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Abstract 

CO2 capture and sequestration or storage (CCS) is one of the important area of research mainly 

due to the increased public and governmental awareness of carbon dioxide’s drastic green-house 

effects. The use of gas hydrate technology for the capture of CO2 from flue gas is generating much 

attention in the literature. Gas hydrates are non-stoichiometric, ice-like crystalline compounds 

formed from water and suitably sized guest molecule(s) generally under low-temperatures and 

elevated pressures. As the pressure required for gas hydrate formation is generally high, aqueous 

solutions of particular chemicals are added to the system as gas hydrate promoters. These 

promoters generally reduce the required hydrate formation pressure and increase the formation 

temperature leading to the possibility of modifying the selectivity of hydrates cages to capture 

various gas molecules. Some ionic liquids (ILs) such as tetra butyl ammonium bromide (TBAB), 

tetra butyl ammonium nitrate (TBANO3), tetra butyl phosphonium bromide (TBPB), etc. can be 

applied as hydrate formation promoters, in which the anion portion participates in the hydrogen-

bonded cages formed by networks of water molecules and the cation part can be trapped in the 

hydrate cavities. Such compounds are called "semi-clathrate" hydrates. 

In the present work, the thermodynamic knowledge of semi-clathrate hydrates of various gases 

including different hydrate types, and their properties were studied. New efficient gas hydrate 

promoters (TBPB, TBANO3 and TBAF) were used to reduce the system pressure required for 

hydrate formation. Thereafter, new phase equilibrium data of semi-clathrate hydrates for 

(CO2/CH4/N2/Ar) in the presence of (TBPB / TBANO3 / TBAF) at varying concentrations (0.05, 

0.075, 0.10, 0.15, 0.20 and 0.30 mass fraction TBPB), (0.05, 0.10, 0.15, 0.20 mass fraction 

TBANO3) and (0.041, 0.067 mass fraction TBAF) were generated. Measurements were 

undertaken in the temperature range of (275.1 to 293.3) K and in the pressure range of (1.07 to 

9.90) MPa. All the measurements were performed using a static high pressure cell using the 

isochoric pressure search technique. The results indicate that the addition of the quaternary 

ammonium salts moderate the hydrate dissociation conditions. 

Increasing the TBPB concentration increases its promotion effect on CO2/CH4/N2/Ar semi-

clathrate hydrate, i.e. the formation conditions were shifted to low pressures and high 

temperatures in comparison with the clathrate hydrates of corresponding gases in the presence of 

water. 

TBANO3 shows both hydrate inhibition and promotion effect. TBANO3 acts as a hydrate 

promoter at low concentrations (e.g. 0.05 mass fraction) and low pressure and as well as an 

inhibitor at higher pressure.  
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A comparison of hydrate phase equilibrium data in the presence or absence of TBAF shows 

drastic promotion effect of TBAF on CO2 hydrate formation. 

These effects may lead to separation of CO2 from gas mixtures using hydrate crystallization 

and for economic studies, the optimum value of salts concentration are required. 

A thermodynamic model was presented to calculate/predict the dissociation conditions of 

semi-clathrate hydrate of CO2/CH4/N2/Ar in the presence of TBPB/TBANO3/TBAF. The solid 

solution theory of the vdW-P (J.H. van der Waals, 1959) with modification of the expressions to 

determine the vapour pressure of water in empty hydrate lattice and the Langmuir constants was 

used to develop the model. 

Additionally the PR-EoS along with the Mathias-Copeman alpha function (Mathias and 

Copeman, 1983) including re-tuned parameters were used for calculation of the fugacity of the 

gaseous hydrate formers in the gas phase. The Nelder-Mead optimization algorithm (Nelder and 

Mead, 1965) was used to determine the optimal value of the model parameters. The model used 

for the CO2 + promoters system to obtain the optimal value and the tuned parameters was later 

used to estimate the semi-clathrate hydrate dissociation conditions of CH4/N2/Ar in the presence 

of promoters. 

Determination of accurate experimental phase equilibrium data is essential for industrial 

applications in order to design efficient processes and estimation of the optimal parameters of the 

thermodynamic models for prediction of the phase equilibria of the systems of interest at various 

operational conditions. In order to assess the reliability of experimental phase equilibrium data, 

the Leverage approach was used. This method consists of numerical and graphical algorithms to 

detect the outliers in different phase equilibrium data of the systems containing gas hydrates.
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1 Introduction 

The increasing accumulation of carbon dioxide in the atmosphere leads to global warming which 

is one of the most important environmental challenges. Increases in CO2 concentrations in the 

atmosphere are substantially attributed to the combustion of coal, petroleum, and natural gas for 

electricity generation, transportation, industrial and domestic uses. According to the literature the 

majority of CO2 emissions originates from just 20 countries (http://edgar.jrc.ec.europe.eu, 2011). 

The countries with the highest CO2 emissions are presented in the Figure 1.1. 

 

 

Figure 1.1: CO2 emissions by countries (http://edgar.jrc.ec.europe.eu, 2011). 

 

According to the National Oceanic and Atmospheric Administration (NOAA), the annual 

concentration of CO2 in the atmosphere, has increased by 2.07 ppm in the past ten years. 

Figure 1.2 shows the average monthly and annual concentrations of CO2 from 2000 to 2013. 
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Figure 1.2: Atmospheric CO2 concentration measured at Mauna Loa Observatory, Hawaii 
from 2000 to 2013. (Source: National Oceanic and Atmospheric Administration (NOAA)). 

 

Figure 1.3 shows the variation of CO2 emissions per capita in 2011 compared to 1990 and 2000. 

 

 

Figure 1.3: CO2 emissions per capita in 1990, 2000 and 2011, in the top 25 CO2 emitting 
countries (http://edgar.jrc.ec.europe.eu, 2011). 
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The capture and sequestration (storage) of carbon dioxide (CCS) is one of the interesting research 

fields of energy and environmental science because it is a suitable method to combat climate 

change (Yang et al., 2008). The separation and capture of CO2 is typically the most expensive 

part of CCS and it represents approximately two thirds of the total cost of CCS (D'Alessandro et 

al., 2010). There are a variety of technologies for CO2 capture such as absorption, adsorption, 

membrane, cryogenic separation, etc. Refer to Appendix A for the detail of each technology. 

CCS is a three step process consisting: carbon dioxide capture and separation, transporting the 

carbon dioxide, and storing the carbon dioxide (Hester and Harrision, 2010). There are three 

different routes for separation of carbon dioxide from large sources: pre-combustion capture, 

post-combustion capture and oxy-fuel combustion (Haszeldine, 2009). These three options are 

illustrated in Figure 1.4. After the CO2 is captured, it must be compressed and dehydrated, then 

transported by pipeline for safe storage sites. The carbon dioxide is then stored in the storage sites 

that are typically placed several kilometers under the earth's surface.  

 

Figure 1.4: Diagrams illustrating pre-combustion, post-combustion and oxy-combustion. 

 

In this chapter, CO2 capture technologies and the advantages and limitations of each 

technology are examined.  
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1.1 CO2 capture routes 

Pre-combustion techniques: Removing CO2 prior to combustion is the main goal of these 

methods. A primary fossil fuel is reacted with air or oxygen, to produce a syngas (hydrogen and 

carbon monoxide). This operation is called partial oxidation, or gasification. The syngas is 

transmitted through a catalytic reactor and catalytic shift reaction in which the CO reacts with 

water to produce a mixture of H2 and CO2. The CO2 is then separated, captured and sent to the 

compression unit while the hydrogen produced is used as an energy carrier and an input to 

generate electricity. The most important advantages of the process compared with other similar 

processes may be the high concentration of carbon dioxide in the final syngas, its high pressure, 

the smaller equipment required, and the diversity of the solvents that can be used (Orr, 2009, 

Mondal et al., 2012, Thiruvenkatachari et al., 2009, Haszeldine, 2009).  

Post-combustion processes: This process involves the removal of CO2 from flue gas emitted from 

fossil fuels burning. One of the most widely used methods for post-combustion carbon dioxide 

removal is the chemical MEA (monoethanolamine) absorption process. Estimations indicate that 

an economical MEA process is supposed to capture more than 2000 ton CO2 per year. This 

technique is normally suitable for flue gases containing CO2 and N2. Another approach is the PSA 

(pressure swing absorption) process, in which CO2 can be removed from a flue gas containing 

CO2 + H2. This method seems to be less energy intensive compared with the MEA process 

accompanied by H2 production; however, with less selectivity for CO2 absorption (Haszeldine, 

2009, Orr, 2009). 

Oxy-combustion process: This technique involves burning a fuel using an oxygen rich gas. The 

resultant flue gas consists mainly of CO2 and water vapour that can be easily separated. Compared 

with the conventional burning process in the presence of air, the oxy-combustion method requires 

less fuel and produces a smaller volume of flue gas due to the absence of nitrogen. In this process, 

the oxygen-rich stream is first fed to a combustion chamber to produce an exhaust gas stream 

containing a higher concentration of CO2. This process needs an air separation process which 

makes it costly (Haszeldine, 2009, Orr, 2009). A summary of the advantages and drawbacks 

of each of these routes is provided in Table 1.1. 
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Table 1.1: Advantages and disadvantages of different CO2 capture routes. 

Pre-combustion Post-combustion Oxy-fuel combustion 

Advantages: 

 High concentration of CO2 in 
the final syngas 

 High CO2 partial pressure 
 high pressure 
 The lower volume of gas to 

be handled 
 The CO2 capture equipment 

is much smaller 
 Less expensive 
 More technologies available 

for separation 
 

 

 

 

Disadvantages: 

 It requires a chemical plant in 
front of the turbine  (Mondal 
et al., 2012) 

 Complicated chemical 
processes normally cause 
extra shut-downs of the plant, 
which can result in a lower 
power output (Mondal et al., 
2012) 

 It requires major 
modifications to existing 
plants for retrofit. 

Advantages: 

 If the CO2 capture unit is shut 
down for an emergency, one can 
still generate electricity, which is 
not possible with the other more 
integrated capture methods 

 Chemical absorption processes 
are well known (Markewitz et al., 
2012) 

 High optimization potential to 
reduce energy losses (Markewitz 
et al., 2012) 

 Retrofitting of existing power 
plants is possible (Figueroa et al., 
2008a) 

 

 

Disadvantages: 

 High costs 
 Comparably large environmental 

impact (Figueroa et al., 2008a) 
 Flexible operation mode has yet 

to be demonstrated (Markewitz et 
al., 2012) 

 Low CO2 partial pressure 
 Significantly higher performance 

or circulation volume required 
for high capture levels (Figueroa 
et al., 2008a) 

Advantages: 

 High combustion efficiency 
(Kim et al., 2007) 

 Low volume of exhaust gas (Kim 
et al., 2007) 

 Low fuel consumption (Kim et 
al., 2007) 

 Low NOx emission and reduced 
pollutant emissions (Kim et al., 
2007) 

 Environmental impacts are low 
 Retrofit and repowering 

technology option (Figueroa et 
al., 2008b) 

 Generates an exhaust stream that 
is almost exclusively CO2 and 
H2O. It is cheap and easy to 
separate CO2 from this stream. 

 

Disadvantages: 

 This process requirs a large 
quantity of oxygen, which is 
expensive. 

 Large electric power requirement 
inherent in conventional 
cryogenic air separation units 
required to produce oxygen 
(Figueroa et al., 2008b) 

 Modification of burners and 
boiler design are necessary 

 A costly air separation step is 
required. 
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1.2 CO2 capture technologies 

A variety of existing technologies for CO2 capture from pre-combustion, post-combustion, and 

oxy-fuel processes are presented in Figure 1.5. The advantages and drawbacks of these separation 

methods are summarized in Table 1.2. Refer to Appendix A for further details on each technology. 

 

 

Figure 1.5: Overview of CO2 capture technologies in the context of pre-combustion, post-
combustion, and oxy-fuel processes (D'Alessandro et al., 2010).
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Table 1.2: Advantages and disadvantages of different CO2 capture technologies (refer to 
Appendix A.1 to A.5 . 

Capture technology Advantages Drawbacks 
Absorption  Purity of CO2 > 95%   High regeneration costs 

 Low utility consumption  High energy requirements for CO2 release 
 Requires less energy for 

regeneration 
 Requires a high partial pressure of CO2 in 

the feed 
   

Adsorption  Relatively simple 
 Commercially available 

 Capacity and CO2 selectivity of available 
adsorbents is low 

 Sorbent can be reused 
 Low concentrations of CO2 

yield and optimum 
performance 

 Cannot handle easily large concentrations 
of CO2 

 Adsorption time is not practical 
 Low degree of CO2 separation 

  Poor selectivity of sorbents to CO2 
   

Cryogenics  No chemical absorbents are 
required 

 The process can be operated 
at atmospheric pressures 

 Some components, such as water, have to 
be removed before the gas stream is 
cooled 

 Very expensive process 
 Smaller size of equipment 

since only O2 is supplied for 
combustion 

 Requires high energy consumption 
 Corrosion might be caused by SO2 

   
Membranes  Relatively simple to operate  Can be plugged by impurities in the gas 

stream 
 No regeneration energy is 

required 
 Low selectivity of membrane materials to 

CO2. 
 Simple modular system. 
 No waste streams 
 Commercially available. 
 Require low maintenance. 

 Preventing membrane wetting is a major 
challenge 

 Purity of the CO2 in the permeate stream 
is low 

 Less energy intensive than 
PSA. 

 

 
Chemical looping  CO2 is inherently separated 

from the other flue gas 
components 

 No extra energy is needed 
for CO2 separation. 

 No need of special CO2 
separation equipment 

 No thermal formation of 
NOx 

 Less operational cost 

 No large-scale demonstration has been 
performed 

 Mn-based oxygen carriers have lower 
oxygen transfer capability and 
thermodynamic limitations of purifying 
the CO2 stream. 

 Fe-based oxygen carriers have a larger 
endothermic reduction enthalpy and 
lower reactivity. 

 

To aid in the reduction of CO2 levels in the atmosphere, hence negating the greenhouse effect, the 

implementation of gas hydrate formation for the capture of carbon dioxide has been studied 

extensively in recent years (Linga et al., 2007b, Kumar et al., 2009a, Babu et al., 2013b, Linga et 

al., 2007a, Kim et al., 2011, Park et al., 2013a).  
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This study focuses on gas hydrate technology as an environmental friendly technology for 

capturing of CO2. Relative to the other gas separation technologies, the gas hydrate separation 

technology has the following advantages: (1) simple process, (2) low investment, (3) low material 

and energy loss. 

The principle for separation through gas hydrates is the selective partition of the CO2 

component of a gas mixture between the gas phase and the hydrate phase upon hydrate formation. 

The experimental results demonstrate that the CO2 selectivity in the hydrate phase is at least four 

times higher than in the gas phase (Duc et al., 2007a). CO2 can be recovered after capturing in the 

hydrate phase by either heating or depressurization.  

 

1.3 Research aims and objectives 

Carbon dioxide capture from the flue gas of a power plant and fuel gas contains many chemical 

components such as carbon dioxide, nitrogen, oxygen, argon, methane, etc. The main objective 

of this study is to examine hydrate formation condition of flue gas and fuel gas components for 

CO2 capture. It should be noted that, the knowledge gained from the obtained data is general and 

it may be useful in other applications.  

The specific objectives of this study are as follows: 

 Enhance the thermodynamic knowledge of semi-clathrate hydrates of various gases 

including different hydrate types, properties etc.  

 Search for new efficient gas hydrate promoters to reduce the required pressure of 

hydrate formation phenomenon in separation processes. 

 Generation of new phase equilibrium data of semi-clathrate hydrates especially for 

the systems containing CO2. 

 Providing predictive tools to calculate/estimate the phase equilibria of the systems of 

interest able to predict the structural changes of semi-catharses during the relevant 

industrial operations. 

 Economic studies of the corresponding CO2 capture processes. 

 Examination of a mathematical model to assess the phase equilibrium data. 

 

This thesis includes the following chapters: 

 The current chapter provided a comprehensive overview on CO2 capture technologies, 

their advantages and drawbacks. Also, it is explained that why gas hydrate have attracted 

more attention in recent years. 
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 Chapter 2 provides the basic information about gas hydrates, description of their chemical 

structures of hydrate and experimental studies that have been undertaken to date on the 

separation of CO2 from different gas mixtures via clathrate/semi-clathrate hydrates in the 

absence and/or presence of additives. 

 Chapter 3 and 4 present a complete overview on thermodynamic model to 

correlate/predict the phase equilibrium and a review on existing experimental methods 

and equipment which are available in the open literature. 

 Chapter 5 describes the experimental method and equipment used in this study. 

 Chapter 6 presents all research results which include:  

a. Phase equilibrium data of semi-clathrate hydrates of CO2/N2/CH4 and Ar in the 

presence of TBPB and TBANO3. 

b. Phase equilibrium data of semi-clathrate hydrates of CO2 in the presence of TBAF. 

c. Explanation of the effect of TBPB/ TBANO3 and TBAF on the equilibrium condition 

of CO2/N2/CH4 and Ar semi-clathrate hydrates. 

d. Presentation a thermodynamic model for calculation/prediction of the clathrate 

hydrates dissociation conditions. This model may show the promotion and inhibition 

effect of the applied salts as well. 

e. Description of separation process and economic estimation of carbon dioxide 

capture. 

f. Presentation of the mathematical model to assess the phase equilibrium data. This 

model may determine the quality of experimental phase equilibrium data for the 

systems containing clathrate hydrates. 

 

 In the 7th and final chapter of this study, conclusion are highlighted and some 

recommendations for further study of the thermodynamics of semi-clathrates are 

presented. 
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2 Clathrate hydrate (gas hydrate) for CO2 capture 

Inclusion compounds composed of water and small guest molecules are called clathrate hydrates. 

The water molecules are arranged in hydrogen bonded networks (host) with defined cavities to 

encage guest molecules. Clathrate hydrates were first discovered by Sir Humphry Davy (Davy, 

1811) who found that a solid is formed when an aqueous solution of chlorine is cooled below 9.0 

°C. 

Faraday confirmed the existence of the chlorine hydrate and proposed that its composition was 

nearly 1 part of chlorine and 10 parts of water (Faraday and Davy, 1823). More than 100 guest 

compounds are known to form hydrates with water molecules. Typical hydrate-forming 

substances consist of methane, ethane, propane, and carbon dioxide (Sloan, 2008a, Faraday and 

Davy, 1823). The terms “gas hydrate” and “clathrate hydrates” have been applied for these solids. 

The formation of clathrate hydrate requires relatively low temperature and high pressure 

conditions. The crystal structure and composition of clathrate hydrates was discovered by X-ray 

diffraction (XRD) studies in the 1950s (Mak and McMullan, 1965). 

The hydrate crystal structure determines by the guest molecule trapped in the lattice. In 

general, gas hydrates may form in the presence of adequate amounts of water and gas under high 

pressures and low temperatures. The temperature and pressure conditions for hydrate formation 

strongly depend on the nature of the incorporated gas molecule. 

2.1 The structure of gas hydrates 

Hydrates are crystalline solid compounds with well-defined crystal structures.  Hydrogen bonds 

among water molecules form cage-like networks (host) that trap the small gas molecules (guest), 

which stabilize the crystal lattice. Three different structures for natural gas hydrates are known so 

far: cubic structure I (sI), cubic structure II (sII), or hexagonal structure H (sH) (Ripmeester et al., 

1987, Pauling and Marsh, 1952). These structures distinguished by the size of the cavities and 

number of large cavities per small cavities.  

A unit cell of structure I is composed of two pentagonal dodecahedron and six 

tetrakaidecahedron cages. Dodecahedron cages can be explained as twelve-sided polyhedron with 

a pentagon for each face (512). This cavity is the simplest and smallest type with an average 

diameter of about 0.79 nm. It is found in all three structures while tetrakaidecahedron cages are 

fourteen-sided polyhedron with twelve pentagonal faces and two hexagonal faces (62). This cavity 

type is slightly larger with a diameter of 0.87 nm (Schicks, 2010, Sloan and Koh, 2008). Hydrate 

formers such as methane, ethane, carbon dioxide, and hydrogen sulfide can form Structure I. 
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A unit cell of structure II is composed of 16 pentagonal dodecahedrons (512) and 8 

hexakaidecahedrons (51264). The sII small cage is the same as that in sI. The sII large cage is a 

hexakaidecahedron and called the 51264 cage due to its twelve 5-sided faces and four 6-sided faces. 

The sII 51264 cage is larger than the sI large cage and has a diameter of about 0.95 nm. Formers 

such as nitrogen, propane and iso-butane form structure II. 

Structure H has a hexagonal lattice containing three types of cavities: three pentagonal 

dodecahedron, two irregular dodecahedron, and one irregular icosahedron. Larger hydrocarbons, 

such as pentane or hexane can form structure H. (Lu et al., 2007). The numbers and types of 

cavities for the different structures are listed in Table 2.1. 

 

Table 2.1: Numbers of cavities per unit cell for three different gases hydrate structures 

(Pelckmans et al., 2002, Falenty, 2009). 

 Cavities sI sII sH 

Pentagonal 

dodecahedron (512) 
 

2 16 3 

 

Tetrakaidecahedron 

(51262),  

6 - - 

 

Hexakaidecahedron 

(51264),  

- 8 - 

 

Irregular 

dodecahedron 

(435663) 
 

- - 2 

 

Icosahedron (51268). 

 
 

- - 1 
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2.2 Characteristics of guest molecules 

Chemical nature of guest molecules: A guest molecule (gas molecule) must be small to form 

hydrates. The gas molecule should not be soluble in water; if it dissolves in water, it cannot form 

hydrates (Carroll, 2009b). Hydrogen chloride and ammonia are highly soluble in water hence 

cannot form hydrates. A guest molecule must not interfere with hydrogen bonding among the 

water molecules. Methanol is a small molecule but does not form a hydrate because it forms 

hydrogen bonding and hence interferes with the hydrogen bonding among the water molecules 

(Carroll, 2009b). Methanol is also soluble in water. 

Size and shape: Von Stackelberg (Von Stackelberg, 1949) documented the relationship between 

the guest molecule size and the type of hydrate formed as shown in  

Figure 2.1. It can be observed that molecules with diameters less than 3.8 Å do not form hydrates. 

All molecules between the sizes of argon (3.8 Å) and cyclobutanone (6.5 Å) can form sI and sII 

hydrates (Carroll, 2009b, Sloan, 2008a). 

Molecules with sizes in the range of 3.8 to 4.2 Å form Type II hydrates and molecules with 

sizes in the range of 4.4 to 5.4 Å form Type I hydrates. These compounds are small enough 

to occupy both the small and larger cages (Carroll, 2009b, Sloan, 2008a).  

Compounds with sizes in the range of 5.6 to 6 Å can form Type I hydrates, but only occupy 

the large cages. These substances are too large to occupy the small cages of a Type I hydrate 

which includes ethane (Carroll, 2009b, Sloan, 2008a).  

The next region, contains larger molecules (ranging from about 6.0 to 6.9 Å) such as propane 

and isobutene. These molecules can form Type II hydrates but only occupy the large cages of the 

Type II structure. They are too large to enter the smaller cages of a Type II hydrate (Carroll, 

2009b). 

Molecules with diameter larger than 7 Å, such as pentane, hexane, and larger paraffin 

hydrocarbons do not form Type I or Type II hydrates (Carroll, 2009b). These compounds form 

type H structure and the maximum size for structure H is about 9 Å (Carroll, 2009b). 
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Figure 2.1: Relationship between guest molecule sizes and cavities occupied for various 
hydrate formers (Carroll, 2009b). 
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2.3 Formation conditions 

The formation of a hydrate requires three conditions (Carroll, 2009b): 

a) Suitable temperature and pressure conditions. Hydrate formation is favoured by low 

temperature and elevated pressure. The composition of the gas assigns the exact 

temperature and pressure. 

b) A hydrate former such as methane, ethane, and carbon dioxide must be present. The size 

of hydrate cages determine what kind of hydrate formers can enter into the hydrate. The 

gas molecule must be small enough to fit into a specific hydrate structure. 

c) A sufficient amount of water. 

To prevent hydrate formation, only one of the three conditions explained has to be eliminated 

(Carroll, 2009b). Other conditions that increase the formation of hydrates include: 

Turbulence: This can be either due to agitation or high velocity of the process fluid. Agitation is 

necessary to transform liquid water into the hydrate form. Mixing in the process vessel and 

pipeline increases the hydrate formation (Carroll, 2009b). According the Joule-Thomson effect a 

large pressure drop across the choke valve causes the temperature to drop in gas flow.  

Nucleation Sites: A nucleation site determines the formation of solid from a fluid phase. A 

damage in the pipeline, a weld spot, or a pipeline fitting (elbow, tee, valve, etc.) are the good 

nucleation sites for hydrate formation.(Carroll, 2009b).  

Free-Water: The presence of free-water increases hydrate formation but it is not necessary. 

2.4 Semi-clathrate hydrates 

As a mentioned previously, high pressure and low temperature operating conditions are required 

for hydrate technology. To overcome this problem, semi-clathrate hydrates formed with ionic 

guest substances have been applied.  

Crystallographic studies and X-ray structure analysis have shown that alkyl amines can form 

special type of clathrates with some broken bonds in the hydrogen-bonded water framework 

(Jeffrey, 1984, McMullan et al., 1967). These groups of compounds are described as "semi-

clathrate" hydrates. The structure of semi-clathrate hydrates are related to those of the clathrate 

hydrates with a water cavity. In fact, the functional group (amine group) forms a part of the 

hydrogen-bonded water network while the alkyl chain function may occupy the voids for 

stabilization of the hydrate.  

The quaternary ammonium salts (TBAX) and phosphonium salts (TBPX) can form semi-

clathrate hydrates in the presence of water (Jeffrey, 1984). TBAX (with X being bromide, 
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chloride, fluoride, nitrate, etc.) includes tetrabutyl ammonium bromide (TBAB) (Ye et al., 2014), 

tetrabutyl ammonium chloride (TBACl) (Sun and Liu, 2012), tetrabutyl ammonium fluoride 

(TBAF) (Mohammadi et al., 2013a), tetrabutyl ammonium hydroxide (TBAOH) (Karimi et al., 

2014), tetrabutyl ammonium nitrate (TBANO3) (Du et al., 2011a). TBPX includes tetrabutyl 

phosphonium bromide (TBPB) (Mayoufi et al., 2011) and tetrabutyl phosphonium chloride 

(TBPC). A typical structure of a TBAB semi-clathrate hydrate is shown in Figure 2.2. 

 

Figure 2.2: TBAB semi-clathrate structure (Shimada et al., 2005). 

 

Recently, clathrate or gas hydrate crystallization as a novel technology for CO2 capture and 

separation has been  of interest to both both science and technology. Table 2.2 lists reviews and 

books on the subject of clathrate hydrates (Sloan and Koh, 2008). Also, a short report on the 

publications with the subject of “gas hydrate” is shown in Figure 2.3. 
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Table 2.2: Books and reviews on clathrate hydrates. 

