensation on the window. 

 

 
Figure 18: (a) A schematic of in-situ high pressure Raman cell setup in a Raman 

microscope enclosure, and (b) a drawing of the cell body. 

 



 28 

 
Figure 19: A lid of high pressure Raman cell; Lid assembly with (a) lid, (b) M3 bolts, (c) 

1-mm thick glass-filled PTFE gasket, (d) AR-coated sapphire window, and (e) nitrile o-

ring (upper), and a drawing of the lid (lower) 

 

The system pressure was monitored at midway along the PEEK tubing using a a piezoresistive 

pressure transducer (PA-33x, Keller) interfaced with a DAQ software. To calibrate the system, 

the cell was evacuated with V-1 closed, V-2 and V-3 opened for two hours using a vacuum 

pump (RZ 6, Vacuubrand GmbH), and the pressure was set to zero in the both software and 

syringe pump. The cell was charged with a gas and the pressure was controlled via a high-

pressure syringe pump (260D, Teledyne). 
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Figure 20: Elements of the Raman cell assembly.	

 

The temperature of the cell was controlled by using four Peltier units with the maximum power 

of 28.3 watts for each and the dimension of 25 x 25 mm ceramic faces (12711-5Q31-03CK-S, 

Custom thermoelectric). They are attached on the four wider sides on the cell and backed with 

copper water blocks (WBA-1.00-0.60-CU-CH, Custom thermoelectric) to act as the heat sink 

during operation. The temperature of the water blocks was controlled by continuous coolant 

flow (12 °C) from a circulation chiller (Alpha RA8, Lauda). A thermally conductive paste 

(OMEGATHERM 201, thermal conductivity of 2.31 W/(m.K) , Omega)  was applied to each 

side of the Peltier modules to improve thermal conductivity. Power was supplied to the Peltier 

units with pairs connected in series, and the two pairs then connected in parallel. A custom 

computer-controlled H-bridge module was constructed to control the current direction through 

the Peltiers, allowing heating and cooling modes of operation. Power was supplied by a 

Keysight E3634A power supply. The H-bridge and power supply were controlled by custom 

LabVIEW software, which allowed precise temperature control over the range (-15 to 60) °C. 

Figure 21 presents a demonstration of temperature control with a rate of 0.5 °C/min and the 

overshoot during the ramping operation was identified to be within 0.1 °C. The Peltier effect 

is accompanied by the Seebeck effect, which results in heating on the other side of the unit and 

reducing the cooling performance.95,96  
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Figure 21: Demonstration of temperature control with a rate of 0.5 °C/min achieved by 

the Peltier units. 

 

 
Figure 22: Temperature control algorithm of in-situ Raman cell. 

 

Figure 22 presents the temperature control algorithm for the Raman cell. The desired 

temperature and heating/cooling rate are defined in the temperature control program and the 

cell temperature is acquired using a resistance temperature detector (RTD, PR-112-100-1/16-
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4-E, Omega) and temperature input module (NI9217, National Instruments). A proportional-

integral-derivative (PID) control calculates the required power supply settings to achieve the 

desired temperature profile. These values are then updated on the DC power supply (E3634A, 

Agilent). Depending on heating or cooling, the polarity is controlled by a solid-state-relay (SSR) 

module (NI 9485, National Instruments) based H-bridge. 

 
Figure 23: (a) Sterling silver containers to be fit in the Raman cell. (b) a RTD penetrates 

the cell wall to detect a temperature of a sterling silver sample container. (c) a plugged 

connector at the bottom of the cell. 

 

Samples are mounted within the cell atop sterling-silver pedestals with an integrated sample 

space. The height of the pedestal and shape of the sample space is designed specifically for 

each application and the pedestals can be easily interchanged. Examples of the cylindrical 

pedestals are shown in Figure 23 (a). Sterling silver was used for its high thermal conductivity 

and an improved durability97 compared to a fine silver. The dimension was designed to fit 
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within the bore of the Raman cell. Each container has two types of a groove. A horizontal 

groove on the bottom allowed the tip of the RTD to contact the pedestal to achieve accurate 

temperature measurements of the sample space. A  heatsink paste (SCF-9100, Silver powder > 

30 wt.%, Jaycar) was used to fill and voids around the probe. A vertical groove on the side of 

the pedestal side allowed fluid to flow around the pedestal from top to bottom. Dimensions of 

the container inner volume are detailed in the chapter 3. Also, a bottom of the cell was drilled 

with assembling a port, enabling a secondary fluid injection with 1/16’’ tubing. The port is 

closed with a plug (15-7AM1, High Pressure Company) when not in use. 

  

2.3 Spectral measurement procedure 
 
Raman spectrum acquisition was following a measurement setting with parameters, such as a 

spectral range, a laser exposure power and time. A spectral range should include a range of a 

peak or curve of interest. In general, a measurement with a wide spectral range requires a longer 

exposure time. The power and time of laser exposure determines the peak intensity. For 

instance, low laser power and short exposure time result in a weak peak, preventing peak 

analysis. Besides, excessive laser incidence can also fails spectroscopic studies for following 

reasons: i) CCD camera saturation: the camera features own capacity to detect light signal, and 

if the detector is saturated by Raman scattering it is impossible to generate a Raman spectrum, 

and ii) Damaging a sample: an intense laser transfers heat to the sample and this can change 

the composition or structure of a system (e.g. an evaporation of water from a small droplet, 

hydrate dissociation, and transformation of biomaterials). In this work, three types of spectral 

acquisitions were carried out depending on a material and environment as follows, 

 

 
Figure 24: Spectral acquisition modes used in this work. (a) single spot measurement, (b) 

line mapping, and (c) rapid spatial mapping. 

 

1) a single spot measurement: literally a Raman scattering was focused at a specific spot of 

interests. This mode was used to quantify adsorbed gas molecules in the high-

pressure cell, which is presented in chapter 4. At controlled temperature and 
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pressure, the laser was focussed i) at several locations in the middle of an 

adsorbent (silica gel) and ii) at surrounding gas phase with 5 repetitions. Those 

measurement allowed to understand a consistency of gas adsorption at different 

location in the material and distinguish an adsorbed gas signal from that of free 

gas population. The measurements were carried out with the laser exposure time 

of 1 s and the maximum laser power from the source (200 mW) per a spectrum 

acquisition.  The silica gel was not damaged with that the laser power and the 

incidence allowed to obtain gas peaks with a low-pressure condition and the 

CCD camera was not saturated by the gas signal at high pressure. This short 

exposure time with an intense laser power enabled efficient measurement and 

peak analysis with a high signal to noise ratio. 

 

2) Line mapping (point by point): a pre-defined line was scanned by a series of a single spot 

measurement with the step of 1.3 microns. The increment was determined by a 

theoretical laser spot size (the diameter of 1.3 microns) of the setup with the 

laser wavelength of 532 nm and the numerical aperture (LMPlanFL N 50x, 

Olympus) of 0.5 to prevent an overlapped sampling. The line can was carried 

out to identify an artefact due to a geometry of a sample holder and to acquire 

calibration factor through a range of the line (detailed in chapter 3). A bulk 

hydrocarbon liquid in a solid container was scanned with the exposure time of 

1 s and the maximum power of the laser source under a controlled temperature. 

As the solid-liquid system was closed with a coverslip to prevent evaporation, 

the laser incidence did not result in any change of the sample. And the short 

exposure allowed to reduce the whole scanning time.     

 

3) Rapid spatial mapping: this mode enabled a quick 2-D scan by illuminating with a line of 

the incident light, rather than a single intense spot. The method was used to 

generate a surfactant distribution map in a multiphase system (solid-liquid), 

which is detailed in figure 3. A surfactant solution with AgNPs was loaded in a 

container and it was closed with a coverslip. The system temperature was 

controlled constant by Peltier units, and a mapping area was defined with the 

width and height of 300 microns. The scanning was performed with the “line 

laser exposure” time of 10 s and the maximum laser power of the source with 

the spatial steps for x and y axes of 1.3 microns. The setting allowed to detect 
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signals of surfactant molecules in a solution at the concentration of 5 ´ 10-8 

mol/L. Even though the laser power used here was the maximum, the actual 

incidence applied to a sample was much lower than that of a single spot or line 

mapping. More importantly, the scan with a line laser exposure took only a 

couple of hours for the defined area, compared to 15 hours taken when using a 

spot measurement mode. 

 

Quantitative analysis of Raman peak 

 

In this work, peak area analysis was carried out to quantify species in a system, such as 

surfactant molecules (chapter 3) and carbon dioxide (chapter 4). The following procedure was 

performed to achieve more accurate characterisation: (i) a spectral range including a peak (or 

peaks) of interest was determined from a full spectrum, (ii) a new baseline for the band was 

defined, (iii) a raw intensity data was subtracted by the corresponding baseline. (iv) The 

corrected curve was fitted to a Voigt profile. (v) an area of the profile was obtained using the 

trapezoidal rule and this enable to acquire a local concentration.   

 

Raman focal diameter and depth analysis 

 

The focal diameter and depth analysis were followed by all Raman spectroscopic measurement 

and imaging to avoid under- and over-sampling of a system. Figure 25 illustrates a schematic 

of empirical laser spot size and sampling depth estimation.  

 

 
Figure 25: Schematic of empirical (a) spatial resolution and (b) focal depth estimation. 
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For the spatial resolution test98, a laser was focused at the surface of silicon wafer and a 

horizontal line scan was carried out to obtain an intensity profile of the crystalline silicon peak 

every 1 µm. Then, the resolution was estimated by the distance between the locations with 10 % 

and 90 % of the intensity range. Theoretical diameters of laser for 20 x and 50 x objectives 

used in this work are 2.6 and 1.3 microns, and the empirical resolution of them estimated to be 

below 3 microns and 2 microns for the 20x and 50x objectives, respectively. The depth 

resolution test was carried out using a method of Everall.99 A laser light was initially aligned 

with the centre location of the silicon and the height (z) was zeroed at the upper surface. Then, 

the silicon peak profiles were obtained at the range between 100 microns above and below the 

silicon surface for the 50x objective, and at the range between 500 microns above and the below 

the surface for the 20x objective with an increment of 1 µm. After the measurements, the full 

width at half-maximum (FWHM) from each objective was calculated to obtain the depth. The 

focal depths of the 20x and 50x objectives were estimated to be 65.2 and 15.3 microns with a 

deviation from the theoretical resolution of 4 % and 10 %, respectively.    

 

 

2.4 Sample preparation for surface enhanced Raman spectroscopy (SERS) 
 

To facilitate studies of low-concentration solutions, Surface Enhanced Raman Spectroscopy 

(SERS) was adapted to scan a surfactant distribution in a binary system. At low concentration, 

direct detection and measurement of solutes is typical not possible due to low signal. 

Conventional SERS is used to measure samples deposited on, and thus in close proximity to, a 

metallic substrate such as gold, silver, or copper. However, this work focused on a multiphase 

fluid system and the properties of the bulk phases, making conventional SERS ineffective. 

Instead, a metal nanoparticle colloidal solution was employed to achieve SERS, as a suspension 

of nanoparticles can produce a uniform signal enhancement throughout a liquid system. This 

work involved the development of a solution preparation procedure and testing to validate the 

performance of solution-based SERS. 
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Figure 26: Collodial AgNPs preparation, (a) during initial heating at 100 °C and (b) after 

completion of second heating process at 92 °C . 

 

A two-step preparation method87 was adapted to enhance Raman signals, which featured better 

uniformity of nanoparticles and signal enhancement. A 0.1 mM silver nitrate  aqueous solution 

(puriss p.a., ACS reagent, Sigma-Aldrich) and 1 wt% of tri-sodium citrate aqueous solution 

(analytic grate, Chem-Supply) were prepared with de-ionised water (electric resistivity 18 MΩ 

cm, IBIS). 2 mL of the silver nitrate solution and 4 mL of the tri-sodium citrate solution were 

added to 170 mL of boiling distilled water. For an initial reaction, the mixture was held at 

100 °C for 4 minutes. The reaction container was transferred to a liquid bath and immersed at 

92 °C for 80 minutes, enabling further reduction of the silver nitrate. Afterwards the silver 

colloidal sample was cooled by air to avoid a rapid temperature deviation.  

 

 
Figure 27: Effect of a composition of a solution on a decane-solution interfacial tension. 

(a) volumetric ratio with surfactant solution and AgNP colloids. (b) a comparison of the 

interfacial tension between the 3 mixtures. 

 

A series of testings were carried out to determine the effect of volumetric mixing ratio between 

the silver colloid and a sample surfactant solution on the interfacial tension. As applying silver 
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nanoparticles for signal enhancement, it was crucial to identify any artefacts to interfacial 

properties with the particles. Figure 27 (a) shows a volumetric ratio out of 100 between the 

colloid and surfactant solution for three samples. Three mixtures consisted of cetylpyridinium 

chloride (CPC) aqueous solution (0.1 mM) and the colloidal AgNP with a volumetric ratio such 

as 1:4 (sample 1), 1:1 (sample 2) and 4:1 (sample 3). Both liquids were loaded into a container 

and mixed vigorously by hand for a minute. The mixture was then left to stabilise for 15 

minutes, after which a syringe was filled with the mixture. And a droplet was withdrawn by a 

syringe in a bulk decane held in a transparent cubic container, as shown in Figure 6 (b). After 

1000 seconds in which an interfacial tension was stabilized, it was measured using ThetaLite 

optical interfacial tensiometer (OneAttension). As shown in Figure 27 (b), the interfacial 

tension of the three samples were measured with 3 repetitions and averaged to be (14.2 ± 1.2), 

(14.8 ± 1.2), and (13.7 ± 1.4) mN/m, respectively. The deviation of interfacial tension between 

the samples were calculated to be within a range of measurement error. It indicates that the 

artefact was negligible on the interfacial tension. This allowed to study the multiphase fluid 

aided by the AgNPs with assumption of no changes on interfacial properties. 

 

 
Figure 28: A comparison of pyridine ring peak of CPC solution (0.1 mM) measured using 

between a conventional Raman spectroscopy and the surface enhanced Raman 

spectroscopy (SERS). 
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Figure 29: Evaluation of pyridine ring peak area aided by SERS with varying a focused 

location and a laser power. “z” indicates the height where the Raman signal was focused 

in microns. z=0 is corresponding to a surface of the sample holder. And the laser power 

applied on measurement was described in per cent out of the maximum of the laser source. 

 

The effectiveness of solution SERS was then tested by measuring the Raman response for 3 

samples at varying a volume ratio of a surfactant solution and a colloidal silver nanoparticle. 

The measurement focussed on the pyridine ring peak (~ 1030 cm-1) of CPC was measured with 

focusing at bottom and 100 microns above in a 3 mm-depth sample container using 50 % and 

100 % of the maximum laser power. Even though the intensity measured with sample 3 differed 

negligibly with varying the laser power and location, for sample 1 and 2, the higher laser power 

and further location from the bottom resulted in large peak area, which is more favourable to 

quantitative analysis. And the largest peak area was measured with the sample 2. Therefore, all 

the measurement using SERS in this work followed a volumetric ratio of 50:50 on a sample 

preparation, and Raman signal was focussed at 100 microns above the base for scanning 

horizontally-distributed droplets shown in chapter 3.2. 
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3 Direct Observation of Surfactant Adsorption using in-situ 
Raman Spectroscopy 

 

3.1 Chapter summary 
 

Surface active agents (surfactants) have been used in a variety of fields for their unique features 

consisting of two parts, hydrophilic head and a hydrophobic (lipophilic) tail. The dual affinity 

of surfactants allows the molecules to migrate to an interface and change interfacial properties. 

Most studies of surfactant behaviour utilise indirect experimental approaches and/or molecular 

dynamic (MD) simulations. To better understand the phenomenon, a direct observation of 

surfactant distribution in multiphase systems is required. This chapter details a development of 

a research platform to study surfactant adsorption using in-situ Raman spectroscopy over three 

generations of sample containers. Raman imaging and analysis were compared with an 

interfacial tension measurement and a theoretical model to quantify surfactant packing at the 

surface region. 

 

3.2 Motivation: surfactant adsorption at a liquid-liquid interface 
 

Surfactant changes interfacial properties of a multiphase system by migration of surfactant 

molecules to an interface. In this work, Raman spectroscopy is used to carry out fundamental 

investigation of surfactant adsorption. In general, a surfactant concentration is relatively low 

and this leads a detection issue using a conventional Raman spectroscopy. Therefore, surface-

enhanced Raman spectroscopy (SERS) was adapted to have an increased signal intensity from 

surfactant molecules. A nanostructured metal surface or nanoparticles in the liquid phase were 

used for the enhancement. Silver was chosen for this study, because the material suits a 532 

nm laser excitation source. Specifically, a silver colloid was used to study a multiphase system 

with two liquids. The adsorption phenomenon was studied in two phases (oil-water) using 

Raman spectroscopy. Liquid decane and a cetylpyridinium chloride (CPC) aqueous solution 

were used to represent two model phases. First, a decane droplet was loaded on a temperature-

controlled plate and spread. Afterwards, the surfactant aqueous solution and silver nanoparticle 

colloid mixture was injected near the decane phase by a syringe as illustrated in Figure 30.  
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Figure 30: Raman analysis of CPC in oil-water system: (a) schematic of sample 

preparation with oil-water system, and a curve to characterise (b) liquid decane (C-H 

bond) and (c) CPC (pyridine ring). 

 

A mapping plane was defined including both water and oil phases. Afterwards, two-

dimensional Raman scanning were carried out every 1.3 microns for both x- and y-axes. To 

characterise an interface and surfactant molecules in the system, two Raman curves were 

analysed shown in Figure 30 (b) C-H bond from a liquid decane and (c) pyridine ring from 

CPC solution and AgNP colloid mixture. Each curve was subtracted by a baseline and the area 

under the curve was calculated to quantify the population of species and generate Raman maps.  
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Figure 31: Two cases of a two-dimensional Raman mapping of surfactant (CPC) 

adsorption at oil (decane) - water (surfactant solution) interface with a dropwise sample 

loading.  

 
Figure 31 presents a series of optical images of Raman mapping planes and Raman maps of 

focused species. The maps illustrate population and distribution of species by a colour-scale 

bar where a brighter colour indicates denser molecules in a measured spot. A decane film 

distribution on the map follows the interface in the optical image. However, regarding CPC 

signals, the adsorption layer is located approximately 150 microns away from the interfacial 

layer. This might be due to the evaporation or induced flow of the liquids by incident laser and 

it could change the interface. There were significant limitations of measuring this two-liquids 

system with a spatial scanning; the interface is curved due to dropwise preparation, and it is 

changeable by the evaporation. The two issues made this project move to focus on a solid-

liquid system, enabling a fixed and perpendicular interface.  
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3.3 Generation I: a solid-liquid system in a cylindrical container 
 

In this section, the Raman investigation was following a contact angle measurement of a liquid 

droplet on a surface. First of all, it is crucial to understand an effect of silver nanoparticles as 

an artefact of SERS on interfacial properties. And a validation of Raman mapping is required 

whether Raman analysis of surfactant adsorption is aligned with a contact angle profile as a 

function of a surfactant concentration. 

 

A contact angle of a surfactant solution droplet was measured on a sterling silver pedestal, 

which is a sample material used in Raman measurements. A camera in interfacial tensiometer 

monitored the droplet and a software (OneAttention) detected the angle. 

 

 
Figure 32: Contact angle measurement of liquid droplet on a sterling silver pedestal. 

 

As AgNP colloidal solution was used to enhance Raman signal from a surface, two types of 

surfactant solution were measured and compared with each other: (i) surfactant in DI water, 

and (ii) surfactant in AgNP solution. The pedestal was polished and a 30 μl of a liquid droplet 

was loaded on the solid surface. An apparent contact angle was acquired after 500 s of the 

droplet loading. Figure 33 presents a contact angle profile over a range of surfactant 

concentration. The symbol and error bar indicate the average and standard deviation from eight 

measurements collected at each concentration.  
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Figure 33: Contact angle measurement with varying a surfactant concentration. 

 
Overall, increased surface wetting was observed with increasing surfactant concentration, 

which was attributed to the presence of additional surfactant molecules adsorbed at the solid-

liquid surface. At very low concentrations (e.g. 10-8 M), the angle was measured to be in a 

range of baseline which was in the absence of surfactant. A gradient of contact angle decrease 

was steeper up to a certain concentration. The end of the range, an inflection point, can be 

estimated to be a critical micelle concentration (CMC), which indicates the surface was 

saturated by surfactant molecules. As shown in Figure 33 (b) and (c), a slope was fitted to a 

logarithmic profile and a gradient change was identified. An intersection point was calculated, 

corresponding to the CMC estimates, which were 1.38 mM and 1.31 mM in the presence and 
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the absence of silver nanoparticles, respectively. Both values are in the same order of 

magnitude, and the approximate 5 % of deviation can be attributed to silver nanoparticles in a 

surfactant solution.  

 

 
Figure 34: A schematic of Raman measurement of surfactant adsorption in a cylindrical 

container.  

 

 
Figure 35: A procedure to load liquid sample in a cylindrical holder. 

 

 

Figure 34 illustrates a schematic of an in-situ Raman imaging and an experimental setup using 

a 50x objective (LMPlanFL N 50x, Olympus) with a numerical aperture of 0.5. A planar 

scanning was performed every 1.3 µm in both x and y axes on the pre-defined mapping plane. 

By calculating a peak area over a baseline of the pyridine ring (~1030 cm-1), a relative density 

(local concentration) profile can be generated. A liquid was loaded in a cylindrical sample 
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holder more than a bore volume, which generated a meniscus. The solution was compressed 

with a sapphire cover slip, and this enabled a complete liquid phase in the holder as shown in 

Figure 35. In particular, this study focused on a surfactant adsorption on the sterling silver 

surface. In order to avoid measuring adsorption at the sapphire surface, a surfactant mapping 

plane was defined 50 µm below the top of the cylinder.  
 

 
Figure 36: (a) C-H stretching mode measured in a bulk hexadecane (C16), and (b) a 

schematic of C16 coating measurement on a sterling silver sample holder.  

 

However, the 50 µm offset caused a location-dependent incidence of light due to the cylinder 

wall. A series of studies were carried out to identify the effect of the geometry using a 

cylindrical sample holder with a depth of 3 mm in a spectroscopic study. First, liquid 

hexadecane (C16) was used to form a thin layer on the cylinder wall. A Raman spectrum from 

a bulk liquid (C16) showed a significant excitation over a range from 2780 to 3100 cm-1, 

corresponding C-H stretching mode shown in Figure 36 (a). This curve was used to qualify a 

population of the species with Raman measurement. To make a thin layer of C16, the container 

was filled with hexadecane first and was inverted to drain for 30 minutes. At this point, the thin 

film of the liquid on the solid surface was captured, as presented in Figure 36 (b). A thickness 

of the layer was observed to be approximately 15 μm. To analyse the data, it was assumed that 

a location with a significant C-H stretching curve corresponded to a surface. 
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Figure 37: Raman signal profile lateral scan across the vertical C16 layer with varying a 

measurement depth. 

