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Subscripts

A = area
c = critical state
cal. = calculated
exp. = experimental
g = gas
H = hydrate
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HC = hydrocarbon hydrate former
I = ice
i = ith component in a mixture; ith experimental data set
j = jth component in a mixture; jth individual calculated area
large = large cavity
m = numbers of particular functions
n = numbers of related variables
P = index of polar components
p = gas hydrate formation promoter; experimental P-T-x/y data in Eq. (7.5)
pred. = predicted
r = reduced property
s = dissolution
small = small cavity
w = water; spherically symmetric cell potential in the cavity
φ = calculated parameters of the model for evaluations of the integrals in Eq. (7.6)
0 = reference property
1 = refers to methane, occupation of large tetrakaidecahedra cavities in Eq. (4.10)
2 = refers to water, occupation of large pentakaidecahedra cavities in Eq. (4.10)

Superscripts

A = refers to asymmetric interaction
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C = attractive term of the VPT-EoS defined by classical quadratic mixing rules
calc. = calculated
diss = dissociation
E = excess property
exp. = experimental
H = hydrate
G = gas
g = gas
I = ice
L = liquid state
Lw = liquid water
large = large cavity
MT = hypothetical empty hydrate lattice
pred. = predicted
sat = saturated state
small = small cavity
t = total; transpose matrix in Eq. (7.33)
V = vapor
v = vapor
Ψ = parameter in Eq. (A.6)
0 = first parameter of asymmetric binary interaction parameter
1 = second parameter of asymmetric binary interaction parameter
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* = warning Leverage
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1. Introduction

Introduction: Contexte Historique
Le piégeage d'une molécule (ou molécules) d'un composé dans une structure formée
par les molécules d'un autre composé génère des structures nommées clathrates ou composés
d´inclusion.1,2 Les caractéristiques remarquables des molécules d'eau donnent lieu à la
formation de réseaux tridimensionnels de liaisons hydrogènes capables d´enfermer en leur
sein des types particuliers de molécules.3 Le composé final qui est appelé hydrate a fait l'objet
de nombreuses études depuis le 19ième siècle.1-3
Les premières études sur les hydrates sont attribuées à Sir Humphrey Davy,4 et à
Michael Faraday,5 qui a découvert l'hydrate du chlore. Sir Humphrey Davy a déclaré que le
solide qu´il avait découvert, semblable à de la glace (pas seulement composé de molécules
d'eau), avait été formé à des températures supérieures au point de congélation de l´eau.1,2
Michael Faraday a fourni la composition de l'hydrate de chlore (sans doute pour la première
fois).
Au cours des périodes suivantes, deux groupes d'hydrates, comprenant les hydrates
d'alkylamine et les hydrates de sel d'ammonium quaternaire ont été identifiés 3,6,7 Toutefois,
les hydrates les plus importants pour l'industrie, qui sont « les hydrates de gaz (ou clathrate) »
ont commencé à être considérés après la présentation de Davy en 1811.2,4 Les hydrates de gaz
sont des solides cristallins composés d'eau et de petites molécules.1,2 Dans le cadre des
« clathrates hydrates » (réseau solide ouvert), les molécules d'eau sont considérées comme «
hôtes » tandis que les autres molécules, qui sont capturées dans les réseaux des liaisons
hydrogènes de l'eau (cages), sont appelées « invitées ».2 Les molécules invitées peuvent être
celles de gaz de taille appropriée, de certains liquides volatils, etc.2,8,9 Les hydrates de gaz se
forment généralement à des températures relativement basses mais supérieures au point de
congélation de l´eau et à des pressions élevées, dû à l´effet stabilisant de la molécule invitée.2
Dans ce chapitre, nous trouvons une brève description des clathrates hydrates, de leurs
différentes structures, de certaines de leurs caractéristiques et de leur rôle dans l'industrie
pétrolière.

27

1.1. Historical background
Trapping of a molecule (or molecules) of a compound in a structure formed by the
molecules of another compound normally generates clathrate structures or inclusion
compounds.1,2 The unique characteristics of the water molecules result in formation of
hydrogen-bonded three-dimensional networks able to encage particular kinds of molecules.3
The final compound is called the "hydrate", which has been the subject of many studies from
the 19th century.1-3
The first investigations on the hydrate compounds are attributed to the Sir Humphrey
Davy,4 and Michael Faraday,5 who discovered the hydrate of chlorine. The former scientist
stated that the discovered ice-like solid (which also composed of other molecules than those
of water) were formed even at temperatures greater than the freezing point of water.1,2 The
latter researcher reported the composition of the chlorine hydrate (perhaps for the first time).
Throughout the later periods, two groups of hydrates including the alkylamine hydrates
and the quaternary ammonium salt hydrates were noticed.3,6,7 However, the most significant
hydrates for the industry, which are "gas (or clathrate) hydrates" were begun to be noted after
Davy's lecture in 1811.2,4 Gas hydrates are crystalline solid compounds composed of water
and smaller molecules.1,2 In the clathrate hydrate framework (open solid lattice), water
molecules are considered as the "hosts" and the other ones, which are captured in the water
hydrogen-bonded networks (cages) are called the "guests".2 The guest molecules can be of
appropriate size gases, some volatile liquids, etc.2,8,9 Gas hydrates generally form at low
temperatures and elevated pressures stabilized by the guest molecules.2
It is currently clear that the clathrate hydrates are nonstoichiometric compounds and
distinguished from ice, which has a normal hexagonal structure. In earlier times, the
difference between ice and hydrate was clarified using the effects of the two structures on the
polarized light due to the fact that hydrates do not have any effects on the polarized light
while the effects of ice are obvious.2
In this chapter, description of clathrate hydrates, their different structures, some
particular characteristics as well as their role in petroleum industry are briefly presented.