Title Ref 
Clathrate hydrates (Englezos, 1993) 

Gas hydrates to world margin stability and climatic change (Geological 
Society Special Publication No.137) 

(Henriet and Mienert, 1998) 

Natural gas hydrate in oceanic and permafrost environments (Max, 2003) 

Benefits and drawbacks of clathrate hydrates: a review of their areas of 
interest 

(Chatti et al., 2005) 

Economic geology of natural gas hydrate (Max et al., 2006) 
Clathrate hydrates of natural gases (Sloan, 2008a) 

Clathrate hydrates: from laboratory science to engineering practice (Strobel et al., 2009a) 

Clathrate hydrates in nature (Hester and Brewer, 2009) 

Natural gas hydrates a guide for engineers (Carroll, 2009a) 

Sediment-hosted gas hydrates: new insights on natural and synthetic systems 
(Geological Society Special Publication No. 319) 

(Long et al., 2009) 

Advances in the studies of gas hydrates (Taylor and Kwan, 2010) 

Methane gas hydrate (green energy and technology) (Demirbas, 2010) 

Natural gas hydrates in flow assurance (Koh et al., 2010) 

Physicochemical properties of ionic clathrate hydrates  (Shin et al., 2010) 

Gas hydrates: immense energy potential and environmental challenges 
(green energy and technology) 

(Giavarini and Hester, 2011) 

Exploration of gas hydrates : geophysical techniques (Thakur and Rajput, 2011) 
Natural gas hydrates: experimental techniques and their applications (Ye and Liu, 2013) 
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Figure 2.3: Number of publications on CO2 capture by gas hydrate (with words ‘gas 

hydrate’ and ‘CO2’ in titles). Data from ISI Web of Knowledge, Thomson Reuters. 

 

2.5 Additives for forming CO2 hydrates as promoters 

Formation of gas hydrates typically needs a high pressure/low temperature condition which 

makes the process costly. In order to moderate and speed up the pressure conditions for hydrate 

phase formation, gas hydrate promoters are developed in crystallization processes.  

Gas hydrate promoters can be classified according to their effect on the structure into two 

categories (Eslamimanesh et al., 2012f): 

a) Additives that doesn’t change the structures of the water hydrogen-bonded networks e.g. 

tetrahydrofuran (THF), anionic/non-ionic surfactants, cyclopentane, propane, SO2, 

acetone etc. 

b) Additives that take part in the structures of the ordinary water cages in the traditional 

clathrates networks such as quaternary ammonium salts particularly tetra-n-

butylammonium salts (e.g. TBAB and tetra-n-butylammonium borohydride). 

2.5.1 Water soluble organic promoters 

Tetrahydrofuran is a cyclic ether which is one of the most studied thermodynamic promoters for 

capturing and recovering CO2 from flue gas (Delahaye et al., 2005, Seo et al., 2008a). THF can 

be used to reduce the hydrate formation pressures of CO2 hydrates. In particular, THF can form 

sII hydrate structures with water in which THF molecules fills only the large cavities (51264) in 

the hydrate lattice (Lee et al., 2012c). A number of publications that present THF as a promoter 
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in gas hydrate are available in the literature (Figure 2.4). Table 2.3 summarizes a list of all 

experimental studies on CO2 hydrates in the presence of THF that has been reported in the 

literature. 

 

 

Figure 2.4: Publications presenting THF as a promoter of gas hydrate formation.
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Table 2.3: Experimental studies on gas hydrates of carbon dioxide in the presence of THF. 

Author(s) Systems Study 

(Kang and Lee, 2000) CO2+N2+H2O+THF Development of a new hydrate-based process 

for separating CO2 from flue gas 

(Kang et al., 2001) CO2+N2+H2O+THF Thermodynamic studies of CO2/N2 hydrates 

and investigation of the hydrate stability 

region 

(Delahaye et al., 2006) CO2+H2O+THF Investigation of the formation conditions and 

the latent heat of dissociation of hydrates 

(Hashimoto et al., 2006a) CO2+H2+H2O+THF Phase equilibria studies and investigation of 

the cage occupancy of H2 by Raman 

spectroscopy 

(Lee et al., 2008) CO2+H2+H2O+THF Pre-combustion CO2 capture from fuel gas by 

gas hydrate technology 

(Linga et al., 2008) CO2+N2+H2O+THF Thermodynamic and kinetic studies for post-

combustion capture of CO2 through three 

hydrate stages coupled with a membrane 

(Joon Shin et al., 2009) CO2+H2O+THF Measurement of hydrate dissociation 

conditions and Raman spectroscopy and X-

ray diffraction analysis for the hydrate 

systems  

(Liu et al., 2009) CO2+H2O+THF+SDS Investigation of the effect of water soluble 

additives and characterization of CO2 hydrate 

formation in a high-pressure reactor  

(Lu et al., 2009) CO2+N2+H2O+THF PVT studies on dissociation conditions of gas 

hydrates 

(Adeyemo et al., 2010) CO2+H2/N2+THF+ silica gel Investigation of the effect of  the silica gel bed 

on CO2 capture through gas hydrate 

crystallization from flue gas or fuel gas  

(Lee et al., 2010) CO2+H2+THF Thermodynamic and kinetic studies on pre-

combustion CO2 capture  

(Sabil et al., 2010b) CO2+H2O+THF+NaCl/MgCl2/

CaCl2 

Investigation of the promotion effect of THF 

to prevent inhibition effect of electrolytes 
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(Sabil et al., 2010a) CO2+H2O+THF Estimations of enthalpies of dissociation of 

simple and mixed CO2 hydrates through direct 

measurements 

(Sabil et al., 2010b) CO2+H2O+THF Phase equilibria measurement of CO2 hydrate 

in the presence of THF 

(Torré et al., 2011) CO2+H2O+THF+SDS Thermodynamic and kinetic studies of CO2 

hydrate formation in quiescent  

hydrate-forming conditions 

(Lee et al., 2012c) CO2+CH4+THF Studies of the thermodynamic stability of 

systems containing CO2 and characterization 

of structures by X-ray diffraction (XRD) and 

Raman spectroscopy 

(Lirio et al., 2013a) CO2+THF+SDS Measurements of the formation conditions, 

storage capacity and induction time of CO2 

hydrates 

(Park et al., 2013b) CO2+H2+H2O+THF Thermodynamic, kinetic, and structural 

characterization study on the CO2 hydrate  

(Ricaurte et al., 2013b) CO2+CH4+THF+SDS Investigation of the effect of water soluble 

additives on CO2 separation and capture from 

CO2−CH4 gas mixture 

(Yang et al., 2013b) CO2+H2+H2O+THF+SDS Influences of the different concentrations of 

THF/SDS in porous media on the gas mixture 

separation 

(Tang et al., 2013) CO2+CH4/N2+THF/SDS Hydrate phase equilibrium measurement for  

hydrate-based gas separation  

(Yang et al., 2013b) CO2+H2+H2O+THF+SDS Thermodynamics and dynamics study of CO2 

hydrate to develop hydrate-based CO2 capture 

technology in porous media 

(Zhang et al., 2014) CO2+N2+H2O+THF+SDS Hydrate phase equilibrium measurement for  

hydrate-based gas separation in porous media 

(Sfaxi et al., 2014) CO2+N2+H2O+THF+TBAB+

TBAF 

Thermodynamic equilibrium measurements 

to determine the hydrate stability conditions 

of CO2/N2 

(Zhong et al., 2014) CO2+CH4+H2O+THF Hydrate-based separation process to separate 

CO2 from the shale gas 
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It was presumed that hydrogen cannot form clathrate hydrates because of its small molecular 

diameter. However, the formation of hydrogen sII hydrate at low temperatures and extremely 

high pressures was reported in 2004 and 1999 (Lokshin et al., 2004, Dyadin et al., 1999a). It has 

been shown that aqueous solutions of THF can decrease the hydrogen hydrate formation pressure 

(Mohammadi and Richon, 2010b, Anderson et al., 2007, Lee et al., 2005, Florusse et al., 2004, 

Sugahara et al., 2009, Mohammadi and Richon, 2009e, Strobel et al., 2009b, Ogata et al., 2008, 

Nagai et al., 2008, Hashimoto et al., 2007, Hashimoto et al., 2006b, Zhang et al., 2004). Also, 

methane which is one of the main components in petroleum and natural gas can form clathrate 

hydrates at high pressures. It has been reported that aqueous solutions of THF can significantly 

moderate the clathrate hydrate formation pressure of methane (Sun et al., 2010, Wang et al., 

2008b, Ma et al., 2009, Giavarini et al., 2008, Zhang et al., 2005). 

1, 4-Dioxane, propylene oxide, and furan are classified as cyclic ethers. 1, 4-Dioxane and 

propylene are water-soluble and furan is a water insoluble hydrate former (Manteghian et al., 

2013, Jager et al., 1999, Cheng et al., 2013, Illbeigi et al., 2011, Seo et al., 2001a, Maekawa, 

2013). By the addition of low concentration of these ethers, gas hydrate can be stabilized (Saito 

et al., 1996a). 

Kamran-Pirzaman et al. (Kamran-Pirzaman et al., 2013) reported experimental hydrate phase 

equilibria for CO2 + 1,4-Dioxane/furan + water. They showed that the promotion effect of 1, 4-

Dioxane on CO2 hydrates is negligible. Furthermore, they observed that furan has a noticeable 

promotion effect on CO2 hydrates. 

Seo and Kang (Seo et al., 2008a) measured the CO2 hydrate dissociation pressure in the 

presence of THF, propylene oxide, and 1,4-dioxane. They found that, among these cyclic ethers, 

THF shows the highest stabilization effect. 

Acetone is a water soluble hydrate promoter. Acetone can form structure II hydrates with 

water as a single guest (Du et al., 2010, Seo et al., 2001a). To the best of our knowledge, very 

limited experimental data for the systems including clathrate hydrates of CO2 + acetone + water 

systems are available. Maekawa (Maekawa, 2011) and Kamran-Pirzaman (Kamran-Pirzaman et 

al., 2013) measured equilibrium conditions of the clathrate hydrates formed from CO2 and 

different concentrations of acetone aqueous solutions. 

2.5.2 Surfactants and kinetic promoters 

Surfactants are another class of hydrate formation promoters which exist as non-ionic, anionic, 

and cationic types. Surfactant molecules can form micelles which encompass the gas and water 

molecules and enhance the water-gas interface (Zhong and Rogers, 2000, Karaaslan et al., 2002b, 

Kumar et al., 2013b, Okutani et al., 2008, Lee et al., 2007). Surfactant promoters have been 
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studied traditionally with methane (Sloan and Koh, 2008). The information for other gases like 

CO2, H2S and H2 is limited as described below: 

Kalogerakis et al. (Kalogerakis, 1993) investigated the effects of surfactants on the hydrate 

formation kinetics. Zhong and Rogers (Zhong and Rogers, 2000) and Sun et al. (Sun et al., 2003b, 

Sun et al., 2003a) concluded that surfactants increase the formation rates of gas hydrates. They 

showed that surfactants can also increase the hydrate storage capacity. Karaaslan and Parlaktuna 

(Karaaslan and Parlaktuna, 2000, Karaaslan et al., 2002a) experimentally investigated the 

formation kinetics of several surfactant promoted-gas hydrates. They found that the effect of a 

nonionic surfactant is less observable compared with anionic and cationic ones. Also, they 

showed that anionic surfactants increase the hydrate information rate more than cationic ones. 

Link et al. (Link et al., 2003) studied the formation/dissociation characteristics and the storage 

capability of methane hydrates promoted by a variety of surfactants. They concluded that SDS 

could speed up the process of methane hydrate formation.  

According to Lin et al. (Lin et al., 2004) SDS affects the storage capacity and the 

formation/dissociation kinetic behavior (particularly below ice point) of methane hydrate. Ganji 

et al. (Ganji et al., 2007) investigated the effects of different surfactants (anionic, cationic and 

non-ionic) on methane hydrate formation rate, stability and storage capacity. They concluded that 

SDS has the best performance when using methane hydrates for storage and transportation of gas. 

They also found that SDS increases the hydrate formation rate and enhances the hydrate storage 

capacity as well. 

Verrett et al. (Verrett et al., 2012) studied surfactant effects on methane solubility during 

hydrate growth in a semi-batch stirred crystallizer. The results demonstrated that SDS has no 

influence on methane solubility; however it has a positive effect on the methane mole fraction in 

the bulk liquid during hydrate growth. Ando et al. (Ando et al., 2012) described an experimental 

study of clathrate hydrate formation from a mixture of methane, ethane, and propane in an 

unstirred surfactant-containing system. 

Mandal and Laik (Mandal and Laik, 2008) studied the effects of the surfactants on the hydrates 

formation rate and the hydrate storage capacity in a quiescent system. Torre et al. (Torre et al., 

2012) presented experimental CO2 hydrate equilibrium curves with/without the SDS and/or THF 

as additives. 

The influence of Tween-80 (T-80), dodecyl trimethyl ammonium chloride (DTACl) and SDS 

as kinetic promoters was investigated by Kumar et al. (Kumar et al., 2013a). They found that SDS 

is most effective in enhancing the hydrate formation rate as well as reducing the induction time. 

Figure 2.5 shows the number of publications on gas hydrates in the presence of a surfactant.  
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Figure 2.5: Publications presenting surfactants as a possible promoter. 
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Mehta and Sloan (Mehta and Sloan, 1994) studied the phase equilibrium data for structure H 

hydrates using heavier liquid hydrocarbons including 2-methylbutane, 2,2-dimethylbutane, and 

methylcyclohexane, with methane as the small help gas molecule. 

Tohidi et al. have published several article on hydrate equilibrium data in the presence of 

heavy hydrocarbon compounds (Tohidi et al., 1997c, Tohidi et al., 1997a, Østergaard et al., 2001). 

They measured hydrate dissociation conditions for binary and ternary systems with methane 

or/and nitrogen in the presence of cyclopentane and neopentane hydrates (Tohidi et al., 1997c). 

In addition, they studied three structure-II and three structure-H heavy hydrate formers including 

cyclopentane, cyclohexane, neopentane, isopentane, methyl cyclopentane (MCP), and methyl 

cyclohexane (Tohidi et al., 1997a). They investigated the effect of heavy hydrate formers on the 

stability of hydrate structures. 

Sun et al. (Sun et al., 2002) reported the dissociation conditions for methane + cyclohexane or 

cyclopentane systems. The results reveal that this system forms a structure sII hydrate whereas 

methane forms structure sI. Furthermore, the experimental results for this system show that the 

intermediate hydrocarbon compounds at lower temperatures act as a hydrate promoter whereas it 

behaves an inhibitor at higher temperatures. 

Mohammadi and Richon (Mohammadi and Richon, 2009d) reported dissociation data for the 

ternary system of CO2 + water-insoluble additives + water in various temperature ranges. These 

additives include methyl cyclopentane, methyl cyclohexane, cyclopentane and cyclohexane. 

Matsumoto et al. (Matsumoto et al., 2014) measured dissociation data for carbon dioxide and 

cyclopentane derivatives. They measured  the phase equilibrium data for CO2 + cyclopentane and 

confirmed data reported by Mohammadi and Richon (Mohammadi and Richon, 2009d). In 

another study (Mohammadi and Richon, 2010a), they showed that the existence of methyl 

cyclohexane can dramatically enhance the hydrate dissociation temperature or reduce the hydrate 

dissociation pressure of the CH4 + water system. However, the promotion effect of methyl 

cyclohexane on the hydrogen sulfide (H2S) + water system is not very remarkable (Mohammadi 

and Richon, 2010a). In a similar study, they reported the promotion effect of 

cyclopentane/cyclohexane in the presence of hydrogen sulfide and compared the data with the 

promotion effect of methyl cyclohexane promoter (Mohammadi and Richon, 2009a, Mohammadi 

and Richon, 2009c). 

Zhang and Lee (Zhang and Lee, 2009b) studied the dissociation temperatures of H2 + 

cyclopentane hydrates and CO2 + cyclopentane hydrates. They found that the CO2 hydrate 

formation rate is accelerated in the presence of a small amount of cyclopentane (Zhang and Lee, 

2009a). 
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Li et al. (Li et al., 2010b) investigated CO2 capture from simulated flue gas (CO2/N2 mixture) 

in the presence of cyclopentane. After that, the effect of cyclopentane or cyclopentane/water 

emulsion on hydrate formation kinetics was examined and reported.  

Trueba et al. (Trueba et al., 2011) reported hydrate dissociation data for cyclopentane + water  

and H2 + cyclopentane + water  systems. They concluded that the hydrate dissociation temperature 

is independent of pressure because of the low compressibility of the phases. They compared the 

molecular geometry of various promoters and found that the compounds with the highest 

symmetry may produce the most stable clathrate hydrates. 

Corak et al. (Corak et al., 2011) investigated cyclopentane hydrate formation at atmospheric 

pressure for sub-cooled temperature ranges between 3.6 K and 5.6 K. Karanjkar et al. (Karanjkar 

et al., 2012) studied the kinetics of cyclopentane hydrate formation in an emulsion. They 

concluded that the cyclopentane hydrate formation is an interfacial process depending on the 

availability of interfacial area between the water and the hydrate former phase. 

Lim et al. (Lim et al., 2013) reported the influence of cyclopentane on the morphology of 

CO2/H2 clathrate in a non-stirred system. They also investigated the effect of SDS surfactant on 

the crystal growth and morphology. They proposed the mechanism for the kinetics of the CO2 + 

H2 + cyclopentane hydrate system which is in good agreement with their morphological 

observations. 

Mooijer-van den Heuvel (Mooijer-van den Heuvel et al., 2001) studied phase behavior of CO2 

hydrates in the presence of water-insoluble additives (tetrahydropyran, cyclobutanone, 

cyclohexane and methyl cyclohexane). The result demonstrated that these additives can decrease 

the hydrate equilibrium pressure. 

As mentioned previously, furan is another effective water-insoluble promoter. It can decrease 

the hydrate dissociation pressure of the CO2 + water system (Kamran-Pirzaman et al., 2013). 

2.5.4 Quaternary ammonium/ phosphonium salts 

QAS/QAP, especially tetrabutyl ammonium/phosphonium salts (TBAX/TBPX) in which ‘‘X’’ 

represents halogen elements such as bromide, chloride, and fluoride are considered a kind of 

semi-clathrate. They are well known thermodynamic promoters that are able to decrease the 

hydrate formation pressure by breaking the water lattice and taking part in the structure of 

hydrogen-bonded networks (Eslamimanesh et al., 2012d, Mohammadi et al., 2011a, Mohammadi 

et al., 2013b, Koyanagi and Ohmura, 2013a, Kamran-Pirzaman et al., 2013, Li et al., 2010c, Sato 

et al., 2013, Trueba et al., 2012, Fan et al., 2009).  
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Aladko et al. (Aladko et al., 2002) studied clathrate formation in tetra-n-butyl ammonium 

(TBAX) and tetraisoamyl ammonium halides using thermal analysis (TA) and differential thermal 

analysis methods. They found that the stability of TBAX decreases with an increase in the size of 

halogen compounds (TBAX: F>Cl>Br).  

Fan et al. (Fan et al., 2009) investigated the effects of TBAB and TBAF on the hydrate 

formation rate and CO2 capture separation efficiency in flue gas samples. The results showed that 

TBAB and TBAF increases hydrate formation. 

Li et al. (Li et al., 2010b) reported hydrate equilibrium data for CO2 + TBAF/TBAB/TBAC. 

The comparison of the hydrate dissociation data for the stated systems with the CO2 + water 

system illustrated that TBAB, TBAC, and TBAF can increase the hydrate stability region. 

Lee et al. (Lee et al., 2012b) measured phase equilibria data for the CO2 + TBAF + water and 

CH4 + TBAF + water systems with various TBAF concentrations. NMR and Raman spectroscopy 

were used to analyze semi-clathrate hydrates. The gas uptake during the semi-clathrate formation 

was measured. The semi-clathrates formed were analyzed via NMR and Raman spectroscopy. A 

differential scanning calorimeter (DSC) was also used to verify the dissociation temperature and 

dissociation enthalpy of the pure TBAF semi-clathrates. 

Trueba et al. (Trueba et al., 2013) investigated semi-clathrate hydrate formation kinetics of H2 

and CO2 in presence of TBAF. The results show that CO2-TBAF semi-hydrates may apply in 

separation technologies e.g., for removing CO2 from flue gases. Furthermore, the CO2 content in 

the hydrate phase is dramatically higher than the H2 content at low pressures. 

Sun et al. (Sun et al., 2011) measured semi-clathrate hydrate phase equilibrium data and latent 

heat for TBAC aqueous solutions at atmospheric pressure. According to their work, the phase 

equilibria temperature increases by enhancing the concentration of TBAC aqueous solution 

before the stoichiometric concentration (35 % mass fraction). 

Arjmandi et al. (Arjmandi et al., 2007) measured phase equilibrium data of H2, CH4, N2, CO2 

and natural gases in the presence of TBAB. They showed that hydrate stability is enhanced with 

an increase in the concentration of TBAB. 

Duc et al. (Duc et al., 2007a) studied CO2 separation from a CO2 + N2 mixture by hydrate 

crystallization using TBAB. They showed that six-stage hydrate crystallization working in the 

pressure range of 7.5 to 50 bar at 283 K can be optimal. 

Kumar et al. (Kumar et al., 2009c) presented a hybrid process for pre-combustion capture of 

CO2 and H2 by using two hydrate crystallization stages operating at 273.7 K and 3.8 and 3.5 MPa, 

respectively.  
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Li et al. (Du et al., 2011b) focused on pre-combustion separation of CO2 and H2 with a one-

stage hydrate/membrane process in the presence of TBAB. They reported that the separation 

efficiency increases with increasing TBAB concentration. 

Kim et al. (Kim et al., 2011) studied the influence of TBAB on CO2 capture from CO2/H2 gas 

mixtures through hydrate crystallization. They reported the thermodynamic and kinetic data for 

various TBAB concentrations. 

Lee et al. (Lee et al., 2011) reported experimental phase equilibrium data and spectroscopic 

analyses of CH4 and CO2 hydrates in the presence of TBAB. Moreover, they used differential 

scanning calorimetry (DSC) to confirm the dissociation temperature and dissociation enthalpy of 

pure TBAB semi-clathrates. 

Mohammadi et al. reported the phase equilibrium data of semi-clathrate hydrates for the CO2 

+ N2 + TBAB and CO2+H2/CH4+TBAB (Mohammadi et al., 2011a, Mohammadi et al., 2013b) 

aqueous solution systems.  

Koyanagi and Ohmura (Koyanagi and Ohmura, 2013b) studied the formation and growth of 

ionic semi-clathrate hydrate crystals in the system of aqueous solution of TBAB and CO2 gas. 

Park et al. (Park et al., 2013c) studied the capturing of CO2 from simulated fuel gas mixtures 

using semi-clathrate hydrates formed in the presence of TBAB and TBAF. They demonstrated 

that TBAF is a better QAS in terms of thermodynamic stability. 

Figure 2.6 shows the number of studies performed on semi-clathrate hydrates in presence of 

QAS to date. 

 

Figure 2.6: Publications presenting tetrabutyl ammonium salts as a promoter. 
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Tetrabutyl ammonium nitrate (TBANO3) can form two different structures of semi-clathrate 

hydrates, TBANO3·26H2O and TBANO3·32H2O (Du et al., 2011b). Du et al. (Du et al., 2011b) 

studied the hydrogen + TBANO3 semi-clathrate hydrate stability condition. The presence of 

TBANO3 causes the dissociation conditions of hydrogen semi-clathrate hydrate shift to lower 

pressures and higher temperatures. 

Li et al. (Li et al., 2012) studied the effect of TBAB, TBPB and TBANO3 on hydrate formation 

and separation efficiency for CO2 separation from CO2/N2 binary mixtures by a one-stage hydrate 

separation process. They concluded that the solubility of CO2 in TBANO3 is higher than TBAB 

and TBPB. For this reason, the higher solubility of CO2 in TBANO3 solution is more helpful for 

CO2 capture in comparison with the other two solutions. 

Suginaka et al. (Suginaka et al., 2012) measured thermodynamic properties including 

composition–temperature phase diagrams and the dissociation enthalpy of TBPB semi-clathrate 

hydrates. In other work (Suginaka et al., 2013) measured phase equilibrium data for CO2, CH4, 

or N2 + TBPB. They presented that TBPB may be used as an additional guest for hydrate-based 

separation, and showed that CO2 can be captured from CH4 + CO2 and N2 + CO2 mixtures. 

Mayoufi et al. (Mayoufi et al., 2011, Mayoufi et al., 2009) investigated the phase behavior of 

simple and mixed semi-clathrate hydrates formed from CO2 + TBPB + water mixtures by 

pressure-controlled differential scanning calorimetry (DSC). 

2.5.5 Mixed promoter systems 

2.5.5.1 Water- soluble and water-insoluble promoters 

It is believed that the combination of water- soluble and water-insoluble promoters can improve 

gas separation performance. Li et al. (Li et al., 2011b) studied the capture of CO2 from several 

fuel gas samples in the presence of TBAB and cyclopentane using hydrate formation technology. 

They investigated the effects of TBAB and cyclopentane on the gas uptake, the CO2 separation 

efficiency, the induction time, and the hydrate formation rate at various conditions. The 

experimental results show that the presence of cyclopentane in pure water/gas systems does not 

significantly affect the gas uptake, whereas the presence of the cyclopentane in the TBAB solution 

dramatically increases the CO2 separation and accelerates hydrate nucleation rate and reduces the 

induction time. A comparison between the studies of Li et al. (Li et al., 2011b) and Linga et al. 

(Linga et al., 2007c) shows that the presence of TBAB+ cyclopentane can increase the system gas 

uptake by 2 times that of THF. Moreover, TBAB+ cyclopentane decreases the induction time by 

10 times compared to THF at a similar temperature–pressure condition with Linga et al. (Linga 

et al., 2007c). 
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Li et al. reported that a synergistic effect of cyclopentane and TBAB on hydrate-based CO2 

capture may occur (Li et al., 2011b). They demonstrated that the addition of cyclopentane into a 

TBAB solution causes greater gas uptake for the gas + cyclopentane + TBAB + H2O system than 

the sum of uptakes for the gas + cyclopentane + H2O and gas + TBAB + H2O systems. 

Additionally, they found that cyclopentane and TBAB remarkably decreases the induction time 

for forming hydrates. 

Herslund et al. (Herslund et al., 2013) used THF, cyclopentane and their mixtures for 

thermodynamically promoting carbon dioxide–clathrate hydrate formation. THF and 

cyclopentane are known as water-soluble and water-insoluble, respectively and both stabilize the 

sII hydrate structure. Therefore, they have a tendency for creation of large cavities of the hydrate 

structure. The results show that the addition of THF to water increases the solubility of 

cyclopentane and reduces the equilibrium pressure by 25–30% compared to the ternary system of 

H2O/ cyclopentane /CO2.  

2.5.5.2 Kinetic and thermodynamic promoters  

Application of both thermodynamic promoter (THF) and a kinetic promoter (SDS) may help to 

increase the separation of CO2 by clathrate hydrate formation. 

Studies by Liu et al. (Liu et al., 2009) showed that the combination of a SDS and THF can 

promote the hydrate formation rate considerably. 

Torre et al. (Torré et al., 2011) studied the influence of THF and a SDS combination for 

enhancing CO2 hydrate capture. They concluded that these two additives are very effective in 

promoting CO2 capture. 

Partoon and Javanmardi (Partoon and Javanmardi, 2013) presented the formation kinetics and 

stability of methane hydrates in the presence of propanone + SDS, as thermodynamic and kinetic 

hydrate promoters. The result illustrated that propanone and a mixture of propanone + SDS can 

enhance the formation rate and reduce induction time. 