 

 
 

Figure 38: Effect of a measuring depth to an apparent surface with Raman scans using a 

cylindrical container. (a) a schematic of apparent surface, and (b) an offset of the surface 

to an actual container wall. 

 

The Raman 200 µm-line scans from the surface were carried out with a consistent laser power 

at five different depths, lowering at 25 μm intervals. With the assumption above, the surface 

was located differently with varying a depth, and the maximum signal from the surface for 

each depth decreases with lowering the measurement plane. Afterwards, a homogeneous bulk 

test was carried out with the liquid hexadecane since the two artefacts were identified: (i) a 

signal intensity that was location-dependent; and (ii) a surface appeared in a Raman map that 

was affected by a measuring depth as shown in Figure 38 (b).  
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Secondly, the cylinder was filled up with a liquid hexadecane, and line scans were carried out 

every 25 μm from the top with a consistent incident laser power. Theoretically, actual 

hexadecane population in each location measured should be consistent in the container. As the 

geometry causes a loss of incident light, we must define correction factors on location-

dependent Raman signal intensity in the system.  

 

 
 

Figure 39: Bulk liquid C16 scan in a cylindrical sample holder. (a) a schematic of a 

measurement, and (b) a relative intensity profile with varying a measurement plane depth. 

 
 

 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑝𝑒𝑎𝑘	𝑎𝑟𝑒𝑎	(𝑥, 𝑧) =
𝑃𝑒𝑎𝑘	𝑎𝑟𝑒𝑎	𝑎𝑐𝑞𝑢𝑖𝑟𝑒𝑑	(𝑥, 𝑧)
𝑃𝑒𝑎𝑘	𝑎𝑟𝑒𝑎-"..(<R!!	@2<Q!!)	ST

 Eq. 28 

 

Based on the measurement, the raw dataset (peak area) was divided by an average between 400 

to 500 μm away from the wall to acquire relative peak area for each depth. As the peak area 

was reached a plateau from 400 μm away, indicating that there was no incident light loss, it 

derives a relative intensity profile in a range of distance from the wall. As approaching to the 

wall, the intensity decrease was observed.  

 
 

𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟	(𝑥, 𝑧) =
1

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒	𝑝𝑒𝑎𝑘	𝑎𝑟𝑒𝑎	(𝑥, 𝑧) Eq. 29 

 

To correct data as measured the homogeneous liquid with the artefacts, an inversed value of 

the relative intensity was defined as a calibration factor. Eventually, calibration factors through 
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a distance from the wall were multiplied to raw datasets. And these enabled a corrected 

mapping (distribution of molecules) for following maps. 

 

 
 

Figure 40: A schematic of 2-D surfactant mapping in solid-liquid system using Raman 

spectroscopy. 

 

Figure 40 illustrates a schematic of Raman mapping, which is overlaid on a microscopic image 

of a binary system, the silver cylinder wall – surfactant solution. There are two types of mapped 

profiles in this section: (i) two-dimensional mapping with a length of 500 μm and a width of 

500 μm (a box with red dashed line); and (ii) a one-dimensional scatter plot overlaying Raman 

data across 50 μm of width in the middle (a box with a yellow dashed line), as a function of a 

horizontal distance from the surface. In 2-D maps, surfactant molecules were scaled with a 

colour bar, where brighter colour indicates a denser surfactant population in a focal volume.  
 

 
 

Figure 41: Two-dimensional Raman mapping of surfactant adsorption with 3 

concentrations. (a) 50 nM, (b) 0.25 mM, and (c) 50 mM. The right edge corresponds to 

the actual surface, and the colour bar corresponds to a surfactant molecule population in 

a focal volume. 
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Figure 42: A pyridine ring (CPC) peak profile as a function of a distance from the surface 

with varying a surfactant concentration. CPC solution – silver surface corresponds to x=0.  

 

2-D Raman maps of surfactant adsorption with concentrations of 50 nM, 0.25 mM and 50 mM 

are presented in Figure 41 (a), (b), and (c), respectively. At 50 nM, the map barely shows an 

adsorption layer, and it was agreed with that the contact angle of this system was within a range 

of the baseline shown in Figure 33. A notable layer was observed at a concentration of 0.25 

mM, but the layer doesn’t seem to be fully saturated by CPC molecules. As the surfactant 

concentration of the first two cases are lower than CMC, there was no surfactant significant 

signal detected in the liquid bulk phase. This suggests that the most of surfactant molecules 

adsorbed at the interface. Therefore, both bulk liquid phases do not differ from each other. 

Whereas, at 50 mM, which was in a post-CMC range, the relative density profiles were more 

significant, highlighting both the adsorption layer and the bulk liquid. This observation enables 

a qualitative analysis of the target molecular distribution in space, alongside micelle formation, 

which are in agreement with the contact angle measurements. In Figure 42, the datapoints 

acquired across 50 μm of width in the middle of the mapping plane was accumulated in a scatter 

plot versus a horizontal distance from the surface. In the vicinity of the surface (x=0), the peak 

area is rapidly increasing, indicating surfactant packing at the surface. At higher concentrations, 

larger surfactant populations were identified: after the adsorption layer, it is evident that Raman 

signals measured in a bulk phase at both pre-CMC (blue and black crosses) conditions seem to 

be quite similar. Therefore, a deviation at bulk phase between pre- and post-CMC denotes the 

presence of micelles. The maximum value at 50 mM could be the maximum packing limit of 
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the molecules at the surface. However, a couple of limitations due to the artefacts were 

identified in this setup. Even though a set of correction factors enabled a calibration of Raman 

signals, a horizontal offset of a surfactant adsorption layer approximately 100 microns to the 

actual surface was observed in the Raman maps. This was attributed to measure the mapping 

plane 50 microns lower than top liquid level, which was aligned with an offset when measuring 

the C16 thin layer in Figure 36. The first generation Raman setup required revision of the 

measurement geometry, to better capture the distribution of surfactant molecules. 

 

3.4 Generation II: A conical container 
 

In the previous section, a couple of issues were identified on surfactant adsorption maps due 

to a geometry of the sample holder. Therefore, a new geometry of a container was proposed 

to minimise an incident light loss. 

 

 
Figure 43: A comparison of incident light profile between Gen I and Gen II containers. 

 

A Gen II geometry is based on an inverted conical inner container. Figure 43 presents a 

comparison of incident light between Gen I and Gen II containers with a cross-sectional area. 

To minimise loss of incidence, a spread angle of the container (𝜽c) needs to be wider than an 

angle of the incidence (𝜽i). In this measurement, the 50x objective with a numerical aperture 

of 0.25 and a working distance of 10.6 mm was used, and 𝜽c was calculated to be 26.5° in 

ambient air. In the presence of a liquid phase within the container, the angle is smaller due to 

refraction.  
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Figure 44: (a) A schematic of Raman signal intensity test with a liquid hexadecane (1); a 

depth scan was carried out every 1.3 μm through a center line of the top plane. The yellow 

flipped cone indicates the homogeneous liquid system, which is closed by a sapphire cover 

slip on the container. (b) Averaged curve area (C-H stretching) of liquid C16 from 3 

repetition as a function of a depth (z). 

 

 
Figure 45: (a) A schematic (a cross-sectional area) of Raman intensity test with a liquid 

hexadecane (2); a horizontal scan every 1.3 μm up to 500 μm. (b) Averaged calibration 

factor as a function of a horizontal offset. This profile was generated to multiply to a 

corresponding surfactant distribution dataset. 

 

Understanding artefacts of Raman spectroscopic measurement is necessary for consistent 

measurements in this study. A liquid hexadecane was used to achieve a homogeneous liquid 

phase within the container. First, depth scans were carried out to figure out the optimum depth 

of measurement. As the incident light was applied through a glass coverslip, it is necessary for 

a focal volume to be free of the coverslip. Figure 44 (a) illustrates a schematic of a depth scan. 

The inner volume was filled with liquid C16 and the liquid phase was closed with a sapphire 

cover slip on the top. A surface between the cover slip and liquid phase was defined as z = 0. 

As measuring the liquid signal further down in the liquid, the signal was increasing by 100 

microns below the top (optimum depth), which was accompanied with decreasing a proportion 
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of the cover slip in a focal volume. Below 100 microns, the signal gradually decreased. This 

related to the fact that the scattering (light) path includes the material more and it diminishes 

the signal by further scattering processes after the initial incidence. Secondly, a horizontal line 

scan of the homogeneous liquid was carried out to figure out a signal profile as illustrated in 

Figure 45 (a). A Raman signal, the C-H stretching, was measured over 500 μm every 1.3 

microns with 3 repetitions. The increment was identical with that of actual Raman scans on a 

surfactant solution – solid container system. Even though the inverted conical volume could 

help achieve a consistent Laser incidence within a plane, there was a minor loss with the 

geometry. After the signal profile (curve area) was acquired, each single signal value was 

divided by an average value of constant signal at from 300 to 500 µm in the profile. In the 

result, at the first 20 microns, the lower signal was observed, indicating that the light was 

clipped by the wall, which can be the red area shown in Figure 45 (a). And this relative curve 

area profile was inversed as following the Eq. 29 to acquire a set of calibration factors through 

a horizontal scan, enabling a correction to a raw dataset of a surfactant distribution map. 

 
Figure 46: A schematic of in-situ Raman mapping on surfactant adsorption with the Gen 

II container. (a) a cross sectional view of an experimental setup. (b) Raman mapping plane 

with 400 um of length and 300 µm of width, measuring every 1.3 µm for both axes. 

 

Figure 46 (a) illustrates a schematic of in-situ Raman mapping to investigate surfactant 

adsorption at solid (a sterling silver container) – surfactant solution (CPC aqueous solution in 

the presence of silver nanoparticles). The solution was loaded in the Gen II container, which 
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has an inverted-conical inner volume. A cover slip was placed on the top to minimise bubbles. 

The sample holder was mounted in the in-situ Raman cell to control experiment conditions. 

The system temperature was controlled at 20 °C by four Peltier modules around the cell during 

Raman measurement. The incident light was illuminated perpendicularly from the top through 

an objective. Raman mapping was carried out focusing on a plane at 100 µm below the cover 

slip. This allows to be free of any influence of a surfactant adsorption at the cover slip through 

measurement process when performing the horizontal scan from the wall to surfactant solution. 

To investigate surfactant distribution in a system, an area was defined with a length of 400 µm 

from the surface and a width of 300 µm. Afterward, the mapping area was scanned at every 

1.3 µm for both x- and y-axes. As Raman intensity is based on a local concentration of a certain 

molecular bond within a focal volume, a pyridine ring of a CPC molecule was investigated to 

quantify a surfactant population. A peak of the pyridine ring was acquired at each spot, and 

peak area was calculated to generate a relative density profile of surfactant molecules in the 

plane.  

 

 
Figure 47: 2-D and 3-D surfactant adsorption maps with varying a CPC concentration, 

(a) 50 nM, (b) 0.5 mM, and (c) 50 mM using the Gen II sample container. 
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A series of surfactant adsorption maps were generated with two forms: (i) 2-D Raman map, 

corresponding to the defined mapping area, where the left edge of the plane corresponds to a 

solid-liquid interface and, based on a calculated peak area, surfactant population was scaled to 

a colour bar; and (ii) 3-D Raman map, where the calculated peak area was presented through 

z-axis, and the x- and y- axis indicates a distance from the surface (x = 0) and a width of the 

map, respectively. The first two conditions studied, (a) 50 nM and (b) 0.5 mM, are lower than 

CMC. In case of 50 nM maps, an adsorption layer was barely observed with very low peak 

area profile near the surface. This is aligned with the contact angle measurement, which showed 

an angle with the solution was measured to be in a range of a baseline in the absence of the 

surfactant. As increasing the surfactant concentration, a relatively noticeable layer was 

observed with a higher peak intensity in Figure 47 (b). There was only a negligible difference 

in a bulk liquid phase between two pre-CMC cases. This could denote there was no aggregation 

of the molecules yet. However, the 50 mM (post-CMC) featured a significant increase in both 

an adsorption layer and a bulk phase. The adsorption layer was saturated by surfactant 

molecules, which led the rest of the molecules aggregate and form micelles in the bulk phase; 

this observation is, supported by the deviation from the bulk concertation observed. 

 

 
 

Figure 48: A 1-D surfactant distribution as a function of a distance from the surface with 

the Gen II container. This plot is based on the mapping above (2-D), and each data point 

is an averaged value across a width of the mapping plane.  
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Based on the Raman mapping with the Gen II container, a 1-D surfactant distribution profile 

was built as a function of an offset to the surface. Each data point is an averaged value of the 

peak area across a width of the mapping plane. The plot enables more quantitative analysis on 

the surfactant population at different concentration. In addition to the surfactant behaviour 

observed in the 2- and 3-D maps, the Gen II measurement can be performed without a blind 

region on a map shown in the Figure 42 using the Gen I setup. Whereas, a length of an 

adsorption layer with a pre-CMC (e.g. 0.5 mM) system was observed to be approximately 100 

microns. It is orders of magnitude larger than a theoretical layer (monolayer) with a nanoscale. 

Even though the sloped surface reduced an incident light loss and enabled a direct observation 

of surfactant adsorption (distribution) in a qualitative manner, there was a deviation on the 

adsorption layer thickness. Therefore, it is required to minimise the geometric artefact, and it 

needs to be compared with a theoretical model for a verification.  

 

3.5 Generation III: A modified cubic container 
 

In previous two setups, several requirements were identified to investigate surfactant 

adsorption more properly: 1) a consistent incident light to a sample during Raman scanning, 2) 

a flat surface, which is perpendicular to an incident light, 3) a mapping plane free of other 

surface (e.g. a cover slip – liquid surface), and 4) Calibration factors to correct a raw signal 

dataset. A new geometry of a sample container is proposed to meet the requirements above.  

 

 
 

Figure 49: The Gen III sample container: (a) a photo of the container composed of a 

sterling silver, and (b) a schematic of Raman scanning with the Gen III container. 
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The Gen III container has a gap 300 microns step downward, and there is a main cubic cut to 

scan a mapping plane. The gap is to avoid an effect of surfactant adsorption to a cover slip 

surface and minimise an incident light loss during a measurement. And a surface is 

perpendicular to a base in order to eliminate an artefact from a geometry such as a sloped and 

curved wall. To verify a consistency of incident light in a mapping plane, the container was 

filled with a liquid hexadecane and a line scan was carried out to measure a Raman intensity 

of a C-H stretching signal with 3 repetitions. The intensity was approximately consistent after 

20 microns after a surface. And the dataset was divided by an average from 300 to 500 µm 

following the Eq. 29 to acquire a calibration factor to the geometry as shown in the Figure 50.  

 

 
Figure 50: A calibration factor to an effect of the geometry as a function of distance from 

the surface with the Gen III setup.	

 
 

Figure 51: (a) C-C peak measured in a liquid ethanol-AgNP suspension mixture, and (b) 

a calibration factor to an effect of silver nanoparticle adsorption to a sterling silver 

container. 
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In addition to a geometric artefact, adsorption of silver nanoparticles to the sterling silver 

container should be considered. If the nanoparticles are not distributed uniformly, they will 

cause inconsistent signal enhancement through the mapping plane. Therefore, liquid ethanol 

was used to make a testing liquid because it is miscible to the AgNP colloidal aqueous solution. 

The ethanol and an AgNP colloidal solution were mixed with a 1:1 volumetric ratio, which is 

identical with that of the surfactant-AgNP solution. A C-C peak (~ 883 cm-1) of the liquid 

ethanol was measured with 1.3 μm of intervals on a mapping plane with 300 μm of a width and 

length including a surface. A peak area was calculated through the plane. The intensity profile 

was divided by an average in a range from 200 to 300 μm to acquire a calibration factor as a 

function of a distance from the surface. The Raman scans to obtain two sets of calibration 

factors above were carried out at a constant temperature with a cover slip to eliminate undesired 

components such as air bubbles. These were multiplied to raw datasets of surfactant adsorption 

measurements.  

 

 
 

Figure 52: A schematic of Raman measurement with the Gen III container. 
 

The Gen III container was mounted in the in-situ Raman cell to measure a distribution of 

surfactant molecules. There were four surfactant solution mixture measured: (a) 50 mM, (b) 

0.5 mM, (c) 50 μM, and (d) 5 μM. At first, the container was filled with a surfactant solution 

mixture and closed with a sapphire cover glass. The system temperature was kept constant at 

20 °C by Peltier modules. When the temperature stabilized, a mapping plane was defined with 

a width and length of 300 microns including the surface, which is identical with all the Raman 

scattering tests mentioned above, and a two-dimensional Raman scan started with increments 

of 1.3 microns for both x- and y- axes. After the planar scan, an area of a pyridine ring peak 
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(~1030 cm-1) was captured to quantify the relative surfactant population at each location. Based 

on the peak area through the measured plane, Raman mapping was carried out to investigate a 

surfactant adsorption with a distribution of molecules. Figure 53 presents 2-D (upper pane) and 

3-D (lower pane) maps of the four samples. The peak area was scaled to a colour bar shown in 

the figure for the both types, indicating a surfactant population in the system. Among the four, 

the first three are pre-CMC concentrations. With increasing concentration, more surfactant 

molecules are identified near the surface. In case of the 0.5 mM (on the same order as the 

CMC), a higher surfactant population was observed in an adsorption layer and in the bulk phase 

compared to other pre-CMC systems. The post-CMC case, 50 mM, showed a significant 

increase of the population in both adsorption layer and bulk. This implies the layer was near, 

or at, the maximum coverage attainable with the surfactant to minimize surface free energy, 

and the molecules started to aggregate as micelles in the bulk phase. All the behaviour in the 

Raman maps are aligned with those in contact angle measurements discussed above. 

 

 

 

 
Figure 53: Raman maps of surfactant (CPC) adsorption to the Gen III container wall. 2-

D maps with a length of 150 um and a width of 300 um (upper), and 3-D maps with a 

length and width of 300 um including the surface.  
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To compare Raman scan result with a theory, a surfactant adsorption density (excess) was 

calculated based on Gibb’s adsorption isotherm for ionic surfactants: 

 

 𝛤	 = −
1
2𝑅𝑇

𝑑𝛾(7<1)
𝑑𝑙𝑛𝐶  Eq. 30 

 

where 𝛤 is a surface excess, 𝑅 is a gas constant, 𝑇 is a temperature, 𝛾71 is a solid-liquid surface 

tension, and C is a surfactant concentration in the system. The surface excess indicates the 

number of moles per a unit area, enabling an estimation of an adsorbed surfactant population 

in a system. As illustrated in Figure 7, a correlation of interfacial tensions of a ternary system 

can be written as 

 

 𝛾(7<") =	𝛾(1<")	𝑐𝑜𝑠𝜃 + 𝛾(7<1) Eq. 31 
 

where 𝛾(7<")  is the solid-vapour interfacial tension, 𝛾(1<")  is the liquid-vapour interfacial 

tension, 𝜃 is the contact angle, and 𝛾(7<1) is the surface tension. The equation can be arranged 

to define a solid-liquid surface tension, 𝛾(7<1)	  

 

 𝛾(7<1)	 = 	𝛾(7<") −		𝛾(1<")	𝑐𝑜𝑠𝜃 Eq. 32 
 

In the Eq. 30, the numerator becomes 

 

 𝑑𝛾(7<1) =	𝛾(7<1),J −	𝛾(7<1),G Eq. 33 
 

As 𝛾(7<") is constant at a controlled condition, the equation can be arranged as following 

 

 𝑑𝛾(7<1) =	−𝛾(1<"),J𝑐𝑜𝑠𝜃J +	𝛾(1<"),G𝑐𝑜𝑠𝜃G Eq. 34 
 

To calculate surface excess at 0.5 mM, the subscript 1 and 2 were defined to be 0.5 mM and 

2.5 mM in the Figure 33, a contact angle profile with varying the concentration. The liquid-

vapour interfacial tension was measured to be (36.3 ± 1.0) mN/m and (37.3 ± 1.6) mN/m for 

the 0.5 mM and 2.5 mM samples, respectively. After the surface excess was acquired, it was 

multiplied by an inner surface area of the Gen III container. This gives the number of surfactant 
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molecules adsorbed in the surface as well as that in bulk by subtracting to a total number of the 

molecules in the container. The number of CPC molecules’ ratio residing in bulk to the surface 

(bulk / surface) was calculated to be 522. Considering a Raman scanning increment was 1.3 

microns, this assumes that an adsorption layer has a thickness as of the increment to facilitate 

the comparison. It leads a ratio of bulk to adsorption layer (bulk / adsorption layer) region being 

calculated at 701. Applying the ratios of the number of surfactant molecules as well as the 

residing volumetric region, a surfactant density ratio of adsorption layer to bulk was estimated 

to be 1.34 at 0.5 mM. 
 

 
Figure 54: 1-D Raman peak area profile of CPC molecules with the Gen III container. 

 

A 1-D Raman profile of the peak area was generated to facilitate a quantitative analysis. The 

pyridine ring peak areas of the surfactant were averaged across a width based on the 2-D and 

3-D maps above as a function of the horizontal offset to the surface. As the assumption to use 

the Gibbs adsorption isotherm above, the first two data points (0 – 1.3 microns) were 

considered as an adsorption layer. Comparing an average between the layer (0 – 1.3 microns) 

and a bulk (the rest) in Figure 54, the ratio was calculated to be 1.78, wherein surfactant 

concentration in the the adsorption layer is 1.78 times denser than the bulk at 0.5 mM. Both 

estimated values from a surface excess calculation (Gibbs adsorption isotherm) and a surfactant 

distribution map via in-situ Raman spectroscopy are within the same order of magnitude, 

suggesting the potential for this measurement platform to provide a new degree of insight to 

future surfactant adsorption studies.  
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In this chapter, there was a series of iterations to develop a new direct observation tool of 

surfactant adsorption. First of all, a silver colloid was adapted to achieve a Raman signal 

enhancement, enabling a detection of a low-concentration system. Three generations of a 

sample container were studied. Due to artefacts derived from a geometry, multiple campaigns 

were carried out using a homogeneous oil (hexadecane) to acquire calibration factors 

throughout the mapping plane. The effect of the nanoparticle on interfacial behaviour was 

quantified, which also enabled corrections when generating surfactant distribution maps. By 

applying these correction factors, there were three types of Raman maps built as a function of 

a distance from the surface. Two- and three-dimensional maps were preferred to observe a 

surfactant distribution in a two-phase (solid-liquid) system. A one-dimensional Raman map 

was used to facilitate a quantitative analysis, which was compared with a theoretical model 

using Gibbs adsorption isotherm. Both approaches agreed within the same order of magnitude 

with conventional interfacial tension or wetting angle measurements. Within this validation 

approach, a direct observation of surfactant adsorption using in-situ Raman spectroscopy 

enabled further molecular-level investigation for a wider range of applications. As the 

spectroscopic method allows interrogation based on a molecular structure, this will pave the 

way to understand structure-function relationships, aiming to develop next-generation 

chemical surfactants to protect natural gas flowlines.  