1.2. Clathrate hydrates of hydrocarbons
The French chemists, Villard10 and de Forcrand,11 might be the premier scientists to
contribute a lot in discovery of hydrates of hydrocarbons.1,2 Villard noticed the existence of
hydrates of methane (CH4), ethane (C2H6), and propane (C3H8) for the first time.1,2 In
addition, de Forcrand11 measured the equilibrium temperature of clathrate hydrates of 15
different substances including natural gas species at 1 atm.2
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The primary researches in the fields of hydrates of hydrocarbons were mostly dealing
with the estimation of number of water molecules per guest molecule in hydrate crystalline
structure. For instance, Villard10 reported a hydrate structure containing 6 water molecules per
guest molecule.1 Later, Schroeder12 stated that the previous discovered structure can be only
applied to 15 substances (hydrate formers).2 However, it is nowadays obvious that there are
many exceptions for the Villard‟s theory.2

1.3. Natural gas hydrates
Formation of clathrate hydrates from the natural gas constituents can be well observed
in petroleum industry (or found abundantly in nature). Water is often associated with natural
gas in the reservoirs. Thus, produced natural gas is, in most cases, saturated with water.2,13,14
As the temperature and pressure change during the production of the gas, water can condense
from the flow of the gas. Moreover, natural gas sweetening process (in order to remove
hydrogen sulfide and carbon dioxide, the so-called “acid gases”) often employs aqueous
solutions.1 The subsequent sweet gas (i.e. the product of the sweetening process) can be
saturated with water.15 Several processes are designed to remove water from natural gas
streams. This association of water and natural gas means that gas hydrates may be
encountered during the production and processing of natural gas. With this knowledge,
engineers working in the natural gas industry know whether hydrates will be a problem in
their application. The detection of hydrates in pipelines marked the importance of hydrates in
industry and began the new hydrate research era.2

1.4. Hydrate structures
Hydrates are classified by the arrangement of the water molecules in the crystal, and
hence, the crystal structures. Two types of hydrate structures are observed in the industry (or
in the nature): Structure I (sI) and structure II (sII). A third less common type of hydrate
structure is structure H (sH), which needs a small molecule (like methane) and a larger
hydrate former (like cyclopentane) for stabilization although there may be possibility of
formation of other hydrate structures e.g. sIII, sT etc.; however, they are not generally
observed in natural gas industry.2 Table 1.1 shows the characteristics of the different hydrate
structures.1
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1.4.1. Structure I

Structure I is treated as the simplest hydrate structure.1,2 It is composed of dodecahedron
and tetrakaidecahedron cages. Dodecahedron cages can be explained as twelve-sided
polyhedron with a pentagon for each face (labeled as 512, in which 5 stands for the number of
edges in a face type, and 12 is the number of faces with 5 edges)* while tetrakaidecahedron
cages are fourteen-sided polyhedron with twelve pentagonal faces and two hexagonal faces
(62).1 Because the dodecahedron cavities are smaller than the tetrakaidecahedron ones, they
are normally considered as small cages compared to the latter cavities, which are referred as
large ones. Methane, carbon dioxide, and hydrogen sulfide can, for instance, form hydrate sI,
in which the hydrate former can occupy both the small and the large cages though only large
cavities are occupied by the ethane molecules in the corresponding hydrate compound.1,2

1.4.2. Structure II
There are also two kinds of cavities in a unit hydrate cell of sII including a similar
dodecahedron as in sI, and hexakaidecahedron consisting of a sixteen-sided polyhedron with
twelve pentagonal faces and four hexagonal faces (51264). Indeed, the dodecahedral cages are
smaller than the hexakaidecahedron cavities in this structure.1,2 Among the constituents of
natural gas, propane, isobutene, and (probably) nitrogen form the sII hydrates. The latter
hydrate former occupies both the large and small cavities; however, propane and isobutane
only occupy the large ones.1,2

1.4.3. Structure H

Three types of cavities can be found in hydrate sH: A regular dodecahedron, an
irregular dodecahedron, and an irregular icosahedron. There are constructed from a twelvesided polyhedron (512) as in sI and sII, three square faces, six pentagonal faces accompanied
by three hexagonal faces that can be presented as (435663), and a twenty-sided polyhedron as
(51268), respectively. The cavities of second type are designated as medium cavities.
Generally, the small guest molecules occupy the small and medium cavities in a unit
cell of sH clathrate hydrates and larger molecules occupy the large one. 2-methylbutane, 2,2dimethylbutane, and cycloheptane are examples of the sH hydrate formers.1,2,16,17 The three
types of hydrate structures and their cage arrangements are shown in Figure 1.1.18
*

After Jeffrey, 1984.3
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Table 1.1: The characteristics of 3 types of clathrate hydrate structures. (Reproduced from
Carroll1)
I

II

H

46

136

34

Small

6

16

3

Medium

-

-

2

Large

2

8

1

X*.5 3/4 H2O

X.5 2/3 H2O

5X. Y**. 34 H2O

0.1481

0.15

0.15

X.7 2/3 H2O

X. 17 H2O

-

0.1154

0.0556

-

7.9

7.8

7.8

-

-

8.1

8.6

9.5

11.2

1.728×10-27

5.178×10-27

Structure
Water molecules per unit cell
Cages per unit cell

Theoretical formula
All cages filled
Mole fraction of hydrate former
Only large cages filled
Mole fraction of hydrate former
Cavity diameter (Å)
Small
Medium
Large
Volume of unit cell (m3)
Typical formers
*

CH4, C2H6,

N2, C3H8,

2-methylbutane,

H2S, CO2

iC4H10

2,2-dimethylbutane,
etc.