CO2 separation from a CO2 + CH4 gas mixture by hydrate formation has been reported in the 

presence of THF and SDS by Ricaurate et al. (Ricaurte et al., 2013a). They investigated the effect 

of the concentration of additives, and the influence of the gas loading pressure and the hydrate 

formation temperature, on both the kinetics and the selectivity of CO2 capture. 

Lirio et al. (Lirio et al., 2013b) and Yang et al. (Yang et al., 2013a) investigated the influence 

of THF and SDS on the separation of CO2. They concluded that the storage capacities of CO2 

hydrates can increase by using SDS. Also, an increase in THF concentration increased the driving 
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force for hydrate formation and reduced the hydrate induction time and hydrate phase equilibrium 

pressure. 

Tang et al. (Tang et al., 2013) studied CO2 + N2 and CO2 + CH4 systems in the presence of 

SDS and THF to investigate the influence of hydrate additives on the gas separation process. 

Joshi et al. (Joshi et al., 2013) measured phase equilibrium data for CO2 in the presence of 

TBAB with a small amount of surfactant (SDS). It is observed that the addition of SDS may help 

to enhance clathrate hydrate formation while it does not influence phase equilibrium conditions. 

2.5.6 CO2 capture by gas hydrate formation in porous media  

A porous medium (or a porous material) is a substance consisting of pores which can fill with a 

gas or liquid. One of the most common applications of porous media is in hydrate formation 

technology. Recently, several studies have been published on hydrate formation in porous media 

(Buffett and Zatsepina, 2000, Zatsepina and Buffett, 2001, Lee et al., 2002, Zatsepina and Buffett, 

2002, Katsuki et al., 2006, Li et al., 2008, Kang et al., 2008, Baldwin et al., 2009, Seo et al., 

2005). Yang and co-workers (Yang et al., 2013b) focused on analyzing the hydrate formation and 

dissociation process when CO2 flows into porous media, which may be beneficial for CO2 capture 

based on hydrate formation. They investigated the effects of flow rate, pressure, temperature, and 

flow direction on CO2 hydrate formation and dissociation. Furthermore, they investigated the 

effects of THF/SDS on the thermodynamic and kinetic properties of the hydrate in porous media 

for separating of CO2 from fuel gas (Yang et al., 2013a, Yang et al., 2013b). They also studied 

magnetic resonance imaging (MRI) measurements of CO2 hydrate dissociation rate in a porous 

medium (Yang et al., 2011).  

Dicharry et al. (Dicharry et al., 2013) focused on the formation behavior of CO2 hydrates in 

porous silica gel and in the presence of a surfactant solution. They demonstrated that the 

combination a porous medium and a surfactant may have a positive influence on the kinetics of 

hydrate formation.  

Kumar et al. (Kumar et al., 2013b) investigated CO2 clathrate hydrate kinetics in porous media 

by using surfactants as a kinetic promoter. They used three different silica gels of diverse particle 

size and three different kinds of surfactants (SDS, DATCl and Tween-80) to investigate CO2 

 gas hydrate formation. They found that, among the three surfactants, SDS is the most effective 

in increasing the hydrate formation rate and decreasing the induction time. 

Song et al. (Song et al., 2013c) investigated the influence of several factors which affect CO2 

capture using hydrate formation in porous media. They found that the most important factor for 

hydrate phase equilibria is the porous property. The formation kinetics of CO2 hydrates in porous 
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silica gels was studied by Kang and Lee (Kang and Lee, 2010) at different temperature and 

pressure conditions. They used SDS to investigate the influence of a kinetic promoter on the 

formation kinetics.  

Babu et al. (Babu et al., 2013b) reported pre-combustion capture of carbon dioxide in silica 

sand and silica gel as a contact medium using the clathrate hydrate process. 

2.5.7 CO2 hydrate formation with nanoparticles 

During the last decade, nanofluids have been employed to increase the hydrate formation rate, 

storage capacity, and to decrease the induction time. Li et al. (Li et al., 2006) investigated the 

formation and dissociation of HFC134a (CH2FCF3) hydrates in copper nanoparticles. They 

showed that adding copper nanoparticles increases the heat and mass transfer processes of 

HFC134a hydrate formation. 

Park et al. (Park et al., 2010, Park et al., 2012) used multi-walled carbon nanotubes for 

promoting methane hydrate formation and increasing the hydrate formation rate. Arjang et al. 

(Arjang et al., 2013) showed that the presence of silver nanoparticles decreases the methane 

hydrate induction time. The effect of polymer nanocomposites on methane hydrate stability and 

storage capacity was reported by Ganji et al. (Ganji et al., 2013). Chari et al. (Chari et al., 2013) 

investigated methane hydrate formation and dissociation in nano silica. They claimed that the 

presence of nano silica improves the methane gas hydrate yield significantly. 

Mohammadi et al. (Mohammadi et al., 2014) studied the influence of silver nanoparticles and 

SDS on CO2 hydrate formation for the first time. The experimental results showed that these 

additives do not affect induction time, but the storage capacity does increase. Zhou Shi-dong et 

al. (ZHOU Shi-dongab, 2014) presented the effects of graphite nanoparticles on CO2 hydrate 

formation processes. They reported that the graphite nanoparticles enhance the induction time of 

CO2 hydrate formed by 80.762% on average. Furthermore, the amount of gas (CO2) consumed is 

enhanced by 12.84% due to the presence of nanographite particles. 

2.6 Summary of important studies on clathrate/semi-clathrate hydrates for 
CO2 capture 

Table 2.4 and Table 2.5 reports experimental studies that have been undertaken to date on the 

separation of CO2 from different gas mixtures via clathrate/semi-clathrate hydrates in the absence 

and/or presence of hydrate promoters. 



32 
 

Table 2.4: Experimental studies for gas hydrates of carbon dioxide + gas/gas mixture 

systems in the presence of pure liquid water. 

Author(s) Gas system Temperature range / K Pressure range / MPa 
(Unruh and Katz, 1949) (CO2 + CH4) 275.5 - 285.7 1.99 - 7.0 
(Adisasmito et al., 1991) (CO2 + CH4) 273 -2 88 1.2 - 11 
(Ohgaki et al., 1996) (CO2 + CH4) 280.3 3.04 - 5.46 
(Seo et al., 2000) (CO2 + CH4) 272 - 284 1.5 - 5 
(A. Hachikubo, 2002) (CO2 + CH4) 271.0  1.27 - 2.02 
(Uchida et al., 2005) (CO2 + CH4) 258 - 274.1 and 190 0.5 - 3 and 0.1 
(Belandria et al., 2010) (CO2 + CH4) 279.1 - 289.9 2.96 - 13.06 
(Bruusgaard et al., 2010) (CO2 + CH4) 274 - 288 1.4 - 5 
(Belandria et al., 2011c) (CO2 + CH4) 233 - 373 up to 60 
(Lee et al., 2012a) (CO2 + CH4 + N2) 273 - 282 up to 6 
(Seo et al., 2000) (CO2 + N2) 271.7 - 284.25 1.2 - 23.5 
(Kang et al., 2001) (CO2 + N2) 272 - 282 1.5 - 30 
(Seo and Lee, 2004) (CO2 + N2) 272.1 3.2 - 14.05 
(Park et al., 2006) (CO2 + N2) - - 
(Bruusgaard et al., 2008) (CO2 + N2) 275 - 283 2 - 22.4 
(Belandria et al., 2011a) (CO2 + N2) 273.6 - 281.7 up to 17.6 
(Daraboina et al., 2013c) (CO2 + N2) 273.7 7.71 
(Kim and Lee, 2005) (CO2 + H2) 273.15 - 
(Sugahara et al., 2005) (CO2 + H2) 274.3 - 281.9 up to 10 
(Rice, 2006) (CO2 + H2) - - 
(Kumar et al., 2006) (CO2 + H2) 273.9 - 281.6 1.58 - 10.74 
(Zhang et al., 2009) (CO2 + H2 + CP) 284 - 291 - 
(Seo and Kang, 2010) (CO2 + H2) 274.15 6.5 and 8.9 
(Belandria et al., 2011b) (CO2 + H2) 273.6–281.2 up to ∼9 
(Babu et al., 2013b) (CO2 + H2+Silica) 274.15 7.5, 8.5 and 9.0 
(Kang et al., 2013) (CO2 + H2) 271.3 – 282.7 1.1 – 10.3 
(Surovtseva et al., 2011) (CO2+H2 +N2+CH4+Ar) - - 
(Babu et al., 2013a) (CO2 + H2 + C3H8) 274.15 -285.15 and 297.15 4.5 - 6 
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Table 2.5: Studies on clathrate/semi-clathrate hydrate for the carbon dioxide + gas/gases 

systems in the presence of hydrate promoters. 

Author(s) System 
(Du and Wang, 2013) (CO2/N2/CH4 + Tri-n-butylphosphine Oxide (TBPO)) 

(Mayoufi et al., 2011) (CO2 + TBPB  aqueous solution) 

(Li et al., 2012, Gharagheizi et al., 
2012) 

(CO2 + Tetrabutyl-(ammonium/phosphonium) Salts) 

(Zhang et al., 2013) (CO2 + Tetrabutyl-phosphonium Bromide (TBPB)) 

(Mayoufi et al., 2010) (CO2 +  Peralkyl-(Ammonium/Phosphonium) Salts) 

(Cha et al., 2013) (CO2 +CH4+H2+ Tri-n-butylphosphine Oxide) 

(Shi et al., 2014) (CO2 +CH4+ Tetrabutyl Ammonium Nitrate (TBANO3)) 

(Du et al., 2011a) (CO2 +  Tetrabutyl Ammonium Nitrate (TBANO3)) 

(Ye and Zhang, 2014a, Ye and Zhang, 
2014b) 

(CO2+ TBAC /TBPC) 

(Li et al., 2010c) (CO2 + TBAF/TBAC/TBAB) 

(Sun et al., 2011) (CO2 + TBAC  aqueous solution) 

(Kamran-Pirzaman et al., 2013) (CO2 + TBAF/TBAC/ furan/acetone/1,4-dioxane aqueous solution) 

(Fan et al., 2009) (CO2 + TBAF/TBAB aqueous solution) 

(Trueba et al., 2013) (CO2 + TBAF +  aqueous solution) 

(Linga et al., 2007a) (CO2 + N2 + THF aqueous solution) 

(Lu et al., 2009) (CO2 + N2 + TBAB/THF aqueous solutions) 

(Fan et al., 2009) (CO2 + N2 + TBAB/TBAF aqueous solution) 

(Deschamps and Dalmazzone, 2010) (CO2 + N2 + TBAB aqueous solution) 

(Li et al., 2010d) (CO2 + N2 + TBAB aqueous solution in the presence of dodecyl 
trimethyl ammonium chloride  (DTAC)) 

(Li et al., 2010b) (CO2 + N2 + cyclopentane/water emulsion) 

(Meysel et al., 2011) (CO2 + N2 + TBAB aqueous solution) 

(Mohammadi et al., 2012a) (CO2 + N2 + TBAB aqueous solution) 

(Belandria et al., 2012b) (CO2 + N2 + TBAB aqueous solution) 

(Tang et al.) (CO2 + N2/CH4 + THF/SDS) 

(Sun et al.) (CO2+N2+THF) 

(Fan et al., 2000) (CO2 + CH4 + water/aqueous sodium chloride solution) 

(Beltrá  and Servio, 2010) (CO2 + CH4 + water/neohexane emulsion) 

(Deschamps and Dalmazzone, 2010) (CO2 + CH4 + TBAB aqueous solution) 

(Lee et al., 2012c) (CO2 + CH4 + THF) 

(Ricaurte et al., 2013a) (CO2 + CH4 + THF/SDS) 

(Lirio et al., 2013b) (CO2 + THF + SDS) 

(Fan et al., 2009) (CO2 + H2 + TBAB aqueous solution) 

(Kim et al., 2011) (CO2 + H2 + TBAB aqueous solution) 
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(Lim et al., 2013) (CO2 + H2 +  cyclopentane + SDS) 

(Park et al., 2013a) (CO2 + H2 + THF) 

(Yang et al., 2013a) (CO2 + H2 +THF/SDS) 

(Song et al., 2013a) (CO2 + H2 + THF + SDS) 

(Trueba et al., 2013) (CO2 + TBAF aqueous solution) 

(Koyanagi and Ohmura, 2013a) (CO2 + TBAB aqueous solution) 

(Mohammadi et al., 2013b) (CO2 + H2/CH4 + TBAB aqueous solution) 

(Komatsu et al.) (CO2 + THF/TBAB aqueous solution) 

(Park et al., 2013c) (CO2 + H2 + TBAF/TBAB aqueous solution) 

(Dicharry et al., 2013) (CO2 + SDS + Tween-80) 

(Herslund et al., 2013) (CO2 + THF + cyclopentane) 
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3 Review of the thermodynamic models to correlate/predict the phase 

equilibrium of gas hydrate 

Recently, a considerable number of predictive methods have been formulated to represent/predict 

hydrate thermodynamic properties. These models can be later applied to predict the phase 

behaviors for other gas hydrate systems at conditions of interest.  

The main aim of this chapter is to review the previously developed models for prediction of 

the phase equilibria of semi-clathrate hydrates. 

3.1 Simple estimation techniques 

Wilcox et al. (Wilcox et al., 1941) presented a model based on the vapour-solid distribution 

coefficient as follows: 

 𝐾𝑖 =
𝑦𝑖

𝑧𝑖

 (3.1) 

where yi and zi denote the mole fractions of component i in the water-free vapour and water free 

solid hydrate, respectively. The values of the distribution coefficient are plotted as functions of 

temperature and pressure for conventional simple hydrate formers present in natural gas. These 

values are finally collapsed into a single 18-parameter correlation, which have been discussed in 

detail elsewhere (Sloan, 2008b). 

The gas gravity charts of Katz (Katz, 1945b) is known as the simplest method to estimate the 

(Lw-H-V) equilibrium conditions. Gas gravity is defined as the ratio of molecular mass of the gas 

to that of air. The Katz chart is shown in Figure 3.1. When using this chart, the gas gravity should 

be calculated and either temperature or pressure is determined. The pressure or temperature at 

which hydrates will form is read directly from the chart. 
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Figure 3.1: Gas gravity chart for prediction of three-phase (LW–H–V) pressure and 

temperature (Reproduced from Sloan and Koh 2009). 

 

3.2 Basic statistical thermodynamic model 

3.2.1 Van Der Waals and Platteeuw (vdW-P) (1959) model 

The first model for predicting hydrate phase equilibrium data of gas hydrate was presented by 

Van der Waals and Platteeuw (Waals and Platteeuw, 1959). This model is based on four important 

assumptions: 

1. A single type of cavity consisting of only one guest molecule. 

2. There is no guest-guest molecule interaction. 

3. Classical statistics are valid. 

4. The guest molecules do not distort the host lattice 

In the final form of the vdW-P model, the difference between the chemical potential of water in 

the hydrate phase and empty lattice is expressed as: 

 ∆𝜇𝑤
𝛽−𝐻

= 𝑅𝑇 ∑ 𝜈𝑖

𝑖

𝑙𝑛(1 − 𝑦𝑖) (3.2) 
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Where R is the universal gas constant, vi is the number of cavities and yi is related to the Langmuir 

constant as follows: 

 
𝑦𝑖 =

𝐶𝑖𝑃

1 + 𝐶𝑖𝑃
 (3.3) 

Where Ci stands for Langmuir constant and P is partial pressure. 

3.2.2 Parrish and Prausnitz (1972) model 

Parrish and Prausnitz (Parrish and Prausnitz, 1972) generalized the van der Waals and Platteeuw 

model. There are two differences between the van der Waals and Platteeuw (Waals and Platteeuw, 

1959) model and that model developed by Parrish and Prausnitz (Parrish and Prausnitz, 1972). 

Firstly, they extended the model to mixtures of hydrate formers: 

 
∆𝜇𝑤

𝛽−𝐻
= 𝑅𝑇 ∑ 𝜈𝑖

𝑖

𝑙𝑛 (1 − ∑ 𝑦𝐾𝑖

𝐾

) (3.4) 

Secondly, they replaced the partial pressure in Equation (3.3) with the fugacity. 

 
𝑦𝐾𝑖 =

𝐶𝑖𝑓𝑘

1 + ∑ 𝐶𝑖𝑗𝑓𝑗𝑗
 (3.5) 

where fj is fugacity of component j. 

3.2.3 Ng and Robinson (1977) model 

One of the equation of state thermodynamic models which could be used to calculate the 

formation of hydrate with a hydrocarbon liquid former is that of Ng and Robinson (Ng and 

Robinson, 1977). This equation proposed as follows: 

 
𝑃 =

𝑅𝑇

𝑣 − 𝑏
−

𝛼(𝑇)

𝑣(𝑣 + 𝑏) + 𝑏(𝑣 − 𝑏)
 (3.6) 

where 

 
𝛼 = 𝛼𝑐 . 𝛼(𝑇𝑟, 𝜔) (3.7) 
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𝛼𝑐 = 0.45724

𝑅2𝑇𝑐
2

𝑃𝑐
 (3.8) 

 

 
𝛼(𝑇𝑟, 𝜔) = (1 + 𝑘 (1 − 𝑇𝑟

1 2⁄
))

2

 
(3.9) 

 

 
𝑘 = 0.37464 + 1.54226𝜔 − 0.26992𝜔2 (3.10) 

 

 
𝑏 = 0.07780

𝑅𝑇𝑐

𝑃𝑐
 (3.11) 

 

In the Ng and Robinson model, the fugacities were calculated using the equation of state of 

Peng and Robinson (Peng and Robinson, 1976). This equation of state is applicable to both gases 

and the non-aqueous liquid.  

 

3.3 Vapour-liquid equilibrium data regression (VLE) 

Two common methods used to regress phase equilibrium data include the Gamma-Phi (γ – φ) and 

Phi-Phi (φ – φ).  

3.3.1 Gamma-Phi (γ – φ) method 

The calculation procedure for the Gamma-Phi method, specifically for an isothermal system is 

shown in Figure 3.2. 
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Figure 3.2: Flow diagram for the Gamma-Phi isothermal bubble-pressure method 

(Prausnitz and Chueh, 1968). 
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3.3.2 Phi-Phi (φ – φ) method 

The calculation procedure for the Phi-Phi method is shown in Figure 3.3. 

 

Figure 3.3: Flow diagram for the Phi-Phi isothermal bubble-pressure method (Prausnitz 

and Chueh, 1968). 
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3.4 Phase Equilibrium 

The principles for phase equilibrium are:  

a) Equality of the temperature and pressure of the phases 

b) Equality of the chemical potentials of each of the components in each of the phases 

c) Minimum global Gibbs free energy 

Statistical thermodynamic modelling is based on the equality of the chemical potential between 

the hydrate phase, liquid phase and vapor phase. Most phase equilibrium calculations switch from 

chemical potentials to fugacities. 

3.4.1 Equality of chemical potentials 

Thermodynamic modelling of the liquid water- hydrate-vapour equilibrium (H-V-L) has been 

developed on the basis of the equality of the chemical potential of water in the hydrate phase with 

that in the water-rich liquid phase, ignoring the water content of the vapour phase: 

 𝜇𝑤
𝐿𝑤(𝑇, 𝑃) = 𝜇𝑤

𝐻(𝑇, 𝑃) (3.12) 

where μ is the chemical potential, subscript w stands for water, and superscripts Lw and H are 

liquid water (or aqueous) and hydrate phases, respectively. If the chemical potential of an empty 

hydrate lattice is taken as a reference, Equation (3.12) becomes: 

 ∆𝜇𝑤
𝐿𝑤 = ∆𝜇𝑤

𝐻  (3.13) 

where 

 ∆𝜇𝑤
𝐿𝑤 = 𝜇𝑤

𝑀𝑇 − 𝜇𝑤
𝐿𝑤 (3.14) 

 ∆𝜇𝑤
𝐻 = 𝜇𝑤

𝑀𝑇 − 𝜇𝑤
𝐻  (3.15) 

where superscript MT denotes the empty hydrate lattice. The chemical potential of water in the 

hydrate phase can be evaluated using the vdW-P theory: 

 
𝜇𝑤

𝐻 = 𝜇𝑤
𝑀𝑇 − 𝑅𝑇 ∑ 𝜈𝑖

𝑖

𝑙𝑛 (1 + ∑ 𝐶𝑖𝑗𝑓𝑗

𝑗

) (3.16) 
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Fugacity (fi) values are calculated using appropriate equations of state (EoS). Numerical values 

for the Langmuir constant (Cij) can be calculated by choosing a model for the guest-host 

interaction: 

 
𝐶𝑖𝑗(𝑇) =

4𝜋

𝐾𝑇
∫ 𝑒𝑥𝑝 (−

𝑤(𝑟)

𝐾𝑇
) 𝑟2

∞

0

𝑑𝑟 (3.17) 

where k is the Boltzmann's constant, w(r) is the spherically symmetric cell potential function in 

the cavity, with r measured from the centre and depends on the intermolecular potential function 

chosen for describing the encaged gas-water interaction. A potential function can be employed 

to determine the Langmuir constant. The following relation can be written in the case of 

application of the Kihara (Kihara, 1953) potential function: 

 
𝑤(𝑟) = 2𝑧𝜀 [

(𝜎∗)12

𝑅̅11𝑟
(𝛿10 +

𝛼

𝑅̅
𝛿11) −

(𝜎∗)6

𝑅̅5𝑟
(𝛿4 +

𝛼

𝑅̅
𝛿5)] (3.18) 

where, 

 
𝛿𝑁̅ =

1

𝑁̅
[(1 −

𝑟

𝑅̅
−

𝛼

𝑅̅
)

−𝑁̅

− (1 +
𝑟

𝑅̅
−

𝛼

𝑅̅
)

−𝑁̅

] (3.19) 

z is the number of oxygen molecules in the sphere of each cavity (coordinate number), ε denotes 

the characteristic energy, a stands for the radius of the spherical molecular core, 𝑅̅ represent the 

cavity radius, and 𝑁 is an integer equal to 4, 5, 10 or 11. σ*= σ-2α, where σ is the collision 

diameter. 

Equation (3.20) is normally used for determining the chemical potential difference of water 

in the empty hydrate lattice and liquid water (Holder et al., 1980). 

 
∆𝜇𝑤

𝑀𝑇−𝐿𝑤

𝑅𝑇
=

𝜇𝑤
𝑀𝑇

𝑅𝑇0
−

𝜇𝑤
𝐿𝑤

𝑅𝑇0
=

∆𝜇𝑤
0

𝑅𝑇0
− ∫

∆ℎ𝑤
𝑀𝑇−𝐿𝑤

𝑅𝑇2
𝑑𝑇 + ∫

∆𝑣𝑤
𝑀𝑇−𝐿𝑤

𝑅𝑇
𝑑𝑃 − 𝑙𝑛𝑎𝑤

𝑃

0

𝑇

𝑇0

 (3.20) 

where superscripts 0 refers to reference property and MT- Lw stands for the difference property 

between empty hydrate lattice and water in liquid state. ∆𝜇𝑤
0  is the reference chemical potential 

difference between water in the empty hydrate lattice and pure water in the ice phase at standard 

condition (here it is 273.15 K) and aw stands for the activity of water. In addition, Δv is the molar 

volume difference, and Δh stands for the enthalpy difference, which can be generally calculated 

by the following expression (Holder et al., 1980): 
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∆ℎ𝑤

𝛽−𝐿
= ∆ℎ𝑤

0 + ∫ ∆𝐶𝑃𝑤
𝑑𝑇

𝑇

𝑇0

 (3.21) 

where 𝐶𝑃𝑤
stands for the molar heat capacity, and Δh0 is the enthalpy difference between the empty 

hydrate lattice and ice, at the ice point and zero pressure. Additionally, the difference between the 

heat capacity of the empty hydrate lattice and pure liquid water can be evaluated by the following 

equation (Holder et al., 1980): 

 ∆𝐶𝑃𝑤
= −37.32 + 0.179(𝑇 − 𝑇0) (3.22) 

The heat capacity difference is assumed to be zero when T≤ T0. The values of the reference 

properties have been reported for the three different hydrate structures (sI, sII, and sH). 

Consequently, the following summarized equation can be written resulting from the equality of 

chemical potential of water in the phases present (ignoring water-content of the vapour phase, as 

already mentioned): 

 
∆𝜇𝑤

0

𝑅𝑇0
− ∫

∆ℎ𝑤
𝑀𝑇−𝐿𝑤

𝑅𝑇2
𝑑𝑇 + ∫

∆𝑣𝑤
𝑀𝑇−𝐿𝑤

𝑅𝑇
𝑑𝑃 − 𝑙𝑛𝑎𝑤 − ∑ 𝜈𝑖

𝑖

𝑙𝑛 (1 + ∑ 𝐶𝑖𝑗𝑓𝑗

𝑗

) = 0

𝑃

0

𝑇

𝑇0

 (3.23) 

 

3.4.2 Equality of fugacities 

These kinds of models have been developed on the basis of the equality of fugacity of water in 

the phases present (including hydrate phase), the final equilibrium criteria would be as follows: 

 𝑓𝑖
𝑣 = 𝑓𝑖

𝐿𝑤 (3.24) 

 𝑓𝑤
𝑣 = 𝑓𝑤

𝐿𝑤 = 𝑓𝑤
𝐻 (3.25) 

where f is the fugacity, subscript i represent the ith component in the mixture (except water), and 

superscripts v stands for the vapour phase. An equation of state is normally used to calculate the 

fugacity of water in the vapour and aqueous phases. The equations required for pursuing this 

method are discussed in detail in the next section (Eslamimanesh 2012) (Eslamimanesh et al., 

2012c) . 
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3.5 Eslamimanesh, Mohammadi and Richon model 

The equality of fugacity of water in the aqueous (ƒL
w) and in the hydrate (ƒH

w) phases is used to 

calculate the liquid water- hydrate- gas/vapour (Lw-H-G/V) equilibrium conditions (Klauda and 

Sandler, 2000, Eslamimanesh et al., 2012c). 