 

 
	
Figure 55: Summary of sample holders developed for the surfactant adsorption studies 

with dimensions in millimeter. 
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4 Direct Characterisation of Gas Adsorption using in-situ Raman 
Spectroscopy 

 

4.1 Chapter Summary 
 

Adsorbents perform a critical role in gas-separation and gas-storage processes. To improve the 

efficiency of each process for many industrial applications, characterizing the sorption 

properties of materials is crucial. Sorption measurement techniques play a central role in the 

assessment of novel adsorbent materials100-102 to improve sorption performance and 

development of new separation applications and processes.103,104 However, conventional 

measurement techniques suffer from a number of limitations that restrict their range of 

application, including operating pressure and temperature range, measurement time, and 

minimum required sample size. This chapter presents a new and alternative technique based 

on in-situ Raman spectroscopy, which has the potential to overcome these limitations for 

certain categories of adsorbents. As described in Section 1.2, Raman spectroscopy interrogates 

chemical features of a system, detecting vibrational modes from a molecular bond. Compared 

to current methods to study gas adsorption, the Raman spectroscopic approach is quick, 

spatially resolved, and works at a wide range of pressure conditions.  

 

In this study, the adsorption capacity of CO2 in a commercial silica gel is quantified over the 

range of (0.05 to 3) MPa to demonstrate this new technique. Adsorption was identified from a 

change in the CO2 gas Raman spectrum peak, which exhibits peak broadening in the adsorbed 

phase compared to the free-gas phase. The adsorbed and free gas molecular density was 

quantified by calculating the area of the associated peaks, from which the adsorption capacity 

of the adsorbent was determined. The result was compared with conventional volumetric and 

gravimetric measurement techniques for validation, with agreement within the combined 

uncertainties of the techniques. This qualitative and quantitative study enables a novel 

characterisation of gas adsorption. Also, potential opportunities are suggested from this work 

towards in-depth adsorption research, such as heterogeneous adsorption accompanied by 

Raman imaging. 
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4.2 Background 
 

Adsorbent materials are widely used in many industrial applications, ranging from energy 

production105 through to water filtration106 and environmental remediation107. For example, in 

the context of energy production, adsorbents play a critical role in natural gas processing108, 

biogas production109, and subsequent power generation110. In natural gas processing, they are 

employed for gas separation, including acid gas removal111, and vent gas filtering.112,113 

Advanced materials and methods are continuously being developed to improve existing 

processes and in response to contemporary challenges such as CO2 capture,114 helium 

separation115 and hydrogen storage.116,117 In general, adsorbent materials are characterized by 

their adsorption capacity and selectivity, both of which are adsorbate dependent. The 

development of new materials involves extensive characterization, which is performed using a 

range of instruments for different regimes of operation including static118 and dynamic119 

sorption at low to high pressures and from cryogenic to high temperatures.120,121  

 

Currently, conventional methods have several constraints, including minimum sample sizes, 

the need for multiple instruments, insensitivity to material heterogeneity, and long acquisition 

times. Therefore, a new method enabling more efficient adsorbent charactersation is required. 

To achieve that, this work used in-situ high resolution Raman spectroscopy. As introduced in 

Chapter 1.2, Raman spectroscopy is an optical method for determining the composition of 

materials by probing the vibrational modes of the constituent molecules. Monochromatic light 

(typically from a laser source) is scattered off a sample under investigation and detected using 

an optical spectrometer, with the resulting spectra exhibiting peaks with an energy shifts related 

to the sample’s molecular composition.37  

 

At a basic level, the magnitude of each Raman peak is proportional to the number of 

corresponding molecules. For gas mixtures, analysis of multiple peaks and their ratios enables 

relative concentrations to be determined.40,122 The phase of molecules and their interaction with 

an interface can also be identified from small changes in the energy shift, intensity and shape 

of each peak (provided the change can be resolved), for example in clathrate hydrates123 and 

water near hydrophobic surfaces.124 Therefore, Raman spectroscopy has the potential to 

provide direct observation of molecular sorption and quantify the adsorption capacity of 

materials that are optically compatible. Combined with a suitable visual cell, measurements 

can be rapidly performed over a wide range of conditions on small samples.  



 64 

4.3 Methodology using Raman spectroscopy 
 

The Raman spectra were acquired using the same measurement system cell with 532 nm laser 

excitation source (Nd:YAG) described in chapter 2.1. Each spectrum was acquired over 1 

second integration at full laser power, corresponding to approximately 100 mW after the 

objective (Olympus SLMPLN20x, NA 0.25). A schematic of Raman spectroscopic 

characterisation on gas adsorption is shown in figure below. 

 

 
Figure 56: (a) Schematic of experimental setup, (b) Image of the silica gel sample 

measured in this work, and (c) Example Raman spectra for CO2. 

 

A silica gel (VWR-UK) was used as a model adsorbent and its capacity for CO2 investigated. 

The sample was degassed under vacuum at 393 K for 12 hours. After the initial degassing 

process, the sample was transferred to the high-pressure Raman cell. To remove impurities 

from the short transfer time, the sample was kept under vacuum at 343 K in the Raman cell for 

further 12 hours. After this secondary degassing procedure, the system temperature was 

controlled to 303 K and CO2 gas was injected to the cell.  

 

To quantify gas adsorption in the silica gel, measurements were carried out in two locations: 

1) in the continuous gas phase outside the adsorbent, to determine the bulk gas density; and 2) 

within the silica gel, to determine the adsorbed-gas density. For each pressure condition, the 

continuous phase was measured first with 5 repetitions, then the silica gel measurement was 

performed with 5 repetitions at 3 locations in 2 different particles.  
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Measurements of the bulk CO2, outside the silica gel (continuous gas phase), are shown in 

Figure 57. CO2 exhibits 4 peaks in the range (1200 to 1450) cm-1. This analysis focused on the 

total area of the two major peaks (assigned to fermi dyad)125 in order to quantify the amount of 

CO2. The spectral features were fitted using the proprietary Renishaw peak fitting software 

(WiRE 5.1)126 to determine the peak area, centres, and width after subtraction of a linear 

background. The peak area was then analysed as function of density at each pressure condition 

to calibrate the Raman signal to molecular density, as presented in Figure 57 (b). The CO2 

density was calculated for each pressure using the equation of state for CO2 by Span and 

Wagner,127 implemented in the software package REFPROP 10.128 For a constant temperature, 

keeping all other measurement conditions the same, the Raman peak area is expected to 

increase linearly with gas density, as observed. The gradient 𝑘0?1 = (1.37 ± 0.01) × 10Q 

represents an instrument specific calibration for quantifying molecular density at 303 K and 

was used in the subsequent analysis to quantify the density of adsorbed molecules. 

 

 
Figure 57: (a) A Raman spectrum example of continuous CO2 gas (0.51 MPa), and (b) a 

correlation between CO2 peak area and density with varying a pressure. 
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Figure 58: Identification of CO2 adsorption in silica gel with broadening and red shift of 

the CO2 fermi dyad peaks. Bulk CO2 represents measurement of the continuous-phase 

gas in the cell. Adsorbed CO2 was measured by focusing inside the silica gel, with a high 

background due to the material.  

 

Raman measurement of the CO2 within the silica gel were carried out by focusing in the middle 

of the sample particles, 400 µm below the surface. As shown in Figure 58, the CO2 Raman 

peaks were observed to shift to lower wavenumber and broaden. The red shift can be attributed 

to adsorption, where the interaction of the gas molecules with the adsorbent material reduced 

the energy of the vibrational mode, consistent with the work of Centrone et al.129 who studied 

hydrogen adsorption.  

 

There are practical adsorption capacity terms, net and excess adsorption. Net adsorption is, in 

general terms, defined as the additional amount of fluid that can be contained within a system 

due to the presence of an adsorbent, as compared to the same system filled only with fluid.130,131 

In a similar way to gravimetric techniques, Raman spectroscopy can directly quantify net 

adsorption, by measuring the system with and without adsorbent. In the case of Raman 

spectroscopy, an optical focal volume is considered the measured system, which the Raman 

signal is excited and collected; microscopy allows the focal volume to be positioned inside or 

outside the adsorbent material, thus measuring the two states. As described above, Raman 

spectroscopy can be calibrated to quantify molecular density without knowledge of the absolute 

focal volume by dividing the Raman peak area by the instrument specific calibration factor 

(𝑘0?1). Thus, net adsorption can be calculated from: 
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 𝑞+4@ =
𝜌? − 𝜌"
𝜌$

 Eq. 35 

 

where 𝑞+4@ is the adsorption capacity, 𝜌? and 𝜌" are the molecular densities of the adsorbate 

measured within the adsorbent and within the continuous phase, respectively, 𝜌$ is the bulk 

density of the adsorbent (𝜌" can be calculated from the measured Raman signal or from an 

equation of using the measured pressure and pressure).  

 

However, to apply the instrument calibration factor, 𝑘0?1 , (determined from pure-fluid 

continuous-phase measurement) to the adsorbent measurements, the Raman signal must be 

corrected for the index of refraction of the adsorbent system. Corrections arise from the effect 

of refractive index on the signal collection volume,46,132 Raman scattering cross section,133 and 

signal transmission at the adsorbent particle interface. Since the adsorbent is a porous material, 

the effective refractive index is calculated134from the refractive index for silica135 (𝑛7#1#0? = 

1.46) and CO2127,128 and the porosity of the material.  

  

 ∅ = 1 −
𝜌$
𝜌7U41

 Eq. 36 

 

where 𝜌$ and 𝜌7U41 is bulk density and skeletal density of an adsorbent. Looyenga134 proposed 

a dielectric constant model of a heterogeneous system considering a refractive index of all 

components. The adsorbent is a porous material, which both a gas in pores and an adsorbent 

need to be considered. Then, the effective refractive index, 𝑛4AA, can be written as:  

 

 𝑛4AA =	r(1 − ∅)𝑛?,7
G
V + ∅	𝑛.?7

G
V s

V
G
 Eq. 37 

 

where 𝑛?,7 is the refractive index of the adsorbent, which was estimated by apparent refractive 

index measurement, and 𝑛.?7  is the refractive index of the free gas, acquired from the 

REFPROP software with given dielectric constants. And transmission coefficient, 𝑐@B?+7, in 

this system is given by  
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 𝑐@B?+7 = �1 − �
𝑛4AA − 𝑛02!
𝑛4AA + 𝑛02!

�
G

�
G

, 𝑅 = �
𝑛4AA − 𝑛02!
𝑛4AA + 𝑛02!

�	 Eq. 38 

 

where 𝑅 denotes the reflectance with 1 − 𝑅 = 𝑇	(transmission). With all consideration, the 

corrected Raman peak area, 𝐼-,02BB, can be written as: 

 

 𝐼-,02BB =
𝐼-,34?7 �

𝑛.?7G + 2
3 �

R

𝑛.?7G

𝑐@B?+7 �
𝑛4AAG + 2

3 �
R

𝑛4AAG

 Eq. 39 

 

where 𝐼-,34?7 is the measured peak area. With the corrected area, Eq. 35 can be rewritten as: 

 

 𝑞+4@ =
y
𝐼-,02BB
𝑘0?1

z − 𝜌"
𝜌$

 Eq. 40 

 

And excess adsorption capacity (𝑞4&) is defined as a summation of 𝑞+4@ and an amount of gas 

occupies a volume of the pores, which can be expressed as: 

 

 𝑞4& = 𝑞+4@ + (1 − ∅)
𝜌"
𝜌$
	 Eq. 41 

 

 

4.4 Results and validation of Raman derived net-adsorption capacity 
 
Figure 59 shows the final analysis of the Raman characterisation of silica gel’s net adsorption 

capacity for CO2. Each data point represents 30 measurements (2 silica particles, 3 locations in 

each, 5 repetitions). In contrast to conventional adsorption characterisation techniques, which 

measure the average response over a macroscopic volume, Raman spectroscopy is a highly-

localised measurement of the average response over a microscopic volume. Therefore, to 

account for possible material inhomogeneity, a sample of measurements is required (in this 

work 3 locations per each in 2 particles) to accurately estimate the average macroscopic 

behaviour. The result for each location is determined by first averaging the 5 repetitions at each 

location. The uncertainty of the Raman measurement is estimated as the standard deviation of 
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the 5 repetitions, which is less than 1 % for all locations and pressures. The final result is then 

taken as the average over all 6 locations, with an associated standard error that is less than 5.2 % 

for all pressures. Figure 59 (a) presents the Raman peak area for the measurement of adsorbed 

CO2 within the silica gel particles as a function of pressure. The error bars represent the 

estimated measurement uncertainty standard deviation of 30 total measurements. This signal 

was then converted to net-adsorption capacity, as shown in Figure 59 (b). In this case, the error 

bars represent the overall uncertainty in adsorption capacity determined from Raman 

characterisation, including the uncertainty due to the instrument specific calibration factor and 

uncertainty in Raman peak area measurement.  

 

 
Figure 59: Raman spectroscopic analysis on CO2 adsorption to silica gel (a) corrected 

peak area profile of adsorbed CO2 as considering refractive index changes on the light 

path, and (b) adsorption capacity of silica gel converted from Raman peak area analysis 

 

To validate the results from our Raman measurements, the same silica gel was also measured 

using conventional adsorption analysis techniques. A commercial gravimetric sorption 

analyser (Rubotherm) was used to measure the adsorption isotherm of carbon dioxide on silica 

gel at 303 K for pressures up to 4.00 MPa. This type of instrument was designed to measure 

the density of gases and their adsorption on porous samples; it has been widely used for 

accurate sorption measurements.136-138 Detailed information about the measurement principle 

can be found from literature.139 The temperature of the measuring cell was measured with a 

calibrated 100 Ω platinum resistance thermometer by a digital multimeter (Millik Precision 

Thermometer, Isotech, UK) with an expanded uncertainty (k = 2) of 0.3 K over the studied 
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temperature range. The pressure was measured with a vibrating quartz-crystal-type transmitter 

(range up to 41.3 MPa, Paroscientific, USA, type: 46K-HH) with an uncertainty of 0.01 % of 

full scale. The weighing of the porous sample was conducted with an analytical balance 

(readability: 1 μg) via a magnetic-suspension coupling. Before the absolute adsorption capacity 

measurement, the sample was activated inside the measuring cell under vacuum at a 

temperature of 423 K for 12 hours. The measurements were conducted along the isotherm T ≈ 

303.07 K with pressure decreasing steps from (4.00 to 0.01) MPa. An equilibration time up to 

60 minutes was allowed after a change in pressure, and the measurement at a given pressure 

generally lasted up to 40 minutes. The isothermal measurement was conducted twice to check 

the reproducibility. The systematic error due to the force-transmission error140 was not fully 

taken into consideration, because this error was negligibly small in the application of 

adsorption measurement.141 However, the impact of the force-transmission error to the density 

determination could be up to 1.8 %,139 therefore, the densities of carbon dioxide were 

calculated with reference equation of state of Span and Wagner127 using the measured 

temperature and pressure. The measured adsorption capacity q of silica gel for carbon dioxide 

together with its relative combined expanded uncertainty (k = 2) UC(q)/q are listed in Table 3 

and presented in Figure 60 together with calculated excess and net adsorption capacity. 

 

 
Figure 60: Adsorption isotherms (absolute – measured; excess and net – calculated from 

the absolute capacity) of carbon dioxide on silica gel along isotherm T ≈ 303.07 K using 

the gravimetric analyser. The error bars were within the vertical size of the symbols. 
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Table 3: Adsorption capacity q of silica gel for CO2 acquired by the gravimetric 

measurement along the isotherm T ≈ 303.07 K and the relative combined expanded 

uncertainty (k = 2) UC(q)/q, where T is the temperature (ITS-90) and p is the pressure. a 

	

T / K p / MPa q / (mmol g–1) UC(q) / q⋅100 

303.36 3.9848 6.769 0.022 
303.26 3.5142 6.411 0.021 
303.23 3.0127 5.985 0.021 
303.19 2.5108 5.514 0.021 
303.15 2.0090 4.982 0.020 
303.12 1.5070 4.359 0.020 
303.07 1.0051 3.579 0.020 
303.06 0.8044 3.192 0.020 
303.04 0.6035 2.738 0.020 
303.02 0.4026 2.179 0.020 
302.99 0.2024 1.431 0.020 
302.97 0.1009 0.896 0.020 
302.95 0.0820 0.773 0.020 
302.93 0.0619 0.631 0.020 
302.93 0.0419 0.470 0.020 
302.93 0.0205 0.266 0.021 
302.94 0.0119 0.169 0.021 

a The expanded uncertainties (k = 2) of the measurements are 0.30 K for temperature T, and 

4.1 kPa for pressure p. The needed densities ρfliud were calculated with the reference equation 

of state (Span and Wagner 1996) with a relative expanded uncertainty (k = 2) of 0.03 %.  

 

In addition to the gravimetric measurement and analysis, volumetric measurements of CO2 

adsorption to the silica gel were carried out using a sorption analyser (ASAP 2020, 

Micromeritics) to obtain the excess adsorption capacity. The silica gel samples were degassed 

at 393 K at a pressure of 5 × 10−3 torr for 24 hours prior to sorption measurements. After 

degassing, the sample tube was backfilled with helium and transferred to the analysis port for 

measurement of the equilibrium adsorption amount. Due to operation pressure limit, the 

adsorption capacity was measured up to 0.1212 MPa. The uncertainty in the pressure 

measurement is specified as 0.15 % of reading, while the temperature uncertainty is estimated 

to be 0.5 K. 

 

To aid comparison with the Raman measurements, the sorption measurements from the 

volumetric (low pressure region) and gravimetric analysers were fitted to a temperature-
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dependent equilibrium adsorption Toth model142, which predicts absolute adsorption capacity. 

The model prediction enabled a comparsion to the measured adsorption capacities of CO2 on 

the silica gel sample across the range of pressure and temperature conditions in this study. The 

model was: 

 

 𝐶W#X2@F = 𝐶W7#X2@F
$"O

YJZ($"O)#"[
$/#"

  with 𝑏# = 𝑏!,#𝑒𝑥𝑝 �
<\]&'#(,"

%X
� Eq. 42 

 

where R is the molar gas constant, P and T are the measurement pressure and temperature, and 

Δ𝐻X2@F,# ¸ is the isosteric heat of adsorption at zero loading, and 𝐶W7#X2@F  is the saturated 

adsorption capacity. In the regression of each model, Δ𝐻^?10,#   was treated as an adjustable 

parameter together with the empirical parameters (𝐶W7#X2@F,	𝑏!,#,	𝑡# or 𝑎#). The parameters 𝑡# and 

𝑎# are used to characterise the heterogeneity of the adsorption sites in each model, but these 

were treated as adjustable parameters in the regression. The best fit parameters of each of Eq. 

42 were determined using a least-squares regression analysis to minimise the standard 

deviation (SD) between the measured capacities, 𝐶W#34?7, and the capacities 𝐶W7#0?10 calculated 

with the model. 
 

Table 4: Fitting parameters calculated for Toth model from the experimental dataset of 

gravimetric and volumetric measurements at 303 K. 

 

Fitting parameters Values 

𝐶W7#0?10 / mmol. g-1 28.58 ± 6.99 
𝑏!,#×105 / MPa-1 3.35 ± 0.72 

Δ𝐻^?10,#×10-4 / J mmol-1 26.35 ± 0.21 
𝑡# 0.33 ± 0.07 

SSE* / mmol.g-1 0.167 
R-square 0.999 
*Sum of Squared Errors of prediction (SSE) 
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Figure 61: Excess and net adsorption capacity from Raman measurement at 303 K, 

together with a Toth model fit to the gravimetric and volumetric measurement. 

 

 
Figure 62: Comparison of (a: excess and b: net) adsorption capacity measured by Raman 

spectroscopy with gravimetric and volumetric measurements at 303 K. 

 

Figure 61 presents excess and net adsorption capacity isotherms of CO2 at 303 K acquired 

using Raman spectroscopy are compared with an absolute adsorption capacity of Toth model 

prediction fitted to data from gravimetric and volumetric analysers. They are following the 

capacity definitions,143 such as qabs > qex > qnet. Also, the adsorption isotherms from the 

spectroscopic analysis are compared with the two conventional measurements in Figure 62. As 

can be seen, there is very good agreement between the Raman derived adsorption capacity and 

the accepted conventional techniques.  
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In this chapter, a novel measurement approach and analysis has been introduced for in-situ gas 

adsorption studies using high-resolution Raman spectroscopy, demonstrated for the adsorption 

of CO2 on a model adsorbent, silica gel. A range of optical factors were considered to adapt 

the spectroscopic technique for quantitative analysis, all of which can be independently 

determined. The methodology was validated by comparison with accepted commercial 

sorption analysers, showing good agreement over the measured pressure range up to 3 MPa. 

Existing techniques have several limitations such as relatively long acquisition time, operating 

pressure range and required sample size depending on analysing method; the new Raman 

technique presented has the potential to overcome all of these, enabling direct characterisation 

of novel adsorbents. This technique may also be used to investigate the mechanism of 

adsorption by monitoring the spectral features of the adsorbent as well as the adsorbate, which 

will be especially relevant in materials that undergo structural changes. Furthermore, 

combining this technique with imaging capabilities of Raman microscopy will allow direct and 

in-situ imaging of sorption processes, which could be used to study the effect of material 

heterogeneity.  
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5 Hydrate nucleation and growth in water droplets acoustically-
levitated in high-pressure natural gas 

 

5.1 Chapter summary 
 

Understanding the nucleation of gas hydrates is critical for a variety of applications, ranging 

from natural gas production to gas storage and water desalination. However, a quantitative 

description of this phenomenon continues to allude scientists and engineers particularly at 

practical conditions. Hydrate nucleation is very difficult to study experimentally in a reliable 

manner because of the high pressures required, the stochastic nature of the phenomenon, and 

the apparent influence of the apparatus on the resulting observations. The well-established 

classical nucleation theory when applied to gas hydrate formation leads to predictions of 

nucleation rates that are many orders of magnitude faster than observed. Finally, while 

molecular dynamics simulations have provided some new insight into the nucleation pathways, 

artificially high driving forces much larger than those achievable in laboratories must be 

applied to force nucleation within reasonable simulation time scales.  

 

A major challenge to experimental studies of gas hydrate formation is identifying the interface 

where nucleation actually occurs. To overcome this issue, acoustic levitation was used to make 

the first statistically significant measurement of hydrate nucleation rate on a well-defined and 

quantified interface under high-pressure conditions. This nucleation rate is then compared with 

recent high-quality results from conventional experiments where the nature and size of the 

interface responsible for nucleation is poorly known. By weighting the induction time 

measured for each droplet by its interfacial surface area, it was possible to fit the observed 

distribution of induction times to an exponential function as expected by Classical Nucleation 

Theory more accurately than if the variation in the droplet size was not considered. This 

approach then leads to an area-normalised nucleation rate for the millimetre-scale droplets that 

are compared with rates observed in much larger systems with substantially different interfaces. 