Hydrate former
Structure H former

**

1.4.4. Size of the guest molecule
The relationship between the size of the guest molecules (or the largest van der Waals
diameters) and the corresponding structures of the clathrate hydrates can be well represented
through a chart firstly reported by Von Stackelberg,19 which is depicted in Figure 1.2, as
reproduced by Sloan and Koh.2 It is worth pointing out that hydrogen and helium (which have
small diameters of about 2.72 and 2.28 Å, respectively) are declared, in this figure, not to
form any clathrate hydrates because their diamters are less than 3.8 Å. However, it is
currently well demonstrated that extremely high pressures (typically 100 to 360 MPa) can
stabilize the sII H2 clathrate hydrate.20-23(a,b) Another element to consider is that the molecules
larger than about 7 Å do not form sI or sII clathrate hydrates e.g. pentane, and larger paraffin
hydrocarbons. However, these large molecules can be enclathrated in sH hydrates with the
help of smaller hydrate former molecules.
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Figure 1.1: Three types of hydrate structures accompanied with their cage arrangements.
(Reproduced from Khokhar et al. 18)

1.4.5. Semi-clathrate hydrates

Toward crystallographic studies and X-ray structure analysis, it was found that
alkylamines can form particular kinds of clathrates with some broken bonds in the hydrogenbonded water framework.3,24,25 These groups of compounds are called "semi-clathrate"
hydrates because their structures are more or less similar to those of clathrate hydrates;
though, with an incomplete (or immature) water cavities. As a matter of fact, amine group
forms a part of the bonded water network and the alkyl may occupy the cavities for
stabilization of the hydrate.3 The quaternary ammonium (like tetra-n-butyl ammonium or
TBA) salts can also form semi-clathrate hydrates.3
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Figure 1.2: Relationships between the molecular sizes of different simple hydrate formers
and the corresponding hydrate structures. (Reproduced from Sloan and Koh2)

In these semi-clathrates, a part of the cage structure is broken in order to enclose the
large tetra-n-butyl ammonium ion while the halogen anion (e.g. Br-, Cl-, etc.) may participate
in the hydrogen-bonded water network. There are several evidences26-29 showing that the
semi-clathrate hydrates of TBAB (tetra-n-butyl ammonium bromide), TBAC (tetra-n-butyl
ammonium chloride) and so forth can be used as molecular sieves to trap the molecules of
particular kinds of hydrate formers, which will be described in detail later. A typical threedimensional view of the TBAB semi-clathrate hydrate is shown in Figure 1.3.28
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Figure 1.3: A typical three-dimensional view of tetra-n-butyl-ammonium bromide hydrate
unit cell. This structure is composed of one molecule of TBAB and 38 molecules of water as:
C16H36N+·Br−·38H2O. (Reproduced from Shimada et al.28 applying the schematic
representation in the online version)
The readers can refer to the book entitled "Clathrate Hydrates of Natural Gases" by
Sloan and Koh2 for a comprehensive study on the structures of clathrate hydrates.
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2. Application of Gas Hydrates in Separation Processes

Utilisation des hydrates de gaz dans les procédés de séparation
Les premières activités de recherche industrielle sur les hydrates de gaz, qui ont été
lancées au début du XXe siècle, sont attribuées à l'exigence de l'industrie pétrolière pour une
meilleure compréhension des effets de l'eau dans le cadre de l'exploitation des canalisations
de gaz, de pétrole et de traitement de gaz.30 Comme mentionné précédemment, le contact de
l'eau et du gaz naturel fraichement extrait semble être inévitable. Il y a donc une forte
probabilité de formation d´hydrates de gaz et/ou condensat d'eau au cours de la production et
lors du traitement du gaz naturel.30 Dans les années 1930, Hammerschmidt31 annonce que les
hydrates de gaz naturel pourraient entraîner le blocage des lignes de transport de gaz. La
formation de ces composés contribue à une réduction de la section interne des pipelines et par
conséquent à une augmentation de la chute de pression en ligne, conduisant à des coûts plus
élevés de production, de transformation et de transport, et des débits plus faibles.2,30 Le besoin
d´inhiber la formation d'hydrates de gaz dans les pipelines a donc focalisé l'attention des
ingénieurs au cours du siècle dernier.1,2,30 La formation des hydrates de gaz peut se produire
dans les pipelines bien au-dessous du niveau de la mer où la pression est élevée, ou dans les
zones froides, où la température est suffisamment basse.30 Ce phénomène a également été
signalé dans les boues de forage,32-34 les gisements de pétrole,35-38 à partir du contenu en eau
des gaz naturels,13,39-51 à l'intérieur de la croûte terrestre,52-55 à l'extérieur de l'atmosphère
terrestre (Mars et Saturne).2,30,56,57 Partout où les hydrates de gaz ont tendance à se former, il
faut scrupuleusement prévenir/résoudre/utiliser les fonctionnalités utiles ou nocives de ces
structures chimiques. Les ingénieurs qui rencontrent des problèmes avec les hydrates de gaz
(problème de blocages de pipeline) ont généralement recourt à l'une des méthodes suivantes:
élimination mécanique des clathrates; réchauffage des pipelines; modification du point de
rosée de l'eau dans les unités de déshydratation.30 Ils sont aidés en cela par les modèles
thermodynamiques/cinétiques de prédiction des conditions de dissociation.