 𝑓𝑤
𝐿 = 𝑓𝑤

𝐻  (3.26) 

The fugacity of water in the hydrate phase depends on the difference in chemical potential of 

water in the filled and empty hydrate lattice (∆𝜇𝑤
𝑀𝑇−𝐻) by the following expression: 

 
𝑓𝑤

𝐻 = 𝑓𝑤
𝑀𝑇exp (

−∆𝜇𝑤
𝑀𝑇−𝐻

𝑅𝑇
) (3.27) 

where the superscript MT denotes the empty hydrate lattice, R and T denote the universal gas 

constant and temperature, respectively, and μ represents the chemical potential. The fugacity of 

the hypothetical empty hydrate lattice ( 𝑓𝑤
𝑀𝑇 ) is given by the following equation: 

 
𝑓𝑤

𝑀𝑇 = 𝑃𝑤
𝑀𝑇𝜑𝑤

𝑀𝑇𝑒𝑥𝑝 ∫ (
𝜈𝑤

𝑀𝑇𝑑𝑃

𝑅𝑇
)

𝑃

𝑃𝑤
𝑀𝑇

 (3.28) 

where 𝑃𝑤
𝑀𝑇is the vapour pressure of water in the empty hydrate lattice, 𝜑𝑤

𝑀𝑇 is the fugacity 

coefficient of water in empty hydrate lattice. 𝜈𝑤
𝑀𝑇 is the partial molar volume of water in the 

empty hydrate lattice in which the Poynting correction term of the above equation is assumed to 

be pressure independent (Eslamimanesh et al., 2012c). Therefore that equation can be written as 

follows: 

 
𝑓𝑤

𝑀𝑇 = 𝑃𝑤
𝑀𝑇𝑒𝑥𝑝 (

𝜈𝑤
𝑀𝑇(𝑃 − 𝑃𝑤

𝑀𝑇)

𝑅𝑇
) (3.29) 

By using the vdW-P model, ∆𝜇𝑤
𝑀𝑇−𝐻 can be calculated (J.H. van der Waals, 1959): 

 𝜇𝑤
𝐻 − 𝜇𝑤

𝑀𝑇

𝑅𝑇
= [∑ 𝜈𝑖 𝐿𝑛

𝑖

(1 − ∑ 𝑌𝑘𝑖

𝑘

)] (3.30) 

where νi is the number of cavities of type i per water molecule in a unit hydrate cell and Yki is the 

fractional occupancy of the hydrate cavity i by guest molecule type k. Yki is calculated using the 

following equation (Eslamimanesh et al., 2012c): 
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𝑌𝑘𝑖 =

𝐶𝑘𝑖𝑓𝑘

1 + ∑ 𝐶𝑘𝑖𝑓𝑘𝑘
 (3.31) 

where fk and Cki stand for the fugacity of the hydrate former and Langmuir constant, respectively. 

By replacing Equation(3.31) in Equation(3.31): 

 𝜇𝑤
𝐻 − 𝜇𝑤

𝑀𝑇

𝑅𝑇
= ∑ 𝐿𝑛(1 + 𝐶𝑖𝑗𝑓𝑗)

−𝜈𝑖

𝑖

 (3.32) 

The fugacity of water in the aqueous phase ( 𝑓𝑤
𝐿 ) can be determined using the following equation: 

 
𝑓𝑤

𝐿 = 𝑥𝑊
𝐿  𝛾𝑤  𝑃𝑤

𝑠𝑎𝑡exp (
𝜈𝑤

𝐿 (𝑃 − 𝑃𝑤
𝑠𝑎𝑡)

𝑅𝑇
) (3.33) 

where 𝑥𝑊
𝐿 , γw, 𝑃𝑤

𝑠𝑎𝑡, and 𝜈𝑤
𝐿  represent the mole fraction of water in the aqueous phase, activity 

coefficient of water, vapour pressure of water, and molar volume of liquid water, respectively, 

and superscript sat represents the saturation condition. 𝑥𝑊
𝐿  can be calculated from the following 

equation: 

 
𝑥𝑊

𝐿 =
1

1 + 0.001 × 2 × 𝑚 × 𝑀𝑤
− 𝑥𝑔

𝐿 (3.34) 

where m is the molality of aqueous solution in ( mol. kg−1 ), Mw denotes the molecular weight of 

water in ( g. mol−1 ) and 𝑥𝑔
𝐿  is the solubility of the gaseous hydrate former in the aqueous phase, 

and subscript g represents the gaseous hydrate former. In Equation 6.1 dissociation of promoter 

in water is assumed. The molality of the solution (number of moles of promoter per kg mass of 

water) can be obtained by using the following relation: 

 
𝑚 =

18.0153𝑥𝑐𝑎𝑡𝑖𝑜𝑛

𝑥𝑤
 (3.35) 

The solubility of gases in the aqueous phase is obtained by the Krichevsky-Kasarnovsky equation 

(Krichevsky and Kasarnovsky, 1935): 

 
𝑥𝑔

𝐿 =
𝑓𝑔

𝐻𝑔−𝑤𝑒𝑥𝑝 (
𝜈𝑔

∞

𝑅𝑇
(𝑃 − 𝑃𝑤

𝑠𝑎𝑡))

 
(3.36) 

The Henry’s constant of gas in water is denoted by 𝐻𝑔−𝑤. Subscript g represents gas, and 

superscript ∞ indicates the infinite dilution condition. 
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As a result, the fugacity of the hydrate promoter in the aqueous phase should be determined 

as well by using the following equation:  

 
𝑓𝑝

𝐿 = 𝑥𝑝
𝐿  𝛾𝑝 𝑃𝑝

𝑠𝑎𝑡exp (
𝜈𝑝

𝐿(𝑃 − 𝑃𝑝
𝑠𝑎𝑡)

𝑅𝑇
) (3.37) 

where γp stands for the activity coefficient of the hydrate promoter in the aqueous solution, and 

subscript p denotes the hydrate promoter, respectively. 

As a consequence, by substituting the previous equations into Equation (3.31) the following 

equation is achieved:  

 

[
𝑃𝑤

𝑀𝑇𝑒𝑥𝑝 (
𝜈𝑤

𝑀𝑇(𝑃 − 𝑃𝑤
𝑀𝑇)

𝑅𝑇
)

𝑥𝑊
𝐿  𝛾𝑤  𝑃𝑤

𝑠𝑎𝑡exp (
𝜈𝑤

𝐿 (𝑃 − 𝑃𝑤
𝑠𝑎𝑡)

𝑅𝑇
)

]

× [(1 + 𝐶𝑠𝑚𝑎𝑙𝑙𝑓𝑔)
−𝜈𝑠𝑚𝑎𝐿𝐿𝑡𝑦𝑝𝑒𝐴 𝐵⁄

× (1 + 𝐶𝑙𝑎𝑟𝑔𝑒1𝑓𝑝
𝐿)

−𝜈𝑙𝑎𝑟𝑔𝑒1𝑡𝑦𝑝𝑒𝐴 𝐵⁄

× (1 + 𝐶𝑙𝑎𝑟𝑔𝑒2𝑓𝑝
𝐿)

−𝜈𝑙𝑎𝑟𝑔𝑒2𝑡𝑦𝑝𝑒𝐴 𝐵⁄ ] = 1 

(3.38) 

where superscripts/subscripts small and large stand for small and large cavities, respectively, and 

subscript type A/B represents the formation of types A or B semi-clathrate hydrates, respectively. 

Furthermore, subscripts 1 and 2 refer to occupation of large tetrakaidecahedra and 

pentakaidecahedra cages by cations.  

3.6 Summary of important studies on predicting CO2 hydrate phase 
equilibrium 

Table 3.1 summarized previous studies on predicting CO2 hydrate phase equilibrium (Xu and Li, 

2014). 
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Table 3.1: List of equilibrium conditions predictions for hydrates containing CO2 via 
computation models. 

Authors Temperature/ K Pressure/ MPa Study 

Deaton & Frost (Deaton 
and Frost, 1946) 273-283 1.3-4.3 K-charts, giving the vapour-solid equilibria for 

natural gases  

Carson & Katz (Carson and 
Katz, 1942)  277-283 2.0-4.5 

Katz method, using vapour-solid equilibrium 
constants to predict the hydrate formation 
conditions.  

Katz (Katz, 1945a) 273-322 0.2-42.0 
Method of gas-gravity plots which relate the 
hydrate formation pressure and temperature to 
gas gravity.  

Van der Waals & Platteeuw 
(Vanderwaals and 
Platteeuw, 1959) 

  Van der Waals-Platteeuw model which was 
based on a statistical thermodynamic approach 

Larson (Larson, 1955) 257-283 0.5-4.5 Predicted the equilibrium hydrate formation 
conditions of CO2 hydrates. 

Miller & Smythe (Miller 
and Smythe, 1970) 151-193 0-0.000022 

Dissociation pressure of CO2 hydrate with 
equations for CO2 hydrate dissociation pressures 
and vapour pressures. 

Falabella (Falabella, 1975) 148.8-240.4 0.02-0.1 
Van der Waals-Platteeuw model to predict the 
equilibria associated with experimental 
measurements. 

Ng & Robinson (Ng and 
Robinson, 1976, Ng and 
Robinson, 1985b) 

279-284 2.7-14.5 
A modification of the Parrish and Prausnitz 
program, predicting hydrate forming conditions 
for pure gases in presence of methanol solutions. 

Holder et al.(Holder et al., 
1988)    Empirical correlations developed in different 

forms and with various numbers of parameters. 

Adisasmito et 
al.(Adisasmito et al., 1991) 273-288 1.2-11.0 

Verifying the work done by Unruh and Katz and 
by Berecz and Balla-Achs by experimental 
measurement.  

Englezos (Englezos, 1992) 269-281 1.1-4.3 
The CSMHYD in conjunction with Trebble-
Bishnoi equation for prediction of the CO2 
hydrate formation pressure in NaCl solutions. 

Dholabhai et al. (Dholabhai 
et al., 1993) 273-279 1.3-2.5 

Combination of statistical thermodynamic model 
of van der Waals and Platteeuw with coefficient 
models for prediction of equilibrium conditions 
of CO2 hydrate in pure water and single and 
mixed electrolytes. 

Englezos & Hall (Englezos 
and Hall, 1994) 275-283 1.5-4.2 

CSMHYD model for prediction of CO2 hydrate 
formation pressure in electrolyte, water-soluble 
polymers and montmorillonite.  

Tohidi et al.(Tohidi et al., 
1997b) 268-284 1.0-5.0 Equation of state combination with a modified 

Debye-Huckel electrostatic term for the 



48 
 

prediction of phase equilibrium conditions for 
CO2 hydrates in presence of saline water. 

Fan & Guo(Fan and Guo, 
1999)  264-284 0.5-5.0 

Hydrate phase equilibrium for CO2/CH4, 
CO2/C2H6, CO2/N2, CO2/CH4/C2H6/N2 in pure 
water and NaCl solution. 

Seo & Lee (Seo and Lee, 
2001, Seo et al., 2001b) 272-284 1.5-5.0 Prediction of the three phase equilibria of CO2 

and CH4 aqueous solution  

Duan & Sun (Sun and 
Duan, 2005, Duan and Sun, 
2006) 

253-293 0.5-200 Ab initio potential model for prediction of 
hydrate formation conditions for CH4 and CO2.  

Li & Englezos (Li and 
Englezos, 2004) 298-313 5.0-11.0 

SAFT equation of state for the correlation and 
prediction of vapour-liquid equilibrium of 
eighteen binary mixtures.  

Bahadori & Vuthaluru 
(Bahadori and Vuthaluru, 
2009) 

265-298 1.2-40.0 
A novel model based on the Katz gas-gravity 
charts to predict the hydrate formation 
conditions. 

Zeng & Li (Zeng and Li, 
2011) 270-282 0.8-4.0 

PC-SAFT and van der Waals-Platteeuw model 
and capillary Kelvin model was employed to 
predict CH4 and CO2 hydrates formation 
equilibrium conditions in porous media.  

Sloan(Sloan, 2008b) 277-283 Up to 400 MPa 
Presenting an alternative set of K-values for 
Katz method which are dependent upon gas 
composition and hydrate structures 

Karamoddin & Varaminian 
(Karamoddin and 
Varaminian, 2011) 

260-330 0-5.0 

A method using PR equation of state and 
different mixing rules for predicting hydrate 
formation conditions for binary mixtures of CH4, 
C2H6, C3H8, i-C4H10, CO2 and H2S.  

Elgibaly & Elkamel 
(Elgibaly and Elkamel, 
1998) 

250-320 0.001-1000 
ANN models to predicting hydrate formation 
conditions based on K-value method and gas-
gravity chart method.  

Eslamimanesh et al. 
(Eslamimanesh et al., 
2012e) 

279-295 0-120 
A thermodynamic model for prediction of phase 
equilibria of semi-clathrate hydrates of the CO2, 
CH4, or N2 +TBAB aqueous solution.  

 Eslamimanesh et 
al.(Eslamimanesh et al., 
2011) 

276-294 2-500 
 The model based on conventional Clapeyron 
model for predicting liquid water–hydrate–liquid 
hydrate former phase equilibria. 

Shuker et al.(Shuker and 
Ismail, 2012) 270-295 0-2.5 ANN model for perdition of hydrate formation 

conditions for pure gases and gas mixtures.  

Heydari et al.(Heydari et 
al., 2006) 273-296.5 0.3-29.0 ANN models for prediction of hydrate formation 

temperature.  
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4 A review of experimental methods and equipment  

In order to measure reliable phase equilibrium data, appropriate thermodynamic facilities and 

techniques are required. The normal protocol in obtaining phase equilibria data includes 

observing the hydrate phase by indirect (non-visual) means, such as a pressure decrease or 

temperature increase in the fluid phase. The only direct evidence of the hydrate phase is visual 

observation. 

4.1 Experimental methods 

Three fundamental experimental methods for the measurement of hydrate-vapour-liquid 

equilibrium data have been presented: isothermal method, isobaric method, and isochoric method 

(Sloan, 2008a). 

Isothermal method: In this method the temperature is constant. The pressure is set to a value 

above the hydrate formation region. The system is then maintained for a period of time to achieve 

the equilibrium condition and hydrate formation. After forming the hydrate, the temperature 

increases due to release of energy during crystallization of the gas and water molecules (Sloan 

and Koh, 2008). In addition, the pressure decreases due to encapsulation of the gas until three 

phase (Lw-H-V) and equilibrium point is reached (Figure 4.1). Hydrates are then dissociated 

through stepwise heating. This process may be time-consuming. 

Isobaric method: In this method the pressure is kept constant. The system is gradually cooled to 

form hydrate. The formation of hydrate is detected by a significant increase in gas injected. After 

hydrate formation and once the system pressure has reached a steady state, the temperature is 

slowly increased to decompose the hydrate crystals (Figure 4.1). This point is achieved as the 

equilibrium temperature at a constant pressure and hydrate formation/dissociation may be 

determined by visual observation. 

Isochoric method: The operation of this method is presented visually by using a pressure-

temperature plot. After the pressure inside the cell is stabilized, the temperature is slowly 

decreased to form hydrate crystals. Thereafter, the temperature is slowly increased to dissociate 

the hydrate crystals. The intersection of the cooling trace and heating trace gives the hydrate 

dissociation point (equilibrium pressure and temperature). This method is independent of visual 

observation.  
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Figure 4.1: Typical diagram for isothermal (Top) and isobaric (bottom) method. 
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4.2 Experimental equipment 

There are three important principles in developing apparatuses and methods for phase equilibria 

measurements (Sloan and Koh 2008): 

1. Strong agitation is required to transform water to hydrate. 

2. Hydrate dissociation is used to measure the hydrate equilibrium point. 

3. A rapid reduction in pressure or an increase in temperature indicates hydrate formation 

in a constant volume apparatus. 

The following subsections include a review on the apparatus used to measure hydrate phase 

equilibrium, which include the Volume variable cell, Quartz crystal microbalance, Cailletet, 

Rocking cell, High pressure differential scanning calorimetry and High pressure auto clave cell.  

4.2.1 Volume variable cell 

This equipment was designed by the Thermodynamics Research Unit (TRU) and housed in the 

TRU Laboratories in the School of Engineering (Ngema et al., 2014). A schematic diagram of the 

equipment is shown in Figure 4.2. This volume variable cell incorporates with a novel stirring 

device and consists of a hollow cylindrical sapphire tube which is compressed and sealed between 

two SS 316L metal flanges. The cell can withstand pressures up to approximately 20 MPa. Visual 

observations of gas hydrate formation and decomposition is possible because the sapphire tube is 

transparent. The inner volume of the cell is approximately 10 cm3. 

This equipment allows to measure hydrate dissociation point in the isothermal condition. In 

the isothermal technique, the equilibration times, is shorter than isochoric method. Consequently, 

this technique reduces the time requirement for hydrate formation and dissociation.   
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Figure 4.2: Schematic diagram for new variable volume equilibrium cell (Ngema et al., 
2014). 

 

4.2.2 Quartz crystal microbalance (QCM) 

Tohidi et al. (Tohidi et al., 2002) presented a novel technique for measuring the hydrate stability 

zone based on the change in the resonant frequency of a quartz crystal microbalance (QCM). 

They showed that this new technique reduces the sample size and the time requirement 

significantly. Mohammadi et al. (Mohammadi et al., 2003) used QCM to present experimental 

data on methane, nitrogen, oxygen, and air hydrates. 

A schematic of the QCM set up is given in Figure 4.3. The quartz crystal microbalance was 

initially developed for the measurement of small changes in mass, hence the term “microbalance” 

(Mohammadi et al., 2003). The QCM has a thin disk of quartz placed between two electrodes. 

When an electric currents is passed through the electrodes, crystal oscillation at a particular 

resonant frequency is activated. Hydrate formation is observed by a change in the resonance 

frequency and conductance at the resonant frequency of the quartz crystal. Pressure and 

temperature of the system are measured using a pressure transducer and a thermocouple in a high 

pressure cell (Sloan & Koh, 2008). The main advantages of this method are smaller amount of 

sample and shorter times are required for measuring hydrate phase equilibria. A requirement of 

hydrates adhere to the surface of the quartz crystal is a drawback for using this equipment. 
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Figure 4.3: (a) Schematic of the Quartz Crystal Microbalance (QCM), and (b) the QCM 

mounted within a high pressure cell (Mohammadi et al., 2003). 

4.2.3 Cailletet 

Khalik et al. (2009) used a Cailletet apparatus for the measurement of H-L-V equilibria 

measurements. The schematic diagram of the Cailletet apparatus is shown in Figure 4.4. Once the 

sample is prepared, it is placed in the top of the Cailletet tube. The tube is then sealed by a mercury 

column which also acts as a part of the pressure transferring medium. The temperature is set to a 

specific value while the volume is adjusted until hydrate formation occurs. The pressure is 

measured and monitored until a constant pressure is obtained. A disadvantage for using this 

apparatus is regular volume adjustments. Mechanical movement may damage the equipment. 

 



54 
 

 

Figure 4.4: Schematic representation of a Cailletet apparatus (Bermejo et al., 2008). 

4.2.4 Rocking cell 

As shown in Figure 4.5, the apparatus consists of a high pressure cell and a sight-glass for visual 

observations. The high pressure cell is filled with the desired amount of water and the hydrate 

former may enter the cell. The cell is immersed in a thermostat bath. Agitation between gas and 

liquid phases is provided by rocking of the cell through a rocking motor. Direct observation of 

the hydrate formation is a promising aspect of this equipment, however the rocking motion may 

cause mechanical damage. 
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Figure 4.5: Typical rocking hydrate equilibrium apparatus (Sloan and Koh, 2008).  

4.2.5 High pressure differential scanning calorimetry  

Recently, calorimetric methods such as differential scanning calorimetry (DSC) has been 

developed for the determination of hydrate phase equilibria data and thermal property data for 

gas hydrates. 

Dalmazzone et al. (Dalmazzone et al., 2002) introduced a micro-DSC analyzer coupled with 

special high-pressure vessels, namely High Pressure Differential Scanning Calorimetry (HP-

DSC) technique. The same technique has been applied to investigate stability conditions and 

dissociation enthalpies of semi-clathrate hydrates of CO2 + TBACl, TBANO3, and TBPB 

(Mayoufi et al., 2009). Mayoufi et al. (Mayoufi et al., 2011) used DSC to investigate phase 

behavior of CO2 + TBPB semi-clathrate hydrates. The experimental setup is shown in Figure 4.6. 

It is based on a high sensitivity DSC (micro DSC VII) fitted with two pressure-controlled cells. 

It can operate at temperatures between (228.15 and 393.15) K and up to 40 MPa coupled to a 

pressure multiplicator.  

Moreover, Daraboina et al. (Daraboina et al., 2013a) investigated the performance of kinetic 

inhibitors for hydrate formation and decomposition by using high pressure micro differential 

scanning calorimeter (HP-μDSC). Lin et al. (Lin et al., 2014) studied phase equilibrium 

conditions and dissociation enthalpy of the semi-clathrate hydrates formed from mixed quaternary 

salts (TBAB + TBPB) with CO2 by using DSC method for the first time.  
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Figure 4.6: High pressure DSC measurement device (Mayoufi et al., 2009) 

4.2.6 High pressure autoclave cell 

The high pressure autoclave apparatus consists of a high-pressure cell submerged in a liquid bath 

for temperature control. The type of solution used in the bath can differ and depends on the 

temperature range required for experiment. The high pressure autoclave cell may be visual or 

non-visual. Magnetic stirrers are placed within the cell for agitation. Temperature probes are 

inserted into the cell to monitor the temperature inside the cell. Also, pressure transducer is 

installed into the cell to record the cell pressure. This type of setup was chosen as it is simple to 

construct and operate. 

4.3 Diffraction and spectroscopic methods in gas hydrate research 

During the last decade gas hydrate research has increasingly shifted to molecular-level methods 

including X-ray Diffraction (XRD) (Kumar et al., 2009a), Raman spectroscopy (Schicks and 

Luzi-Helbing, 2013, Joon Shin et al., 2009), Nuclear Magnetic Resonance (NMR) spectroscopy 

(Seo et al., 2005) and Infrared spectroscopy (Dartois and Schmitt, 2009, Fleyfel and Devlin, 

1991). These methods can provide important information about hydrates (Sloan and Koh, 2008, 

Udachin et al., 1997, Udachin et al., 2001, Manakov et al., 2009) including: the hydration number, 

composition of hydrates, structure identification, the relative occupancy of molecules in each 

cage, identification of metastable phases, and the kinetics of formation of various structures. 
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Table 4.1 provides a summary of molecular-level techniques that have been used to CO2 hydrate 

studies (Sloan and Koh, 2008). 

Table 4.1 Molecular-level techniques applied to analyze CO2 hydrate 

Author Study Reference  

Uchida et al. Analyzing of the growth process of CO2 hydrates by 
Raman spectroscopic 

(Uchida et 
al., 1995) 

Nakano et al. Raman Microprobe Spectroscopic Studies on the CO2 
Hydrate System 

(Nakano et 
al., 1998) 

Takeya et al. In situ observation of CO2 hydrate by XRD (Takeya et 
al., 2000) 

Udachin et al. Determination of the structure and composition of CO2 
hydrate using X-ray diffraction 

(Udachin et 
al., 2001) 

Seo and Lee Confirmation of the structure and guest distribution of the 
mixed N2 + CO2 hydrates by using X-ray diffraction and 

C13 NMR 

(Seo and 
Lee, 2003) 

Kim and Lee Identification structure and guest distribution of the mixed 
H2 + CO2 hydrate by X-ray powder diffraction and NMR 

spectroscopy 

(Kim and 
Lee, 2005) 

Lehmkühler et al. Analysis of CO2−H2O interface at conditions of gas hydrate 
formation by X-ray diffraction  

(Lehmkühler 
et al., 2008) 

Lee et al. Identification the crystal structure and guest distribution 
of the CO2–CH4–N2 mixture hydrate by synchrotron XRD, 

NMR, and Raman spectroscopy  

(Lee et al., 
2012a) 

Lee et al. Confirmation of the CO2/ CH4+ THF hydrates structures 
by synchrotron XRD and Raman spectroscopy 

(Lee et al., 
2012c) 

Luzi et al.  In situ investigation of hydrate formation and dissociation 
by means of Raman spectroscopy and powder X-ray 

diffraction (PXRD) 

(Luzi et al., 
2012) 

Xu et al. Analyzing of CO2 separation from CO2/H2 gas mixtures 
with Raman spectroscopy 

(Xu et al., 
2013b) 

Lee et al.  Examination of CH4–CO2 replacement in natural gas 
hydrates through thermodynamic and 13C NMR 

spectroscopic  

(Lee et al., 
2013) 

Kumar et al. Investigation of CO2-containing clathrate hydrates by 
infrared spectroscopy 

(Kumar et 
al., 2009b) 



58 
 

5 Experimental methods and gas hydrates phase equilibrium 
measurements 

The experimental technique and the apparatus used to perform the measurements is presented in 

this chapter. The isochoric pressure search method was used to measure the hydrate dissociation 

conditions (using both apparatus) (Tohidi et al., 2000, Mohammadi and Richon, 2009c). 

  An isochoric process called isovolumetric process because the volume of the measuring 

system remains constant and the temperature changes during the experiment. The reliability of 

the experimental method used has been demonstrated in the literature. A typical diagram of this 

experimental method is given in Figure 5.1. The intersection between the cooling curve  and the 

hydrate dissociation curve was taken as dissociation point. 

 

Figure 5.1: A representative diagram obtained using the isochoric pressure search 
method.
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Important advantages of the isochoric pressure search method are:  

a) No visual observation is required for determination of hydrate equilibrium data  

b) No volume changes are required. 

 

5.1 Materials 

The chemicals used in the present study, their suppliers and purities are given in Table 5.1. The 

chemicals were used without additional purification. Aqueous solutions were prepared following 

the gravimetric method, using an accurate analytical balance (mass uncertainty: ± 0.0001 g). 

Distilled water was used to prepare all aqueous solutions.  

Table 5.1: Purities and supplier details of the chemicals used in this study. 

Chemical Formula Purity Supplier 

Carbon dioxide  CO2 ≥99.99 (vol %) AFROX Ltd 

Methane  CH4 ≥99.99 (vol %) AFROX Ltd 

Nitrogen N2 ≥99.99 (vol %) AFROX Ltd 

Argon Ar ≥99.99 (vol %) Air Liquid 
Tetrabutyl phosphonium bromide (TBPB) C16H36BrP 98% 

(mass fraction) 
Sigma-Aldrich 

Tetrabutyl ammonium nitrate (TBANO3) C16H36N2O3 97% 
(mass fraction) 

Sigma-Aldrich 

Tetra butyl ammonium fluoride tri-hydrate 
(TBAF.3H2O) 

C16H36FN ≥97.0% 
(mass fraction) 

DLD Scientific 

 

5.2 Apparatus 

Two different experimental apparatus were used for the hydrate dissociation measurements. The 

schematic diagram of apparatus 1 is shown in Figure 5.2. Figure 5.3 is shown a picture of 

experimental set up was used in this study. 

The equipment was designed and commissioned by the Thermodynamics Research Unit 

(TRU) and housed in the TRU Laboratories in the School of Engineering.  

The experimental apparatus consists of different parts: cylindrical equilibrium cell, agitation 

device, liquid bath, temperature controller, chilling unit, temperature and pressure sensors, 

vacuum pump, and data acquisition system. 
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Figure 5.2: Schematic diagram of the apparatus 1: GC, Gas Cylinder; LB, Liquid Bath; 

DAU, Data Acquisition Unit; EC, Equilibrium Cell; ER, External Refrigerator(chilling 

unit); TC, Temperature Controller; PT, Pressure Transducer; PP, Platinum Probes (PP1 - 

top probe, PP2 - bottom Probe); SD, Stirring Device; MS, Magnetic Stirrer; MG, 

Mechanical Gear; MJ, Mechanical Jack; VP, Vacuum Pump; V1, Vacuum valve; V2, 

Vent V3, Loading valve; V4, V5, Feeding valves; V6, Drain valve. 
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Figure 5.3: A picture of apparatus used in this study. 

 

5.2.1 Cylindrical equilibrium cell 

The main part of the apparatus is an equilibrium cell (EC) which has an inner volume of 

approximately 64 cm3. The cell is made of 316 stainless steel and can withstand the high pressure 

required for hydrate measurements. The cell can perform well at both low and high temperature. 