This implies that the details of the solid surfaces thought to be dominant in conventional 

experiments may not, in fact, be critical. 
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5.2 Introduction 
 

Clathrate hydrates of natural gas are solid, ice-like compounds in which guest gas molecules 

(e.g. methane, ethane, carbon dioxide) are enclathrated within cage-like structures consisting 

of hydrogen bonded water molecules.144 Thermodynamically stable at temperatures and 

pressures encountered in natural gas production or at oceanic or permafrost margins,145 

hydrates are highly relevant to applications in conventional energy production from oil and gas 

reserves (flow assurance146), unconventional energy production from geological deposits of 

methane-hydrate122,147 and to onshore processes related to gas storage148 and water 

desalination.149 The kinetics of hydrate formation are critical to many of these applications, 

including optimising gas storage schemes, reducing the cost of hydrate management strategies 

for subsea gas production150 or avoiding blockages in the cryogenic heat exchangers used to 

make liquefied natural gas (LNG).151  

 

A major challenge in characterising hydrate formation experimentally is that it begins with a 

stochastic152 nucleation process.153 This means that large numbers of independent hydrate 

formation events must be measured to map out formation probability distributions as a function 

of system conditions. Furthermore, relative to other crystallisation processes, the nucleation 

rates of natural gas hydrates are slow, because of their multi-component nature and the low 

solubility of the guest molecules in the aqueous liquid. Thus, acquiring a sufficient number of 

representative formation data to adequately characterise this stochastic process can be difficult 

using traditional high-pressure apparatus due to their slow temperature ramping rates154,155 or 

the inability to apply shear.156 Recently, May and co-workers157,158 reported robust 

measurements of gas hydrate formation probability distributions using an improved technique 

based on a high-pressure stirred automated lag time apparatus (HPS-ALTA), and compared 

their results with other experimental studies and the predictions of classical nucleation theory 

(CNT).152 They found that careful nucleation rate measurements reported in the literature were 

broadly consistent, particularly those determined in well-mixed systems where the agreement 

was within a factor of three. The observations were also consistent with the CNT predictions 

of nucleation work (energy barrier). However, the kinetic parameter predicted by the CNT-

based theory for hydrate nucleation was around 20 orders of magnitude larger than observed. 

For a fixed temperature, T, and pressure, p, within the hydrate stability region, CNT states that 

the probability nucleation will have occurred after a given induction time, 𝑃(𝑡), is given by an 

exponential distribution159 : 
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 𝑃(𝑡) = 1 − exp	(−𝐽×𝑡) Eq. 43 
 

where 𝐽 is a nucleation rate specific to the system sub-cooling ∆𝑇 = 𝑇4C$3 − 𝑇, and where 

𝑇4C$3  is the hydrate equilibrium temperature at p. This distribution is indeed observed if 

sufficient numbers of formation events are measured, particularly if the experimental system 

is well-mixed and devoid of mass transfer limitations.157,160-162 The nucleation rate scales with 

system size, and in principle should be proportional to either volume, V, in the case of 

homogenous nucleation (difficult to achieve in practice163), or to the area, 𝐴#+@4BA?04, of the 

interface upon which nucleation is occurring. However, a key limitation noted by Metaxas et 

al.157 upon analysing multiple hydrate formation experiments was the inability to identify the 

specific interface at which the nucleation was occurring. Similar absolute hydrate nucleation 

rates (around 0.001 s-1 at ∆𝑇 = 10 K) were observed using various apparatus despite them 

having very different gas–water or water–steel interfacial areas, which are the two interfaces 

where hydrate nucleation is likely to occur in a well-stirred system.152 The presence of 

nucleation sites on the interface (assumed) responsible for nucleation is often posited as an 

explanation for the area-normalised nucleation rates (𝐽/𝐴#+@4BA?04) observed. These sites are 

locations on the interface at which the required nucleation energy barrier is much lower than 

elsewhere, and are often thought to correspond to imperfections on the solid surface being used 

to contain the fluids.152 However, such explanations imply that measurements of hydrate 

formation will be apparatus-specific and virtually impossible to generalise given the inability 

to characterise these sites or even be certain about the interface where nucleation is occurring. 

And this work aimed to address both issues by measuring hydrate formation on water droplets 

acoustically levitated in high-pressure natural gas. In such an experiment the interface where 

nucleation occurs is the droplet surface, which has a quantifiable area. Hence the observed 

(𝐽/𝐴#+@4BA?04) cannot be attributed to any imperfections on a solid surface. Previous studies 

aiming at such measurements in high pressure systems have looked at hydrate formation in 

‘‘quasi-free’’ water droplets, which are either resting on hydrophobic solid surfaces164,165 or 

suspended within (hydrophobic) liquids.166-168 Somewhat analogous measurements have also 

been made on suspended gas bubbles in water.169  
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5.3 Demonstration of solid contact-free gas hydrate formation using high-
pressure acoustic levitation 

 

The first measurement of hydrate formation probability in a water droplet fully suspended 

within a high-pressure gas phase was demonstrated. This is made possible using a high pressure 

acoustic levitator which, unlike ambient-pressure systems,170 enables the study of structure I 

(sI) or structure II (sII) hydrates that form under high pressure from either methane or more 

complex natural-gas-like mixtures. The high-pressure acoustic levitator (L800; BOROSA 

Acoustic Levitation GmbH) is shown in Figure 63. The levitator’s sonotrode and reflector were 

housed within a thermally insulated, temperature controlled, high pressure measurement cell. 

The sonotrode was driven by an amplified waveform generator (33500B/ 33502A, Keysight) 

at a frequency around 34.5 kHz. Temperature control was achieved using a circulating chiller, 

which delivered a heat-transfer fluid to a cooling jacket around the cell. The cell temperature 

was measured using a K-type thermocouple inserted into the cell wall.  

 

 
 

Figure 63: An experiment setup for contact-free gas hydrate formation in water droplets 

acoustically levitated in high pressure natural gas.  

 



 79 

Pressure was measured using a transducer (0–100 MPa, 0.2% uncertainty, CPT2500, WIKA) 

located near the cell. Windows in the side of the cell allowed for imaging of back-illuminated 

acoustically levitated droplets. Pressure, temperature, and droplet images were recorded every 

5–10 seconds during the measurements. Droplet volumes and surface areas were calculated 

from the images under the assumption of radial symmetry using proprietary analysis software 

(BOROSA Acoustic Levitation GmbH). A sII forming synthetic natural gas mixture was used 

for all experiments (0.78CH4 + 0.12C2H6 + 0.06C3H8 + 0.01i-C4H10 + 0.03CO2, molar basis). 

The small amount of CO2 present in the gas meant that the concentration of carbonic acid in 

the droplet was negligible.  

 

To carry out a formation measurement, the water pump was first filled with deionised water 

and the valve (V-3) closed (Figure 63 (a)). The cell wall temperature was then allowed to 

stabilise at an average value of (7.1 ± 0.3) °C where the error bound here and below corresponds 

to a standard deviation across the 30 independent measurements. Cell pressurisation then was 

carried out via V-1. The cell was first purged three times with 1.3 MPa of the gas mixture 

before being pressurised to approximately (6.5 ± 0.2) MPa. Once the pressure and temperature 

were stable, V-3 was opened and water was gradually pumped into the cell, enabling the 

introduction of a single droplet into the acoustic field as shown in Figure 64 (a). 

 

 
Figure 64: Gas hydrate evolution observed in a water droplet using high pressure acoustic 

levitator. 
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Formation onset was identified based on the appearance of visible solids on the droplet. For 

example, in the experiment from which the images in Figure 64 were taken, the first sign of 

solids formation is in the snapshot shown in Figure 64 (b) where a partial shell has formed on 

the water droplet. The induction time was defined experimentally as the time between 

commencing water injection (and thus first exposing the water to the high pressure gas phase) 

and observing the first solids on the droplet interface.  

 

The size of any temperature offset between the levitated droplet and the cell wall was tested by 

conducting ice melting and hydrate dissociation measurements. These showed that any offset 

was between 0.2 and 0.7 K for the temperature range from 0 to 21 °C. The first of these tests 

involved a measurement of the gas mixture’s hydrate equilibrium temperature at a pressure 

comparable to that applied in the acoustic levitator. This served to establish the accuracy of the 

thermodynamic model (Cubic-Plus-Association Equation of State, CPA EoS) used to predict 

the equilibrium condition corresponding to each formation event. The hydrate equilibrium 

condition was measured in a separate experiment following the method of Akhfash et al.171. 

The apparatus consists of a DB Robinson-type sapphire cell with an inner diameter of 50.8 mm, 

a wall thickness of 8.5 mm and a height of 127 mm. The sapphire cell contains a vane blade 

and baffle impeller system and is submerged in a glycol−water cooling bath. The glycol bath 

temperature was controlled by a LabView PID algorithm where intermittent power was applied 

to 1100 W cartridge heater while heat was continuously being removed by a ThermoFisher 

immersion cooler. Cell contents were mixed by a magnetically coupled ViscoPakt Rheo 57 

adjustable speed motor, capable of running between 40 and 2000 rpm; The cell pressure and 

temperature were measured using an Omegadyne pressure transducer (172 bar, ± 0.085 bar 

resolution) and 100 Ω platinum resistance thermometer fed through the bottom of the cell (± 

0.2 °C resolution). The cell was monitored visually with a time-lapse camera placed outside 

the cooling bath, which captures images at five-second intervals.  
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Figure 65: Experimental pressure and temperature curve (blue) and SII hydrate 

equilibrium curve (black), where points (a) to (f) corresponding the images shown in 

Figure 66. 
	

The experimental method used to determine the condition of hydrate equilibrium was as 

follows: (i) the cell was filled with deionised water to get the impeller blades immersed 

(approximately 110 ml); (ii) the cell was flushed three times with gas mixture at 20 bar to 

remove any residual air from the system, and was charged to approximately 75 bar at 25 °C; 

(iii) The cell was mixed at 400 rpm for at least 60 min to ensure DI water was fully saturated 

with gas mixture, and the PID cooling system was set to 14 °C at a rate of 3 °C/h; (iv) Hydrate 

formation was detected by a sharp decrease in cell pressure once the system’s was well into 

the hydrate stability region. (v) To measure the dissociation point, 60 minutes after hydrate 

formation the bath temperature was gradually increased at pre-set heating rates. In the first 

stage of heating, the system was heated relatively fast at 1 K/h to 17 °C, a temperature 2 K 

below the estimated equilibrium dissociation point. The cell was then heated at 0.5 K/h for one 

hour and then held for 5 hours at each 1 K step from 17 to 22 °C. A low heating rate was used 

to improve the thermal uniformity. At 22 °C, the heating rate was increased to 1 K/h until the 

system temperature reached 25 °C. 
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Figure 66: Visual observation of hydrate formation and dissociation for sII hydrate in 

high pressure visual autoclave cell (a) before hydrate nucleation; (b) at hydrate nucleation 

denoted by white cloud in middle of the cell; (c) step heating initiated; (d) hydrate start 

melting at 18.21 °C, observed by a change from cloudy white to translucent; (e) point at 

which cell pressure intersects hydrate equilibrium curve; (f) hydrate equilibrium point 

 

Hydrate formation was identified by a sharp decrease in cell pressure signal with time due to 

gas consumption and was independently confirmed by visual observation of the cell. Figure 66 

shows images of hydrate formation and dissociation in the cell during the experiment. 

Formation occurred at 16.56 °C and 71.2 bar (b). One hour after hydrate formation, gradual 

heating of the system was commenced. The further pressure drop that occurred as the system 

temperature was increased indicates hydrate growth was continuing with more gas being 

consumed as shown in image (c). This is because the cell temperature was still within the 

hydrate stable region. Hydrate volume was observed to reduce at 18.21 °C, 66.56 bar as the 

white cloudy core of the hydrate turned to a translucent colour in Figure 66 (d). Eventually, at 

point (f) with a temperature of 20.7 °C and a pressure of 72.5 bar, the hydrate was fully 

dissociated with no pressure jump occurring upon heating. At this pressure the equilibrium 

temperature predicted with the CPA-EoS model implemented in the software Multiflash 6.2 

(KBC) is 19.8 °C. This implies 𝑇4C$3,4&_ is 0.9 K higher than 𝑇4C$3,32,41. 

 

The thermal wave associated with the acoustic field means that the levitated droplet should 

have a slightly higher temperature than the cell walls. Ice melting and hydrate dissociation 
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measurements were carried out to estimate the temperature offset between the cell wall and the 

particle. For the ice-melting measurement, a water droplet was levitated in 63 bar of nitrogen 

gas and then frozen at -3 °C, which is well above the hydrate equilibrium temperature for N2. 

The temperature of the cell was then ramped slowly at approximately 0.06 °C/min. The ice 

particle commenced melting when the wall temperature was 0.1 °C. At this pressure, the ice 

melting temperature was calculated to be -0.6 °C with the CPA model, indicating that the 

temperature of the levitated particle was much less than 1 K above the wall temperature. 

 

 
Figure 67: Ice melting temperature measurement for an acoustically levitated water 

droplet in the presence of nitrogen (63 bar) at a heating rate of 0.06 °C min-1. (a) 

Horizontal and vertical radius of ice / water droplet and temperature profiles as a 

function of time. (b) Observed morphology of melting ice particle. 
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For the dissociation measurement, a levitated hydrate particle, which was formed from the gas 

mixture used for these experiments, was heated at a rate of 0.08 °C/min until it converted 

completely back into a water droplet. The onset of dissociation was observed at 20.6 °C and 

67.5 bar. At this pressure the Cubic Plus Association (CPA) model implemented in the software 

Multiflash 6.2 predicts an equilibrium temperature of 19.4 °C; however, the independent 

experiments with the autoclave detailed above reveal that such predictions are about 1 K below 

the actual equilibrium condition. Thus, the hydrate dissociation measurement confirms that at 

20.6 C the offset between the temperature of the levitated particle or droplet and the wall 

temperature is also much smaller than 1 K. 

 

 
Figure 68: Hydrate dissociation temperature measurement with the gas mixture under 

acoustic levitation at a heating rate of 0.08 °C min-1. (a) An initial hydrate particle and a 

droplet after dissociation. (b) Horizontal and vertical radius of hydrate particle and water 

droplet profile as a function of time. (c) Observed hydrate dissociation morphology. 
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The induction time measurements were obtained at a subcooling of (11.9 ± 0.3) K for a droplet 

volume of (3.5 ± 1.4) mm3. The measured induction times exhibit a large spread, ranging from 

130 s to 95420 s. As shown in Figure 69, the mean and standard deviation of the distribution 

converged to their final values after 25 points, confirming that a sufficient number of formation 

events were acquired. The similarity of the mean (19619 s) and standard deviation (21819 s) is 

indicative of exponentially distributed induction times, consistent with classical nucleation 

theory. 

 
 

Figure 69: Cumulative average (a) and standard deviation (b) of induction time based on 

30 individual nucleation runs at an average subcooling of 11.9 K. 

 

The inset of Figure 70 (a) shows the hydrate phase envelope together with the measurement 

conditions for the 30 experiments. The equilibrium curve shown was calculated using the Cubic 

Plus Association (CPA) model. The corresponding histogram is shown in Figure 70 (a), where 

the measured induction times have been grouped using 2000 s wide bins. Figure 70 (b) presents 

the cumulative probability of hydrate formation plotted as a function of induction time. The 

latter has been determined by trapezoidal integration156 of a second histogram (not shown) 

constructed using bins that increased in width logarithmically. This avoids the sharp jumps in 

cumulative probability that result from the sparsely-distributed157 high-induction time events 

present in the linearly binned data shown in Figure 70 (a). 
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Figure 70: (a) Histogram showing the distribution of measured induction times. The inset 

shows the pressure and temperature conditions for each of the 30 levitation experiments 

relative to the hydrate equilibrium curve (phase envelop). (b) Cumulative gas hydrate 

formation probability distribution as a function of time with fit of CNT. 

 

The cumulative probability data was fitted with Eq. 43, finding a reasonable agreement with 

theory notwithstanding the variation of ± 0.3 K in subcooling. The absolute nucleation rate 

determined by the fit was 𝐽 = (4.9 ± 0.3) × 10-5 s-1, where the error bound denotes the statistical 

uncertainty of the fit parameter. The average interfacial area of the slightly elliptical droplets 

was determined to be 𝐴#+@4BA?04 = (11.4 ± 3.0) mm2, giving an area-normalised nucleation rate 

of (𝐽/𝐴?"..) = (4.3 ± 1.2) m-2 s-1 at ∆T = 11.9 K. By normalising to the 20 cm2 wetted steel 

interfacial area of the HPS-ALTA, Metaxas et al157 reported a (𝐽/𝐴#+@4BA?04) = (0.46 ± 0.01) 

m-2 s-1 at ∆T = 9.8 K; at the subcooling applied in this work, their data suggest values of 

(𝐽/𝐴#+@4BA?04) less than 1 m-2 s-1. Thus, the area-normalised nucleation rate observed in the 

HPS-ALTA with 20 cm2 of wetted steel was more than 4.3 times lower than the area-

normalised nucleation rate measured for an 11.4 mm2 acoustically-levitated droplet.  
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While the precision of the current measurements precludes more stringent comparisons with 

HPS-ALTA or autoclave data, the key result obtained here is that the area-normalised 

nucleation rates for two qualitatively different experiments was within a factor of 5 even though 

the interfacial areas differed by a factor of nearly 200. In particular, the absence of any 

influence by a solid container on the formation of hydrates on the acoustically-levitated 

droplets implies that any nucleation sites responsible for the (𝐽/𝐴#+@4BA?04) values observed 

should not be attributed to surface defects. Rather the sites driving the observed nucleation 

rates should be common to both systems, with one likely candidate being unresolved bubbles 

entrained near the gas water interface by the shear applied. The shear field relevant in this work 

is due to the oscillating acoustic field, and the hypothesis of entrained microbubbles as the 

primary nucleation site is consistent with the observation in previous studies of ice nucleation 

using ambient-pressure acoustic levitation, which found that the ultrasonic sound pressure level 

influenced the nucleation rate.172-174  

 

In an industrial system, the entrainment of bubbles would be associated with the high shear 

caused by turbulent multi-phase flow. As discussed by Charlton et al.16, the superficial 

velocities of the gas and liquid phases in pipelines can be on the order of metres per second, 

resulting in the entrainment of rapidly moving aqueous droplets within the gas phase and 

dispersion of bubbles within the bulk aqueous phase, particularly near the bulk interface. Thus, 

while different precise causes are responsible for the presence of micro-bubbles in the two 

systems, the fact that they are likely to be present in the levitator experiment, autoclaves (when 

sufficiently high-shear is applied), and industrial systems, means they could serve as a common 

set of sites responsible for the observed nucleation rates. 
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Figure 71: Stochastic hydrate shell growth. The pointed part of the hydrate shell in (a) is 

the site of the first major outward growth from the particle in (b). The evolution of the 

particle cross-sectional area versus time since formation onset for four hydrate particles 

is shown in (c). This enables the transition to a large-area, highly roughened morphology 

to be identified. Corresponding snapshots for the particles are shown as insets. 

 

Following a hydrate formation onset, complete shell growth typically took 10–20 s. This shell 

growth rate is of the same order of magnitude as that seen previously for mm-scale droplets at 

a sub-cooling of approximately 15 K.175 Figure 64 (c–f) shows that following shell formation, 

the particle started to expand in a non-uniform manner and thus roughened. This non-uniform, 

outward growth, which initiated via discrete localised growth events, was presumably driven 

by water exiting the droplet via defects (or potentially pores175) in the shell,165 thus providing 

a source of free water to the outside gas phase for continued hydrate growth.  

 

Evidence for defects acting as sites for growth onset can be seen in Figure 71 (a and b), where 

the primary initial outward growth of the shell occurred at a pointed part of the otherwise 

smoothly-curved hydrate shell. Cross-sectional areas of the droplet converting to a particle 

were measured as a function of time after formation onset using algorithms176 implemented in 

the ImageJ software package, enabling a clear identification of the time, trough, at which the 

particle transitioned to a highly roughened state with a significantly increased surface area. 
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Four examples of this transition are shown in Figure 71 (c), which highlights the stochastic 

nature of the transition to a large area particle; trough varies by an order of magnitude across the 

four experiments shown, which can likely be linked to variations in the shell structure in the 

different particles. This result could help explain the stochastic hydrate growth rate 

distributions recently observed in HPS-ALTA experiments.157 

 

5.4 Effect of subcooling on hydrate nucleation rate in levitated droplets 
 

Using Classical Nucleation Theory (CNT), Kashchiev and Firoozabadi developed a model for 

the dependence of hydrate nucleation rate, 𝐽, on absolute temperature and subcooling.152  The 

rate at which critical hydrate clusters form can be described with a kinetic parameter, 𝐴, and a 

thermodynamic parameter 𝐵′ as follows: 

 

 𝐽 = 𝐴𝑒𝑥𝑝(
∆𝑠4∆𝑇
𝑘$𝑇

)exp	(
−𝐵′
𝑇	∆𝑇G) Eq. 44 

 
where ∆𝑠4 is the entropy of hydrate dissociation at the measured pressure, 𝑘$ is the Boltzmann 

constant, T is the formation temperature and ∆𝑇 is the subcooling. According to CNT, the 

kinetic parameter is given by 𝐴 = 𝑧𝑓𝑁!  where 𝑧 is known as the Zeldovich factor, which 

ranges from 0.01 to 1, 𝑓 is the attachment frequency of a hydrate building unit and 𝑁! is the 

number of nucleation sites in the system. The thermodynamic parameter, 𝐵′ quantifies the 

work required to form a critical hydrate nuclei caused by the formation of an interface: 

 

 𝐵E =
4cV𝜈FV𝜎4AAV

27𝑘∆𝑠4G
 Eq. 45 

	

Here c is a shape factor for the nuclei, 𝜈F is the volume of a hydrate building unit consisting of 

a gas molecule and a hydration number of water molecules, and 𝜎4AA is an effective specific 

surface energy. This model was fitted by Kaschiev and Firoozabadi152 to experimental data 

measured by Makogon et al.177 for sI methane hydrate. Subsequently, Metaxas et al. extracted 

values for the two parameters, 𝐴  and 𝐵E , from nucleation rate data measured at four 

subcoolings at approximately 12 MPa using sII hydate forming gas mixture under shear (700 

rpm). They found the nucleation rates compared well with those reported by Ke et al.160 using 

an entirely different gas mixture and apparatus with mechanical stirring, as detailed later. These 
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two sets experimental nucleation rates, both measured in stirred autoclaves of very different 

size, were also consistent with Eq. 44 and the CNT-based model proposed by Kaschiev and 

Firoozabadi.  

 

To investigate the effect of subcooling on hydrate nucleation in acoustically-levitated water 

droplets, induction time distributions with 30 independent nucleation events were acquired at 

three subcoolings. One of these was the data set described above, measured at 64.1 bar and 

average subcooling of 11.9 K, while the other two data sets were measured at a higher pressure 

near 100 bar as shown in Figure 72. The second data sets was measured at a similar absolute 

temperature to the first, producing ∆T = 14.5 K, while the third was measured at a lower 

temperature to give ∆T = 16.7 K. The average conditions, interfacial areas and resulting 

nucleation rates obtained for these three data sets are listed in Table 4. 