La formation des hydrates de gaz, même si c'est quelque chose qui a une connotation
négative dans le pétrole et l'industrie de transformation du gaz, a certes le potentiel pour de
nombreuses applications positives, par exemple l'utilisation des clathrates hydrates comme
moyen de stockage de gaz. De nombreuses applications positives des clathrates hydrates,
comme dans le cadre de la capture du dioxyde de carbone et de sa séquestration, du stockage
de gaz, des systèmes de climatisation sous la forme de coulis d'hydrates, des technologies de
dessalement et de traitement de l'eau, de la concentration des solutions aqueuses diluées, de la
séparation des différents gaz contenus dans les effluents de combustion, et de bien d'autres
exemples ont été signalées, surtout au cours de ces dernières années.2,30,58,59
Dans ce chapitre, nous présentons une brève étude des diverses applications positives
des hydrates de gaz, en mettant l'accent sur un examen exhaustif des études réalisées à ce jour
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concernant la formation de clathrates/semi-clathrates hydrates comme nouvelle approche
pour les procédés de séparation.
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The first industrial research activities on gas hydrates, which were initiated in the early
20 century, are attributed to the requirement from the petroleum industry for a better
understanding of the effects of water in the operation of gas pipelines, and petroleum and gas
processing.30 As mentioned earlier, association of water with the fresh extracted natural gas
streams seems to be inevitable. This phenomena indicates that there is high probability of
formation of gas hydrate and/or water condensate during the production and processes of
natural gas.30 In the early 1930s, Hammerschmidt31 firstly reported that natural gas hydrates
might result in blockage of gas transmission lines. Formation of these compounds contributes
to a reduction in the pipelines‟ cross sectional area and consequently increases the pressure
drop in the processing of natural gases leading to higher production, processing, and
transportation costs and the corresponding lower flow rates.2,30 Inhibition of gas hydrate
formation in pipelines has therefore attracted the attention of engineers in the field over the
past century.1,2,30 Gas hydrate formation may occur in pipelines well below sea level where
the pressure is high, or in cold areas, where the temperature is suitably low.30 This
phenomenon has also been reported to occur in drilling muds,32-34 oil reservoirs,35-38 from
water content of natural gas,13,39-51 inside the earth‟s crust,52-55 and outside the earth‟s
atmosphere (Mars and Saturn).2,30,56,57 Wherever gas hydrates tend to be formed, significant
care should be taken to prevent/solve/use the harmful or useful features of these chemical
structures. Engineers encountering problems with gas hydrates generally have to employ one
of the following methods to overcome the issue of pipeline blockages: mechanical removal of
the clathrates; warming up the pipelines; prediction of the dissociation conditions via
thermodynamic/kinetic models; or modifying the dew point of water in dehydration units.30
th

Gas hydrate formation, even though it is something that has negative connotations in the
petroleum and gas processing industry, also has the potential for numerous positive
applications, e.g. the use of clathrate hydrates as means of gas storage. Many positive
applications of clathrate hydrates such as in carbon dioxide capture and sequestration, gas
storage, air-conditioning systems in the form of hydrate slurry, water desalination/treatment
technology, concentration of dilute aqueous solutions, separation of different gases from flue
gas streams, and many other examples have been reported, especially in recent years.2,30,58,59

In this chapter, a brief study of the various positive applications of gas hydrates is
presented, focusing on a comprehensive review of studies undertaken to date with regard to
the application of clathrate/semi-clathrate hydrate formation as a novel approach for
separation processes.
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2.1. Some positive uses of gas hydrates

2.1.1. Gas supply

Natural reserves of gas hydrates in the earth can be used as a gas/natural gas supply by
providing the increasing amounts of energy needed by the world economy.30 The estimated
amount of methane in-situ gas reserves is approximately 1016 m3.60,61 Furthermore, some
estimations show that there are more organic carbon reserves present globally as methane
hydrates than all other forms of fossil fuels.62 It is currently believed that if only about 1% of
the estimated reserves of methane from methane hydrate reserves are recovered, it may be
enough for the United States to satisfy its energy demands for the next eight decades.30,63
There are generally three methods of methane production from these hydrate reserves:30,64
1. Pressure reduction in the reservoirs to conditions below the gas hydrate equilibrium
pressure;
2. Increasing the temperature of the reservoir by heating up to a temperature above that
needed for equilibrium (or hydrate dissociation temperature);
3. Addition of alternate gases or inhibitors such as CO2 or methanol which would
replace methane within the hydrate structures or change the stability conditions of the
corresponding hydrates.
Although methane (or natural gas) has, perhaps, not yet been produced from gas hydrate
reserves on a commercial scale and also interestingly it has not been included in the EPPA
model in MITEI‟s Future of Natural Gas report,65 it is still considered as a promising
approach which should begin to be exploited within the next 15 years, mainly due to the fact
that conventional natural gas reservoirs are being depleted very rapidly.30,65 Detailed
experimental and theoretical studies on this issue (e.g. thermodynamic and kinetic models,
effects of the physical parameters on the gas hydrate reservoirs fluids, exploitation of the
reserves, methods of gas recovery, economic study of the process of extraction of
methane/natural gas from gas hydrate reserves) have been well-established in the literature.62111