Figure 5.4 shows the equilibrium cell which used in this study. It has a height of 40 mm and a 

diameter of 45 mm. Five inlet/outlet ports were drilled into the main body of the equilibrium cell 

with a diameter of 8 mm. The first port, was situated on the top of the cell for introducing the 

liquid into the cell and also for evacuation of the cell. The second port was located on the left top 

of the cell for pressure transducer. The third and fourth port on the right top and bottom of the 

cell were used for temperature probe sensors (Pt100s). The fifth port was located at the bottom of 

the cell for the draining of liquid. 
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a) Schematic diagram  

 

 

 

 

b) Real photograph  

Figure 5.4: Hydrate equilibrium cell. 
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5.2.2 Liquid bath 

The equilibrium cell was immersed in a bath filled with an ethylene glycol and water solution to 

ensure an isothermal environment is maintained. This allowed for an operating temperature 

between 228 K (melting point at atmospheric pressure) and 397 K (boiling point at atmospheric 

pressure). The bath is 43 cm × (length) ×35 cm (width) ×26 cm (height). 

5.2.3 Agitation device 

A magnetic stirrer was installed in the cell to agitate the fluids and hydrate crystals formed during 

the measurements. Stirring increases the rate of mass transfer between the vapour phase i.e gases 

and water. This new stirring device was designed by Richon (Ngema et al., 2014). The new design 

of the stirring device has two neodymium magnets as well as three blades each with a length of 5 

mm, height of 33 mm and width 1 mm (Figure 5.5). A Teflon® covering was used to reduce 

friction caused by high magnetic field between the neodymium magnet and stainless steel shaft. 

Figure 5.6 shows the equilibrium cell without stirring device and with stirring device. The stirring 

device, located at the bottom of the cell, rotates by Heidolph RZR 2041 overhead stirrer which 

mounted outside the cell. The overhead stirrer drives a gear chain at the bottom of the cell, which 

drives the magnetic stirrer. Figure 5.7 shows the operation of magnetic stirrer. This stirring device 

with vigorous agitation improves the water transformation to hydrate and reduces hydrate 

dissociation time.  

 

Figure 5.5: New magnetic stirrer device. 
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Figure 5.6: A partial picture of the equilibrium cell without magnetic device (left) and 
with magnetic device (right). 

 

 

Figure 5.7: Schematic diagram for operating of magnetic stirrer device. 

 

5.2.4 Temperature controller 

The temperature of the bath was controlled at a prescribed value by the use of a programmable 

coolant circulator and a thermocouple in the bath (Grant Optima™ TX150). The controller 

temperature range is 243.15 K to 323.15. It has an immersion circulator pump with an internal 
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temperature probe. The temperature bath maintain a constant temperature of the equilibrium cell 

contents by heating or cooling of the ethylene glycol water mixture in the bath. 

5.2.5  Chilling unit 

An immersion cooler supplied by PolyScience® was used to cool the bath content. It operates at 

temperature as low as 173.15 K. 

5.2.6 Temperature and pressure sensors 

Two platinum temperature resistors, Pt100s, were inserted into the cell to monitor the temperature 

of the bulk and fluid phase. The Pt100s measure over a range of (73.15 to 1073.15) K and the 

uncertainty in the temperature measurement is estimated to be < 0.15 K. Each Pt100 was fixed to 

the top or bottom of the equilibrium cell and the measurement corresponded to the vapour and 

liquid phase respectively. The Pt100s were connected to Agilent data acquisition unit to record 

the temperature inside the cell.  

A WIKA P-10 pressure transducer was used to measure the cell pressure. The transducer has 

a pressure range of 1-10 MPa and the uncertainty in the pressure measurement is estimated to be 

< 5 kPa. The pressure transducers are maintained at constant temperature (temperature higher 

than the highest temperature of the study). The transducer was connected to an Agilent data 

acquisition unit to record and display periodic pressure measurements of the system. 

5.2.7 Data acquisition system 

A 34972A LXI Agilent data acquisition unit was coupled with a personal computer to monitor 

the pressure and temperature and time data during the experiment. The Agilent Bench link Data 

Logger 3 software presents real-time data of pressure and temperature. Continuous recording of 

pressures and temperatures allows detection of any changes in the system and true equilibrium 

conditions. 

The second apparatus (Apparatus 2) is similar to the one described earlier. However the inner 

volume of the equilibrium cell and the design of the mechanical stirrer were modified. The 

equilibrium cell, with a volume of 45 cm3, was designed to operate at a pressure range of 1-20 

MPa. A mechanical overhead stirrer with a speed range from 40 to 2000 rpm was utilized for this 

apparatus (RZR 2041, Heidolph). A Grant temperature bath controller (model TX-150) was used 

to provide the stable temperature profile. A detailed schematic of the apparatus is given in 

Figure 5.8. 
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Figure 5.8:  Schematic diagram of the apparatus 2: G, Gas Cylinder; LB, Liquid Bath; 

DAU, Data Acquisition Unit; EC, Equilibrium Cell; ER, External Refrigerator; TC, 

Temperature Controller; PT, Pressure Transducer; PP3, Platinum Probes; SD, Stirring 

Device; MS, Magnetic Stirrer; MJ, Mechanical Jack; VP , vacuum pump; V3, Vacuum 

valve; V1, V2, V5, Feeding valves; V6, Loading and Drain valve; V4, Vent valve.
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5.3 Calibration of measuring devices 

The accuracy of the hydrate phase equilibrium data depends on the accuracy of measuring 

equipment. Calibration is the process of evaluating the accuracy of measurement equipment. In 

this way, careful calibration of all measuring devices, i.e., temperature probes, pressure 

transducers and etc. was accomplished against reference instruments previous to performing the 

experimental work. Calibration of the measured variables (temperature and pressure) were 

performed for both apparatus.  

5.3.1 Calibration of the temperature probes  

Two platinum (Pt) temperature resistors (Pt100s) were used for temperature measurement at the top 

and the bottom of the cell in order to check for temperature gradient along the equilibrium vessel. 

The probes were calibrated against a 100Ω reference probe (WIKA CTH 6500) with an accuracy of 

0.03 K. The Pt100 probes and the reference probe were immersed in a calibration bath (WIKA CTB 

9100) with silicon oil. The actual and set temperature were displayed simultaneously on a digital 

display. The temperature of the bath was increased and decreased at uniform intervals from (268.15 

to 313.15) K, in order to detect any hysteresis within the probes. The temperature of the standard 

probe (standard temperature) was plotted against the recorded temperature of the two Pt100s 

(Figure 5.9 and Figure 5.10). The calibration equation of this line is subsequently used to determine 

actual temperature values. The maximum uncertainty on temperature measurement resulting from 

this calibration is within ± 0.026 K.   

The calibration of the temperature probe for the second apparatus was performed as described 

above; the plot of the standard temperature against recorded temperature is provided in 

Figure 5.11. 
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Figure 5.9: Calibration of the top platinum resistance thermometer probe (PP1) 
for apparatus 1. 

 

 

  

Figure 5.10: Calibration of the bottom platinum resistance thermometer probe 
(PP2) for apparatus 1

y = 0.9983x - 0.7023
R² = 1

260

270

280

290

300

310

260 270 280 290 300 310

St
an

d
ar

d
 t

e
m

p
e

ra
tu

re
 /

 K

Recorded temperature / K

-0.025

-0.015

-0.005

0.005

0.015

0.025

260 270 280 290 300 310

D
e

vi
at

io
n

 (
T S

ta
n

d
ar

d
-T

 C
o

rr
e

ct
ed

) 
/ 

K
  

Standard temperature / K

y = 0.9976x - 0.5485
R² = 1

260

270

280

290

300

310

260 270 280 290 300 310

St
an

d
ar

d
 t

e
m

p
e

ra
tu

re
 /

 K

Recorded temperature / K

-0.025

-0.015

-0.005

0.005

0.015

0.025

260 270 280 290 300 310

D
e

vi
at

io
n

 (
T

St
an

d
ar

d
-T

C
o

rr
e

ct
ed

) 
/ 

K
  

Standard temperature / K



69 
 

 

  

Figure 5.11: Calibration of the platinum resistance thermometer probe (PP3) for 
apparatus 2. 

 

5.3.2 Pressure calibration 

The pressure inside the equilibrium cell was measured using a calibrated pressure transducer. The 

calibration is performed against a standard pressure transducer (WIKA CPH6000). For calibrating 

the pressure transducer, the reference instrument was connected to a nitrogen cylinder as a 

pressure source and to the inlet of the equilibrium cell. In order to eliminate the effect of 

fluctuating temperature on the calibration, the equilibrium cell and the pressure transducer 

temperature are kept at a constant temperature. The equilibrium cell was controlled at 290.15 K 

and the pressure transducer was controlled at 313.15 K. The pressure of the cell was increased 

and decreased at uniform intervals from 1 to 10 MPa for detecting any hysteresis. Pressure 

readings from the cell pressure transducers are allowed to stabilize. The standard pressure was 

plotted against the recorded pressure (Figure 5.12). The maximum uncertainty is within 0.98 kPa.  

The calibration of the pressure transducer for the second apparatus was performed as described 

above; the plot of the standard pressure against recorded pressure is provided in Figure 5.13. 
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Figure 5.12: Calibration of the pressure transducer for apparatus 1. 

 

 

 ..  

Figure 5.13: Calibration of the pressure transducer for apparatus 2. 
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ranging from 270.4 to 274.0 K, respectively. Table 5.2 and Figure 5.14 shows the experimental 

vapour pressure data for carbon dioxide. 

 

Table 5.2: The experimental vapour pressure data of carbon dioxide (CO2). 

Apparatus T(K) P(MPa) P1 (MPa) P2 (MPa) 
1 274.0 3.54 ± 0.02 ± 0.04 
 267.5 2.99 ± 0.00 ± 0.01 
 287.2 4.90 ± 0.07 ± 0.10 
 282.2 4.37 ± 0.03 ± 0.05 
 278.1 3.95 ± 0.02 ± 0.03 

2 292.1 5.56 ± 0.03 ± 0.05 
 287.8 5.02 ± 0.03 ± 0.05 
 283.1 4.48 ± 0.02 ± 0.04 
 279.1 4.07 ± 0.00 ± 0.02 
 274.8 3.63 ± 0.01 ± 0.02 
 270.4 3.22 ± 0.02 ± 0.03 

      ΔP = │Pexp - Pliterature│ 
1 = lit (NIST- Wagner25); 
2 = lit (DDBST- Antoine Equation (Thomson, 1946)) 

 

  

Figure 5.14: Vapour pressure data of carbon dioxide for apparatus 1 (left) and apparatus 

2 (right). ●, this work; □, ref (Kim et al., 2010); ○, ref (Saleh and Wendland, 2005). 

 

 

0

1

2

3

4

5

6

7

220 240 260 280 300 320

P
re

ss
u

re
 /

 M
P

a

Temperature / K

0

1

2

3

4

5

6

7

220 240 260 280 300 320

P
re

ss
u

re
 /

 M
p

a

Temperature / K



72 
 

5.5 Experimental procedure for hydrate measurements 

The following steps explain the experimental procedure for hydrate measurements in this study:  

1. The equilibrium cell (EC) was washed with distilled water previous to every experimental 

run to remove any contamination (refer to Figure 5.2).  

2. The cell was immersed in a temperature controlled bath (LB). Mechanical jack (MJ) was 

used to move the liquid bath. 

3.  The air inside the cell was evacuated for an hour using an Edwards vacuum pump (VP) 

to 0.01 kPa (all the valves were closed and V1 and V5 were opened).  

4. After evacuating the cell, all the valves were closed and then the evacuated cell was 

initially charged with aqueous solution through V3. (Approximately 30 % by volume of 

the cell is filled with aqueous solution).  

5. After loading the aqueous solution into the cell, the cell contents were once again 

degassed by applying a vacuum to the equilibrium cell for a few seconds, this aids in 

removing the air in the cell.  

6. The temperature was set far from the hydrate zone through temperature controller (TC). 

7. The gas was then supplied from a gas cylinder (G) through a pressure-regulating valve 

into the evacuated cell until the pressure inside the cell was increased to the desired level. 

8. The stirrer device (SD) was turned on and adjusted desired stirring speed to mix the gas 

and aqueous solution inside the cell. 

9.  Once the temperature and pressure have stabilized, the valve on the line connecting the 

cell and the gas cylinder was closed.  

10. Subsequently, temperature was slowly decreased at a rate of -10 K. h-1 until form hydrate. 

During cooling, a steady decrease of pressure was observed. Initial hydrate formation 

was detected by a rapid decrease in pressure due to encapsulation of hydrate former. Since 

hydrate formation is an exothermic process, an abrupt increase in pressure was also 

observed. Once crystallization stops, the temperature returns to the operative temperature. 

Throughout the process, pressure and temperature changes were monitored and recorded 

by an Agilent data acquisition system (DAU). 

11. After the completion of hydrate formation, the system was slowly heated at a rate of 1 

K.h -1 to dissociate the hydrate. An abrupt increase in the pressure reading marks the start 

of the dissociation process. The system was then allowed to reach equilibrium (for 2 

hours). 

12. By starting hydrate dissociation, temperature of the equilibrium cell was then increased 

step-by-step to dissociate the hydrate. For accurate equilibrium data, the dissociation 

process should be performed at a slow heating rate (0.1K.h-1) to allow the system to reach 

equilibrium and prevent metastability. The complete decomposition of hydrates 
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(equilibrium point) was noted by a decrease in the pressure-temperature gradient. The 

procedure was repeated at different pressures for determination of the hydrate phase 

boundaries over a wide temperature range.  

The hydrate dissociation point is considered as a point on the phase diagram of gas 

hydrates. It should be noted that the location of this point of the phase diagram of the 

corresponding gas hydrate is independent of measurement time. 
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6 Results and discussion 

6.1 Experimental results 

Tetrabutyl ammonium (TBA) or phosphonium (TBP) salts can form semi-clathrate hydrates 

because the cations (TBA+ and TBP+) fit into the hydrate cage easily. They have been proposed 

as good hydrate promoters, which effectively reduce the equilibrium pressure and affect the 

formation rate. The semi-clathrate structure consists empty cages which can be occupied by gas 

molecules.The clathrate/semi-clathrate hydrate dissociation conditions for the following systems 

have been measured and reported: 

1. Carbon dioxide, methane, nitrogen and argon in presence of TBPB aqueous solutions 

2. Carbon dioxide, methane, nitrogen and argon in presence of TBANO3 aqueous solutions 

3. Carbon dioxide in presence of TBAF aqueous solutions 

Table 6.1 summarizes the hydrate phase equilibria measured in this study. The uncertainties in 

the measured variables were estimated according to the NIST guidelines as included in Appendix 

B. A summary of the uncertainties of these values are given in Table B. 1 and .  

Table 6.1: Summary of the clathrate/semi-clathrate phase equilibria measured in this 
study. 

System 
Mass fraction of 
promoter 

Temperature 
range/ K 

Pressure range/ 
MPa 

CO2 + H2O 0 281.9 - 283.3 3.69 - 4.45 

CO2 + TBPB + H2O 0.05, 0.15 283.9 - 289.3 1.10 - 3.70 
CH4 + TBPB + H2O 0.1, 0.15, 0.2 287.2 - 291.4 2.74 - 6.91 
N2 + TBPB + H2O 0.075, 0.1, 0.2 281.5 - 288.0 2.43 - 7.79 
Ar + TBPB + H2O* 0.10, 0.20, 0.30 283.4 - 293.1 1.07 - 9.90 

CO2 + TBANO3 + H2O 0.05, 0.1, 0.15 276.5 -284.3 1.21 - 4.30 
CH4 + TBANO3 + H2O 0.1, 0.15 281.8 - 285.1 2.74 - 5.05 
N2 + TBANO3 + H2O 0.1, 0.20 275.1 - 279.9 2.24 - 7.27 
Ar + TBANO3 + H2O* 0.05, 0.10, 0.20 277.7 - 286.3 1.22 - 9.56 

CO2 + TBAF + H2O 0.041, 0.067 287.9 - 293.3 2.11 - 4.93 

U (T) = 0.08 K, U (P) = 0.03 MPa (Apparatus 1) 

U (T) = 0.21 K, U (P) = 0.05 MPa (Apparatus 2) 

* These systems are novel which have not been yet studied in the literature. 
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6.1.1 CO2/CH4/N2/Ar + TBPB aqueous solution system 

It is known that TBPB forms semi-clathrate hydrates with 32 and 38 water molecules 

(TBPB·32H2O and TBPB·38H2O) (Muromachi et al., 2014). TBPB·32H2O includes: ten 512 

small cages, sixteen 51262 and four 51263 cages per unit cell (Dyadin and Udachin, 1987, Dyadin 

and Udachin, 1984). Therefore, small gas molecules such as carbon dioxide and methane can be 

encaged within the semi-clathrate. 

The experimental phase equilibrium data for clathrate/ semi-clathrate hydrate for systems with 

CO2, CH4, N2 or Ar + TBPB are tabulated in Table 6.2 to Table 6.5 and plotted in Figure 6.1 to 

Figure 6.4. These data are compared to literature data which have been published.  

 

Table 6.2: Hydrate equilibrium data of the (CO2 + TBPB + H2O) system 

TBPB mass fraction T/K P/MPa 

0 

279.3 2.57 
281.0 3.21 
281.9 3.69 
283.3 4.45 

0.05 
283.9 2.38 
284.9 2.79 
285.8 3.23 
286.3 3.66 

0.15 

285.8 1.06 
287.1 1.54 
288.0 1.98 
288.7 2.45 
289.3 3.04 
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Figure 6.1: Hydrate equilibrium data of the (CO2 + TBPB + H2O) System, □, pure CO2 
hydrate, ref (Li et al., 2010c); ■, pure CO2 hydrate, this work; ○, wTBPB=0.05, ref (Li et al., 
2010c); ●, wTBPB=0.05, this work; , wTBPB=0.10, ref (Zhang et al., 2013); , wTBPB=0.10, 

ref (Shi et al., 2013);▲, wTBPB=0.15, this work; , wTBPB=0.20, ref (Zhang et al., 2013); , 
wTBPB=0.35, ref (Zhang et al., 2013); ‒, wTBPB=0.35, ref (Suginaka et al., 2013); +, 
wTBPB=0.371, ref (Mayoufi et al., 2010); ●, wTBPB=0.371, ref (Shi et al., 2013); , 

wTBPB=0.50, ref (Zhang et al., 2013); ■, wTBPB=0.60, ref (Shi et al., 2013). 

 

Table 6.3: Hydrate equilibrium data of the (CH4 + TBPB + H2O) system. 

TBPB mass fraction T/K P/MPa 

0.10 

287.2 3.00 
288.7 4.29 
289.8 5.60 
290.5 6.91 

0.15 
288.4 2.86 
289.4 3.75 
290.1 4.65 
290.7 5.52 

0.20 
288.9 2.74 
290.0 3.71 
290.8 4.61 
291.4 5.46 
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Figure 6.2: Hydrate equilibrium data of the (CH4 + TBPB + H2O) System:□, pure CH4 
hydrate, ref (Sloan, 2008a); ■, wTBPB=0.1, this work; ●, wTBPB=0.15, this work; ▲, 0.2, this 

work; ○, wTBPB=0.35, ref (Suginaka et al., 2013). 

 

Table 6.4: Hydrate equilibrium data of the (N2 + TBPB + H2O) system. 

TBPB mass fraction T/K P/MPa 

0.075 

281.5 3.08 
282.4 4.26 
283.6 6.02 
284.4 7.56 

0.10 
282.7 3.30 
284.0 4.85 
284.9 6.24 
285.6 7.68 

0.20 

284.4 2.43 
285.8 4.22 
287.1 6.07 
288.0 7.79 
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Figure 6.3: Hydrate equilibrium data of the (N2 + TBPB + H2O) System:□, pure CH4 
hydrate, ref (Sloan, 2008a); , wTBPB=0.05, ref (Shi et al., 2013); ■, wTBPB=0.075, this work; 

●, wTBPB=0.1, this work; ○, wTBPB=0.1, ref (Shi et al., 2013);▲, wTBPB=0.2, this work; , 
wTBPB=0.35, ref (Suginaka et al., 2013); , wTBPB=0.371, ref (Shi et al., 2013);, wTBPB=0.6, 

ref (Shi et al., 2013). 
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Table 6.5: Hydrate equilibrium data of the (Ar + TBPB + H2O) system. 

TBPB mass fraction T/K P/MPa 

0.1 

290.2 9.26 
289.3 7.42 
288.1 5.71 
286.8 4.04 
285.3 2.78 
283.4 1.64 
  

0.2 

292.5 9.78 
291.8 8.42 
290.8 6.78 
289.9 5.43 
288.7 3.98 
286.8 2.39 
284.6 1.07 

   

0.3 

293.1 9.90 
292.5 8.27 
291.5 6.73 
290.8 5.50 
289.3 3.96 
287.9 2.62 
285.8 1.30 
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Figure 6.4: Hydrate equilibrium data of the (Ar + TBPB + H2O) System: , pure Ar 
hydrate, ref (Marshall et al., 1964); ■, wTBPB=0.10, this work; ●, wTBPB=0.20, this work; ▲, 

wTBPB=0.30, this work. 

It can be seen from the figures (6.1, 6.2, 6.3 and 6.4) that TBPB has a strong promotion effect on 

semi-clathrate hydrates formation for the systems under consideration. TBPB causes the 

formation conditions of CO2/ CH4 / N2 and Ar hydrates to be shifted to moderate conditions (lower 

pressure and higher temperature) when compared with the clathrate hydrates of (CO2/ CH4/ N2/ 

Ar) in the presence of water. It is clearly seen that the pressure equilibrium conditions of CO2 + 

TBPB hydrate are lower than those of CH4 + TBPB, N2 + TBPB and Ar + TBPB hydrates. The 

difference between the equilibrium conditions may reveal the possibility of CO2 capture from 

CO2 + CH4, CO2 + N2 and CO2 + Ar mixtures.  

By increasing the mass fraction of the TBPB solution (from w = 0.05 to w = 0.371), the phase 

equilibrium temperature increases and the equilibrium pressure decreases. Moreover, the stability 

of hydrate is enhanced. While, with the increases of mass fraction of the salt up to a mass fraction 

of 0.371, the stability of hydrate is lessened. It can be concluded that the maximum promotion 

effect of TBPB is in mass fraction of 0.371. To obtain a desired concentration of TBPB for a 

separation process based on semi-clathrate hydrates, some economic studies are required. 

It is evident in Figure 6.1 that an increase in the concentration of TBPB from (0.05 to 0.15) 

mass fraction increases the promotion effect of TBPB on the CO2 hydrate formation. Moreover, 
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depending on the salt concentration, the temperature stability of CO2 hydrate increases by (4.8 to 

9.0) K at a given pressure.   

Figures (6.2, 6.3 and 6.4) shows that the influence of TBPB on N2, CH4 and Ar hydrates are 

similar to the effect of TBPB on CO2 hydrate, which means that the phase equilibrium conditions 

shifted to the higher temperature and lower pressure due to the presence of TBPB as a promoter.  

All the measured data have been checked with the equilibrium temperature-mass fraction 

diagram of TBPB hydrates  to ensure that measured hydrate dissociation conditions in this study 

are outside of the dissociation conditions of semi-clathrate hydrates of the TBPB + water system 

(Figure 6.5). The measured experimental data for dissociation of TBPB semi-clathrate hydrate at 

atmosphere pressure are listed in Table 6.6.  

  

Figure 6.5: Phase diagram of TBPB semi-clathrate hydrate at atmospheric pressure: , 

this work; , ref (Zhang et al., 2013); , ref (Suginaka et al., 2012). 
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Table 6.6: Measured Dissociation Temperature for TBPB Semiclathrate Hydrate at 
Atmospheric Pressure. 

Mass fraction of TBPB Tdiss a/K 
0.05 275.2 
0.10 280.7 
0.15 281.2 
0.20 281.8 
0.30 282.3 

a U (wTBPB) = 0.0001 mass fraction, U (T) = 0.1 K  

6.1.2 CO2/CH4/N2/Ar + TBANO3 aqueous solution system 

The tetrabutyl ammonium nitrate (TBANO3) can form two different structures of semi-clathrate 

hydrates, TBANO3. 26H2O and TBANO3. 32H2O. These structures are composed of 512, 51262 

and 51263 cavities which gas molecules such as CO2 can occupy.  

The experimental phase equilibrium data for semi-clathrate hydrate for systems with CO2, 

CH4, N2 + TBANO3 or Ar + TBANO3 are tabulated in Table 6.7 to Table 6.9 and plotted in 

Figure 6.6 to Figure 6.8. These data are compared to published literature data. 

Table 6.7: Hydrate equilibrium data of the (CO2 + TBANO3+ H2O) system. 

 TBANO3 mass fraction T/K P/MPa 

 

0.05 

276.5 1.21 
277.7 1.67 
278.9 2.25 
279.6 2.60 
280.3 2.90 
280.9 3.20 
282.9 4.30 

0.10 

279.8 1.73 
280.5 2.04 
281.0 2.42 
281.3 2.67 
281.6 2.99 

0.15 

281.5 1.42 
282.6 1.88 
283.1 2.29 
283.5 2.72 
284.0 3.29 
284.3 3.90 
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Figure 6.6: Hydrate equilibrium data of the (CO2 + TBANO3 + H2O) System:□, pure CO2 
hydrate, ref (Li et al., 2010c); ■, pure CO2 hydrate, this work; ●, wTBANO3=0.05, this work; 
▲, wTBANO3=0.1, this work; , wTBANO3=0.15, this work; ○, wTBANO3=0.394, ref (Mayoufi et 

al., 2010); , wTBANO3=0.394, ref (Du et al., 2011a). 

 

Table 6.8: Hydrate equilibrium data of the (CH4 + TBANO3+ H2O) system. 

 TBANO3 mass fraction T/K P/MPa 

 

0.10 

281.8 3.03 
282.9 3.94 
283.7 4.64 
284.2 5.24 

0.15 
282.6 2.80 
283.7 3.64 
284.4 4.32 
285.1 5.05 
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Figure 6.7: Hydrate equilibrium data of the (CH4 + TBANO3 + H2O) System:□, pure CH4 
hydrate, ref (Sloan, 2008a); , pure CH4 hydrate, ref (Sloan, 2008a); ●, wTBANO3=0.1, this 

work; ■, wTBANO3=0.15, this work; ○, wTBANO3=0.394, ref (Du et al., 2011a). 

 

 

Table 6.9: Hydrate equilibrium data of the (N2 + TBANO3+ H2O) system. 

TBANO3 mass fraction T/K P/MPa 

0.10 

275.1 2.24 
276.5 3.70 
277.6 5.01 
278.2 5.88 
279.0 7.27 

0.15 

278.0 3.73 
278.8 4.66 
279.5 5.56 
279.9 6.25 
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Figure 6.8: Hydrate equilibrium data of the (N2 + TBANO3 + H2O) System:□, pure N2 
hydrate, (Sloan, 2008a); ●, wTBANO3=0.1, this work; ■, wTBANO3=0.15, this work; ○, 

wTBANO3=0.394, (Du et al., 2011a). 

 

Table 6.10: Hydrate equilibrium data of the (Ar + TBANO3 + H2O) system. 