 

 
Figure 72: Induction time measurement conditions at an average subcooling of 11.9 K 

(black), 14.5 K (blue) and 16.7 K (red) with the gas mixture’s hydrate equilibrium curve.  

 

Table 5: Average induction time distribution measurement conditions and extracted 

nucleation rates, 𝑱. The average water-gas interfacial area, 𝐴?".. was calculated under the 

assumption of radial droplet symmetry. Each average is presented with a standard 

deviation. 

ΔTavg. / K T / °C p / bar 𝐴?".. / mm2 105J / s-1 (𝐽/𝐴?"..) / s-1m-2 

11.9 7.1 ± 0.3 64.1 ± 1.6 11.4 ± 3.0 4.9 ± 0.3 4.3 ± 1.2 
14.5 7.1 ± 0.1 101.5 ± 0.6 16.3 ± 5.0 30.1 ± 2.0 18.5 ± 5.8 
16.7 4.9 ± 0.3 100.7 ± 1.0 13.3 ± 3.3 49.7 ± 3.4 37.3 ± 9.7 
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Figure 73 presents nucleation rates extracted from measurements of sII hydrates formed from 

gas mixtures (compositions on a molar basis) by 1) Metaxas et al.157 using (0.9039 CH4 + 

0.0571 C2H6+0.019 C3H8+0.02 CO2) at 12 MPa in an HPS-ALTA cell with an inner volume 

of 10.9 ml at a shear rate of 700 rpm; 2) Ke et al.160 using (0.925 CH4 + 0.075 C3H8) at 6 and 

9 MPa using a high pressure autoclave with an inner volume of 141.3 ml and a shear rate of 

750 rpm; and 3) this work using the high pressure acoustic levitator. In spite of the major 

differences in gas composition and system volumes, the absolute nucleation rates measured in 

the presence of a solid surface by Metaxas et al. and Ke et al.  were the same order of magnitude 

at roughly the same subcooling. At significantly higher subcoolings, the absolute nucleation 

rates measured in the acoustic levitator were about two orders of magnitude below those 

measured in the HPS-ALTA and autoclave, reflecting the importance of system size and 

interfacial area on absolute nucleation rate. 

 

 
Figure 73: Comparison of absolute nucleation rate from systems of different size. 

 

As shown in the Table 5, although the temperature and pressure conditions for each of the 30 

nucleation experiments were well controlled with low standard deviations, the variance of the 

droplet’s interfacial area was relatively large because of the manual injection of the droplets 

using a hand-operated pump (Sitec). Consequently the value of (J /Aavg.) also had a relatively 

large standard deviation. However, it is possible to mitigate the measured variation in the 

droplet interfacial areas by considering an area-weighted induction time (t×𝐴#+,) as the random 

variable described by a probability distribution. Here 𝐴#+, is the measured interfacial area of 

the droplet for which a particular induction time t was measured. By replacing the argument 

𝐽×𝑡  of the exponential in Eq. 43, with 𝐽E(𝑡×𝐴#+,)  , where  𝐽E = 𝐽/𝐴#+,  the induction time 

probability distribution becomes:  
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 𝑃(𝑡×𝐴#+,) = 1 − exp	(−𝐽E(𝑡×𝐴#+,)) Eq. 46 
 

Fits to the measured formation probability distributions are presented in Figure 74 for Eq. 43 

(left panel) and Eq. 46 (right panel). The statistical uncertainty of the 𝐽E obtained from the latter 

fit the uncertainty in (𝐽/𝐴?"...), which arises principally from the standard deviation of 𝐴?"... 

The values of 𝐽E determined at subcoolings of 11.9 K, 14.5 K and 16.7 K were (4.8 ± 0.2) s-1 

m-2, (18.1 ± 0.9) s-1 m-2 and (29.7 ± 2.3) s-1 m-2, respectively. 

 

 
Figure 74: Nucleation rate extraction using a cumulative probability of hydrate formation 

distribution as a function of time (a) and area-weighted time (b). 

 

 
Figure 75: Variance of the area-normalised nucleation rate reduced when using 

individual interfacial area (𝑨𝒊𝒏𝒅). The error bar indicates a standard deviation of 30 

nucleation events.	
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𝐽E at varied subcooling are presented together with estimated 𝐽/𝐴#+@4BA?04 based on nucleation 

rates extracted from other experimental datasets in Figure 76. For Ke and co-worker’s data, the 

area of autoclave wall with a cell diameter of 60 mm and height of 50 mm and a impeller blade 

with a thickness of 2 mm and a height and width of 45 mm,178 as potential nucleation sites, was 

accounted for calculating an area-normalised nucleation rate. Also, a wetted surface (20 cm2) 

reported by Metaxas et al. and a roughly estimated surface area of magnetic stirrer used were 

considered to normalise their nucleation rates to the interfacial area. 

 

 
Figure 76: Area-normalised nucleation rate as a function of subcooling as extracted from 

fits of Eq. 46 to the cumulative hydrate formation probability distribution in Figure 74 

(b), along with the estimated rates from experimental data independently measured by 

Ke et al.160 and Metaxas et al.157  

 

Table 6: Area-normalised nucleation rates estimated from experimental data with high-

pressure acoustic levitator, together with the rates from other works corresponding to 

Figure 76. <𝑱/𝑨𝒊𝒏𝒕𝒆𝒓𝒇𝒂𝒄𝒆> indicates the rate normalised to the potential nucleation sites 

(other works) and Aavg. (this work) shown in the Table 5. 

 

  p / MPa ΔT / K N <𝐽/𝐴#+@4BA?04> / s-1m-2 (𝐽/𝐴#+,) / s-1m-2 

Ke et al. 
6.1 

6.37 22 0.0074 ± 0.00031 
N / A 8.37 22 0.035 ± 0.001 

9.62 24 0.101 ± 0.004 
9 7.55 40 0.048 ± 0.004 N / A 
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8.8 76 0.139 ± 0.006 
10.05 38 0.297 ± 0.011 

Metaxas  
et al. 

12.5 6 75 0.028 ± 0.003 

N / A 12.3 6.9 130 0.054 ± 0.001 
12.3 7.9 300 0.137 ± 0.002 
12.1 9.8 131 0.326 ± 0.007 

This work 
6.4 11.9 30 4.3 ± 1.2 4.8 ± 0.2 
10.1 14.5 30 18.5 ± 5.8 18.1 ± 0.9 
10.1 16.7 30 37.3 ± 9.7 29.7 ± 2.3 

 

After the nucleation rates were normalised to the corresponding interfacial area, all the 

( 𝐽/𝐴#+@4BA?04 ) from different apparatus and pressure seems to be linearly aligned in a 

logarithmic scale versus subcooling, showing a similarity within an order of magnitude 

deviation in corresponding subcoolings in spite of different experimental setup used. However, 

in terms of a nucleation rate at a subcooling of 16.7 K in the acoustic levitator, more than ten 

independent hydrate nucleation events were observed on the tip of a liquid injection tube, 

which were not included in the nucleation rate extraction. Typically, it took about 80 s to 

levitate a droplet from the liquid pump since the gas mixture faced the water phase. This is 

agreed with a cumulative probability of hydrate formation versus time plot where the 

distribution at a subcooling of 16.7 K was very closely located the one at 14.5 K. This suggests 

that a time span for the water injection and levitation was truncating the distribution and thus 

underestimating the nucleation rate. A limitation in the specific setup was identified in terms 

of a minimum induction time that can be reliably measured, and this issue represents the 

potential leading to distribution truncation at a high subcooling and/or very low induction time. 

 

 
5.5 Conclusions 
 
This chapter presents the first demonstration of gas hydrate nucleation and growth on 

acoustically levitated water droplets with well-defined and quantified interfaces in high 

pressure natural gas mixture. Gas hydrate formation probability and growth was found to be 

stochastic. Nucleation rates were extracted when applied by a well-established nucleation 

theory. In order to compare the probability with other conventional apparatuses, the nucleation 

rates were normalised to water-gas interfacial area for each nucleation event. Compared to use 

averaged interfacial area of 30 events, area-weighted induction time of each event mitigating 
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variance of an area-normalised nucleation rate. The result implied that an effect of solid surface, 

which was thought to be a critical as potential nucleation sites, may not dominating factor.  

 

Many of hydrate studies have been carried out with relatively large-scaled apparatus to mimic 

production environment. Those such as autoclave and flow-loop systems feature challenges to 

differentiate hydrate nucleation and growth because a pressure drop has been widely used and 

it already includes the growth process. Whereas, this study used a single levitated droplet and 

the nucleation was detected by a visual observation using a zoom camera. This enabled more 

reliable characterisation of both hydrate nucleation and growth.  

 

A high-pressure acoustic levitator can provide a capability to replicate a system in gas-

dominant production pipelines; 1) a single gas-entrained water droplet and 2) microbubbles 

entrained in the droplet, which is induced by ultrasonic waves that would be corresponding to 

a high-shear condition of the turbulent flow.  
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6 Moisture sensing via Terahertz spectroscopy 
 

6.1 Chapter summary 
 

Pipelines are considered to be the most economical method for large-quantity gas 

transportation. However, the presence of water in natural gas pipelines causes significant safety 

and economic issues and must be monitored with a high accuracy. This chapter presents a 

demonstration of water vapour monitoring in a high-pressure methane system using terahertz 

spectroscopy. This feasibility study is aiming for moisture sensing in industrial natural gas 

pipelines. Transmitted terahertz signals were measured at two different absolute pressures; the 

differential absorption, subtracted by a quadratic term accounting for the water vapor 

continuum, was found to be linearly proportional to the partial pressure of water in the vapor 

phase. The results indicate that using terahertz waves, as a noncontact spectroscopic technique, 

combined with our proposed pressure-gradient-based methodology, a minimum of 62 ppm of 

water vapor can be detected with a path length of 14.7 cm at 100 bar, which satisfies industry 

requirements. 

 

6.2 Introduction 
 

The water content in natural gas pipelines is a critical factor in assessing the flow assurance 

risk in offshore gas. As water contacts light natural gas species at high pressure and low 

temperature, ice-like gas hydrate solids can form and propagate through the pipe network. In 

limiting scenarios, hydrate particles can fully occlude flow, resulting in the need for significant 

intervention and leading to deferred production cost. Further, the interaction of H2S and CO2, 

with water can accelerate internal corrosion in the pipeline.179 To manage these flow assurance 

risks, the water vapor content in natural gas must be accurately monitored and controlled during 

production.  

 

Various techniques have been used to monitor humidity levels in pipelines. For example, 

chilled mirrors measure the dew point of the water vapour by detecting the condensation on 

the surface with a beam of light;180 these mirrors are highly precise and can remain stable over 

long operating lifetimes,181 but the condensation detected may be contaminated with other 

species leading an inaccurate result. Capacitance/impedance hygrometers are based on the 

deviation in accumulative capacitance or impedance of a dielectric material, such as metal 
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oxide due to water permeation. This type of sensor tends to be cost-effective, and some sensors 

can work under high-pressure conditions.182 However, they are slow to respond to changes in 

humidity after a significant amount of water has permeated into the dielectric material. Similar 

to chilled mirrors, other gases can interfere and change the capacitance/impedance, increasing 

the uncertainty of the measurement. Furthermore, metal oxide-based capacitance/impedance 

hydrometers need to be recalibrated regularly to eliminate signal drift. With the advancement 

of nanotechnology, humidity sensors based on carbon nanotubes183, nanowires184, and metal 

oxide nanoparticles185 have been fabricated with enhanced sensitivity but as of yet are just 

research based In comparison with the above technologies, spectroscopic hydrometers stand 

out as a unique non-invasive approach, where infrared laser diodes186 and microwaves187 are 

among the most common technologies. In between these two regimes, terahertz technology is 

the one which has emerged over the past few decades,188-190 where terahertz (1012 Hz) waves 

or T-rays refer to the electromagnetic waves covering the range from 0.1 to 10 THz. This band 

of electromagnetic waves lies between millimeter waves and infrared light, connecting the 

electronic and optical regimes; as a result, terahertz has unique features that neither of the other 

two regimes do. The last two decades have witnessed the exploration of potential applications 

of terahertz technology. The higher frequency of the terahertz waves relative to microwave and 

millimeter waves can offer a faster data transmission rate in the communication industry.191,192 

With longer wavelengths than infrared or visible light, terahertz suffers less from Rayleigh 

scattering, and penetrates deeper into non-absorbing materials like ceramics and plastics; this 

feature suggests promising applications for industrial defect inspection and quality control.193-

195  

With respect to gas interrogation, the terahertz band governs the pure rotational transitions of 

gas molecules. All polar gas molecules with a permanent electric dipole moment have strong 

absorption signatures in the terahertz region.196 The accurate measurement of absorption lines 

of water vapor has been demonstrated as early as 1989;197 many other gas species have been 

studied since then.196,198,199 The absorbance spectrum of water vapor (127 ppm in a bath of air) 

at 297.71 K and 1 atm (300 MHz to 400 THz from HITRAN2012 database simulations200) is 

shown in Figure 77 (a), the absorption is orders of magnitude higher in the terahertz region 

than in the microwave region. In the infrared region, where the mechanism of the absorption 

is due to vibrational or rotational transitions, methane molecules attenuate the light as well as 

the water vapor, meaning infrared light is not as selective as microwave or terahertz waves in 

natural gas humidity sensing as presented in Figure 77 (b). This study proposes the use of 

terahertz waves as a non-invasive humidity sensing tool during natural gas production and 
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transportation. Accompanied by investigation on linearity, sensitivity, and the lowest detection 

limit of water content at atmospheric pressure, a novel approach is extended to humidity 

sensing at higher pressures (e.g., 80–100 bar201) for potential uses in industries. 

 

 
Figure 77: (a) Absorbance of water vapor from the microwave to the infrared region 

calculated at 1 atm and 277.7 K. The mole fraction of the water vapor in a bath of air is 

127 ppm. (b) Ratio between the absorbance of the water vapor and methane with the mole 

fraction of the water vapor was 127 ppm. The absorption lines used in refs186,187 and our 

work (1.71 THz) are labeled with the arrows.  

 

6.3 Experimental Approach 
 

This study deployed a commercial terahertz time-domain spectroscopy system (THz-TDS 

system), TeraPulse 4000 (TeraView Ltd, Cambridge, UK). The operation principle of the 

system can be found in previous publications.202,203 The THz pulses we use in the experiments 

were generated and collected with a fiber-coupled emitter and receiver (remote heads). A time 

domain THz waveform can be acquired, and the frequency domain signal can be then obtained 

by performing a fast Fourier transform (FFT), as shown in Figure 78 (a) and (b), respectively. 

In this work, a 100 ps time window was used corresponding to a frequency resolution of 10 

GHz. 
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Figure 78: (a) Time domain waveforms and (b) Fourier-transformed frequency spectra 

acquired with a TeraPulse 4000 system. The red and black curves represent the 

measurements at ambient humidity and after purging with nitrogen to an RH of 0%, 

respectively. 

 

To evaluate the sensitivity, linearity, and the lowest detection limit of the THz-TDS system, 

Signals were measured in the empty transmission chamber with varying relative humidity (RH) 

at 1 atm and (275 ± 0.1) K. Nitrogen gas was used to purge the chamber and decrease the RH. 

A humidity sensor (HYT 271, Innovative Sensor Technology) with ±1.8% RH accuracy was 

inserted into the chamber to measure the RH, where data was recorded every 2 s. The terahertz 

time-domain waveform was measured continuously, with each measurement requiring 3 s. A 

total of 2001 measurements were collected, as the RH in the chamber decreased from ambient 

(40.9%) to 0. The path length between the emitter and the detector in the transmission chamber 

is around 40 cm. 

 

Next, water vapor was interrogated in a high-pressure methane gas environment, by using a 

custom-built stainless-steel cell, which was placed between the emitter and detector remote 

heads. Within the remote heads, semi-spherical silicon lenses were used to collimate the THz 

beam. The chamber was built with a pressure rating of 20 MPa and assembled with Z-cut quartz 

windows (11 mm-thick and 36 mm in diameter) at each end. The remote heads together with 

the gas cell were enclosed in the humidity control chamber built with poly methyl methacrylate 

(PMMA), which was purged with nitrogen gas to remove water vapor in the space between the 

remote heads and the high-pressure gas cell. The path length in the gas cell is 14.7 cm. The 

high-pressure experimental setup is shown in Figure 79. The initial RH in the gas cell was 
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similar to the ambient environment (40.1%). High-purity methane gas (>99.5%, Coregas) was 

injected into the cell, and THz waveforms were recorded as a function of cell pressure (20, 40, 

60, 80, and 99 bar). After this baseline trial, additional water was sprayed into the cell, and the 

above process was repeated, with THz signals captured at 20, 40, 60, 80 and 100 bar. All the 

THz measurements were carried out with 5 repetitions per each condition. 

 

 
	

Figure 79: High-pressure experimental setup used to collect THz data, including the 

TeraPulse 4000 core unit, the Perspex humidity control chamber, the remote heads with 

a pair of THz detector and emitter, and the stainless steel high-pressure gas cell. The 

windows of the gas cell were made of 11 mm-thick quartz and were 36 mm in diameter, 

with a maximum working pressure of 200 bar. 

 

6.4 Data processing 
 

Here, a relative absorption, ∆𝛼, is defined as Eq. 47 where 𝐸7?3_14 and 𝐸B4A are the electric 

field of the sample and reference signals in the frequency domain, respectively, which can be 



 101 

calculated from FFT of the experimentally acquired time domain waveforms, and 𝛼7?3_14 and 

𝛼B4A are the absolute absorption of the sample and reference, respectively. 

 

 ∆𝛼 = 	−2 ln �
𝐸7?3_14
𝐸B4A

� = 𝛼7?3_14 − 𝛼B4A Eq. 47 

 

It is well known that the absorption of THz by water vapour includes two parts: the summation 

of the rotational transition lines and continuum absorption.204 The relative absorption can be 

further expanded as 

 

 ∆𝛼 = 𝛼1
7?3_14 − 𝛼1

B4A + 𝛼0
7?3_14 − 𝛼0

B4A = ∆𝛼1 + ∆𝛼0 Eq. 48 
 

where the rotational transition line absorption and the continuum absorption are denoted by the 

subscripts 𝑙 and 𝑐. 

 

At a fixed pressure, the intensity of the rotational transition line absorption ∆𝛼1 is proportional 

to the mole fraction of the absorption species and can be calculated from the HITRAN2012 

spectroscopy database.205 The continuum absorption, on the other hand, is an empirical 

function as follows   

 

 𝛼0 =	𝜈G(𝐶6V!!𝜃+*ZV𝑃6G + 𝐶AV!!𝜃+*ZV𝑃6𝑃A) Eq. 49 
 

where 𝜈 is the frequency, 𝐶6V!! and 𝐶AV!! are the self- and foreign-continuum parameters at 300 

K, 𝜃 and 𝑛7 are constants at a given temperature, and 𝑃6 and 𝑃A are the partial pressure of the 

water vapor and the foreign gas.201 

 

In low-pressure measurements, the 2001st waveform as the reference was used, which was 

measured after purging the transmission chamber with nitrogen for at least 160 min. The RH 

reading from the humidity sensor was below its detection limit under these conditions, with a 

null reading for at least 40 min. The water content in the transmission chamber at this time was 

assumed to be negligible, providing a baseline for the rest of the measurements. With this 

measurement as the reference, the relative absorption is equivalent to the absolute absorption 
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of water vapour and is free from the system noise and the absorption of the quartz windows. 

The assumption allowed Eq. 48 to be written as: 

 

 ∆𝛼	 ≈ 𝛼7?3_14 = 𝛼1
7?3_14 + 𝛼0

7?3_14 Eq. 50 
 

When the total pressure of the gas mixture is fixed at 1 atm (101.3 kPa), the partial pressure of 

water vapor is proportional to its mole fraction. Hence, the continuum absorption 𝛼0
7?3_14 has 

a quadratic dependence on the mole fraction of the water vapor (according to the first term on 

the right-hand side of Eq. 49), where the quadratic term needs to be removed to generate a 

linear dependence of the measured parameter with the water vapor mole fraction. Therefore, a 

new parameter, A, was defined as  

 

 𝐴 = 	∆𝛼(𝜈J) − ∆𝛼(𝜈G) = 	𝛼J
7?3_14(𝜈J) + 𝛼0

7?3_14(𝜈J) + 𝛼0
7?3_14(𝜈G) Eq. 51 

 

where 𝜈J is the centre frequency of the rotational transition line and 𝜈G represents the frequency 

between the absorption lines where only the continuum absorption exists. When the partial 

pressure of water vapour is much smaller than the partial pressure of the foreign gas (𝑃6≪𝑃A) 

the quadratic term in Eq. 49 can be neglected, and 𝐴 is linearly proportional to the mole fraction 

of water in the vapor. As RH =𝑃6/𝑃7?@, where 𝑃7?@ is the temperature-dependent saturation 

pressure of the water vapour, the value of 𝐴 can, therefore, be used as an indicator of the RH. 

Based on this relation, the sensitivity, S, of the THz-based RH measurement is given by Eq. 52. 

 

 𝑆 =
𝜕𝐴

𝜕𝑅𝐻% Eq. 52 

 

When the pressure increases in the gas cell by the addition of methane, the transition-induced 

absorption lines begin to broaden.206 Furthermore, continuum absorption starts to dominate 

because of the increasing partial pressure of methane. Here, a method is proposed to calculate 

the water vapour mole fraction using ∆𝛼 measured at different total pressures 𝑃J and 𝑃G. Using 

Eq. 47, the ∆𝛼 at a resonant frequency 𝜈J	can then be expressed by 

 

 
∆𝛼(𝜈J) = 𝛼1

O$ − 𝛼1
O! + 𝛼0

O$ − 𝛼0
O! 

= (𝛼1
O$ − 𝛼1

O!)+𝜈G𝐶AV!!𝜃+*ZV𝑃6∆𝑃A 
Eq. 53 
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A calibration procedure was performed by measuring ∆𝛼  with a known amount of water 

content in the vapor phase (𝑃6! ) at absolute pressures 𝑃J  and 𝑃G , followed by a sample 

measurement with an unknown water vapor partial pressure (𝑃6) under the same pressure 

conditions. 𝑃6 can be acquired by using Eq. 54 with following steps. 

 

 ∆𝛼 = ∆𝛼1 + ∆𝛼0 =
𝑃6
𝑃6!

(𝛼1
O+,,O$ − 𝛼1

O+,,O!)+𝜈G𝐶AV!!𝜃+*ZV𝑃6(𝑃J − 𝑃G) Eq. 54 

 

i) ∆𝛼  in Eq. 54 was calculated by Eq. 47, where 𝐸7?3_14  and 𝐸B4A  are corresponding the 

frequency domain THz signal measured at 𝑃J and 𝑃G, when the partial pressure of water vapor 

is 𝑃6. 