2.1.2. Gas storage

Many investigations indicate that the gas hydrate structures have considerable potential
as storage media for various gases. For instance, they can be used for natural gas/hydrogen
storage and transportation, as cool storage media in air conditioning systems, etc.22,112-192
Storage and transportation in the form of gas hydrates have the advantage of safety for the
corresponding processes, as well as much lower process volumes in comparison with
conventional storage methods like liquefaction. An economic study shows that the capital cost
for natural gas transportation in the form of gas hydrates is lower than that for the liquefied
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natural gas (LNG) technique, mainly because of lower investment in infrastructure and
equipment.30,126 However, LNG-type gas transportation is currently preferred for distant
markets or transportation of natural gases produced from huge gas fields because of expensive
capital investment.30,126 There is evidence, on the other hand, (e.g. Mitsui Shipbuilding &
Engineering Company Pilot Plant, Hiroshima, Japan) showing that gas hydrates are
economically more cost-effective for storage and transportation of standard gas (gas streams
of small quantity, especially those far from the pipeline) compared to the LNG method. 127129,136
As for the application of gas hydrates for hydrogen storage, it is worth it to point out
that a comprehensive review has been already published by Strobel and coworkers.182 It is
revealed that the capacity of the clathrate hydrate cages to absorb hydrogen must be
determined, or at least estimated, before starting industrial design of the related processes for
hydrogen storage. In addition, use of this technique for cool storage in air conditioning
processes has been well-discussed by Chatti et al.57

2.2. Separation processes through gas hydrate formation

2.2.1. Separation of greenhouse gases

Truth be told, the ever-growing energy needs of human beings, which resulted from
rapid industrialization and population growth, has to date been satisfied mainly by using fossil
fuels such as coal, oil, and natural gas.30,193-198 Many studies demonstrate that large amounts
of carbon dioxide, carbon monoxide, and hydrogen sulfide (called „„greenhouse gases‟‟) are
emitted every year into the atmosphere30,193-198 due to combustion of fossil and fossil-based
fuels. Over the last few decades, there has been growing concern as to the effects of the
increased concentration of these gases in the earth‟s atmosphere and their contribution to
global warming. Due to the potential for harmful environmental effects, including climate
change, there has been public and political pressure to reduce the amount of „„greenhouse‟‟
gas emitted. Therefore, separation of these gases from their corresponding gas mixtures,
generally found in flue gas streams of most industrial processes, has generated great interest
and a number of research studies recently.