TBANO3 mass fraction T/K P/MPa 

0.05 

282.1 9.56 
281.2 8.10 
280.1 6.56 
278.9 5.13 
277.6 3.75 

   

0.1 

285.3 9.50 
283.9 7.34 
282.0 5.16 
280.2 3.79 
283.3 6.77 

   

0.2 

286.3 9.20 
285.3 7.74 
284.6 7.03 
283.4 5.38 
282.0 3.89 
280.0 2.35 
278.4 1.22 
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Figure 6.9: Hydrate equilibrium data of the (Ar + TBANO3 + H2O) System: , pure Ar 
hydrate, ref (Marshall et al., 1964); ■, wTBANO3=0.05, this work; ●, wTBANO3=0.10, this work; 

▲, wTBANO3=0.20, this work. 

 

It can be seen from Figure 6.6 and Figure 6.7, the influence of TBANO3 is quite complicated 

among the system studied. Figure 6.6 shows that TBANO3 forms semi-clathrate hydrates with 

CO2. The presence of TBANO3 with 0.1, 0.15 and 0.394 mass fraction, reduce the CO2 semi-

clathrate hydrate formation pressure. As also shown in Figure 6.6, the influence of TBANO3 in 

solutions with 0.05 mass fraction, are entirely unlike to that in the solution with 0.15 and 0.394 

mass fraction. When the mass fraction of TBANO3 is 0.05, it shows both inhibition and promotion 

effects. TBANO3 acts as a hydrate promoter at low pressure and as well as an inhibitor at higher 

pressure. At this concentration, the CO2 + TBANO3 semi-clathrate hydrate is stable at low 

pressures (below 2.57 MPa) and less stable at higher pressures (above 2.57 MPa) than pure CO2 

hydrate, respectively.  

The experimental phase equilibrium data of CH4 + TBANO3 + water semi-clathrate hydrates 

are presented in Table 6.8 and are shown in Figure 6.7. The results demonstrate that TBANO3 

acts like an inhibitor at the pressure higher than 10 MPa. Furthermore, with increasing the 

concentration of TBANO3 (wTBANO3= 0.394) inhibition effect increases. In this study, the 

promotion effect of this salt were considered and experiments have been done at lower pressure 

to examine the promotion effect of TBANO3 on CH4 hydrate. TBANO3 with 0.1 and 0.15 mass 
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fraction was acted as a good promoter and reduced the semi-clathrate hydrate formation pressure 

by half than pure CH4 hydrate in the same temperature range. 

From Table 6.9 and Figure 6.8, the presence of TBANO3 causes the hydrate formation 

condition to shift to moderate conditions (lower pressure and higher temperature). The final phase 

equilibrium pressure for N2+ TBANO3 semi-clathrate hydrate was reduced by 17 MPa at 279.3 

K. 

The hydrate dissociation condition for the system of Ar + aqueous solutions of TBANO3 were 

measured and results are given in Table 6.10 and Figure 6.9. It can be seen from Figure 6.9, 

TBANO3 dramatically promote the argon hydrate formation condition. When the mass fraction 

of TBANO3 increases from (0.05 to 0.2), the promotion effect of TBANO3 increases significantly.  

6.1.3 CO2 + TBAF aqueous solutions 

Experimental hydrate dissociation pressures for CO2 in the presence of various aqueous solutions 

of TBAF are reported in Table 6.11 and the data plotted in Figure 6.10 against literature data. 

 

Table 6.11: Hydrate equilibrium data of the (CO2 + TBAF+ H2O) system. 

 TBAF mass fraction T/K P/MPa 

 

0.041 

287.9 2.11 
288.2 2.42 
288.8 3.05 
289.3 3.53 
289.7 4.05 

0.067 

291.6 2.48 
292.2 3.12 
292.9 4.04 
293.3 4.93 
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Figure 6.10: Hydrate equilibrium data of the (TBAF + CO2 + H2O) System:□, pure CO2 
hydrate, ref (Li et al., 2010c); ■, pure CO2 hydrate, this work; ▲, wTBANO3=0.02, ref 

(Mohammadi et al., 2013a); ●, wTBANO3=0.041, this work; ○, wTBANO3=0.041, ref (Li et al., 
2010c); , wTBANO3=0.05, ref (Mohammadi et al., 2013a); , wTBANO3=0.05, ref (Kamran-

Pirzaman et al., 2013); ▲, wTBANO3=0.067, this work; , wTBANO3=0.083, ref (Li et al., 
2010c); ●, wTBANO3=0.05, ref (Kamran-Pirzaman et al., 2013); +, wTBANO3=0.105, ref (Lee et 
al., 2012b); ̵ , wTBANO3=0.15, ref (Mohammadi et al., 2013a); ‒, wTBANO3=0.31, ref (Lee et al., 

2012b); , wTBANO3=0.331, ref (Lee et al., 2012b); , wTBANO3=0.448, (Lee et al., 2012b). 

 

TBAF acts as a semi-clathrate hydrate former which has a lower dissociation pressure than 

that of the pure CO2 hydrate. The hydrate dissociation conditions of CO2 are shifted to lower 

pressures or higher temperatures due to the presence of TBAF in the system (in the concentration 

ranges studied in the present work) when compared to the pure CO2 hydrate. It can be seen in 

Figure 6.10 that the hydrate stability zone is increased with increasing TBAF concentrations.  

All the measured data have been checked with the equilibrium temperature-mass fraction 

diagram of TBAF hydrates  (Mohammadi et al., 2013a) to ensure that measured hydrate 

dissociation conditions in this study are outside of the dissociation conditions of semi-clathrate 

hydrates of the TBAF + water system. 

The promotion effect of TBPB, TBANO3 and TBAF on the hydrate formation is useful for 

application of hydrate formation technology in gas separation.  
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6.2 Model development and results 

In this section, a thermodynamic approach is used to model the dissociation conditions of the 

CO2, CH4, N2, or Ar semi-clathrate hydrates in the presence of TBPB, TBANO3 and TBAF 

aqueous solution. In this study, the model proposed by Eslamimanesh (Eslamimanesh et al., 

2012c) (explained in chapter 3) was used with major modifications in the optimization algorithm, 

used to obtain the optimal values of the adjustable model parameters.  

In this approach, the van der Waals - Platteeuw solid solution theory (vdW-P 1959) (J.H. van 

der Waals, 1959) was used to model the gas hydrate phase. Then, the fugacity of water in the 

liquid phase was calculated using the Peng-Robinson equation of state with the Mathias-Copeman 

alpha-function (PR-EoS) (Peng and Robinson, 1976). The Non-Random Two-Liquid (NRTL) 

model (Renon and Prausnitz, 1968) was applied to determine the activity coefficient of the non-

electrolyte species in the aqueous phase. 

 

6.2.1 Model Parameters 

Vapour pressure of empty hydrate ( 𝑷𝒘
𝑴𝑻): Vapour pressure of empty hydrate, Eq. 6.1 shows 

that the presence of promoter has influence on the vapour pressure of water in empty hydrate 

lattice. Hence, the vapour pressure of the empty hydrate lattice is calculated using the method of 

Dharawardhana et al. (1980): 

 
𝑃𝑤

𝑀𝑇 = 0.1𝑒𝑥𝑝 (17.44 −
6003.9

𝑇
+ ℎ × 𝑤𝑝) (6.1) 

where h is an adjustable parameter, and wp denotes the weight fraction of the promoter in the 

aqueous solution. 

 

Langmuir constants: In order to calculate the Langmuir constants, the method presented by 

Parrish and Prausnitz (Parrish and Prausnitz, 1972) was used with a modification to account for: 

a. Disorders in the structures of cavities formed by anion (F-, Br-, NO3
-) bonds to water 

molecules. 

b. Interactions between large molecules of promoters with each other. 

For dodecahedral cages: 

 
𝐶𝑠𝑚𝑎𝑙𝑙 =

𝑎𝑎

𝑇
+ 𝑒𝑥𝑝 (

𝑏𝑏

𝑇
) (6.2) 
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For tetrakaidecahedra cages: 

 
𝐶𝑙𝑎𝑟𝑔𝑒1 = (

𝑐

𝑇
× 𝑒𝑥𝑝 (

𝑑

𝑇
)) × (1 + 𝑒 × 𝑤𝑝) (6.3) 

For pentakaidecahedra cages: 

 
𝐶𝑙𝑎𝑟𝑔𝑒2 = (

𝑓′

𝑇
× 𝑒𝑥𝑝 (

𝑔

𝑇
)) × (1 + 𝑖 × 𝑤𝑝) (6.4) 

where aa and bb are the parameters recommended by Parrish and Prausnitz (Parrish and Prausnitz, 

1972) for each gaseous hydrate former encaged in small dodecahedral cages (Table 6.12) while 

c, d, e, f ', g, and i are adjustable parameters for tetrakaidecahedra and pentakaidecahedra cavities 

as shown in the Equations (6.2), (6.3) and (6.4). 

 

Table 6.12: Parameters of Langmuir constants for a dodecahedral cage 

Hydrate former  aa /(K.MPa-1) bb / (K)  

CO2  0.0011978 2860.5 

CH4  0.0037237 2708.8 

N2  0.0038087 2205.5 

Ar 0.0257791 2227.0  

 

For determination of Langmuir constants, the following assumptions have been made about the 

structures of the semi-clathrate hydrates formed in the presence of the aqueous solutions of TBPB, 

TBANO3 and TBAF: 

 The hydration numbers for each promoter are listed in  

  

 Table 6.13; 

 

Table 6.13: Hydration numbers for TBPB, TBANO3 and TBAF (Muromachi et al., 2014, 
Du et al., 2011b, Mohammadi et al., 2013a) 

 Hydration number 

Promoter Type A Type B 

TBPB 32 38 
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TBANO3 26 32 
TBAF 28 32 

 

 Hydrate formers are located in the small dodecahedral cages; 

 The TBP+ and TBA+ cations are engaged in two large tetrakaidecahedra and two large 

pentakaidecahedra cages; 

 For each structure, the number of cages per water molecule in a unit hydrate cell are 

calculated as follows and summarized in Table 6.14: 

 
𝜈𝑠𝑚𝑎𝑙𝑙 =

6

2 × ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟
 (6.5) 

 
𝜈𝑙𝑎𝑟𝑔𝑒 =

4

2 × ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟
 (6.6) 

Table 6.14: Number of cavities of per water molecules in a unit TBPB, TBANO3 and 
TBAF 

           TBPB        TBANO3         TBAF 

Promoter Type A Type B Type A Type B Type A Type B 

ν small 3/32 3/38 3/26 3/32 3/28 3/32 

ν large1 1/16 1/19 1/13 1/16 1/14 1/16 

ν large2 1/16 1/19 1/13 1/16 1/14 1/16 

 

The value of 𝜈𝑤
𝑀𝑇 is calculated by applying the following equation, assuming that the volume of 

the empty hydrate lattice and hydrate structure I is similar (as the gaseous hydrate former occupies 

only dodecahedral cages). 

 
𝜈𝑤

𝑀𝑇 = (11.835 + 2.217 × 10−5𝑇2 + 2.242 × 10−6𝑇2)
10−30𝑁𝐴

𝑁𝑤
𝑀𝑇

− 8.006 × 10−9𝑃 + 5.448 × 10−12𝑃2 
(6.7) 
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where NA denotes Avogadro's number, 𝑁𝑤
𝑀𝑇is the number of water molecules per hydrate 

cell. The pressure and temperature units in the Equation (6.7)(6.7) are MPa and K, 

respectively. 

Activity coefficient: For determination of the activity coefficient of water in the aqueous phase, 

the NRTL (Renon and Prausnitz, 1968) model with interaction parameters reported in Table 6.15 

was used. It is assumed that the interaction parameters of the NRTL model used in this study are 

similar to interaction parameters for TBAB systems (Eslamimanesh 2012). 

Table 6.15: The interaction parameters of the NRTL (Renon and Prausnitz, 1968) model 
used in this work. 

Hydrate former  A12 (kJ.mol-1) A21 (kJ.mol-1) A 

CO2  5.82 6.81 0.3 

CH4  4.00 2.15 0.6 

N2  7.11 7.12 0.3 

Ar 6.98 7.22 0.3 
 

To the best of our knowledge, no experimental data of activity coefficient of TBPB, TBANO3 

and TBAF in aqueous solution at various temperature and pressure have been reported to date. 

This causes some limitations in obtaining the optimum values of the required parameters for 

modeling the electrolytic solution. Furthermore, the main aim of the model focused on examining 

the effect of the applied promoter on the hydrate cages (or hydrate structures). Therefore, 

Eslamimanesh (Eslamimanesh et al., 2012c) correlation has been utilized to calculate the activity 

coefficient of the hydrate promoters (TBPB, TBANO3 and TBAF) in the following expression: 

 𝛾𝑝 = −0.5057𝑤𝑝
3 + 1.1603𝑤𝑝

2 − 1.3689𝑤𝑝 + 0.7655 (6.8) 

Partial molar volume of water: The partial molar volume (cm3.mol-1) was estimated using a 

correlation recommended by Eslamimanesh (Eslamimanesh et al., 2012c): 

 
𝜈𝑤

𝐿 = (5.459 0.30452(1+(1−𝑇 647.13⁄ ))
0.081

⁄ )
−1

 (6.9) 

Parameters for the Mathias–Copeman alpha function: The fugacity of the gaseous hydrate 

former calculated by the PR EoS (Peng and Robinson, 1976). The parameters of the Mathias–
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Copeman alpha function (Mathias and Copeman, 1983) were  re-tuned to accurately represent the 

vapour pressure of the pure compounds (CO2, CH4, and N2) from the triple point to the critical 

point. The common global optimum values of these parameters (Eslamimanesh 2012) are 

indicated in Table 6.16 and the applied critical properties and acentric factors of the gases are 

shown in Table 6.17. 

Table 6.16: The optimal values of the Mathias-Copeman alpha function (Mathias and 
Copeman, 1983) * used in this study. 

 Optimal values of parameters 

Hydrate former  Temperature range / K CC1 CC2 CC3 AARD% 

CO2 217 - 304 0.709 -0.317 1.91 0.5 

N2 64 - 126 0.449 -0.158 0.469 0.6 

CH4 91 - 190 0.416 -0.173 0.348 0.4 

Ar 86 -150 0.408 -0.115 0.503 0.4 
 

* 𝛼(𝑇) = [1 + 𝐶𝐶1 (1 − √
𝑇

𝑇𝑐
) + 𝐶𝐶2 (1 − √

𝑇

𝑇𝑐
)

2

+ 𝐶𝐶3 (1 − √
𝑇

𝑇𝑐
)

3

]

2

   for T < TC 

Otherwise, 

* 𝛼(𝑇) = [1 + 𝐶𝐶1 (1 − √
𝑇

𝑇𝑐
)]

2

 

Table 6.17: Critical properties and acentric factor of the pure compounds used in this 
study. 

Hydrate former  Pc
 1 / MPa Tc 2/ K ZC 

3 ω 4 

CO2 4.599 190.56 0.2862 0.0114 
CH4 7.377 304.13 0.2744 0.2239 
N2 3.399 126.20 0.2917 0.0377 
Ar 4.898 150.86 0.2910 0.000 

H2O 22.055 647.13 0.2294 0.3449 
1 Critical pressure  
2 Critical temperature  
3 Critical compressibility factor  
4 Acentric factor 

6.2.2 Optimization of model parameters 

To determine the optimal values of the model parameters, the Nelder-Mead optimization 

algorithm (Nelder and Mead, 1965) was used. The algorithm is used for minimizing an objective 

function in a multi-dimensional space. The algorithm is appropriate for non-smooth functions 

because it does not need any derivatives objective function.  
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The Nelder-Mead algorithm is considered as a simplex optimization algorithm. In this study 

the algorithm used was described by Lagarias et al. (Lagarias et al., 1998). This algorithm uses a 

simplex of n + 1 points for n-dimensional vectors x. The algorithm first makes a simplex around 

the first guess x0 by adding 5% of each component x0 (i) to x0, and using these n vectors as 

elements of the simplex in addition to x0. (It uses 0.00025 as component i if x0 (i) = 0.) Then, the 

algorithm modifies the simplex repeatedly according to the procedure shown in Figure 6.11.
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Figure 6.11: The Nelder-mead algorithm flow chart developed by Lagarias et al. (1998). 

X(i) i=1, 2, 3, …, n+1

f(X(1))<f(X(2))<f(X(3))<…<f(X(n+1))

Discarding X(n+1)

r=2m-X(n+1)

Evaluation of f(r)

X(n+1)=r

s=m+2(m-X(n+1))
if f(r)<f(X(1))

f(s)<f(X(r))

X(n+1)=s

if f(r)≥ f(X(1))
f(r)<f(X(n+1))

c=m+(r-m)/2

Yes

f(c)<f(r)

X(n+1)=c X(n+1)=r

Yes

cc=m+(X(n+1)-m)/2No

No

f(cc)<f(X(n+1))No

X(n+1)=cc

Yes

|f(X(n+1)-f(X(1)|< 
convergence criteria

End

Yes

Yes

No

if f(X(1))≤ f(r)<f(X(n))

No

 

Pursing the above mentioned optimization steps, the optimal values of the adjustable parameters 

of the model were obtained and are reported in Table 6.18. 
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Table 6.18: Optimal values of the parameters in Equations. (6.1), (6.3) and (6.4). 

Parameter TBPB TBANO3 TBAF 
 Type Aa  Type B  Type A Type B Type A Type B 
h 0.2028 0.2070 0.2206 0.2109 0.2000 0.1979 
c / (K.MPa-1) 0.510165 0.463273 0.517354 0.513510 0.513723 0.530174 
d/ (K) 4291.7 4424.7 4064.9 4330.0 4281.3 4462.4 
e -0.7276 -0.7313 -0.7292 -0.7413 -0.7345 -0.7248 
f'/ (K.MPa-1) 0.607010 0.641872 0.586940 0.588224 0.606561 0.575785 
g/ (K) 6758.2 7317.6 5859.8 6281.5 6698.2 7146.1 
i -0.969571 -0.889876 -1.007787 -0.963322 -0.936270 -0.945130 

 
a Calculations were performed assuming formation of semi-clathrate hydrate of type A or type B 

 

6.2.3 Modeling results 

It should be noted that the predictions of the phase behavior for the semi-clathrate hydrates 

systems studied were performed in two steps, assuming formation of type A or type B.  

In modeling these semi-clathrate hydrates, only the experimental data of CO2 semi-clathrate 

hydrate were used to obtain the optimal values of the model parameters. Thereafter, the 

parameters were used to predict the dissociation conditions of CO2/CH4/N2/Ar semi-clathrate 

hydrates in the presence of TBPB/TBANO3/TBAF aqueous solutions. The performance of the 

model for prediction of the semi-clathrate hydrate dissociation conditions for aforementioned 

system are shown in Table 6.19. 

The predicted phase equilibria of the CO2/CH4/N2/Ar + TBPB/TBANO3/TBAF aqueous 

solution systems are shown in Figure 6.12 to Figure 6.20. 
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Table 6.19: Summary of the model results for the prediction of the dissociation conditions 
of semi-clathrate hydrates of CO2/CH4/N2 + TBPB/TBANO3/TBAF aqueous solution. 

System ND Temperature 
range/ K 

Pressure 
range / MPa Concentration of promoter AARD a/ % 

     Type A Type B 

CO2+TBPB 
aqueous solution 87 275.4 - 291.6 0.01-4.93 0.00, 0.05, 0.10, 0.15, 0.20, 

0.35, 0.371, 0.50, 0.60 2.04 2.12 

CH4+TBPB 
aqueous solution 35 273.3 - 291.5 0.15-9.97 0.00, 0.10, 0.15, 0.20, 0.35 3.13 2.95 

N2+TBPB 
aqueous solution 65 272.0 – 292.0 0.48-35.16 0.00, 0.075, 0.1, 0.2, 0.35, 

0.371, 0.60 8.78 7.41 

CO2+TBANO3 
aqueous solution 39 275.4 - 284.3 0.01 - 4.45 0.00, 0.05, 0.10, 0.15, 0.394 2.00 1.75 

CH4+TBANO3 
aqueous solution 29 273.3 - 290.9 2.69 - 32.89 0.00, 0.10, 0.15, 0.394 6.16 13.11 

N2+TBANO3 
aqueous solution 42 272 - 286.7 2.24 - 35.16 0.00, 0.10, 0.15, 0.394 7.57 7.11 

CO2+TBAF 
aqueous solution 67 275.4 - 302.3 0.53 - 4.98 

0.00, 0.02, 0.041, 0.05, 
0.067, 0.083, 0.10, 0.15, 
0.31, 0.33, 0.448 

3.61 3.71 

Ar+TBPB 
aqueous solution 24 274.3 - 293.1 1.07 - 17.00 0.00, 0.10, 0.20, 0.30 2.87 2.05 

Ar+TBANO3 
aqueous solution 21 274.3 - 286.3 1.22 - 17.00 0.00, 0.05, 0.10, 0.20 6.62 1.32 

a = 100

𝑁𝐷
∑

|𝑃𝑖,𝑝𝑟𝑒𝑑.
𝑑𝑖𝑠𝑠. −𝑃𝑖,𝑒𝑥𝑝.

𝑑𝑖𝑠𝑠. |

𝑃𝑖,𝑒𝑥𝑝.
𝑑𝑖𝑠𝑠.

𝑁
𝑖  , where ND is the number of the experimental data points, and subscript pred. 

stands for the predicted values. 

In order to select which type of semi-clathrate hydrate is formed at the conditions of interest 

(i.e. pressure-temperature-concentration of promoter in aqueous solution), the lowest value of the 

average absolute relative deviation (AARD) of predicted hydrate dissociation pressures from the 

experimental value can be applied.  

It can be concluded from Table 6.19, low difference between AARD value for type A and type 

B for CO2/CH4/N2/Ar + TBPB semi-clathrate hydrate. Hence at the given formation conditions, 

these semi-clathrate hydrates may form type A or type B and there are a few structural changes 
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from type A to type B or vice versa. Furthermore, in the presence of TBANO3, carbon dioxide 

and nitrogen may form both type A and type B hydrate structures while methane prefers to form 

type A due to of low value of AARD and Ar prefers to form type B. The AARD value for the 

CO2+TBAF aqueous solution of type A and type B are approximately the same thus the structural 

changes for this semi-clathrate hydrate at given conditions are low. 

 

Figure 6.12: Experimental and predicted dissociation conditions of CO2 + TBPB semi-

clathrate hydrates. Symbols represent the experimental data and the lines represent the 

thermodynamic model predictions. The experimenal data measured in this study are 

distingushied by red circles and the solid and the dotted lines denote the model predictions 

assuming formation of Type A and Type B of clathrate hydrates, respectively. 
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Figure 6.13: Experimental and predicted dissociation conditions of CH4 + TBPB semi-

clathrate hydrates. Symbols represent the experimental data and the lines represent the 

thermodynamic model predictions. The experimental data measured in this study are 

distinguished by red circles and the solid and the dotted lines denote the model predictions 

assuming formation of Type A and Type B of clathrate hydrates, respectively. 
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Figure 6.14: Experimental and predicted dissociation conditions of N2 + TBPB semi-

clathrate hydrates. Symbols represent the experimental data and the lines represent the 

thermodynamic model predictions. The experimenal data measured in this study are 

distingushied by red circles and the solid and the dotted lines denote the model predictions 

assuming formation of Type A and Type B of clathrate hydrates, respectively. 
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Figure 6.15: Experimental and predicted dissociation conditions of Ar + TBPB semi-

clathrate hydrates. Symbols represent the experimental data and the lines represent the 

thermodynamic model predictions. The experimenal data measured in this study are 

distingushied by red circles and the solid and the dotted lines denote the model predictions 

assuming formation of Type A and Type B of clathrate hydrates, respectively. 

 



102 
 

 

Figure 6.16: Experimental and predicted dissociation conditions of CO2 + TBANO3 semi-

clathrate hydrates. Symbols represent the experimental data and the lines represent the 

thermodynamic model predictions. The experimenal data measured in this study are 

distingushied by red circles and the solid and the dotted lines denote the model predictions 

assuming formation of Type A and Type B of clathrate hydrates, respectively. 
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Figure 6.17: Experimental and predicted dissociation conditions of CH4 + TBANO3 semi-

clathrate hydrates. Symbols represent the experimental data and the lines represent the 

thermodynamic model predictions. The experimenal data measured in this study are 

distingushied by red circles and the solid and the dotted lines denote the model predictions 

assuming formation of Type A and Type B of clathrate hydrates, respectively. 
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Figure 6.18: Experimental and predicted dissociation conditions of N2 + TBANO3 semi-

clathrate hydrates. Symbols represent the experimental data and the lines represent the 

thermodynamic model predictions. The experimenal data measured in this study are 

distingushied by red circles and the solid and the dotted lines denote the model predictions 

assuming formation of Type A and Type B of clathrate hydrates, respectively. 
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Figure 6.19: Experimental and predicted dissociation conditions of Ar + TBANO3 semi-

clathrate hydrates. Symbols represent the experimental data and the lines represent the 

thermodynamic model predictions. The experimenal data measured in this study are 

distingushied by red circles and the solid and the dotted lines denote the model predictions 

assuming formation of Type A and Type B of clathrate hydrates, respectively. 
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Figure 6.20: Experimental and predicted dissociation conditions of CO2 + TBAF semi-

clathrate hydrates. Symbols represent the experimental data and the lines represent the 

thermodynamic model predictions. The experimenal data measured in this study are 

distingushied by red circles and the solid and the dotted lines denote the model predictions 

assuming formation of Type A and Type B of clathrate hydrates, respectively.
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6.3 Separation process: batch or continuous 

Although gas hydrates have many applications, their industrial applications have not been widely 

reported so far. Gas hydrate potential for industrial applications encourages researchers to find 

more practical methods (Erfani et al., 2013). Therefore, several patents and papers on processes 

and apparatuses for the efficient continuous production, separation and pelletizing of gas hydrates 

have not presented recently (Balczewski, 2008, Balczewski, 2010, Lee et al., 2013, Xu et al., 

2013a). Such methods and techniques have been proposed generally for gas storage processes 

using gas hydrate crystallization. However, they can also be applied or improved for gas 

separation purposes. 

Since the energy demand is increasing in the world, it is needed to design more efficient 

hydrate formation, separation, and pelletizing processes as well as their transportation, storage, 

separation and gasification techniques.  

 

6.3.1 Gas hydrate formation 

The gas hydrate formation is considered as a crystallization of a solid in which a super-saturated 

solution undergoes temperature reduction at atmospheric pressure (Bishnoi and Natarajan, 1996). 

The crystallization process includes two main steps; the nucleation and the growth (Bishnoi et al., 

1994, Fandiño and Ruffine, 2014, Walsh et al., 2009). An efficient hydrate formation process 

may be regarded as the formation of gas hydrate from a solution which is as saturated as possible. 

This way can help us to enhance the suitable nucleation sites in the solution. It should be 

mentioned that mass and heat transfer resistances may adversely affect the hydrate formation 

process.  

Generally, gas hydrate formation in a simple system contains dissolution of gas in water, 

diffusion of gas molecules into the water-hydrate interface, and nucleation and growth of the 

crystals. As a result, to improve the efficiency of any process equipment, such steps should be 

optimized (Wu et al., 2013).  

Autoclaves (agitated vessels) are thermal jacket-controlled devises working under high 

pressures. They can be used to hydrate formation in either batch-wise or continuous modes. The 

agitators are used to enhance the mass transfer and hydrate formation may result in increase in 

shaft work and power consumption (Townson et al., 2012, Daraboina et al., 2013b). 