 

ii) ∆𝛼1 can be calculated by simulating the line-by-line absorption, with a water vapor pressure 

of 𝑃6! and absolute pressures 𝑃J and 𝑃G, using the HITRAN database.  

 

iii) The coefficient 𝐶AV!!𝜃+*ZV can be acquired by fitting the relative continuum absorption 

∆𝛼 − ∆𝛼1  from the calibration measurements to a frequency-dependent quadratic function: 

𝜈G𝐶AV!!𝜃+*ZV𝑃6(𝑃J − 𝑃G)  

 

iv) Eventually, the water mole fraction in the vapor phase (x) can be then calculated with Eq. 

55 where 𝑃_#_41#+4is the absolute pressure in the gas phase. 

 

 𝑥 =
𝑃6

𝑃_#_41#+4
 Eq. 55 

 

 

6.5 Results and discussion 
 

The ∆𝛼 measured at ambient RH and 1 atm pressure in the transmission chamber is shown in 

Figure 80. The inset of the figure shows the absorption line centred at 1.716 THz, as the RH 

decreases from ambient 40 to 0%. The “𝐴” value calculated with this absorption line (red), 

together with that of the line centred at 1.412 THz (blue), is denoted by circles in Figure 81 (a). 
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Within the measurement bandwidth, the absorption at 1.716 THz has the highest intensity and 

best sensitivity to RH but saturates at approximately 23% RH. The nonlinearity observed in 

Figure 81 (a) is attributed to the continuum absorption, which, according to Eq. 49, is 

quadratically dependent on the partial pressure of water vapor, and hence the RH. When the 

RH is lower, the partial pressure of water vapour is much smaller compared to that of the 

foreign species, the dependence becomes linear. Figure 81 (b) compares the “𝐴” value against 

the RH from the humidity sensor recording below 5%. The measured “A” value was fitted with 

a linear profile, with a calculated sensitivity of 0.099 per 1% RH. The THz detection threshold 

was identified when the “A” value was within the measured noise, indicated by the dashed line 

shown in Figure 81 (b); the THz lower detection limit in this experimental arrangement was 

calculated to be 0.13% RH, corresponding to the lower detection limit of approximately 40 

ppm in this transmission chamber at 1 atm with an assumption of an ideal gas. 

 

 
 
Figure 80: Relative absorption measured at ambient RH at 1 atm, 275 K. The inset shows 

the change of the absorption line at 1.716 THz when the RH decreases from 40 to 0%. 
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Figure 81: (a) Calculated value of the “A” plot against the RH recordings from the 

industrial sensor. (b) Linearity between the value of “A” and the RH below 5%. The lower 

detection limit in this setup is indicated by the dashed line. Inset: the decreasing RH value 

with the measurement time. 

 

Before the calibration measurements, the RH in the gas cell was 40.1%. The saturation pressure 

of water was 31.16 mbar at experimental conditions (295 K and 1.013 bar). The partial pressure 

of water (𝑃6!) in the gas cell was, therefore, 12.5 mbar. ∆𝛼, assuming 𝑃6! at 12.5 mbar, was 

calculated with the measured signal at 80 and 99 bar using Eq. 47. The rotational transition 

induced absorption with the same water vapor pressure at 80 and 99 bar was simulated with 

the HITRAN2012 database. The subtraction of the two was fitted with the frequency-

dependent quadratic function, and the fitting result is shown in Figure 82. The coefficient 

𝐶AV!!𝜃+*ZV at 295 K was determined to be 1.002 m–1 (THz bar)−2. 

 

 
	
Figure 82: Measured term 𝝂𝟐𝑪𝒇𝟑𝟎𝟎𝜽𝒏𝒔Z𝟑𝑷𝒘(𝑷𝟏 − 𝑷𝟐) (circle marks) and the quadratic 
fitting (blue line). 
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An additional amount of water (1.6 ± 0.05 g) was sprayed into the cell to increase the humidity 

level to an unknown value. THz signals were then measured at 80 and 100 bar of methane with 

5 repetitions per each pressure. For data analysis, the frequency band ranging from 1.4 to 2 

THz was focused because a range below 1 THz was assigned to the absorption of liquid water. 

The partial pressure of water vapor (𝑃6) was then calculated by fitting the measured ∆𝛼 in Eq. 

54. The partial pressure of water vapor after the water spray is determined to be 27.98 mbar, 

corresponding to a RH of 89.8%. By using Eq. 55, the mole fraction of water vapor in the gas 

cell was estimated to be 349.8 and 279.8 ppm at 80 and 100 bar, respectively.  

 

 
Figure 83: Difference in rotational transitional absorption, ∆𝜶𝒍, acquired by between the 

simulation and experimental data versus frequency over a range from 1.4 to 2 THz. Points 

represent experimental measurements, where curves represent simulation results. Inset: 

Δαl calculated at 1.716 THz from the measurements (red dots) and from the simulation 

(dash line), as a function of RH. The datasets for Pw=27.98 are offset by 0.1 in Δαl to 

enhance visibility. 

 

As a validation procedure, the difference in rotation transitional absorption ∆𝛼1 by the applied 

water with a partial pressure of water at 27.98 mbar was simulated using the HITRAN2012 

database. Figure 83 compares this simulation result to experimental measurements as a 

function of frequency ranging from 1.4 to 2 THz. At a peak frequency of 1.716 THz and overall 

range, the difference between the RH calculated from the measurements and from the 

simulation with the HITRAN2012 database is within the uncertainty range; the detection limit 
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of this method can be identified by the point at which the peak of Δαl falls below the uncertainty. 

With a measurement uncertainty of approximately 0.02, the corresponding detection limit at 

80 and 100 bars was estimated to be around 20% RH (corresponding to 62 ppm water content 

at 100 bar) in the high-pressure cell with a radiation path of 147 mm; Chapoy et al.207 measured 

the water content in the gas phase with varying a pressure, in their work, the water content in 

pure methane and natural gas mixture at corresponding pressure above ice point was measured 

to be 211.9 and 71.1 ppm, respectively, which were also replicated by a thermodynamic 

modelling package with the cubic-plus-association equation of state. According to their results, 

a minimal detectable humidity level of 62 ppm at 100 bar of methane is capable of monitoring 

the water contents for risk-based hydrate management in practice.  
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7 Conclusions and recommended work 
 

7.1 Conclusions 
 

This thesis has focussed on developing novel methodologies for fundamental investigations 

targeting improved natural gas production using in-situ Raman spectroscopy, high-pressure 

acoustic levitation, and terahertz (THz) spectroscopy. In this work, four novel research 

outcomes were established: 

 

1. Surfactant adsorption in a solid-liquid system was directly observed by using in-situ 

Raman spectroscopy and mapping; 

2. Gas adsorption was directly characterised by deriving gas adsorption capacity data from 

in-situ Raman spectroscopic measurements; 

3. Hydrate nucleation and growth were investigated in the absence of solid surfaces in 

high-pressure natural gas using acoustic levitation; 

4. Moisture sensing in high pressure gas was demonstrated with reliable accuracy using 

terahertz spectroscopy. 

 

The first goal of this thesis was developing reliable measurement and analysis methods to 

interrogate surfactant adsorption phenomena in a fundamental manner, enabling a better 

understanding of the structure-function relationships associated with chemical additives, such 

as anti-agglomerants (AAs) used in production pipelines. This was achieved with a tailored 

high-pressure Raman cell, which allows in-situ Raman spectroscopic measurements under 

pressure and temperature control, visual observation and data acquisition for versatile 

applications. Chapter 3 demonstrates – for the first time – a direct observation of surfactant 

adsorption in a solid-liquid system using in-situ Raman spectroscopy, presenting a two-

dimensional spatial distribution of surfactant concentration. Cetylpyridinium chloride (CPC) 

was used as a water-soluble model surfactant. To characterise the adsorption behaviour in the 

liquid phase over a wide range of concentrations, surface enhanced Raman spectroscopy 

(SERS) was adapted to provide an adequate signal-to-noise ratio. The research platform was 

developed through three generations of a template, considering optical features. Artefacts due 

to the geometry of a sample holder were corrected by calibration procedures using a 

homogenous liquid phase. Surfactant packing in the multiphase system was identified and 

quantified by the spatial Raman imaging. This work was accompanied by a contact angle 
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measurement of a surfactant solution on a silver surface in a range of a bulk concentration. 

Also, the deployment of the Gibbs adsorption isotherm enabled an estimation of surfactant 

packing density at the interface, based on the contact angle profile captured through a 

conventional approach. The mapping analysis demonstrated good agreement with surfactant 

behaviour inferred from the contact angle profiles and the theoretical packing density estimates. 

This Raman mapping platform can now be used to understand and improve structure-function 

relationships by testing functional groups for under consideration in next-generation anti-

agglomerants. 

 

Chapter 4 demonstrates another novel application of a peak area-based quantitative analysis 

for in-situ gas adsorption studies – the adsorption of gas molecules in an adsorbent material 

using high-resolution Raman spectroscopy. A commercial silica gel was used to capture CO2 

and the gas adsorption capacity was analysed. Gas adsorption spectral features were identified 

by peak shift and broadening from those of the molecule in the bulk gas phase, and peak area 

was used for primary quantification. The porous nature of the adsorbent meant that a series of 

corrections needed to be applied, to account for the effect of refractive index change in the 

system (e.g. Raman scattering cross section, signal collection volume and transmission). The 

resulting technique allows both the net and excess adsorption capacity to be measured. The 

data obtained were validated by comparison with accepted commercial sorption analysers and 

correlation with a Toth isotherm model, with good agreement exhibited over the measured 

pressure range (up to 3 MPa). Combined with a suitable measurement cell, such as the one 

used this work, the new technique offers the opportunity to rapidly screen and rank adsorbent 

materials under process conditions. Importantly, given the ability of Raman spectroscopy to 

uniquely resolve a range of molecular species, spatially and temporally, this characterisation 

technique can be extended to quantify selectivity, and through imaging of the heterogeneous 

adsorption should enable fundamental dynamic investigations of sorption mechanisms that 

may lead to more efficient gas processing approaches. 

 

Chapter 5 presented the first measurements of hydrate formation in a water droplet that has 

been acoustically levitated in a high-pressure natural gas mixture. The induction time for 

hydrate formation onset and transitions in the hydrate particle morphology were both found to 

be stochastic. The distribution of the former was consistent with predictions from classical 

nucleation theory and the latter is presumably linked to variations in hydrate shell integrity 

across different particles. By considering an individual interfacial area for each independent 
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formation event, the area-normalised hydrate nucleation rate was calculated from the induction 

time distribution and found to be within a factor of 5 of conventional rates measured in the 

presence of steel–water interfaces. This similarity leads to a hypothesis that microbubbles 

entrained by shear are a more important source of nucleation sites than defects on steel surfaces. 

It implies how hydrate nucleation rates in large industrial systems might be estimated, based 

on the degree of shear present together with the gas–water interfacial area rather than the 

available water-gas–steel interface size.  

 

The effect of subcooling on hydrate nucleation on levitated water droplets was studied at 

subcoolings of 11.9, 14.5 and 16.7 K with 30 independent formation events measured at each 

condition. At the highest subcooling, a large number of hydrate formation events occurred 

while the water droplet was still on the tip of the liquid injection tubing before it could be fully 

levitated. When these cases are excluded from the data analysis the cumulative distribution of 

the subcooling obtained is very close to that measured at 14.5 K, indicating that the nucleation 

rate at the higher subcooling could not be estimated reliably. Nevertheless comparing the area-

normalised nucleation rates with those extracted from other experimental data acquired over a 

similar subcooling range, were well represented by a log-linear trend as a function of a 

subcooling.   

 

In Chapter 6, terahertz time-domain spectroscopy (THz-TDS) was utilised for moisture sensing, 

which is of significant interest for hydrate management in natural gas production. As 

noncontact, high sensitivity sensing techniques with the ability to operate under subsea 

conditions are still lacking, a feasibility study into the use of THz waves as a noninvasive 

method was investigated to interrogate humidity in long subsea tiebacks operating at high 

pressures. Using a broadband source covering 0.06–4 THz, pure rotational transition lines for 

water molecules were captured at atmospheric pressure, where a linear relationship was 

observed between the intensity of the rotation transition absorption line at 1.716 THz with the 

RH below 5%. At atmospheric pressure, the THz-based detection threshold was estimated at 

40 ppm water content when using an optical path of approximately 40 cm. To apply this method 

to high-pressure pipelines, the chapter investigated a pressure difference-based method by 

which the transmitted THz signal is captured at two different absolute pressures in the same 

cell at two different times. The method was successfully applied to an unknown sample at a 

pressure difference of around 20 bar (from 100 to 80 bar, comparable to working conditions) 

in a custom-designed high-pressure gas cell with a radiation path of 147 mm. The detection 
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limit at high pressure was estimated to be around 62 ppm, which is sufficient for practical use. 

This work suggests that THz-based water content detection is a promising method for the 

noninvasive interrogation of water content in high-pressure natural gas pipelines, in which a 

natural pressure gradient exists during operations.  

 

 

7.2 Recommendations and Future Work 
 

In developing new methodologies for fundamental investigations in natural gas production, 

shortcomings of conventional techniques and new perspectives on current industrial problems 

were identified. Based on the four platforms demonstrated in this doctoral work, a series of the 

potential improvements are suggested aiming to mitigate risks and constraints during the 

production. These have been categorised according to the corresponding analysis technique. 

 

 

 
Figure 84: A diagram presenting links between this doctoral work and applications. 
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#1) Enabling a better understanding of structure-function relationships to develop 

advanced anti-agglomerants. 

 

Conventional surfactant adsorption research in multiphase systems mostly rely on 

measurements of interfacial properties, which are not able to identify the individual 

contribution of each component. The Raman mapping provides insight into the distribution of 

chemical species present at an interface, which could be readily extended to study multi-

component surfactant systems. This can be achieved by building a map for each component 

and overlaying several maps together. The overlaid map will show a behaviour of each 

functional group. As a pipeline blockage management is complex issue, with the potential for 

hydrate, wax, and scale formation in the presence of water, a variety of chemical additives are 

injected in practice into the pipeline. In the presence of the many different functional groups 

present on each chemical additive, it is important to understand 1) the overall performance of 

the surfactant in mitigating various types of blockages, 2) adsorption selectivity between 

additives, and 3) packing density of each component at the interface of interest. These are 

critical to the development of next-generation anti-agglomerants where the goal is to minimise 

the injection amount and maximise environmentally friendly features such as biodegradability. 

 

 

 

#2) Direct observation of surfactant adsorption to gas hydrate surface. 

 

This work developed a technique to explore the behaviour of a single surfactant species in a 

solid-liquid system. It should be possible to extend the technique for use with a gas hydrate 

system. Figure 85 illustrates a schematic of an experimental design to investigate surfactant 

adsorption on gas hydrates using the in-situ high pressure Raman cell shown in Figure 18 and 

Gen III sample container, which are detailed in chapter 2 and 3, respectively. When a gas 

hydrate film forms from deionised water content in the in-situ Raman cell, the injection of a 

secondary liquid with a chemical additive can follow. Then, the Raman mapping plane needs 

to be defined so that it includes the hydrate particle with minimal interference from the cell’s 

geometry. 
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Figure 85: Schematics of (a) an experiment on surfactant adsorption to a gas hydrate 

system using in-situ high pressure Raman cell of Figure 18 in chapter 2 (front view), and 

(b) a Raman mapping plane including the gas hydrate and injected liquid phases (top 

view). 

 

Focusing on an individual functional group for each surfactant injected, Raman mapping would 

enable an overview of molecular distribution of the components. Then, the population can be 

quantified by using peak area analysis. Specifically, in terms of surface-active performance, it 

may desirable to compare the results obtained with a complementary technique such as 

micromechanical force (MMF) measurements to deliver further quantitative insights.  

 

 

#3) Advanced characterisation of a mixture gas adsorption accompanied by Raman 

mapping.  

 

Chapter 4 demonstrated a direct analysis of the net and excess adsorption capacity of a 

commercial silica gel to capture a single CO2 gas, which was validated with conventional 

methods and correlated with a theoretical model. Beyond focusing on an adsorbate to study the 

gas adsorption, an investigation of an adsorbent can be achieved for advanced materials, 

featuring structural changes, such as metal organic frameworks (MOFs), induced by adsorption 

phenomena. Furthermore, adsorption of a gas mixture can be studied based on different 

molecular bonds of the components. This spectral approach can be applied to understand the 

selectivity of a material, which may enable a design of more strategic adsorption processes for 

use by industry. In addition, this spot-measurement technique can be extended to two-
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dimensional scanning (Raman mapping) mentioned in chapter 3.  The in-situ and direct 

characterisation utilising the mapping may give an insight of the effect caused by the 

heterogeneity of the adsorbent materials.  

 

#4) Investigation of gas hydrate formation on acoustically-levitated droplets in the 

presence of chemical additives. 

 

In the presence of high shear, area-normalised nucleation rates (J/A), measured for sII-hydrate 

forming gas with deionised water, were consistent across varied experimental setups (HPS-

ALTA157, high-pressure autoclave160 and acoustic levitator) at least in their trends with 

subcooling. In future work, this study should be extended to consider sI-hydrate forming gases 

and potentially an aqueous phase containing a chemical additive, such an AA or KHI. Hydrate 

growth on a levitated droplet can be compared with existing hydrate shell growth model and 

experimental studies.208,209  

 

As mentioned in a previous section, a liquid injection system in the acoustic levitator limited a 

range of a subcooling to reliably measure an induction time. Specifically, it related to the time 

required to levitate a droplet approximately 80 s by a manual liquid pump in the apparatus. 

This give an implication of a design consideration to build a next generation high-pressure 

acoustic levitator - minimising the injection path length can enable a viable investigation of 

hydrate nucleation at a high subcooling.  

 

In addition to subcooling and chemical additives, the level of shear, size of droplet (interfacial 

area), and guest gas can be varied to determine their effect on hydrate nucleation and growth 

rates. The hydrate formation at lower shear could potentially be investigated by manipulating 

acoustic frequency and amplitude of the field. However, the levitation of a droplet is quite 

sensitive to these two parameters, therefore an optimal size range of a levitated droplet needs 

to be determined when these acoustic parameters are varied. Also, different guest gases that 

produce the same hydrate crystal structure should be studied. Due to its own hydrate 

equilibrium of each gas component that can feature a different nucleation rate. Furthermore, 

the impact on the surface roughness of a hydrate particle caused by these variables could be of 

interest. Even though this apparatus gave an idea of the nature of growth for a single hydrate 

particle, the effect of the roughness (morphology) on hydrate cohesion and/or adhesion to pipe-
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wall materials can be further investigated using a micro-mechanical force measurement 

apparatus. 

 

#5) Scale-up THz-based moisture sensing to pilot and field facilities. 
 

A proof of THz-based moisture sensing in high pressure methane was presented in chapter 6. 

There are a couple of considerations that need to be addressed to achieve a field application of 

the sensor in a long subsea tieback system: 1) an easy-to-build coupling to the pipeline is 

required, enabling a reliable enclosure to protect the spectrometer components (e.g. THz pulse 

generator, wave emitter and detector) under subsea conditions; 2) A dimension of a testing 

section, such as a length and diameter of an optical path across the flow, needs to be optimised 

to ensure signals with a high signal-to-noise ratio are obtained in practice; 3) The material 

surrounding the test section should be compatible with current generation materials composing 

field facilities, for example, subsea manifolds, jumpers and pipelines. One advantage of using 

the THz radiation is that the radiation penetrates organic materials such as polymers. Therefore 

it can be more suitable for deep-sea platforms, compared to other spectroscopic techniques 

requiring a visually transparent material (e.g. glass and sapphire) with a relatively low 

mechanical strength; and 4) A more accurate pressure measurement is required to achieve more 

reliable humidity sensing as this technique is based on  a knowledge  of the pressure gradient 

at different times. 

 

 

  



 116 

8 References 
 
1 RoyalDutchShell. Shell LNG Outlook 2020. (2020). 
 
2 Guo, B. & Ghalambor, A. Natural gas engineering handbook.  (Elsevier, 2014). 
 
3 Sloan Jr, E. D. & Koh, C. A. Clathrate hydrates of natural gases.  (CRC press, 2007). 
 
4 Heriot Watt Institute of Petroleum Engineering, What are gas hydrates?, 

<https://www.pet.hw.ac.uk/research/hydrate/hydrates_what.cfm@hy=what.html>  
 
5 Schicks, J. M. & Ripmeester, J. A. The Coexistence of Two Different Methane Hydrate 

Phases under Moderate Pressure and Temperature Conditions: Kinetic versus 
Thermodynamic Products. Angewandte Chemie International Edition 43, 3310-3313, 
doi:10.1002/anie.200453898 (2004). 

 
6 Staykova, D. K., Kuhs, W. F., Salamatin, A. N. & Hansen, T. Formation of Porous Gas 

Hydrates from Ice Powders:  Diffraction Experiments and Multistage Model. The Journal of 
Physical Chemistry B 107, 10299-10311, doi:10.1021/jp027787v (2003). 

 
7 Schicks, J. M., Erzinger, J. & Ziemann, M. A. Raman spectra of gas hydrates—differences and 

analogies to ice 1h and (gas saturated) water. Spectrochimica acta part A: molecular and 
biomolecular spectroscopy 61, 2399-2403 (2005). 

 
8 Faraday, M. & Davy, H. XIV. On fluid chlorine. Philosophical Transactions of the Royal 

Society of London 113, doi:https://doi.org/10.1098/rstl.1823.0016 (1823). 
 
9 Hammerschmidt, E. Formation of gas hydrates in natural gas transmission lines. Industrial & 

Engineering Chemistry 26, 851-855 (1934). 
 
10 Lingelem, M. N., Majeed, A. I. & Stange, E. Industrial Experience in Evaluation of Hydrate 

Formation, Inhibition, and Dissociation in Pipeline Design and Operation. Annals of the New 
York Academy of Sciences 715, 75-93, doi:10.1111/j.1749-6632.1994.tb38825.x (1994). 

 
11 Zerpa, L. E. et al. in Offshore Technology Conference    15 (Offshore Technology Conference, 

Houston, Texas, USA, 2012). 
 
12 Aman, Z. M. et al. Surfactant Adsorption and Interfacial Tension Investigations on 

Cyclopentane Hydrate. Langmuir 29, 2676-2682, doi:10.1021/la3048714 (2013). 
 
13 Turner, D. J., Miller, K. T. & Dendy Sloan, E. Methane hydrate formation and an inward 

growing shell model in water-in-oil dispersions. Chemical Engineering Science 64, 3996-4004, 
doi:https://doi.org/10.1016/j.ces.2009.05.051 (2009). 

 
14 Rao, I., Koh, C. A., Sloan, E. D. & Sum, A. K. Gas Hydrate Deposition on a Cold Surface in 

Water-Saturated Gas Systems. Industrial & Engineering Chemistry Research 52, 6262-6269, 
doi:10.1021/ie400493a (2013). 