2.2.1.a. Separation of CO2

How are we to account for reducing the amounts of CO2 emissions worldwide? The
capture and sequestration (storage) of carbon dioxide (CCS) is considered, as an academic
and industrial curiosity, to be the issue of many studies because around 64% of the
greenhouse gas effects in the atmosphere are related to carbon dioxide emissions.30,193-198 The
main objective of these studies may focus on developing environmental friendly and energy
efficient technologies to capture CO2 emitted from power-plants, where flue gas streams
normally contain CO2 and N2.30,193-198
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Three general (or commercial) methods have been proposed in open literature for CO2
capture from flue gases as follows:198
1. Post-combustion processes: One of the most widely used methods for postcombustion carbon dioxide removing (or at least mitigating) is the chemical MEA
(monoethanolamine) absorption. Estimations show that an economical MEA process is
supposed to capture more than 2000 ton CO2 per year (with the approximate cost of 120 $ for
each ton of CO2 captured). The aforementioned technique is normally suitable for flue gases
containing CO2 and N2, which is mostly emitted from the refineries. Generally-simple design
of the corresponding process is also one of its advantages. 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 to the MEA process
accompanied by H2 production; however, with less selectivity for CO2 absorption. In addition
to the preceding technologies, cryogenic and membrane processes have been also designed for
CO2 capture, which seem to be more expensive and needs more scrutiny. More detailed
comparison between these methods can be found elsewhere.198-200
2. Pre-combustion techniques: Removing CO2 prior to combustion is the main goal of
these methods. IGCC (integrated gasification combined cycle), as one of the practical
processes, generally synthesizes a syngas stream from coal. Therefore, the impurities in coal
are removed (or reduced) from the syngas before it is further combusted by pre-combustion
CO2 capture technique. High concentration of carbon dioxide in the final syngas may be the
most significant advantages of this process. However, new processes equipment need to be
installed to make use of this method.198-200
3. Oxy-combustion process: This technique involves burning a fuel using oxygen with
high purity. Compared to the conventional burning phenomenon in the presence of air, oxycombustion method requires less fuel and reduced volume of flue gas regarding the absence
of air with excess nitrogen compound. In general, the oxygen-rich stream is first fed to a
combustion chamber to produce an exhaust gas stream containing a higher concentration of
CO2. Since this process contains a costly air separation process, several researches are now
being undergone to make it more economical.198
However, one novel approach to separate carbon dioxide from combustion flue gas (it
may be categorized in either the first group of the preceding methods or in the second one) is
through gas hydrate crystallization technique.197,201-229 The affinity of various hydrate formers
to be trapped in the water hydrogen-bonded cages is different. Therefore, due to the difference
in the tendency of CO2 and other gases to be captured in the hydrate cages, when
clathrate/semi-clathrate hydrate crystals are formed from a corresponding mixture, the hydrate
phase can be enriched in CO2 while the concentration of other gases can be increased in the
gas phase. As a consequence, the hydrate phase can be later dissociated by depressurization
and/or heating resulting the recovery of CO2.30,59 Detailed experimental results indicate that
CO2 selectivity in the hydrate phase would be at least four times higher than that in the gas
phase.204 Table 2.1 reports most of the corresponding experimental studies undertaken to date
on gas hydrates for the (CO2 + other gas/gases + water) systems in the absence of hydrate
promoters.
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Since high pressure conditions are generally required for gas hydrate formation
technique, hydrate promoters can be typically used as chemical additives in such processes.30
The promoters generally reduce the required hydrate formation pressure and/or increase the
formation temperature. They may also modify the selectivity of hydrate cages to encage
particular gas molecules. The proposed gas hydrate formation promoters can be categorized
into two groups:30
1. Chemical additives that have no effect on the structures of the water hydrogenbonded networks e.g. tetrahydrofuran (THF), anionic/non-ionic surfactants, cyclopentane,
acetone etc.177-182,190,192,230-236 and
2. Additives that take part in the structures of the ordinary water cages in the traditional
clathrates networks such as tetra-n-butylammonium salts (e.g. TBAB and tetra-nbutylammonium borohydride).27,184,237–266
THF from the first, and TBAB from the second category are well known
thermodynamic promoters that have been employed (in non-industrial scale) recently.30 As a
matter of fact, the second group of promoters consists mainly of environmental friendly tetran-butylammonium salts and form semi-clathrate hydrates, in which a part of the cage structure
is broken in order to trap the large tetra-n-butyl ammonium molecule, as mentioned earlier.
This characteristic of the semi-clathrate hydrates may lead to generation of such structures
having more gas storage capacity than those produced from promoters such as THF. Although
promoters like THF can significantly decrease the hydrate formation pressure, they are
volatile and this may lead to non-negligible amounts of their loss during the corresponding
storage/separation/transportation processes.30,58 Experimental studies performed to date on the
separation of CO2 from different gas mixtures via clathrate/semi-clathrate hydrates in the
presence of promoters are reported in Table 2.2.
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Table 2.1: Experimental studies for gas hydrates of the carbon dioxide + gas/gas mixture
systems in the presence of liquid water.30

Author(s)

Gas System

Study

Ohgaki et al.217

CO2 + CH4

PVT studies on dissociation conditions +
compositions of vapor and hydrate phases

Seo and Kang211

CO2 + CH4

Bruusgaard et al.219

CO2 + CH4

Belandria et al.23(b)

CO2 + CH4

Belandria et al.426

CO2 + CH4

Unruh and Katz213

PVT studies on dissociation conditions +
composition of vapor and hydrate phases
PVT studies on dissociation conditions +
composition of vapor phase in equilibrium with
hydrate phase
PVT studies on dissociation conditions of gas
hydrates
PVT studies on dissociation conditions +
compositions of vapor, liquid, and hydrate phases

CO2 + CH4

PVT studies on dissociation conditions of gas
hydrates

CO2 + CH4

PVT studies on dissociation conditions of gas
hydrates

CO2 + CH4

PVT studies on dissociation conditions of gas
hydrates

Seo et al.210

CO2 + CH4

PVT studies on dissociation conditions of gas
hydrates

Uchida et al.144

CO2 + CH4

Kinetic study: Investigation of the change of vaporphase composition and cage occupancies using gas
chromatography and Raman spectroscopy.

Seo et al.210

CO2 + N2

PVT studies on dissociation conditions +
compositions of vapor and hydrate phases

Kang et al.220

CO2 + N2

PVT studies on dissociation conditions +
compositions of vapor and hydrate phases

CO2 + N2

PVT studies on dissociation conditions +
compositions of vapor and hydrate phases

CO2 + N2

PVT studies on dissociation conditions +
compositions of vapor in equilibrium with gas
hydrate

Adisasmito et al.214

Hachikubo et al.216

Seo and Lee221

Bruusgaard et al.222
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Table 2.1: continued…

Park et al.209

CO2 + N2

PVT studies in an equilibrium cell for
measurements of gas hydrate phase equilibria and
NMR spectroscopy for measurements of the cage
occupancies of CO2 and consequently the molar
compositions of hydrate phase

Belandria et al.59

CO2 + N2

PVT studies on dissociation conditions +
compositions of vapor, liquid, and hydrate phases

CO2 + H2

Raman spectroscopy using quartz windows on cage
occupancy by hydrogen molecules and direct gas
release method

CO2 + H2

Powder X-Ray Diffraction on cage occupancy by
hydrogen molecules, gas chromatography of
released gas from hydrate, 13C NMR, Raman
spectroscopy

CO2 + H2

13C NMR on cage occupancy by hydrogen
molecules in hydrate formed in silica gel particles

Sugahara et al.