Sprayers are widely used to enhance the level of contact between liquid-gas phases. Various 

types of nozzles can be used to form gas hydrates (Karimi and Abdi, 2009, Li et al., 2010a). In 

such systems, water is sprayed through the nozzle into the gas phase. One of the main advantages 

of such systems is that most of the injected water is consumed and there is no need for excess 
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water which makes the separation process much easier (Matsuda et al., 2006, Lee et al., 2010, 

Ohmura et al., 2002). Rossi et al. (Rossi et al., 2012) designed and developed a new scaled-up 

spraying reactor to rapid hydrate formation. This method, increase the interfacial area between 

reactants and reduce mass transfer barriers. 

Bubble columns are also used in gas hydrate formation in which the gas is bubbled to the 

column of water (Hashemi et al., 2009). In such equipment, the hydrates are formed at the bubbles 

surfaces which enhance the mass and heat transfer resistances. This point adversely affects the 

hydrate growth and should be solved somehow (Luo et al., 2007). Xu et al. (Xu et al., 2012) 

designed a visual bubble reactor for CO2 capture.  In this reactor, while the gas bubble move from 

the bottom to the top of the reactor, the gas hydrate forms around the bubble, then the hydrate 

gradually grows up. 

 

6.3.2 Separation of gas hydrate 

The separation of gas hydrates from unreacted water is considered as a solid-liquid separation 

process (Takeya et al., 2012). Since there is a density difference between hydrates and water, they 

can be separated using physical methods based on gravity and centrifugal force. However, the 

difference in their densities is very low therefore; the residence time of the separation process just 

using the gravity is high. In separation by gravity force, gas hydrate is formed in agitated vessel 

and accumulated on the water surface, and then water and gas hydrate transport to a settlement 

chamber (Kaehler and Hamann, 2012, Erfani et al., 2013). 

 

6.3.3 Gas hydrate pelletizing systems 

The pelletizing of gas hydrates increase their gas storages capacity, their fluidity and their 

stability. They can be pelletized using a cylinder-piston system in which the pellets are made by 

compressing the hydrate crystals. The most important drawback of such systems is the pressure 

drop at exit which reduces the quality of the produces pellets.  

Twin-rolling is another system used to pelletize the gas hydrates. In such systems, the slurry 

of gas hydrate is poured on two side by side rollers and then the hydrate pellets are produced from 

the bottom of the rollers and discharge by means of a spiral (Erfani et al., 2013).  

The schematic diagram of the proposed operating process for CO2 separation is illustrated in 

Figure 6.21. 
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Figure 6.21: Schematic diagram for CO2 capture and separation process. 

6.4 Economic estimation of carbon dioxide capture 

One of the main challenges of CCS technology is total cost. The first CCS step includes the 

capture process in which both the capital and operating costs significantly vary with the facilities 

configurations. This step is considered as most expensive step of CCS and needs approximately 

two third of total costs (D'Alessandro et al., 2010).  The next steps of CCS include transport and 

storage of CO2 from the capture facility to the storage location as well as injection and monitoring 

at the storage site. 

There are several methods for CCS from which the amine process and the membrane 

technology (zeolite adsorption) have been more widely studied. In both methods, expensive 

chemicals are used that can be considered as the main drawback of such methods.  

The hydrate technology in which the only chemical needed is water has recently attracted 

many attentions in CCS. It can also be considered as an environment friendly cheaper alternative 

for currently available methods if an appropriate process is developed. According to the economic 

studies recently performed, the capital cost for transportation of natural gas in gas hydrate form 

is less than that of liquefied natural gas (LNG) (Javanmardi et al., 2005). Furthermore, the energy 

cost of CO2 capture by gas hydrates may be about 30 € per ton of CO2 (Duc et al., 2007b). 

Therefore, the hydrate technology is comparable to other CO2 capture methods such as absorption 

by amine, adsorption, membranes, etc.  

Javanmardi et al. (Javanmardi et al., 2005) presented the installed costs of the natural gas 

hydrate production which is given in Table 6.20.  
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Table 6.20: The installed costs of different equipment of the natural gas hydrate 

production process. 

Equipment Installed cost, US $ 
Compressor 17.39×106 
Condenser 2.41×106 
Heat exchanger 3.98×105 
Separator 1.09×106 
Dryer 2.57×105 
Reactor 1.49×106 
Pump 4.5×104 
Storage tank 1.98×106 
Total capital investment for each train 59.12×106 

 

More investigations reveals that other costs related to CO2 capture (e.g. equipment, 

maintenance) using gas hydrates would be about 40.8 € per ton of CO2 (Duc et al., 2007b).  

There are two important points regarding the aforementioned explanations; 

1. It may be possible to design more economically efficient processes (i.e. pinch technology 

or exergy-based analyses can be used to re-design of the aforementioned process) 

2.  The hydrate formation techniques for gas separation may be considered more 

competitive in such cases in which there are high pressure feed gas streams.  

6.5 Application of a mathematical model to assess the phase equilibrium 
data 

Experimental phase equilibrium data for clathrate and semi-clathrate hydrate systems have been 

reported extensively in the literature. The quantities of these reported data and their accuracy 

seem to be adequate for industrial applications. 

 In this chapter, the reliability of phase equilibrium data of the systems containing gas hydrates is 

checked using a statistical method. The Leverage approach was used to detect doubtful data 

(outlier) and their quality, as well as the applicability domain of the model for prediction in 

following systems: 

 Carbon dioxide, methane, and ethane hydrates dissociation data in the presence of pure 

water and different types of porous media (mesoporous silica gel, porous glass, and silica 

gel) (Ilani-Kashkouli et al., 2013b). 

 The experimental dissociation data for structure II and H hydrate in the presence of water 

soluble/insoluble promoters (Ilani-Kashkouli et al., 2013a). 
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 The experimental data for methane, ethane, propane and carbon dioxide solubility in pure 

water which is in equilibrium with gas hydrates. 

6.5.1 Leverage method 

Outlier detection may be important in developing of a predictive mathematical model. Outliers 

are a group of data that may not be consistent with other data presented in the same dataset. In 

other words, data which are outliers in each experimental dataset must be detected (Rousseeuw 

and Leroy, 1987, Goodall, 1993, Eslamimanesh et al., 2012a). The proposed method typically 

consists of two algorithms which include a graphical and numerical method (Rousseeuw and 

Leroy, 1987, Goodall, 1993, Eslamimanesh et al., 2012a). The Leverage method uses the values 

of the residuals (i.e. the deviations of a model results from the experimental data) and a matrix 

known as the Hat matrix. The Hat matrix includes the experimental data and the 

represented/predicted values obtained from a correlation (or a model) (Gramatica, 2007). For 

employing the aforementioned strategy, appropriate suitable mathematical model is required. 

For the Hat matrix applied in the Leverage method and the indices are defined as: 

 𝐻 = 𝑋(𝑋𝑡𝑋)−1𝑋𝑡 (6.11) 

where X is a two-dimensional matrix consisting n chemicals or data (rows) and k parameters of 

the model (columns) and t stands for the transpose matrix. Diagonal elements of the H matrix are 

defined as the Hat values in the practicable region of the problem. 

For a graphical presentation of the outliers or suspect experimental data, the Williams plot was 

plotted based on Equation (6.11). This plot demonstrates the correlation of the Hat values and 

standardized residuals (R), which are defined as the difference between the predicted values and 

the experimental data. 

A warning leverage (H*) is generally fixed at 3n/p, where n is number of training points and p 

is the number of model variables plus one. The cut-off value for the standardized residuals (R) is 

considered as 3 to accept the points that within the ±3 (two horizontal red lines in the figures) 

standard deviations from the mean. Presence of the greatest part of training and test data points 

in the range of 0 ≤ H ≤ H* and -3 ≤ R ≤ 3, presents that both model development and its 

representations/predictions are done in applicability domain. “Good High Leverage” points are 

located in domain of H > H* and -3 ≤ R ≤ 3. These points fit the model well, and make it more 

stable and precise. “Bad high leverage” points are located in ranges R < -3 and R > 3 and H > H*. 

They are outliers of the model. The points are located in domain of H < H* and R < -3 and R > 3, 
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are wrongly predicted but in this case they belong to the model applicability domain. This 

erroneous prediction could probably be attributed to wrong experimental data rather. 

 

6.5.2 An assessment test for gas hydrate phase equilibrium data in porous 

The least squares support vector machine (LSSVM) (Suykens and Vandewalle, 1999, 

Eslamimanesh et al., 2012a) algorithm has been used to predict the hydrate dissociation pressures 

in presence of porous media (Mohammadi et al., 2011b). The LSSVM algorithm is given in the 

Appendix C. The percentage absolute relative deviations (ARD %) of the proposed model are 

acceptable to be used for the Leverage statistical method.  

Experimental hydrate dissociation data for various types of porous media compiled from 

different literature sources are listed in Table 6.21 (Ilani-Kashkouli et al., 2013b). The H values 

are calculated through Equation (6.11) and the Williams plots are sketched in Figure 6.22 to 

Figure 6.27. The warning Leverages (H*) are fixed at 3n/p for the entire data set. In addition, the 

recommended cut-off value of 3 are applied. 

All experimental data for ethane (C2H6) hydrates in silica gel, except for 3 points, have been 

recognized within the applicability domain of the correlation. The three points are in the “suspect 

data” region with R ≥ 3 or R ≤ −3. These data are also known as bad high leverage points. In the 

case of methane hydrates in silica gel, mesoporous silica, porous glass and carbon dioxide 

hydrates in silica gel and porous glass there are no experimental data in the suspected region. 

Good high Leverage data points which are in the range of H* < H and −3 ≤ R ≤ 3, are also depicted 

in figures and tables as well (one point for ethane). Although these data lie outside the 

applicability domain of the applied model and fit the model well, and make it more stable and 

precise. 

 

 

 

Table 6.21: Experimental hydrate dissociation conditions for various type of porous 

media. 

Hydrate 
former Media Pore diameter 

(nm) T range /K P range /MPa Ref. 

CH4 Silica gel  porous 7 263–276.2 2.64–5.25 (Handa and Stupin, 1992) 

CH4 Silica gel  porous 6.8, 14.6, 30.5 275.3–284.53 4.01–10.28 (Seo et al., 2002) 

CH4 Mesoporous silica 9.2, 15.8, 30.6 271.8–287.5 3.69–14.06 (Anderson et al., 2003) 

CH4 Porous glass 10, 30,  50 277.2–283.7 4.8–8.5 (Uchida et al., 1999) 

CH4 Porous glass 9.2, 15.8, 30.6 271.8–287.5 3.69–14.06 (Zhang et al., 2002) 



113 
 

CO2 Silica gel  porous 6.8, 14.6, 30.5 271.8–281.35 1.13–3.918 (Seo et al., 2002) 

CO2 Porous glass 9.2,  15.8, 30.6 270.2–279.8 1.41–3.33 (Anderson et al., 2003) 

C2H6 Silica gel  pores 6, 10, 15 243.15–277.15 0.112–1.504 (Zhang et al., 2002) 

C2H6 silica gel  porous 6.8, 14.6, 30.5, 94.5 271.97–285.24 0.9–2.81 (Seo et al., 2009) 
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Figure 6.22: Williams Plot for a CH4 gas hydrate system in silica gel. The H∗ value equals 

0.321. 

 
Figure 6.23: Williams Plot for a CH4 gas hydrate system in porous glass. The H* value 

equals 1.125. 
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Figure 6.24: Williams Plot for a CH4 gas hydrate system in mesoporous silica. The H∗ 

value equals 0.9. 

 
Figure 6.25: Williams Plot for a C2H6 hydrate system in silica gel porous. The H∗ value 

equals 0.088. 
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Figure 6.26: Williams Plot for a CO2 gas hydrate system in silica gel. The H∗ value equals 

0.47. 

 

 
Figure 6.27: Williams Plot for a CO2 gas hydrate system in porous glass. The H∗ value 

equals 0.9. 
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6.5.3 An assessment test for phase equilibrium data of water soluble and 
insoluble clathrate hydrate formers 

LSSVM method has been used for the prediction of dissociation conditions of clathrate hydrates 

of methane, carbon dioxide, nitrogen, and hydrogen in the presence of water soluble organic 

promoters (tetrahydrofuran (THF), 1,4-dioxane, and acetone) and twenty-one water insoluble 

hydrocarbon promoters (Eslamimanesh et al., 2012a).  

Available experimental gas hydrate dissociation data in the presence of water soluble and 

water insoluble promoters in liquid water–hydrate–vapour (LW–H–V) and liquid water–liquid 

hydrocarbon–hydrate–vapour (LW–LHC–H–V) regions, respectively, are tested. Table 6.22 reports 

the ranges of the experimental data as well as their references. 

As explained earlier, the H values and the absolute relative deviation percentage (ARD %) of 

the represented model results from the experimental hydrate dissociation pressure in the presence 

of water soluble and insoluble promoters are calculated. The Williams plots for structure H gas 

hydrate in the presence of water soluble and water insoluble promoters are shown in Figure 6.28 

to Figure 6.39 using the LSSVM model. The warning Leverages (H*) have been fixed at 3n/p for 

all data series and have been presented in Figures. In addition, the recommended cut-off value of 

three has been applied. 

The majority of the data, which is approximately around 98% of the 1014 gas hydrate 

experimental data points in the presence of water soluble/insoluble promoters are presented in 0 

≤ H < H* and −3 ≤ R ≤ 3. As previously mentioned, good high leverage points are gathered in 

the domains of H*< H and −3 ≤ R ≤ 3. However, these points may lie outside the applicability 

domain of the applied model such as the triangles point in Figure 6.31, Figure 6.33 and 

Figure 6.34. Another group of data points which include bad high leverage points are in the range 

of R < −3 or 3 < R (ignoring their H values). These erroneous predictions can be classified as 

suspect or doubtful data as can be considered in Figure 6.34 and Figure 6.39.
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Table 6.22: The range of experimental hydrate dissociation pressure and temperature 
tested in this study. 

System Equilibrium region T range / K P range / MPa 

Carbon dioxide+ 1,4 Dioxane (Lw+H+V) 274.8-282.5 1.08-4.4 
Carbon dioxide +Acetone (Lw+H+V) 269.2-282.8 0.9-4.4 
Carbon dioxide +THF (Lw+H+V) 272.6-291.0 0.2-4.4 
Hydrogen +Acetone (Lw+H+V) 265.6-273.9 10.8-258.9 
Hydrogen +THF (Lw+H+V) 267.20-282.03 2.09-258.9 
Methane+1,4 Dioxane (Lw+H+V) 274.2-326.8 1.1-1000 
Methane+ Acetone (Lw+H+V) 274.2-326.8 1.2-1000 
Methane+THF (Lw+H+V) 274.2-326.8 0.3-1000 
Nitrogen+1,4 dioxane (Lw+H+V) 274.5-309.4 3.701-439.0 
Nitrogen +Acetone (Lw+H+V) 274.5-309.4 19.1-439.0 
Nitrogen +THF (Lw+H+V) 274.5-309.4 2.5-439.0 
Methane+ Isopentane (Lw+LHC+H+V) 274.0-279.0 2.24-4.15 
Methane+ Neopentane (Lw+LHC+H+V) 276.6-292.8 0.4-4.9 
Methane+ Neohexane (Lw+LHC+H+V) 244.8-288.2 0.5-5.2 
Methane+2,3 Dimethyl butane (Lw+LHC+H+V) 275.9-286.4 2.07-8.19 
Methane+2,2,3-Trimethylbutane (Lw+LHC+H+V) 275.6-289.4 1.47-7.55 
Methane+2,2-Dimethylpentane (Lw+LHC+H+V) 274.8-290.0 1.73-7.28 
Methane+ Methylcyclopentane (Lw+LHC+H+V) 275.2-287.8 1.75-11.47 
Methane+ Methylcyclohexane (Lw+LHC+H+V) 251.5-290.4 0.52-11.20 
Methane+ cis-1,2-
Dimethylcyclohexane (Lw+LHC+H+V) 274.2-290.0 1.57-11.32 

Methane+2,3-Dimethyl-1-butene (Lw+LHC+H+V) 275.7-280.8 2.53-4.80 
Methane+3,3-Dimethyl-1-butene (Lw+LHC+H+V 276.2-281.4 2.02-3.87 
Methane+3,3-Dimethyl-1-butyne (Lw+LHC+H+V) 275.8-279.6 2.85-4.57 
Methane+ Cycloheptene (Lw+LHC+H+V) 275.1-281.0 2.11-3.81 
Methane+ cis-Cyclooctene (Lw+LHC+H+V) 276.9-281.3 2.08-3.56 
Methane+ Adamantane (Lw+LHC+H+V) 275.1-280.2 1.78-3.00 
Methane+ Ethylcyclopentane (Lw+LHC+H+V) 280.2-287.4 3.59-9.13 
Methane+1,1-
Dimethylcyclohexane (Lw+LHC+H+V) 274.7-293.2 1.07-11.53 

Methane+cis-1,4-
Dimethylcyclohexane (Lw+LHC+H+V) 274.1-287.9 1.62-9.13 

Methane+ Ethylcyclohexane (Lw+LHC+H+V) 283.6-286.0 6.30-8.90 
Methane+ Cycloheptane (Lw+LHC+H+V) 281.4-290.4 3.29-10.93 
Methane+ Cyclooctane (Lw+LHC+H+V) 274.1-290.4 1.60-11.65 
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Among the entire data set, one point for hydrate dissociation pressure data of the CO2 + THF 

system in the LW + V + H region, 4 points for CH4 + 1, 4-dioxane hydrate dissociation pressure 

data in the LW + V + H region, three points related to CH4 + acetone hydrate dissociation pressure 

data in the LW + V + H region, one point related to CH4 + THF hydrate dissociation pressure data 

in LW + V + H region, one point for N2 + 1,4-dioxane hydrate dissociation pressure data in the LW 

+ V + H region, and finally 2 points for CH4 + 2,2-dimethylpentane hydrate dissociation pressure 

data in LW + LHC + V + H region are presented as suspect or doubtful data. These twelve suspect 

or doubtful data are depicted as red circular points in Figure 6.30, Figure 6.33, Figure 6.34, 

Figure 6.35, Figure 6.36 and Figure 6.39.There are two data points in the ranges H* < H and R < 

−3 or 3 < R: one point for CH4 + acetone hydrate dissociation pressure data in LW + V + H region 

and another point for CH4 + 2, 2-dimethylpentane (insoluble promoter) hydrate dissociation 

pressure data in LW + LHC + V + H region. The good high leverage points (green triangles) are 

accumulated in the domains of in the ranges H* < H and -3 ≤ R ≤ 3. These points may be declared 

to be outside of applicability domain of the applied correlation. 

 
Figure 6.28: Williams plot for a CO2 structure H hydrate in the presence of 1, 4 dioxane in 

the Lw–H–V region (Mohammadi et al., 2005, Fan et al., 2000, Ohgaki et al., 1993, Ng and 

Robinson, 1985a, Seo et al., 2008b). The H* value is 0.428. 
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Figure 6.29: Williams plot for a CO2 structure H hydrate in the presence of Acetone in the 

Lw–H–V region (Mohammadi et al., 2005, Fan et al., 2000, Ohgaki et al., 1993, Ng and 

Robinson, 1985a, Seo et al., 2008b). The H* value is 0.15. 

 
Figure 6.30: Williams plot for a CO2 structure H hydrate in the presence of THF in the 

Lw–H–V region (Mohammadi et al., 2005, Fan et al., 2000, Ohgaki et al., 1993, Ng and 

Robinson, 1985a, Seo et al., 2008b). The H* value is 0.209. 
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Figure 6.31: Williams plot for a H2 structure H hydrate in the presence of Acetone in the 

Lw–H–V region (Dyadin et al., 1999b, Du et al., 2010). The H* value is 0.321. 

 
Figure 6.32: Williams plot for a H2 structure H hydrate in the presence of THF in the Lw–

H–V region (Dyadin et al., 1999b, Komatsu et al., 2010). The H* value is 0.643. 
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Figure 6.33: Williams plot for a CH4 structure H hydrate in the presence of 1, 4 dioxane in 
the Lw–H–V region (Nakamura et al., Mohammadi et al., 2005, Dyadin and Aladko, 1996, 

Seo et al., 2001a, Jager et al., 1999). The H* value is 0.069. 

 
Figure 6.34: Williams plot for a CH4 structure H hydrate in the presence of Acetone in the 

Lw–H–V region (Mohammadi et al., 2005, Nakamura et al., Dyadin and Aladko, 1996, 
Mainusch et al., 1997, Seo et al., 2001a, Saito et al., 1996b, Ng and Robinson, 1994, Du et 

al., 2010). The H* value is 0.049. 
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Figure 6.35: Williams plot for a CH4 structure H hydrate in the presence of THF in the 

Lw–H–V region (Mohammadi et al., 2005, Nakamura et al., Dyadin and Aladko, 1996, Seo 
et al., 2001a, Saito et al., 1996b, de Deugd et al., 2001). The H* value is 0.094. 

 
Figure 6.36: Williams plot for a N2 structure H hydrate in the presence of 1, 4 Dioxane in 
the Lw–H–V region (Mohammadi et al., 2003, Sugahara et al., 2002, Seo et al., 2001a). The 

H* value is 0.225. 
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Figure 6.37: Williams plot (Mohammadi et al., 2003, Sugahara et al., 2002, Seo et al., 

2001a) for the N2 structure H hydrate in the presence of Acetone in the Lw–H–V region. 
The H* value is 0.219. 

 
Figure 6.38: Williams plot for a N2 structure H hydrate in the presence of THF in the Lw–

H–V region (Mohammadi et al., 2003, Sugahara et al., 2002, Seo et al., 2001a). The H* 
value is 0.155. 
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Figure 6.39: Williams plot for a CH4 structure H hydrate in the presence of insoluble 

promoters in the LW–LHC-H–V region (Tohidi et al., 1997c, Nakamura et al., 2003, Danesh 
et al., 1994, Hütz and Englezos, 1995, Lederhos et al., 1992, Makino et al., 2004, Makogon 
et al., 1996, Mehta, 1996, Mehta and Sloan, 1994, Mehta and Sloan Jr, 1994, Mooijer-Van 

Den Heuvel et al., 2000, Ohmura et al., 2005, Thomas and Behar, 1995, Tohidi et al., 
1996). The H* value is 0.064. 

 

6.5.4 An assessment test for evaluation of experimental data for gas solubility in 

liquid water in equilibrium with gas hydrates 

The Leverage statistical approach was used to assess the quality of the experimental solubility 

data of methane, ethane, propane and carbon dioxide in water in the equilibrium with gas hydrates 

(Mohammadi and Richon, 2009b). A thermodynamic model was used to predict the Lw-H 

equilibrium phase (Mohammadi and Richon, 2009b). The range of conditions of the experimental 

data in the collated dataset, as well as the sources references are reported in Table 6.23. 
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Table 6.23: Range of conditions for hydrate dissociation temperature and pressure 
experimental data. 

Gas T range (K) P range (MPa) ND Ref 

Methane 274.15-281.70 3.50-143.62 38 (Yang, 2000, Servio and Englezos, 

2001, Kim et al., 2003) 

Ethane 277.30-278.50 10.10-151 6 (Yang, 2000, Servio and Englezos, 

2001, Kim et al., 2003) 

Propane 274.16-276.16 0.25-0.36 6 (Gaudette and Servio, 2007) 

Carbon dioxide 273.95-282.95 2-14.20 44 (Servio and Englezos, 2001, Yang et 

al., 2000) 

 

Figure 6.40 to Figure 6.43 show the Williams plots for assessment of Lw- H equilibrium conditions 

for gas + water systems using the applied model. In these figures, H values are presented applying 

Equation (6.11). In addition, the warning Leverages (H*) values are calculated and shown in 

Figure 6.40 to Figure 6.43 as Leverage limits (blue or vertical line). As can be seen the 

recommended cut-off value of three (Eslamimanesh et al., 2012b, Mohammadi et al., 2012b, 

Mohammadi et al., 2012c) and the suspected data limits (red lines or horizontal lines) are 

presented in these plots. 

As observed in Figure 6.40 to Figure 6.43, there is no experimental data in the H* < H and  -3 

≤ R ≤ 3 region. As mentioned before, this region is related to the good high leverage points which 

are outside the applicability domain of the predicted model. 

As seen in Figure 6.40, all of the experimental data for methane solubility in water in 

equilibrium with methane hydrate, lie in the acceptable range except one data point which is 

shown as a red point in Figure 6.40. This data point is considered as a suspect/doubtful or bad 

high leverage data point which is lies in R≤ -3 and R ≥ 3 range regardless of corresponding H* 

value. 

Figure 6.41 and Figure 6.42 show that all of the experimental data for ethane and propane 

solubility in water in equilibrium with gas hydrate are presented in an acceptable range: (0 ≤ H ≤ 

H* and -3 ≤ R ≤ 3) which further confirms the wide applicability of applied model and the accuracy 

of these experimental data. 

Finally, as it can be observed in Figure 6.43, all of the experimental data for carbon dioxide 

solubility in Lw-H equilibrium conditions fall within the acceptable range, except two 

suspected/doubtful data points which are presented as the red points in Figure 6.43. These 

experimental data points are located in R ≤ -3 and R ≥ 3 ranges, regardless of the corresponding 

H* values. The possible reasons for these doubtful experimental data is probably due to 



127 
 

inaccuracies in experimental measurement methods and/or incorrect calibration of the 

instruments used in the experimental measurements. 

 
Figure 6.40: Williams plot for methane in pure water being in equilibrium with gas 

hydrate (liquid water-gas hydrate (L-H) equilibrium). The H* value is 0.237. 

 
Figure 6.41: Williams plot for ethane in pure water being in equilibrium with gas hydrate 

(liquid water-gas hydrate (Lw-H) equilibrium). The H* value is 1.5. 
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Figure 6.42: Williams plot for propane in pure water being in equilibrium with gas 

hydrate (liquid water-gas hydrate (Lw-H) equilibrium). The H* value is 1.5. 

 
Figure 6.43: Williams plot carbon dioxide in pure water being in equilibrium with gas 

hydrate (liquid water-gas hydrate (Lw-H) equilibrium). The H* value is 0.204. 
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7 Conclusions 

The main aim of this work was performed on thermodynamic studies on phase equilibria of 

clathrate/semi-clathrate hydrates with the final goal of their potential use in CO2 capture and 

storage process.  

An isochoric pressure search method was used to measure the phase equilibrium data because: 

i) no visual observation is required for determination of hydrate equilibrium data and ii) also no 

volume changes are required. 

It is concluded that the presence of TBPB, TBANO3 and TBAF can influence the hydrate 

dissociation condition. They have been proposed as hydrate promoters which can reduce the 

equilibrium pressure and increase the equilibrium temperature (below stoichiometric ratios of the 

clathrate hydrates of TBPB/TBANO3 and TBAF + water).  

The presence of TBPB causes the phase equilibrium conditions shift to the lower pressure and 

higher temperature area which represented as the stabilized area. By increasing the mass fraction 

of the TBPB solution (from w = 0.05 to w = 0.371), the phase equilibrium temperature increases 

and the equilibrium pressure decreases. While, with the increases of mass fraction of the salt up 

to a mass fraction of 0.371, the stability of hydrate is lessened. It can be concluded that the 

maximum promotion effect of TBPB is in mass fraction of 0.371.  