 
15 Di Lorenzo, M. et al. Hydrate Formation in Gas-Dominant Systems Using a Single-Pass 

Flowloop. Energy & Fuels 28, 3043-3052, doi:10.1021/ef500361r (2014). 
 
16 Charlton, T. B. et al. Simulating Hydrate Growth and Transport Behavior in Gas-Dominant 

Flow. Energy & Fuels 32, 1012-1023, doi:10.1021/acs.energyfuels.7b02199 (2018). 
 



 117 

17 Roth, R. in OTC Brasil    16 (Offshore Technology Conference, Rio de Janeiro, Brazil, 2011). 
 
18 Urdahl, O., Børnes, A. H., Kinnari, K. J. & Holme, R. in Offshore Technology Conference    7 

(Offshore Technology Conference, Houston, Texas, 2003). 
 
19 Mokhatab, S., Wilkens, R. J. & Leontaritis, K. J. A Review of Strategies for Solving Gas-

Hydrate Problems in Subsea Pipelines. Energy Sources, Part A: Recovery, Utilization, and 
Environmental Effects 29, 39-45, doi:10.1080/009083190933988 (2007). 

 
20 Hunt, A. Fluid properties determine flow line blockage potential.  (1996). 
 
21 Koh, C. A., Sloan, E. D., Sum, A. K. & Wu, D. T. Fundamentals and Applications of Gas 

Hydrates. Annual Review of Chemical and Biomolecular Engineering 2, 237-257, 
doi:10.1146/annurev-chembioeng-061010-114152 (2011). 

 
22 Creek, J. L., Subramanian, S. & Estanga, D. A. in Offshore Technology Conference    15 

(Offshore Technology Conference, Houston, Texas, USA, 2011). 
 
23 Gizah, F. A. E.-l., Ali, T. A. R., Baydoon, M., Allenson, S. & Scott, A. in Offshore Technology 

Conference.   (Offshore Technology Conference). 
 
24 Kelland, M. A. Production chemicals for the oil and gas industry.  (CRC press, 2014). 
 
25 Perrin, A., Musa, O. M. & Steed, J. W. The chemistry of low dosage clathrate hydrate inhibitors. 

Chemical society reviews 42, 1996-2015 (2013). 
 
26 Tohidi, B., Anderson, R., Mozaffar, H. & Tohidi, F. The return of kinetic hydrate inhibitors. 

Energy & Fuels 29, 8254-8260 (2015). 
 
27 Morrissy, S. A. et al. in Offshore Technology Conference Asia    9 (Offshore Technology 

Conference, Kuala Lumpur, Malaysia, 2018). 
 
28 Aman, Z. M., Brown, E. P., Sloan, E. D., Sum, A. K. & Koh, C. A. Interfacial mechanisms 

governing cyclopentane clathrate hydrate adhesion/cohesion. Physical Chemistry Chemical 
Physics 13, 19796-19806, doi:10.1039/C1CP21907C (2011). 

 
29 Israelachvili, J. N. in Intermolecular and Surface Forces (Third Edition)   (ed Jacob N. 

Israelachvili)  iii (Academic Press, 2011). 
 
30 Láng, G. G. Basic interfacial thermodynamics and related mathematical background. 

ChemTexts 1, 16, doi:10.1007/s40828-015-0015-z (2015). 
 
31 Martínez-Balbuena, L., Arteaga-Jiménez, A., Hernández-Zapata, E. & Márquez-Beltrán, C. 

Applicability of the Gibbs Adsorption Isotherm to the analysis of experimental surface-tension 
data for ionic and nonionic surfactants. Advances in Colloid and Interface Science 247, 178-
184, doi:https://doi.org/10.1016/j.cis.2017.07.018 (2017). 

 
32 Eastoe, J. in Surfactant Chemistry   (ed Julian Eastoe)  (2003). 
 
33 Raman, C. V. & Krishnan, K. S. A New Type of Secondary Radiation. Nature 121, 501-502, 

doi:10.1038/121501c0 (1928). 
 
34 McCreery, R. L. Raman spectroscopy for chemical analysis. Vol. 225 (John Wiley & Sons, 

2005). 
 



 118 

35 Atkins, P. W., De Paula, J. & Keeler, J. Atkins' physical chemistry.  (Oxford university press, 
2018). 

 
36 Atkins, P. W. & Friedman, R. S. Molecular quantum mechanics.  (Oxford university press, 

2011). 
 
37 Colthup, N. Introduction to infrared and Raman spectroscopy.  (Elsevier, 2012). 
 
38 Moog, R. S., Spencer, J. N. & Farrell, J. J. Physical chemistry, a guided inquiry: atoms, 

molecules, and spectroscopy.  (Houghton Mifflin College Div, 2003). 
 
39 Hollas, J. M. Basic atomic and molecular spectroscopy. Vol. 11 (Royal Society of Chemistry, 

2002). 
 
40 Braeuer, A. In situ spectroscopic techniques at high pressure. Vol. 7 (Elsevier, 2015). 
 
41 Dakin, J. P., Pratt, D. J., Bibby, G. W. & Ross, J. N. Distributed optical fibre Raman 

temperature sensor using a semiconductor light source and detector. Electronics Letters 21, 
569-570 (1985). <https://digital-library.theiet.org/content/journals/10.1049/el_19850402>. 

 
42 Tyler, S. W. et al. Environmental temperature sensing using Raman spectra DTS fiber-optic 

methods. Water Resources Research 45, doi:10.1029/2008wr007052 (2009). 
 
43 Dybal, J., Spěváček, J. & Schneider, B. Ordered structures of syndiotactic poly (methyl 

methacrylates) studied by a combination of infrared, Raman, and NMR spectroscopy. Journal 
of Polymer Science Part B: Polymer Physics 24, 657-674 (1986). 

 
44 Kotula, A. P., Snyder, C. R. & Migler, K. B. Determining conformational order and crystallinity 

in polycaprolactone via Raman spectroscopy. Polymer (Guildf) 117, 1-10, 
doi:10.1016/j.polymer.2017.04.006 (2017). 

 
45 Centrone, A., Brambilla, L. & Zerbi, G. Adsorption of H 2 on carbon-based materials: A Raman 

spectroscopy study. Physical Review B 71, 245406 (2005). 
 
46 Woodward, L. & George, J. Light flux received by a spectrograph from a spatially extended 

refracting source. Proceedings of the Physical Society. Section B 64, 780 (1951). 
 
47 Pickard, C., Davis, T., Wang, W. & Steeds, J. Mapping crystalline quality in diamond films by 

micro-Raman spectroscopy. Diamond and related materials 7, 238-242 (1998). 
 
48 Le Ru, E. C. & Etchegoin, P. G. in Principles of Surface-Enhanced Raman Spectroscopy   (eds 

Eric C. Le Ru & Pablo G. Etchegoin)  29-120 (Elsevier, 2009). 
 
49 Sharma, B., Frontiera, R. R., Henry, A.-I., Ringe, E. & Van Duyne, R. P. SERS: Materials, 

applications, and the future. Materials Today 15, 16-25, doi:https://doi.org/10.1016/S1369-
7021(12)70017-2 (2012). 

 
50 Jeanmaire, D. L. & Van Duyne, R. P. Surface raman spectroelectrochemistry: Part I. 

Heterocyclic, aromatic, and aliphatic amines adsorbed on the anodized silver electrode. 
Journal of Electroanalytical Chemistry and Interfacial Electrochemistry 84, 1-20, 
doi:https://doi.org/10.1016/S0022-0728(77)80224-6 (1977). 

 
51 Albrecht, M. G. & Creighton, J. A. Anomalously intense Raman spectra of pyridine at a silver 

electrode. Journal of the American Chemical Society 99, 5215-5217, doi:10.1021/ja00457a071 
(1977). 



 119 

 
52 Moskovits, M. Surface roughness and the enhanced intensity of Raman scattering by molecules 

adsorbed on metals. The Journal of Chemical Physics 69, 4159-4161, doi:10.1063/1.437095 
(1978). 

 
53 Wood, T. H., Zwemer, D. A., Shank, C. V. & Rowe, J. E. The dependence of surface-enhanced 

Raman scattering on surface preparation: evidence for an electromagnetic mechanism. 
Chemical Physics Letters 82, 5-8, doi:https://doi.org/10.1016/0009-2614(81)85095-6 (1981). 

 
54 Gersten, J. & Nitzan, A. Electromagnetic theory of enhanced Raman scattering by molecules 

adsorbed on rough surfaces. The Journal of Chemical Physics 73, 3023-3037, 
doi:10.1063/1.440560 (1980). 

 
55 Xu, H., Aizpurua, J., Käll, M. & Apell, P. Electromagnetic contributions to single-molecule 

sensitivity in surface-enhanced Raman scattering. Physical Review E 62, 4318-4324, 
doi:10.1103/PhysRevE.62.4318 (2000). 

 
56 Kahl, M. & Voges, E. Analysis of plasmon resonance and surface-enhanced Raman scattering 

on periodic silver structures. Physical Review B 61, 14078-14088, 
doi:10.1103/PhysRevB.61.14078 (2000). 

 
57 Etchegoin, P. G. & Le Ru, E. C. A perspective on single molecule SERS: current status and 

future challenges. Physical Chemistry Chemical Physics 10, 6079-6089, 
doi:10.1039/B809196J (2008). 

 
58 Bantz, K. C. et al. Recent progress in SERS biosensing. Physical Chemistry Chemical Physics 

13, 11551-11567, doi:10.1039/C0CP01841D (2011). 
 
59 Le Ru, E. C., Galloway, C. & Etchegoin, P. G. On the connection between optical 

absorption/extinction and SERS enhancements. Physical Chemistry Chemical Physics 8, 3083-
3087, doi:10.1039/B605292D (2006). 

 
60 Dieringer, J. A. et al. Introductory Lecture Surface enhanced Raman spectroscopy: new 

materials, concepts, characterization tools, and applications. Faraday Discussions 132, 9-26, 
doi:10.1039/B513431P (2006). 

 
61 Kneipp, K. Chemical Contribution to SERS Enhancement: An Experimental Study on a Series 

of Polymethine Dyes on Silver Nanoaggregates. The Journal of Physical Chemistry C 120, 
21076-21081, doi:10.1021/acs.jpcc.6b03785 (2016). 

 
62 Kim, J. et al. Study of Chemical Enhancement Mechanism in Non-plasmonic Surface Enhanced 

Raman Spectroscopy (SERS). Frontiers in Chemistry 7, doi:10.3389/fchem.2019.00582 (2019). 
 
63 Jensen, L., Aikens, C. M. & Schatz, G. C. Electronic structure methods for studying surface-

enhanced Raman scattering. Chemical Society Reviews 37, 1061-1073, doi:10.1039/B706023H 
(2008). 

 
64 Otto, A. The ‘chemical’ (electronic) contribution to surface-enhanced Raman scattering. 

Journal of Raman Spectroscopy 36, 497-509, doi:10.1002/jrs.1355 (2005). 
 
65 Gérard, D. & Gray, S. K. Aluminium plasmonics. Journal of Physics D: Applied Physics 48, 

184001, doi:10.1088/0022-3727/48/18/184001 (2014). 
 



 120 

66 Yang, Z.-L., Li, Q.-H., Ren, B. & Tian, Z.-Q. Tunable SERS from aluminium nanohole arrays 
in the ultraviolet region. Chemical Communications 47, 3909-3911, doi:10.1039/C0CC05311B 
(2011). 

67 Quagliano, L. G. Observation of molecules adsorbed on III-V semiconductor quantum dots by 
surface-enhanced Raman scattering. Journal of the American Chemical Society 126, 7393-7398 
(2004). 

 
68 Zeman, E. J. & Schatz, G. C. An accurate electromagnetic theory study of surface enhancement 

factors for silver, gold, copper, lithium, sodium, aluminum, gallium, indium, zinc, and cadmium. 
The Journal of Physical Chemistry 91, 634-643, doi:10.1021/j100287a028 (1987). 

 
69 Haynes, C. L. & Van Duyne, R. P. Plasmon-Sampled Surface-Enhanced Raman Excitation 

Spectroscopy. The Journal of Physical Chemistry B 107, 7426-7433, doi:10.1021/jp027749b 
(2003). 

 
70 Chervinskii, S., Matikainen, A., Dergachev, A., Lipovskii, A. A. & Honkanen, S. Out-diffused 

silver island films for surface-enhanced Raman scattering protected with TiO2 films using 
atomic layer deposition. Nanoscale Res Lett 9, 398, doi:10.1186/1556-276X-9-398 (2014). 

 
71 Parisi, J., Dong, Q. & Lei, Y. In situ microfluidic fabrication of SERS nanostructures for highly 

sensitive fingerprint microfluidic-SERS sensing. RSC Advances 5, 14081-14089, 
doi:10.1039/C4RA15174G (2015). 

 
72 Alvarez-Puebla, R. A. & Liz-Marzán, L. M. SERS-Based Diagnosis and Biodetection. Small 6, 

604-610, doi:10.1002/smll.200901820 (2010). 
 
73 Ivleva, N. P. et al. Label-Free in Situ SERS Imaging of Biofilms. The Journal of Physical 

Chemistry B 114, 10184-10194, doi:10.1021/jp102466c (2010). 
 
74 Zhang, Y., Hong, H., Myklejord, D. V. & Cai, W. Molecular Imaging with SERS-Active 

Nanoparticles. Small 7, 3261-3269, doi:10.1002/smll.201100597 (2011). 
 
75 Kneipp, J., Kneipp, H. & Kneipp, K. SERS—a single-molecule and nanoscale tool for 

bioanalytics. Chemical Society Reviews 37, 1052-1060, doi:10.1039/B708459P (2008). 
 
76 Cai, W. et al. Investigation of surface-enhanced Raman scattering from platinum electrodes 

using a confocal Raman microscope: dependence of surface roughening pretreatment. Surface 
Science 406, 9-22 (1998). 

77 Tuschel, D. D., Pemberton, J. E. & Cook, J. E. SERS and SEM of roughened silver electrode 
surfaces formed by controlled oxidation-reduction in aqueous chloride media. Langmuir 2, 380-
388 (1986). 

 
78 Dick, L. A., McFarland, A. D., Haynes, C. L. & Van Duyne, R. P. Metal Film over Nanosphere 

(MFON) Electrodes for Surface-Enhanced Raman Spectroscopy (SERS):  Improvements in 
Surface Nanostructure Stability and Suppression of Irreversible Loss. The Journal of Physical 
Chemistry B 106, 853-860, doi:10.1021/jp013638l (2002). 

 
79 Kim, K. et al. Interfacial liquid-state surface-enhanced Raman spectroscopy. Nature 

Communications 4, 2182, doi:10.1038/ncomms3182 (2013). 
 
80 Andreou, C., Hoonejani, M. R., Barmi, M. R., Moskovits, M. & Meinhart, C. D. Rapid 

detection of drugs of abuse in saliva using surface enhanced Raman spectroscopy and 
microfluidics. ACS nano 7, 7157-7164 (2013). 

 



 121 

81 Lee, P. & Meisel, D. Adsorption and surface-enhanced Raman of dyes on silver and gold sols. 
The Journal of Physical Chemistry 86, 3391-3395 (1982). 

 
82 Dong, X. et al. Shape Control of Silver Nanoparticles by Stepwise Citrate Reduction. The 

Journal of Physical Chemistry C 113, 6573-6576, doi:10.1021/jp900775b (2009). 
 
83 Qin, Y. et al. Size control over spherical silver nanoparticles by ascorbic acid reduction. 

Colloids and Surfaces A: Physicochemical and Engineering Aspects 372, 172-176, 
doi:https://doi.org/10.1016/j.colsurfa.2010.10.013 (2010). 

 
84 Pillai, Z. S. & Kamat, P. V. What Factors Control the Size and Shape of Silver Nanoparticles 

in the Citrate Ion Reduction Method? The Journal of Physical Chemistry B 108, 945-951, 
doi:10.1021/jp037018r (2004). 

 
85 Munro, C. H., Smith, W. E., Garner, M., Clarkson, J. & White, P. C. Characterization of the 

Surface of a Citrate-Reduced Colloid Optimized for Use as a Substrate for Surface-Enhanced 
Resonance Raman Scattering. Langmuir 11, 3712-3720, doi:10.1021/la00010a021 (1995). 

 
86 LaMer, V. K. & Dinegar, R. H. Theory, Production and Mechanism of Formation of 

Monodispersed Hydrosols. Journal of the American Chemical Society 72, 4847-4854, 
doi:10.1021/ja01167a001 (1950). 

 
87 Meng, W., Hu, F., Jiang, X. & Lu, L. Preparation of silver colloids with improved uniformity 

and stable surface-enhanced Raman scattering. Nanoscale Res Lett 10, 34-34, 
doi:10.1186/s11671-015-0746-1 (2015). 

 
88 ASTM-International.     (2014). 
 
89 De Wolf, I. Micro-Raman spectroscopy to study local mechanical stress in silicon integrated 

circuits. Semiconductor science and technology 11, 139 (1996). 
 
90 Hughes, T. J. et al. High pressure multi-component vapor-liquid equilibrium data and model 

predictions for the LNG industry. The Journal of Chemical Thermodynamics 113, 81-90, 
doi:https://doi.org/10.1016/j.jct.2017.05.023 (2017). 

 
91 Siahvashi, A. et al. Visual Measurements of Solid–Liquid Equilibria and Induction Times for 

Cyclohexane + Octadecane Mixtures at Pressures to 5 MPa. Journal of Chemical & 
Engineering Data 62, 2896-2910, doi:10.1021/acs.jced.7b00171 (2017). 

 
92 StandardsAustraliaLimited. in Design    (2015). 
 
93 Harris, D. C. Materials for infrared windows and domes: properties and performance. Vol. 70 

(SPIE press, 1999). 
 
94 CrystranLTD. The Design of Pressure Windows.  (2014). 

<https://www.crystran.co.uk/userfiles/files/design-of-pressure-windows.pdf>. 
 
95 Dresselhaus, M. S. et al. New Directions for Low-Dimensional Thermoelectric Materials. 

Advanced Materials 19, 1043-1053, doi:10.1002/adma.200600527 (2007). 
 
96 Riffat, S. & Ma, X. Improving the coefficient of performance of thermoelectric cooling systems: 

a review. International Journal of Energy Research 28, 753-768 (2004). 
 



 122 

97 Ceylan, A., Jastrzembski, K. & Shah, S. I. Enhanced solubility Ag-Cu nanoparticles and their 
thermal transport properties. Metallurgical and Materials Transactions A 37, 2033-2038, 
doi:10.1007/BF02586123 (2006). 

 
98 Zoubir, A. Raman imaging: techniques and applications. Vol. 168 (Springer, 2012). 
 
99 Everall, N. J. Confocal Raman Microscopy: Why the Depth Resolution and Spatial Accuracy 

Can Be Much Worse Than You Think. Appl. Spectrosc. 54, 1515-1520, 
doi:10.1366/0003702001948439 (2000). 

 
100 Xu, X., Song, C., Andresen, J. M., Miller, B. G. & Scaroni, A. W. Novel Polyethylenimine-

Modified Mesoporous Molecular Sieve of MCM-41 Type as High-Capacity Adsorbent for CO2 
Capture. Energy & Fuels 16, 1463-1469, doi:10.1021/ef020058u (2002). 

 
101 Shahat, A. et al. Novel hierarchical composite adsorbent for selective lead(II) ions capturing 

from wastewater samples. Chemical Engineering Journal 332, 377-386, 
doi:https://doi.org/10.1016/j.cej.2017.09.040 (2018). 

 
102 Awual, M. R. Novel nanocomposite materials for efficient and selective mercury ions capturing 

from wastewater. Chemical Engineering Journal 307, 456-465 (2017). 
 
103 Saleman, T. L. et al. Capture of low grade methane from nitrogen gas using dual-reflux pressure 

swing adsorption. Chemical Engineering Journal 281, 739-748 (2015). 
 
104 May, E. F. et al. Demonstration and optimisation of the four dual-reflux pressure swing 

adsorption configurations. Separation and Purification Technology 177, 161-175 (2017). 
 
105 Hedin, N., Andersson, L., Bergström, L. & Yan, J. Adsorbents for the post-combustion capture 

of CO2 using rapid temperature swing or vacuum swing adsorption. Applied Energy 104, 418-
433 (2013). 

 
106 Mohan, D. & Pittman, C. U. Arsenic removal from water/wastewater using adsorbents—A 

critical review. Journal of Hazardous Materials 142, 1-53, 
doi:https://doi.org/10.1016/j.jhazmat.2007.01.006 (2007). 

 
107 Mercier, L. & Pinnavaia, T. J. Access in mesoporous materials: Advantages of a uniform pore 

structure in the design of a heavy metal ion adsorbent for environmental remediation. Advanced 
Materials 9, 500-503, doi:10.1002/adma.19970090611 (1997). 

 
108 Moreira, M. A., Ribeiro, A. M., Ferreira, A. F. P. & Rodrigues, A. E. Cryogenic pressure 

temperature swing adsorption process for natural gas upgrade. Separation and Purification 
Technology 173, 339-356, doi:https://doi.org/10.1016/j.seppur.2016.09.044 (2017). 

 
109 Cavenati, S., Grande, C. A., Rodrigues, A. E., Kiener, C. & Müller, U. Metal Organic 

Framework Adsorbent for Biogas Upgrading. Industrial & Engineering Chemistry Research 
47, 6333-6335, doi:10.1021/ie8005269 (2008). 

 
110 Feng, B., An, H. & Tan, E. Screening of CO2 Adsorbing Materials for Zero Emission Power 

Generation Systems. Energy & Fuels 21, 426-434, doi:10.1021/ef0604036 (2007). 
 
111 Bamdad, H., Hawboldt, K. & MacQuarrie, S. A review on common adsorbents for acid gases 

removal: Focus on biochar. Renewable and Sustainable Energy Reviews 81, 1705-1720, 
doi:https://doi.org/10.1016/j.rser.2017.05.261 (2018). 

 



 123 

112 Saleman, T. L. et al. Capture of low grade methane from nitrogen gas using dual-reflux 
pressure swing adsorption. Chemical Engineering Journal 281, 739-748, 
doi:https://doi.org/10.1016/j.cej.2015.07.001 (2015). 

 
113 Arami-Niya, A., Birkett, G., Zhu, Z. & Rufford, T. E. Gate opening effect of zeolitic 

imidazolate framework ZIF-7 for adsorption of CH4 and CO2 from N2. Journal of Materials 
Chemistry A 5, 21389-21399, doi:10.1039/C7TA03755D (2017). 

 
114 Xiao, G., Singh, R., Chaffee, A. & Webley, P. Advanced adsorbents based on MgO and K2CO3 

for capture of CO2 at elevated temperatures. International Journal of Greenhouse Gas Control 
5, 634-639, doi:https://doi.org/10.1016/j.ijggc.2011.04.002 (2011). 

 
115 Rufford, T. E., Chan, K. I., Huang, S. H. & May, E. F. A Review of Conventional and Emerging 

Process Technologies for the Recovery of Helium from Natural Gas. Adsorption Science & 
Technology 32, 49-72, doi:10.1260/0263-6174.32.1.49 (2014). 