223

207

Kumar et al.

Seo and Kang211

Kim and Lee225(a)

CO2 + H2

Rice226

CO2 + H2

Belandria et al.23(a)

CO2 + H2

Zhang et al.227(a)

Surovtseva et al.228(a)

1H MAS NMR on cage occupancy by hydrogen
molecules, gas chromatography of released gas
from hydrate on cage occupancy by hydrogen
molecules
Designing a process in which methane is burnt to
produce energy and H2 and CO2. Later, CO2 can be
separated from a flue containing H2 using gas
hydrate formation process.
PVT studies on dissociation conditions +
compositions of vapor phase

The hydrate-liquid-liquid-vapor equilibria of a precombustion gas sample have been measured using
CO2 +H2
a high pressure DSC technique. Cyclopentane has
+cyclopentane
been added to the system as a more beneficial
promoter than THF.
Combination of a gas hydrate formation process
with a low temperature cryogenic one for capturing
CO2+H2+N2+CH4+Ar
CO2 from a coal gas stream. The operational
conditions and the amount of captured CO2 have
been reported.
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Table 2.1: continued…

Tajima et al.229(a)

Lee et al.

229(c)

CO2 + N2 + O2 + H2O
(vapor)

Design of a process for separation of CO2 from a
flue gas sample using a hydrate forming reactor.
The kinetic and energy consumption parameters of
the process have been also measured and
calculated.

CO2 + NOx + SOx

A separation process has been presented to separate
CO2 from flue gas. Thermodynamic and kinetic
studies have been performed on the hydrate
formation process.

Table 2.2: Experimental studies on clathrate/semi-clathrate hydrate for the carbon dioxide +
gas/gases systems in the presence of hydrate promoters.30
Authors

Beltrán and Servio

System

218

Study

CO2 + CH4 + water/neohexane
emulsion

Linga et al.212

CO2 + N2 + THF aqueous solution

Fan et al.215

CO2 + CH4 + water/aqueous sodium
chloride solution
CO2 + N2 + TBAB/THF aqueous
solutions

Lu et al.233(a)

Deschamps and
Dalmazzone248

CO2 + N2 + TBAB aqueous solution
and CO2 + CH4 + TBAB aqueous
solution

Fan et al.258

CO2 + H2 + TBAB aqueous solution
and CO2 + H2 + THF aqueous
solution
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PVT studies on dissociation
conditions + composition of vapor
phase in equilibrium with hydrate
phase
PVT and kinetic studies on CO2
capture from its mixture with N2 via
clathrate hydrate structures. Induction
times, hydrate formation rates, CO2
uptake amount accompanied with
molar compositions of hydrate and
vapor phases have also been
measured.
PVT studies on dissociation
conditions of gas hydrates
PVT studies on dissociation
conditions of gas hydrates
Measurements of enthalpy of
dissociations
via differential scanning calorimetry
(DSC)
under pressure
Measurements of semi-clathrate
hydrate formation conditions and the
effects of different additives through
using equilibrium cell

Table 2.2: continued…
CO2 + N2 + TBAB aqueous solution
in the presence of dodecyl trimethyl
ammonium chloride (DTAC)

Measurement of induction time,
pressure drop, split fraction via a
crystallizer cell

H2 + CH4, H2+N2+CH4, CH4+C2H4,
CH4+C2H4 in the presence of water
and aqueous solution of THF

Measurements of gas and liquid
phases compositions in equilibrium
with gas hydrates through an
equilibrium cell

Fan et al.258

CO2 + N2 + TBAB/TBAF aqueous
solution

PVT studies on measurement of
induction time, dissociation
conditions, space velocity, and vapor
and hydrate compositions using a
two- stage hybrid hydrate membrane
separation process

Meysel et al.430

CO2 + N2 + TBAB aqueous solution

Li et al.253

CO2 + H2 + TBAB aqueous solution

Li et al.

252

Ma et al.262

Kim et al.263

Li et al.252

Kamata et al.265

PVT studies on equilibrium
conditions of semi-clathrate hydrate
in a jacketed isochoric cell reactor
Measurement of dissociation
condition, gas consumption,
induction time of semi-clathrate gas
hydrates of a flue gas containing CO2
+ H2 in a hydrate crystallizer. The
effect of water memory has been also
studied.

CO2 + H2 + TBAB aqueous solution

PVT and kinetic studies on hydrate
formation conditions, gas
consumption, induction time of semiclathrate gas hydrates of a flue gas
containing CO2 + H2 in a hydrate
formation reactor. Enclathration of
the semi-clathrate hydrate with the
CO2 molecules have been also
observed using Raman Spectroscopy.

CO2 + H2 + TBAB aqueous
solution/Cyclopentane

Measurements of CO2 separation
efficiency, gas consumption, and
induction time for a CO2 capture
process from a flue gas of CO2 + H2
in a hydrate crystallizer.

CO2 + H2S + TBAB aqueous
solution
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Constructing a high pressure
equilibrium cell for separation of
mixtures of different gases through
semi-clathrate hydrate formation
processes.

Table 2.2: continued…

Li et al.229(b)

CO2 + N2 +cyclopentane/water
emulsion

The kinetics of hydrate formation in a
flue gas sample containing CO2 + N2
have been studied in a reactor along
with measurements of vapor and
hydrate compositions at equilibrium.