TBAF has the same effect on semi-clathrate hydrate. By increasing the mass fraction of the 

TBAF from (0.02 to 0.31) the promotion effect of TBAF increases but when the mass fraction of 

TBAF goes up to 0.31 the equilibrium temperature and promotion effect of the TBAF decreases. 

It can be concluded that the maximum promotion effect of TBAF is in mass fraction of 0.31. 

The result for CO2 + TBANO3, CH4 + TBANO3, N2 + TBANO3 and Ar + TBANO3 semi-

clathrate hydrates showed that TBANO3 has a promotion effect on the N2 and Ar semi-clathrate 

hydrates but in CO2 and CH4 semi-clathrate hydrates, TBANO3 shows both promotion and 

inhibition effect. i.e in the CH4 + TBANO3 system, TBANO3 at the mass fraction of 0.394 acts as 

promoter at the pressure lower than 10 MPa because TBANO3 increases the equilibrium 

temperature and decreases the equilibrium pressure while it acts like an inhibitor at the pressure 

higher than 10 MPa because it decreases the equilibrium temperature. 

It is found from experimental results that a small increase in the temperature causes a large 

increase in the hydrate equilibrium pressure. This fact shows that hydrate dissociation 

measurements must be done very carefully to avoid the generation of incorrect experimental data 

and high experimental errors during the measurements. Therefore, the dissociation process was 

performed at a slow heating rate (step-change of 0.1 K per hour) and an efficient interval time 

(about 4-5 h) at each temperature step. 
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The measured data may provide valuable information on the practical applications for CO2 

capture processes from flue gas and fuel gas streams. 

A thermodynamic model was applied to calculate/predict the dissociation conditions of semi-

clathrate hydrate of CO2/CH4/N2/Ar in the presence of TBPB/TBANO3/TBAF. There is an 

acceptable agreement between the predicted data and the experimental dissociation conditions for 

all the studied systems except for N2 + TBPB/TBANO3 aqueous solutions at higher pressures. 

The results showed that the prediction capability of model for semi-clathrate hydrates decreases 

at high pressure. By applying the aforementioned model, the promotion and inhibition effects of 

TBPB/TBANO3/TBAF can be predicted. The model depicted the promotion and inhibition effect 

of TBANO3 with very good accuracy.  

The developed model cannot be used for prediction of the S-L equilibria of the salts + water 

system and in the wide ranges of temperature-pressure-composition of the salts in aqueous 

solution. Moreover, the model is not applicable for prediction of structural changes of the semi-

clathrate. 

The experimental data may have noticeable uncertainties due to the different source of errors 

during measurements. For this reason a statistical method for identification of the doubtful data 

was applied to discuss the quality of the experimental phase equilibrium data for the systems 

containing clathrate hydrates. This method was used to detect the outliers and to check the data 

reliability for the experimental dissociation data. The result showed that there are few data points 

from the total investigated hydrate dissociation data are specified as “suspect” data and known as 

outliers. This method can be used for checking the quality of the data points before developing  

thermodynamic models to predict the phase equilibrium of clathrate hydrates
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8 Recommendations 

 The phase equilibrium data available for gas mixtures containing CO2 in the presence of 

ionic liquids are still limited. The isochoric pressure search method can be used to 

measure dissociation condition of these semi-clathrate hydrates in different 

concentrations. In addition, the combination of TPBP and TBANO3 has not been applied 

for semi-clathrate hydrate formation. The information from phase equilibria data of these 

systems would be beneficial for the development of a novel CO2 capture technology.  

 

 Phase behaviour of semi-clathrate hydrates containing other mixed promoters including 

TBANO3 + TBAB, TBANO3+ TBAC, TBPB + TBAC, etc. can attract much attention. 

 
 Measurements of the dissociation conditions of gas mixture such as (CO2 + CH4), (CO2 

+ H2) and (CO2 + Ar) gas mixtures in the presence of TBPB and TBANO3 would be 

useful for CO2 capture. 

 

 One of the important obstacle in hydrate-based technology for CO2 capture is the slow 

formation rate of hydrates. To overcome this issue, the mixture of kinetic promoters such 

as THF, SDS and thermodynamic promoters such as TBPB and TBANO3 can be used. 

Furthermore, kinetics of formation and dissociation of hydrate in the aforementioned 

systems can be carried out. 

 

 In parallel with experimental studies, thermodynamic modeling can be developed to 

represent/predict the phase equilibria of semi-clathrate hydrates of mixed hydrate formers 

and mixed hydrate promoters. 

 

 Various experimental efforts using RAMAN spectroscopy, NMR spectroscopy, X-ray 

diffraction, crystallography, calorimetry etc. can be undertaken at laboratory scale for a 

better understanding of the phase behavior of hydrates. These methods can provide 

important information about the hydration number, composition of hydrates, structure 

identification, the relative occupancy of molecules in each cage, identification of 

metastable phases, and the kinetics of formation of various structures. 

 

 One of the main challenges of CCS technology is total cost of the process. The first CCS 

step includes the capture process in which both the capital and operating costs vary 

significantly with the configurations based on the facilities. Economic studies of a real 
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industrial gas separation process through semi-clathrate hydrate formation technology 

should be undertaken for this aim. 
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MAYOUFI, N., DALMAZZONE, D., FÜRST, W., DELAHAYE, A. & FOURNAISON, L. 
2009. CO2 Enclathration in Hydrates of Peralkyl-(Ammonium/Phosphonium) Salts: 
Stability Conditions and Dissociation Enthalpies. Journal of Chemical & Engineering 
Data, 55, 1271-1275. 
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Appendix A: CO2 capture technologies 

A.1 Absorption technology 

Chemical absorption: A reaction between a flue gas and an aqueous solution of amines can be 

used to CO2 removal. The most commonly used amines in this process is monoethanolamine 

(MEA). The reaction between CO2 and MEA forms a weakly bonded intermediate compound 

(MEA carbamate) that can be regenerated by the application of heat energy to produce the 

chemical absorbent (MEA) and a CO2 stream (Wang et al., 2011, Rao and Rubin, 2002, Olajire, 

2010, Yang et al., 2008). The large equipment size and intensive energy input make it uneconomic 

and unprofitable process (Yang et al., 2008). Corrosion control is very important in amine 

systems. Corrosion control is very important in amine systems. For this aim, corrosion inhibitors 

and low concentrations of MEA are required. Chemical absorption has several advantages and 

drawbacks as shown in Table A. 1. 

 

Table A. 1: Advantages and drawbacks of chemical absorption technology 

Advantages Drawbacks 
 Solvent can be easily regenerated. 
 Purity of CO2 > 95%. 
 Non dependence on human 

operators. 
 

 Degradation of solvents by SO2, NO2, HCl, 
HF, and oxygen in flue gas. 

 High regeneration costs. 
 High energy requirements for CO2 release. 
 Large equipment size. 
 Low carbon dioxide loading capacity. 
 Use of inhibitors to control corrosion is 

necessary. 
 High equipment corrosion rate. 

 

Physical absorption: CO2 removal through physical absorption technologies are based on the 

solubility of CO2 in the solvents. Henry's law is used to explain the solubility of gases in solvents. 

The solubility of a gas in a solvent may also strongly depend on the partial pressure and 

temperature of the gas. According to Henry’s law, at high partial pressures and low temperatures, 

CO2 is physically absorbed in a solvent (Olajire, 2010). The CO2 is then regenerated using heat 

or pressure lessening. The CO2 absorption capacity of solvents enhances with decreasing their 

temperatures and increasing their pressures. The physical absorption method may not be efficient 

due to the relatively high temperature of the flue gas and the low pressure of CO2 in flue gas. 

Physical solvents must have several features including: low or moderate hygroscopicity, low 

vapour pressure at ambient temperature, low viscosity, non-corrosive to common metals, non-

reactive with all components in the gas stream, and available commercially at a reasonable cost. 

General solvents are Selexol (dimethyl ethers of polyethylene glycol) and Rectisol (cold 
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methanol). Ionic liquids (ILs) are another class of absorbents (Hasib-ur-Rahman et al., 2010, 

Ramdin et al., 2012). They are regarded as a novel class of materials for CO2 capture due to their 

unique characteristics, i.e. extremely low vapour pressures, wide liquid range, non-flammable, 

high CO2 solubility, environmentally benign, thermal stability and excellent solvent power. Ionic 

liquids can absorb CO2 at high temperatures. An important challenge for ionic liquids is their high 

viscosity and the high cost of ionic liquids. The advantages and drawbacks of physical absorption 

technique are summarized in Table A. 2. 

Table A. 2: Advantages and drawbacks of physical absorption technique (Olajire, 2010, 
Belandria et al., 2012a) 

Advantages Drawbacks 
 Low utility consumption 
 Requires less energy for regeneration than 

chemical absorption processes 
 Rectisol uses inexpensive, easily available 

methanol. 
 Selexol has a higher capacity to absorb 

gases than amines. 
 Selexol can remove H2S and organic 

sulphur compounds. 
 Less expensive than chemical absorption 

 More economical at high pressures. 
 Hydrocarbons are co-absorbed in 

Selexol, resulting in reduced product 
revenue and often requiring recycle 
compression. 

  Refrigeration is often required for the 
lean Selexol solution. 

 Requires a high partial pressure of CO2 
in the feed. 

 Capacity proportional to CO2 partial 
pressure and temperature. 

 Low selectivity of solvent causes H2 
losses 

 

A.2 Adsorption technology 

Adsorption is considered as a separation technology that can be used for capturing CO2 from flue 

gases (Samanta et al., 2011, Choi et al., 2009) such as activated carbons (AC) (Chen et al., 2013, 

Chen et al., 2010, Kumar et al., 2013a), zeolites (Wang et al., 2008a, Kim et al., 2012, Sun and 

Liu, 2012, Konduru et al., 2007, Su et al., 2010, Gao et al., 2004), metal organic frameworks 

(MOFs) (Rowsell and Yaghi, 2004, Li et al., 2011a, Sumida et al., 2011), carbon nanotubes (CNT) 

(Gui et al., 2013, Lu et al., 2008), metal-based adsorbents (such as CaO, Na2O,…) (Figure A. 1). 

Numerous parameters determine the quality of CO2 adsorbents consisting: adsorption/desorption 

kinetics, CO2 capacity, regenerability and multicycle stability, and operating window, including 

adsorption and desorption temperatures. 
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Figure A. 1: Solid adsorbent for separation process (Choi et al., 2009). 

The most widely used methods for adsorption are pressure swing adsorption (PSA) and 

temperature swing adsorption (TSA). In pressure swing adsorption (PSA), the gas mixture flows 

through the adsorbent at pressures higher than atmosphere then the adsorbent is regenerated by 

decreasing the total or partial pressure. In TSA, the adsorbent is regenerated by increasing (Choi 

et al., 2009) temperature. The advantages and drawbacks of adsorption process are listed in Table 

A. 3. 

Table A. 3: Advantages and drawbacks of adsorption technique. 

Advantages Drawbacks 
 relatively simple 
 Commercially available. 
 Sorbent can be reused. 
 Low concentrations of CO2 

yield an optimum 
performance. 

 Capacity and CO2 selectivity of available 
adsorbents is low. 

 Sorbent susceptible to degradation. 
 Cannot handle easily large concentrations of CO2. 
 Adsorption time is not practical. 
 Low degree of CO2 separation. 
 Poor selectivity of sorbents to CO2. 
 Operation costs higher than absorption processes. 

Metal organic 
framework (MOF) 

Zeolite 

Activated 
carbons 

Sodium oxide 

Carbon 
nanotubes (CNT) 
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A.3 Cryogenics 

Cryogenic techniques is one of several technologies for capturing of CO2 from gas mixtures by 

condensation and distillation at low temperatures. Hart and Gnanendran (Hart and Gnanendran, 

2009) reported cryogenic CO2 capture in natural gas using the CryoCell method.  

Cryogenic separation is utilised for removing CO2 from high pressure gases such as in pre-

combustion capture processes or oxy-fuel combustion (input gas contains high concentration of 

CO2) (Song et al., 2013a, Song et al., 2012, Hart and Gnanendran, 2009, Berstad et al.). The 

advantages and drawbacks of this capture approache is summarized in Table A. 4. 

 

Table A. 4: Advantages and drawbacks of cryogenics technique 

Advantages Drawbacks 

 No chemical absorbents are required. 
 The process can be operated at 

atmospheric pressures. 
 Smaller size of equipment since only O2 

is supplied for combustion. 
 

 Some components, such as water, have 
to be removed before the gas stream is 
cooled. 

 Very expensive process. 
 Requires high energy consumption. 
 Corrosion might be caused by SO2 

A.4 Membranes 

Membrane technology is an attractive technology to separate CO2 from hydrogen (pre-

combustion systems), CO2 from flue gases (post-combustion system) or oxygen from nitrogen 

(oxyfuel combustion system) (Zhai and Rubin, 2013, Brunetti et al., 2010). In other words, the 

membrane technologies are categorized into two main types:  

 Gas separation membranes (separation of CO2 from other gases)  

 Gas absorption membrane (absorption of CO2 from a gas stream into a solvent) 

 

A.4.1 Gas separation membranes 

In the membrane gas separation processes (Bernardo et al., 2009), membrane operates as a filter 

that CO2 passes through this filter more easily than other gases as shown in Figure A. 2. In general, 

the operation of membranes is based on the concentration of gas, the size of the molecule, the 

tendency of the gas for the membrane material and difference in pressure across the membrane. 

Membrane should have a number of properties to be porfitable for the capture of carbon 

dioxide (Powell and Qiao, 2006): 
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 high carbon dioxide permeability. 

 high carbon dioxide/nitrogen selectivity. 

 thermally and chemically robust, 

 resistant to plasticisation, 

 resistant to aging, 

 cost effective, 

 able to be cheaply manufactured into different membrane modules. 

Different kind of gas separation membranes are available including: ceramic, polymeric and 

combination of both materials or mixed matrix membranes (Baker, 2002). Polymeric membranes 

are of particular interest for CO2 separation due to their low cost, high performance separation, 

easy synthesis and mechanical stability. 

 
Figure A. 2: Membrane gas separation process 

A.4.2 Gas absorption membrane 

A membrane can be used with a solvent to CO2 capture. As shown in Figure A. 3, the CO2 diffuses 

through the pores in the membrane and gets absorbed by the solvent. This type of membrane is 

applied when the partial pressure of CO2 is low because the driving force for gas separation is 

small. The advantages and drawbacks of membrane approache are listed in Table A. 5. 

Membrane 

Flue gas CO2 
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Figure A. 3: Principle of gas absorption membrane (Lv et al., 2012). 

 

Table A. 5: Advantages and drawbacks of membrane technique. 

Advantages Drawbacks 

 Relatively simple to operate 
 No regeneration energy is required 
 Simple modular system 
 No waste streams 
 Commercially available 
 Require low maintenance 
 Less energy intensive than PSA 
 No need to add chemicals or to regenerate an 

absorbent/adsorbent. 
 can be retrofitted easily  

 Can be plugged by impurities in the gas stream. 
 low selectivity of membrane materials to CO2 
 Preventing membrane wetting is a major 

challenge. 
 Purity of the CO2 in the permeate stream is low. 

 

 

A.5 Chemical looping 

Chemical looping combustion (CLC) has been presented as a capture technology for the 

separation of the CO2  (Song et al., 2013b, Adanez et al., 2012, Hossain and de Lasa, 2008, Chiu 

and Ku, 2012). Instead of a single reaction stage, the CLC involves two reactions (oxidation and 

reduction reactions) to provide oxygen for the combustion of hydrocarbon-based fuels. The CLC 

process uses an oxygen carrier to provide oxygen and transfer it from the air to the fuel, avoiding 

the direct contact between them without significant energy penalty. The oxygen carrier is 

composed of a metal oxide such as CuO, CdO, NiO, CoO, Mn2O3, and Fe2O3 (Moldenhauer et 

al., 2012, Shah et al., 2012, Tan et al., 2012, Mattisson et al., 2004, García-Labiano et al., 2005, 

Shen et al., 2010, Dennis and Scott, 2010). The CLC is formed of two fluidized-bed reactors (air 

reactor and fuel reactor). The oxygen carrier circulates between the reactors. As shown in Figure 

Flue gas phase Membrane Absorbent phase 

CO2 

Flue gas containing CO2 CO2 and solvent to regeneration 
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A. 4, oxygen is removed from air by reacting with metal particles in a fluidized bed to form metal 

oxides. The captured oxygen (in the form of metal oxide) is reduced by the fuel in a separate 

fluidized bed and oxidized to carbon dioxide and water. The abbreviation MxOy is used to describe 

the oxygen-carrier in its oxidized form, while MxOy-1 is used for the reduced form. 

A feasible oxygen-carrier material for CLC should (Hossain and de Lasa, 2008):  

 Fast rate reactivity of fuel and oxygen in both reduction and oxidation cycles. 

 Stability of reduction/oxidation cycles at high temperature. 

 be environmentally benign. 

 low tendency towards any kinds of mechanical or thermal degeneration. 

 Capable to transform a large amount of the fuel to CO2 and H2O. 

 Economically feasible. 

The advantages and drawbacks of CLC are summarized in Table A. 6. 

 

Figure A. 4: Chemical looping combustion (Mohammadi et al., 2014). 
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Oxidation 
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Fuel 
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Table A. 6: Advantages and drawbacks of chemical looping combustion. 

Advantages Drawbacks 

 CO2 is inherently separated from the other flue 

gas components. 

 No extra energy is needed for CO2 separation. 

 No need of special CO2 separation equipment. 

 No thermal formation of NOx. 

 Less operational cost. 

 

 No large-scale demonstration has been performed. 

 Mn-based oxygen carriers have lower oxygen transfer 

capability and thermodynamic limitations of purifying 

the CO2 stream. 

 Fe-based oxygen carriers have a larger endothermic 

reduction enthalpy and lower reactivity. 

 Ni- based oxygen carriers have thermodynamic 

limitation to convert the fuel to 100% CO2 and H2O. 

 

A significant number of article have been published in absorption, adsorption, cryogenic, 

membrane and chemical looping for CO2 capture and separation (Figure A. 5). A sharp increase 

in total number of publication in 2006–2013 shows capturing of CO2 has attracted intense 

attention of scientist. 

 

Figure A. 5: Number of publications on CO2 capture by different thechniques. 

 Data from ISI Web of Knowledge, Thomson Reuters. 
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Appendix B: Estimation of uncertainty in measurements 

The uncertainty of a measured variable is described as the interval between experimental 

quantities from the true value. Calculation of uncertainty in measurement adapted from NIST 

(National Institute of Standards and Technology). 

The combined standard uncertainty (uc) and the combined expanded uncertainty (Uc) are the 

most comprehensive descriptions for uncertainty. uc demonstrates all the possible sources of 

uncertainties and can be represented as the mathematical expression:  

 
𝑢𝑐(𝑥) = ±√∑ 𝑢𝑖

𝑖

(𝑥)2 (B.1) 

where the symbol ui stands for various contributions to the uncertainty; Such as uncertainty from 

calibrations, uncertainty due to repeatability etc. ui(x) consists of several components which may 

be classified into two groups according to the method used to estimate their numerical values: 

Type A: The estimation of uncertainty by the valid statistical method is termed a Type A 

evaluation of uncertainty. It may be evaluated from:  

 𝑢𝑖(𝑥) =
𝜎

√𝑁𝑟𝑝

 (B.2) 

 

where σ stands for standard deviation of the data, and Nrp is the number of repeated data points. 

Type B: The estimation of uncertainty by other means is termed a Type B evaluation of 

uncertainty. A Type B uncertainty of a variable is defined as a positive value which is defined as 

follows: 

 
𝑢𝑖(𝑥) =

𝑏

√3
 (B.3) 

This value determines the upper and lower bounds of a distribution wherein the real value of the 

variable is located. Where quantity b is the half-width between the upper and lower limits. 

when all sources of uncertainty are calculated for combined standard uncertainty, the 

combined expanded uncertainty determine from a combined standard uncertainty through the 

expression: 

 𝑈𝑐(𝑥) = 𝑘𝑢𝑐(𝑥) (B.4) 
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Where k is coverage factor which is chosen on the basis of the level of confidence (usually 

95%). 

 

Temperature and pressure uncertainty 

Uncertainty for temperature: the combined standard uncertainty for temperature is: 

 𝑢𝑐(𝑇)

= √𝑢𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛(𝑇)2 + 𝑢𝑟𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑇)2 + 𝑢𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡(𝑇)2 + 𝑢𝑝𝑟𝑜𝑐𝑒𝑑𝑢𝑟𝑒(𝑇)2 
(B.5) 

 

 𝑢𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛(𝑇) = √𝑢𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛(𝑇)2 + 𝑢𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑(𝑇)2 (B.6) 

 

Where:  

 urepeatability (T) is the standard uncertainty due to measurement repeatability (Type A). 

 uinstrument (T) is the standard uncertainty of the measurement devices which is specified 

by supplier( Type B). 

 uprocedure (T) is the standard uncertainty of the graphical isochoric pressure-search 

method.  

 ucorrelation (T) is the standard uncertainty due to the temperature calibration correlation 

(Type B). 

 ustandard (T) is the standard uncertainty of the standard temperature probe (Type B). 

 

Subsequently, the combined expanded uncertainty is determined: 

 𝑈𝑐(𝑇) = 2𝑢𝑐(𝑇) (B.7) 

The coverage factor (kx) is 2 for confidence level of 95 %. 

 

Uncertainty for temperature: Similarly, the combined standard uncertainty for pressure is: 
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 𝑢𝑐(𝑃)

= √𝑢𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛(𝑃)2 + 𝑢𝑟𝑒𝑝𝑒𝑎𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦(𝑃)2 + 𝑢𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡(𝑃)2 + 𝑢𝑝𝑟𝑜𝑐𝑒𝑑𝑢𝑟𝑒(𝑃)2 
(B.8) 

 

The combined expand uncertainty is achieved by multiplying coverage factor of 2 in the 

combined standard uncertainty. 

 

Table B. 1: Summary of measurement uncertainties for the hydrate dissociation 
temperatures and pressures that measured with apparatus 1. 

 T/ K P/ KPa P/ MPa 

Calibration uncertainty ± 0.02 ± 0.560 ± 0.001 

Repeatability uncertainty ± 0.00 ± 0.259 ± 0.000 

Instrument uncertainty  ± 0.02 ± 0.003 ± 0.000 

Procedure uncertainty  ± 0.03 ± 15.000 ± 0.015 

Combined Standard Uncertainty ± 0.04 ± 15.013 ± 0.015 

Combined expanded uncertainty  ± 0.08 ± 30.025 ± 0.030 
 

Table B. 2: Summary of measurement uncertainties for the hydrate dissociation 
temperatures and pressures that measured with apparatus 2. 

 T/ K P/ KPa P/ MPa 

Calibration uncertainty 1,2 ± 0.02 ± 9.815 ± 0.010 

Repeatability uncertainty 1 ± 0.00 ± 0.259 ± 0.000 

Instrument uncertainty 2 ± 0.02 ± 0.003 ± 0.000 

Procedure uncertainty 1 ± 0.10 ± 24.000 ± 0.024 

Combined Standard Uncertainty ± 0.10 ± 25.931 ± 0.026 

Combined expanded uncertainty  ± 0.21 ± 51.861 ± 0.052 
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Appendix C: Least squares support vector machine (LSSVM) 
algorithm 

The least squares support vector machine (LSSVM) (Suykens and Vandewalle, 1999, 

Eslamimanesh et al., 2012a) algorithm is used to predict the hydrate dissociation pressures (Ilani-

Kashkouli et al., 2013a, Ilani-Kashkouli et al., 2013b). For optimization using the LSSVM 

mathematical algorithm, it is required to minimize a cost function (Pelckmans et al., 2002): 

 𝑄𝐿𝑆𝑆𝑉𝑀 =
1

2
𝑤𝑇𝑤 + 𝛾 ∑ 𝑒𝑘

2

𝑁

𝑘=1

 (C.1) 

subject to: 

 𝑦𝑘 = 𝑤𝑇𝜑(𝑥𝑘) + 𝑏 + 𝑒𝑘             𝑘 = 1,2,3, … , 𝑁 (C.2) 

where w shows the slope of the linear regression (regression weight), γ indicates the relative 

weight of the summation of the regression errors and ek is the regression error for N training 

objects. xk is the input vector including the input elements and yk is the output vector (gas hydrate 

dissociation pressure in this work). b indicates the linear regression intercept of the model, φ 

indicates the feature map, and finally superscript T indicates the transpose matrix. 

Using the Lagrange function the regression weight (w) in Eqs (C.3) and (C.4) can be defined 

(Suykens and Vandewalle, 1999, Pelckmans et al., 2002, Yao et al., 2005): 

 𝑤 = ∑ 𝛼𝑘𝑥𝑘

𝑁

𝑘=1

 (C.3) 

where  

 𝛼𝑘 = 2𝛾𝑒𝑘 (C.4) 

As a result of linear regression between the independent and dependent variables of the LSSVM 

method, Eq (C.5) can be revised as (Suykens and Vandewalle, 1999, Pelckmans et al., 2002, Yao 

et al., 2005): 
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 𝑦𝑘 = ∑ 𝛼𝑘𝑥𝑘
𝑇𝑥 + 𝑏

𝑁

𝑘=1

 (C.5) 

Therefore, the value of the αk (the Lagrange multipliers) can be calculated as: 

 𝛼𝑘 =
𝑦𝑘 − 𝑏

𝑥𝑘
𝑇𝑥 + (2𝛾)−1

 (C.6) 

The Kernel function can be well extended the linear regression to a non-linear form as shown 

below: 

 𝑓(𝑥) = ∑ 𝛼𝑘𝐾(𝑥, 𝑥𝑘) + 𝑏

𝑁

𝑘=1

 (C.7) 

where K(x,xk) is the Kernel function calculated from the inner product of the two vectors x and xk 

in the feasible region built by the inner product of the vectors Φ(x) and Φ(xk) as follows (Suykens 

and Vandewalle, 1999, Pelckmans et al., 2002, Yao et al., 2005): 

 𝐾(𝑥, 𝑥𝑘) = 𝛷(𝑥)𝑇 . 𝛷(𝑥𝑘) (C.8) 

The radial basis function (RBF) Kernel is commonly used for computing the Kernel function 

(Suykens and Vandewalle, 1999, Pelckmans et al., 2002): 

 𝐾(𝑥, 𝑥𝑘) = 𝑒𝑥𝑝 (
−‖𝑥𝑘 − 𝑥‖2

𝜎2 ) (C.9) 

where σ is the decision variable which deals with the external optimization algorithm during the 

calculations. 

The mean square error (MSE) of the results of the LSSVM is used to evaluate the quality of 

the built model, which is defined as (Yao et al., 2005): 

 𝑀𝑆𝐸 =
∑ (𝑃𝑃𝑟𝑒𝑑𝑖

− 𝑃𝑒𝑥𝑝𝑖
)

2𝑛
𝑖=1

𝑛
 (C.10) 

where P is the hydrate dissociation pressure, subscripts rep./pred. and exp. denote the 

represented/predicted, and experimental dissociation pressure values respectively, n the number 

of samples. 

 