 
116 Thomas, K. M. Hydrogen adsorption and storage on porous materials. Catalysis Today 120, 

389-398, doi:https://doi.org/10.1016/j.cattod.2006.09.015 (2007). 
 
117 Li, G. et al. Temperature-regulated guest admission and release in microporous materials. 

Nature Communications 8, 15777, doi:10.1038/ncomms15777 (2017). 
 
118 Jensen, N. K. et al. Screening Zeolites for Gas Separation Applications Involving Methane, 

Nitrogen, and Carbon Dioxide. Journal of Chemical & Engineering Data 57, 106-113, 
doi:10.1021/je200817w (2012). 

 
119 Saleman, T., Xiao, G., Li, G. & May, E. F. A robust dynamic column breakthrough technique 

for high-pressure measurements of adsorption equilibria and kinetics. Adsorption 23, 671-684, 
doi:10.1007/s10450-017-9884-3 (2017). 

 
120 Richter, M., Kleinrahm, R., Lentner, R. & Span, R. Development of a special single-sinker 

densimeter for cryogenic liquid mixtures and first results for a liquefied natural gas (LNG). 
The Journal of Chemical Thermodynamics 93, 205-221, 
doi:https://doi.org/10.1016/j.jct.2015.09.034 (2016). 

 
121 Richter, M. & McLinden, M. O. Densimetry for the Quantification of Sorption Phenomena on 

Nonporous Media Near the Dew Point of Fluid Mixtures. Scientific Reports 7, 6185, 
doi:10.1038/s41598-017-06228-6 (2017). 

 
122 Stanwix, P. L. et al. Characterising thermally controlled CH4–CO2 hydrate exchange in 

unconsolidated sediments. Energy & Environmental Science 11, 1828-1840, 
doi:10.1039/C8EE00139A (2018). 

 
123 Sum, A. K., Burruss, R. C. & Sloan, E. D. Measurement of Clathrate Hydrates via Raman 

Spectroscopy. The Journal of Physical Chemistry B 101, 7371-7377, doi:10.1021/jp970768e 
(1997). 

 
124 Li, H. et al. Raman Spectroscopic Studies of Clathrate Hydrate Formation in the Presence of 

Hydrophobized Particles. The Journal of Physical Chemistry A 120, 417-424, 
doi:10.1021/acs.jpca.5b11247 (2016). 

 
125 Holzammer, C., Finckenstein, A., Will, S. & Braeuer, A. S. How Sodium Chloride Salt Inhibits 

the Formation of CO2 Gas Hydrates. The Journal of Physical Chemistry B 120, 2452-2459, 
doi:10.1021/acs.jpcb.5b12487 (2016). 

 



 124 

126 WiRE (Windows-Based Raman Environment) 5.1 (Renishaw). 
 
127 Span, R. & Wagner, W. A New Equation of State for Carbon Dioxide Covering the Fluid 

Region from the Triple‐Point Temperature to 1100 K at Pressures up to 800 MPa. Journal of 
Physical and Chemical Reference Data 25, 1509-1596, doi:10.1063/1.555991 (1996). 

 
128 Lemmon, E., Bell, I. H., Huber, M. & McLinden, M. NIST Standard Reference Database 23: 

Reference Fluid Thermodynamic and Transport Properties-REFPROP, Version 10.0, National 
Institute of Standards and Technology. 2018. https://www.nist.gov/srd/refprop. 

 
129 Centrone, A. et al. Raman spectra of hydrogen and deuterium adsorbed on a metal–organic 

framework. Chemical Physics Letters 411, 516-519, 
doi:https://doi.org/10.1016/j.cplett.2005.06.069 (2005). 

 
130 Pini, R. Interpretation of net and excess adsorption isotherms in microporous adsorbents. 

Microporous and Mesoporous Materials 187, 40-52, 
doi:https://doi.org/10.1016/j.micromeso.2013.12.005 (2014). 

 
131 Gumma, S. & Talu, O. Net Adsorption: A Thermodynamic Framework for Supercritical Gas 

Adsorption and Storage in Porous Solids. Langmuir 26, 17013-17023, doi:10.1021/la102186q 
(2010). 

 
132 Woodward, L. A. & George, J. H. B. Refractive Index Correction in Relative Raman Intensity 

Measurements. Nature 167, 193-193, doi:10.1038/167193a0 (1951). 
 
133 Nestor, J. R. & Lippincott, E. R. The effect of the internal field on Raman scattering cross 

sections. Journal of Raman Spectroscopy 1, 305-318 (1973). 
 
134 Looyenga, H. Dielectric constants of heterogeneous mixtures. Physica 31, 401-406, 

doi:https://doi.org/10.1016/0031-8914(65)90045-5 (1965). 
 
135 Malitson, I. H. Interspecimen Comparison of the Refractive Index of Fused Silica*,†. J. Opt. 

Soc. Am. 55, 1205-1209, doi:10.1364/JOSA.55.001205 (1965). 
 
136 Dreisbach, F. & Lösch, H. W. Magnetic Suspension Balance For Simultaneous Measurement 

of a Sample and the Density of the Measuring Fluid. Journal of Thermal Analysis and 
Calorimetry 62, 515-521, doi:10.1023/a:1010179306714 (2000). 

 
137 Cavenati, S., Grande, C. A. & Rodrigues, A. E. Adsorption Equilibrium of Methane, Carbon 

Dioxide, and Nitrogen on Zeolite 13X at High Pressures. Journal of Chemical & Engineering 
Data 49, 1095-1101, doi:10.1021/je0498917 (2004). 

 
138 May, E. F., Miller, R. C. & Shan, Z. Densities and Dew Points of Vapor Mixtures of Methane 

+ Propane and Methane + Propane + Hexane Using a Dual-Sinker Densimeter. Journal of 
Chemical & Engineering Data 46, 1160-1166, doi:10.1021/je010050z (2001). 

 
139 Kleinrahm, R., Yang, X., McLinden, M. O. & Richter, M. Analysis of the systematic force-

transmission error of the magnetic-suspension coupling in single-sinker densimeters and 
commercial gravimetric sorption analyzers. Adsorption 25, 717-735, doi:10.1007/s10450-019-
00071-z (2019). 

 
140 McLinden, M. O., Kleinrahm, R. & Wagner, W. Force Transmission Errors in Magnetic 

Suspension Densimeters. International Journal of Thermophysics 28, 429-448, 
doi:10.1007/s10765-007-0176-0 (2007). 

 



 125 

141 Yang, X., Kleinrahm, R., McLinden, M. O. & Richter, M. Uncertainty analysis of adsorption 
measurements with commercial gravimetric sorption analyzers with simultaneous density 
measurements based on a magnetic-suspension balance. Adsorption (Submitted) (2019). 

 
142 Toth, J. State Equation of the Solid-Gas Interface Layers. Acta Chim. Hung. 69, 311-328 (1971). 
 
143 Brandani, S., Mangano, E. & Sarkisov, L. Net, excess and absolute adsorption and adsorption 

of helium. Adsorption 22, 261-276, doi:10.1007/s10450-016-9766-0 (2016). 
 
144 Sloan, E. D. Fundamental principles and applications of natural gas hydrates. Nature 426, 353-

359, doi:10.1038/nature02135 (2003). 
 
145 May, E. F., Marsh, K. N. & Goodwin, A. R. H. in Future energy: Improved, Sustainable and 

Clean Options for Our Planet   (ed Trevor M. Letcher)  75-93 (Elsevier, 2014). 
 
146 Sloan, E. D. et al. Natural Gas Hydrates in Flow Assurance.  (Elsevier, 2011). 
 
147 Milkov, A. V. Global estimates of hydrate-bound gas in marine sediments: how much is 

really out there? Earth-Science Reviews 66, 183-197, 
doi:https://doi.org/10.1016/j.earscirev.2003.11.002 (2004). 

 
148 Linga, P., Kumar, R., Lee, J. D., Ripmeester, J. & Englezos, P. A new apparatus to enhance the 

rate of gas hydrate formation: Application to capture of carbon dioxide. International Journal 
of Greenhouse Gas Control 4, 630-637, doi:https://doi.org/10.1016/j.ijggc.2009.12.014 (2010). 

149 Jeong, K., Choo, Y. S., Hong, H. J., Yoon, Y. S. & Song, M. H. Tetrafluoroethane (R134a) 
hydrate formation within variable volume reactor accompanied by evaporation and 
condensation. Review of Scientific Instruments 86, 035102, doi:10.1063/1.4913650 (2015). 

 
150 Kinnari, K., Hundseid, J., Li, X. & Askvik, K. M. Hydrate Management in Practice. Journal of 

Chemical & Engineering Data 60, 437-446, doi:10.1021/je500783u (2015). 
 
151 Baker, C. J. et al. Rapid Simulation of Solid Deposition in Cryogenic Heat Exchangers To 

Improve Risk Management in Liquefied Natural Gas Production. Energy & Fuels 32, 255-267, 
doi:10.1021/acs.energyfuels.7b03057 (2018). 

 
152 Kashchiev, D. & Firoozabadi, A. Nucleation of gas hydrates. Journal of Crystal Growth 243, 

476-489, doi:https://doi.org/10.1016/S0022-0248(02)01576-2 (2002). 
 
153 Karthika, S., Radhakrishnan, T. K. & Kalaichelvi, P. A Review of Classical and Nonclassical 

Nucleation Theories. Crystal Growth & Design 16, 6663-6681, doi:10.1021/acs.cgd.6b00794 
(2016). 

 
154 Abay, H. K. & Svartaas, T. M. Effect of Ultralow Concentration of Methanol on Methane 

Hydrate Formation. Energy & Fuels 24, 752-757, doi:10.1021/ef9009422 (2010). 
 
155 Lone, A. & Kelland, M. A. Exploring Kinetic Hydrate Inhibitor Test Methods and Conditions 

Using a Multicell Steel Rocker Rig. Energy & Fuels 27, 2536-2547, doi:10.1021/ef400321z 
(2013). 

 
156 May, E. F. et al. Quantitative kinetic inhibitor comparisons and memory effect measurements 

from hydrate formation probability distributions. Chemical Engineering Science 107, 1-12, 
doi:https://doi.org/10.1016/j.ces.2013.11.048 (2014). 

 



 126 

157 Metaxas, P. J. et al. Gas hydrate formation probability distributions: Induction times, rates of 
nucleation and growth. Fuel 252, 448-457, doi:https://doi.org/10.1016/j.fuel.2019.04.131 
(2019). 

 
158 May, E. F. et al. Gas Hydrate Formation Probability Distributions: The Effect of Shear and 

Comparisons with Nucleation Theory. Langmuir 34, 3186-3196, 
doi:10.1021/acs.langmuir.7b03901 (2018). 

 
159 Kashchiev, D. & Firoozabadi, A. Induction time in crystallization of gas hydrates. Journal of 

Crystal Growth 250, 499-515, doi:https://doi.org/10.1016/S0022-0248(02)02461-2 (2003). 
 
160 Ke, W., Svartaas, T. M., Kvaløy, J. T. & Kosberg, B. R. Inhibition–Promotion: Dual Effects of 

Polyvinylpyrrolidone (PVP) on Structure-II Hydrate Nucleation. Energy & Fuels 30, 7646-
7655, doi:10.1021/acs.energyfuels.6b01321 (2016). 

 
161 Svartaas, T. M., Ke, W., Tantciura, S. & Bratland, A. U. Maximum Likelihood Estimation—A 

Reliable Statistical Method for Hydrate Nucleation Data Analysis. Energy & Fuels 29, 8195-
8207, doi:10.1021/acs.energyfuels.5b02056 (2015). 

 
162 Maeda, N. & Shen, X.-d. Scaling laws for nucleation rates of gas hydrate. Fuel 253, 1597-1604, 

doi:https://doi.org/10.1016/j.fuel.2019.05.096 (2019). 
 
163 Knott, B. C., Molinero, V., Doherty, M. F. & Peters, B. Homogeneous Nucleation of Methane 

Hydrates: Unrealistic under Realistic Conditions. Journal of the American Chemical Society 
134, 19544-19547, doi:10.1021/ja309117d (2012). 

 
164 Tanaka, R., Sakemoto, R. & Ohmura, R. Crystal Growth of Clathrate Hydrates Formed at the 

Interface of Liquid Water and Gaseous Methane, Ethane, or Propane: Variations in Crystal 
Morphology. Crystal Growth & Design 9, 2529-2536, doi:10.1021/cg9001048 (2009). 

 
165 Servio, P. & Englezos, P. Morphology of methane and carbon dioxide hydrates formed from 

water droplets. AIChE Journal 49, 269-276, doi:10.1002/aic.690490125 (2003). 
 
166 Maeda, N. Measurements of gas hydrate formation probability distributions on a quasi-free 

water droplet. Review of Scientific Instruments 85, 065115, doi:10.1063/1.4884794 (2014). 
 
167 Maeda, N. Nucleation curves of model natural gas hydrates on a quasi-free water droplet. 

AIChE Journal 61, 2611-2617, doi:10.1002/aic.14898 (2015). 
 
168 Maeda, N. Nucleation curves of methane – propane mixed gas hydrates in hydrocarbon oil. 

Chemical Engineering Science 155, 1-9, doi:https://doi.org/10.1016/j.ces.2016.07.047 (2016). 
 
169 Chen, L. et al. Methane Hydrate Formation and Dissociation on Suspended Gas Bubbles in 

Water. Journal of Chemical & Engineering Data 59, 1045-1051, doi:10.1021/je400765a 
(2014). 

 
170 Sarfraz, A., Schlegel, M. C., Wright, J. & Emmerling, F. Advanced gas hydrate studies at 

ambient conditions using suspended droplets. Chemical Communications 47, 9369-9371, 
doi:10.1039/C1CC13049H (2011). 

 
171 Akhfash, M., Arjmandi, M., Aman, Z. M., Boxall, J. A. & May, E. F. Gas Hydrate 

Thermodynamic Inhibition with MDEA for Reduced MEG Circulation. Journal of Chemical 
& Engineering Data 62, 2578-2583, doi:10.1021/acs.jced.7b00072 (2017). 

 



 127 

172 Lü, Y. J., Xie, W. J. & Wei, B. Observation of ice nucleation in acoustically levitated water 
drops. Applied Physics Letters 87, 184107, doi:10.1063/1.2126801 (2005). 

 
173 Chow, R., Mettin, R., Lindinger, B., Kurz, T. & Lauterborn, W. in IEEE Symposium on 

Ultrasonics, 2003.  1447-1450 Vol.1442. 
 
174 Inada, T., Zhang, X., Yabe, A. & Kozawa, Y. Active control of phase change from supercooled 

water to ice by ultrasonic vibration 1. Control of freezing temperature. International Journal of 
Heat and Mass Transfer 44, 4523-4531, doi:https://doi.org/10.1016/S0017-9310(01)00057-6 
(2001). 

 
175 Lee, J. D., Susilo, R. & Englezos, P. Methane–ethane and methane–propane hydrate formation 

and decomposition on water droplets. Chemical Engineering Science 60, 4203-4212, 
doi:https://doi.org/10.1016/j.ces.2005.03.003 (2005). 

 
176 Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to ImageJ: 25 years of image 

analysis. Nature Methods 9, 671-675, doi:10.1038/nmeth.2089 (2012). 
 
177 Makogon, I. F., Makogon, I. U. F. & Makogon, Y. F. Hydrates of Hydrocarbons.  (PennWell 

Books, 1997). 
 
178 Svartås, T. M. & Jeong, K.     (2020). 
 
179 Gallegos, J. G. et al. An investigation of the comparative performance of diverse humidity 

sensing techniques in natural gas. Journal of Natural Gas Science and Engineering 23, 407-
416, doi:https://doi.org/10.1016/j.jngse.2015.02.021 (2015). 

 
180 Fenner, R. & Zdankiewicz, E. Micromachined water vapor sensors: a review of sensing 

technologies. IEEE Sensors Journal 1, 309-317, doi:10.1109/7361.983470 (2001). 
 
181 Løkken, T. V. Comparison of hygrometers for monitoring of water vapour in natural gas. 

Journal of Natural Gas Science and Engineering 6, 24-36, 
doi:https://doi.org/10.1016/j.jngse.2012.02.001 (2012). 

 
182 Kryukov, A. & Kurilenok, K. The measurement of humidity at high pressures. Measurement 

Techniques 51, 208-212 (2008). 
 
183 Huang, X., Sun, Y., Wang, L., Meng, F. & Liu, J. Carboxylation multi-walled carbon nanotubes 

modified with LiClO4for water vapour detection. Nanotechnology 15, 1284-1288, 
doi:10.1088/0957-4484/15/9/029 (2004). 

 
184 Kuang, Q., Lao, C., Wang, Z. L., Xie, Z. & Zheng, L. High-Sensitivity Humidity Sensor Based 

on a Single SnO2 Nanowire. Journal of the American Chemical Society 129, 6070-6071, 
doi:10.1021/ja070788m (2007). 

 
185 Gawli, Y. et al. Evaluation of n-type ternary metal oxide NiMn2O4 nanomaterial for 

humidity sensing. Sensors and Actuators B: Chemical 191, 837-843, 
doi:https://doi.org/10.1016/j.snb.2013.10.071 (2014). 

 
186 Nwaboh, J. A., Pratzler, S., Werhahn, O. & Ebert, V. Tunable Diode Laser Absorption 

Spectroscopy Sensor for Calibration Free Humidity Measurements in Pure Methane and Low 
CO2 Natural Gas. Appl. Spectrosc. 71, 888-900 (2017). 

 



 128 

187 Leontakianakos, A. N. Determination of water vapor by microwave spectroscopy with 
application to quality control of natural gas. IEEE Transactions on Instrumentation and 
Measurement 41, 370-374, doi:10.1109/19.153331 (1992). 

 
188 Tonouchi, M. Cutting-edge terahertz technology. Nature Photonics 1, 97-105, 

doi:10.1038/nphoton.2007.3 (2007). 
 
189 Dhillon, S. et al. The 2017 terahertz science and technology roadmap. Journal of Physics D: 

Applied Physics 50, 043001 (2017). 
 
190 Mittleman, D. M. Twenty years of terahertz imaging [Invited]. Opt. Express 26, 9417-9431, 

doi:10.1364/OE.26.009417 (2018). 
 
191 Jastrow, C. et al. 300 Ghz transmission system. Electronics Letters 44, 213-214, 

doi:10.1049/el:20083359 (2008). 
 
192 Jae-Sung, R. et al. SiGe heterojunction bipolar transistors and circuits toward terahertz 

communication applications. IEEE Transactions on Microwave Theory and Techniques 52, 
2390-2408, doi:10.1109/TMTT.2004.835984 (2004). 

 
193 Morita, Y., Dobroiu, A., Kawase, K. & Otani, C. Terahertz technique for detection of 

microleaks in the seal of flexible plastic packages. Optical Engineering 44, 1-6, 6 (2005). 
 
194 Ospald, F. et al. Aeronautics composite material inspection with a terahertz time-domain 

spectroscopy system. Optical Engineering 53, 1-15, 15 (2013). 
 
195 Zhong, H. et al. Nondestructive defect identification with terahertz time-of-flight tomography. 

IEEE Sensors Journal 5, 203-208 (2005). 
 
196 Mittleman, D. M., Jacobsen, R. H., Neelamani, R., Baraniuk, R. G. & Nuss, M. C. Gas sensing 

using terahertz time-domain spectroscopy. Applied Physics B 67, 379-390, 
doi:10.1007/s003400050520 (1998). 

 
197 van Exter, M., Fattinger, C. & Grischkowsky, D. Terahertz time-domain spectroscopy of water 

vapor. Opt. Lett. 14, 1128-1130, doi:10.1364/OL.14.001128 (1989). 
 
198 Jacobsen, R. H., Mittleman, D. M. & Nuss, M. C. Chemical recognition of gases and gas 

mixtures with terahertz waves. Opt. Lett. 21, 2011-2013, doi:10.1364/OL.21.002011 (1996). 
 
199 Spagnolo, V. et al. THz Quartz-enhanced photoacoustic sensor for H2S trace gas detection. 

Opt. Express 23, 7574-7582, doi:10.1364/OE.23.007574 (2015). 
 
200 Rothman, L. S. et al. The HITRAN2012 molecular spectroscopic database. Journal of 

Quantitative Spectroscopy and Radiative Transfer 130, 4-50, 
doi:https://doi.org/10.1016/j.jqsrt.2013.07.002 (2013). 

 
201 Yang, Y., Mandehgar, M. & Grischkowsky, D. Determination of the water vapor continuum 

absorption by THz-TDS and Molecular Response Theory. Opt. Express 22, 4388-4403, 
doi:10.1364/OE.22.004388 (2014). 

 
202 Qu, F. et al. Spectral Characterization and Molecular Dynamics Simulation of Pesticides Based 

on Terahertz Time-Domain Spectra Analyses and Density Functional Theory (DFT) 
Calculations. Molecules 23, 1607 (2018). 

 



 129 

203 Reid, C. B., Reese, G., Gibson, A. P. & Wallace, V. P. Terahertz Time-Domain Spectroscopy 
of Human Blood. IEEE Journal of Biomedical and Health Informatics 17, 774-778, 
doi:10.1109/JBHI.2013.2255306 (2013). 

 
204 Yang, Y., Mandehgar, M. & Grischkowsky, D. R. Understanding THz Pulse Propagation in the 

Atmosphere. IEEE Transactions on Terahertz Science and Technology 2, 406-415, 
doi:10.1109/TTHZ.2012.2203429 (2012). 

 
205 Goldenstein, C. S., Miller, V. A., Mitchell Spearrin, R. & Strand, C. L. SpectraPlot.com: 

Integrated spectroscopic modeling of atomic and molecular gases. Journal of Quantitative 
Spectroscopy and Radiative Transfer 200, 249-257, 
doi:https://doi.org/10.1016/j.jqsrt.2017.06.007 (2017). 

 
206 Rabitz, H. Rotation and rotation-vibration pressure-broadened spectral lineshapes. Annual 

Review of Physical Chemistry 25, 155-177 (1974). 
 
207 Chapoy, A., Haghighi, H., Burgass, R. & Tohidi, B. Gas hydrates in low water content gases: 

Experimental measurements and modelling using the CPA equation of state. Fluid Phase 
Equilibria 296, 9-14, doi:https://doi.org/10.1016/j.fluid.2009.11.026 (2010). 

 
208 Uchida, T., Ebinuma, T., Kawabata, J. i. & Narita, H. Microscopic observations of formation 

processes of clathrate-hydrate films at an interface between water and carbon dioxide. Journal 
of Crystal Growth 204, 348-356, doi:https://doi.org/10.1016/S0022-0248(99)00178-5 (1999). 

 
209 Shi, B.-H. et al. An inward and outward natural gas hydrates growth shell model considering 

intrinsic kinetics, mass and heat transfer. Chemical Engineering Journal 171, 1308-1316, 
doi:https://doi.org/10.1016/j.cej.2011.05.029 (2011). 

 