Mohammadi et al.427

CO2 + N2 + TBAB aqueous solution

PVT studies on dissociation
conditions of gas hydrates

Belandria et al.199

CO2 + N2 + TBAB aqueous solution

PVT studies on dissociation
conditions of gas hydrates

Assuming that there are no losses of gas hydrate promoters (such as TBAB) and water
(if water is re-circulated in the corresponding process); 80% efficiency for pumps,
compressors, and expanders; a typical economic study shows the energy cost of CO2 capture
using gas hydrates would be approximately 30 € per ton of CO2.30,204 The cost is comparable
to conventional CO2 capture methods such as amine absorption, etc. Further simulation results
suggest that other costs associated with carbon dioxide separation processes using gas hydrate
crystallization, such as equipment, total capital investment, maintenance and depreciation,
would lead to estimated capture cost of approximately 40.8 € per ton of CO2 from a
conventional blast furnace (CBF) flue gas.30,204 Two points should however be kept in mind
regarding the costing of hydrate separation processes: First, there is the possibility for
designing more efficient and economical separation processes through suitable utilization of
the energy available in the fluid streams of the processes (i.e. pinch technology can be applied
to re-design the aforementioned processes); and secondly, economic simulation results show
that gas separation by hydrate formation techniques may be more competitive in applications
where there are high pressure feed gas streams to the separation process, such as in the oil and
gas industry. Hydrate separation method for CO2 capture is still considered as a long-term
capturing technology.264

2.2.1.b Separation of methane

Methane is a greenhouse gas with a greenhouse effect 21 times greater than that of CO2
and it contributes to around 18 % of the global greenhouse effects.30,234(a),267 This component
is the major constituent of natural gas streams and natural gas reserves in the form of hydrates
in the earth, as well as emissions in the form of cold bed methane (CBM) discharging from
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coal seams.2,30,58,234,268 Consequently, separation of methane from emitted industrial gases has
attracted significant attention in the last few decades. Recently, novel separation processes
using gas hydrate formation phenomenon have been proposed, similar to that of used for
separation of CO2. Table 2.3 lists the corresponding experimental studies undertaken and
available in open literature. Economic studies for such processes would focus mainly on the
price of the gas hydrate promoters needed to reduce the pressure and increase the temperature
of the separation steps because the design of other required equipment is generally simple.30 It
seems that the industry will be interested in such investments whenever the environmental
regulations are rigid and when the natural gas reserves tend to reach their half-lives.30
Table 2.3: Experimental studies on clathrate/semi-clathrate hydrates for the methane +
gas/gas mixture systems in the presence/absence of hydrate promoters.30
Author(s)

System

Study

Zhao et al.235(a)

CH4 + oxygen-containing coal bed gas
+ THF aqueous solution

Lu et al.233(a)

CH4 + N2 + TBAB/THF aqueous
solutions

Separation of CH4 using a
reactor in different
concentration of feed gas and
pressures
PVT studies on dissociation
conditions

CH4 + N2 + O2 + THF aqueous solution

Separation of methane from a
coal mine methane using a high
pressure reactor

Kondo et al.232(b)

CH4 + C2H6 + C3H8 + pure water

Measurements of dissociation
conditions and the composition
of vapor phases in equilibrium
with gas hydrate in a high
pressure cell

Ng233(b)

CH4 + C3H8, CH4 + C2H6 + C3H8, CH4
+ C3H8 + C4H10 + CO2, CH4 + C2H6 +
C3H8 + C4H10 + CO2, CH4 + C2H6 +
C3H8 + C4H10 + CO2 in the presence of
water

Measurements of compositions
of hydrate phase by gas
chromatography in an
equilibrium variable-volume
cell

CH4 + C2H6 + THF aqueous solution

Measurements of hydrate
formation conditions of a
sample consisting of CH4 and
C2H6 for observing the
appropriate conditions of a
separation process of CH4. The
structures of the hydrates
formed have been also
investigated using Raman
spectroscopy.

232(a)

Zhang and Wu

Sun et al.230

48

Table 2.3: continued…

Ma et al.234(b)

CH4 + C2H6 + THF aqueous solution,
CH4 + C2H4 + THF aqueous solution

Lee et al.235(b)

CH4 + N2 + water

Sun et al.

237

Kamata et al.266(a)

CH4 + N2 + TBAB / (TBAB + SDS
(sodium dodecyl sulfate)) aqueous
solutions

CH4 + C2H6 + TBAB aqueous solution,
CH4 + H2 + TBAB aqueous solution,
CH4 + N2

PVT study on hydrate
formation conditions and molar
compositions of vapor and
hydrate phases for separation of
methane from its mixture with
ethane and ethylene in a high
pressure equilibrium cell
PVT studies and 13C solid-state
NMR spectroscopy along with
powder XRD measurement
have been performed for
investigation of the equilibrium
conditions and phase transitions
of clathrate hydrates of mixture
of CH4 + N2
Measurement of phase
equilibrium conditions of semiclathrate hydrates of mixtures
of methane + nitrogen + TBAB
aqueous solution in a hydrate
forming reactor. Gas storage
capacity and recovery factor of
CH4 have also been reported.
High pressure equilibrium
studies for separation of
methane from its mixtures with
different gases.

2.2.1.c Separation of other greenhouse gases

Beside carbon dioxide and methane, gas hydrate separation processes have been
investigated for other greenhouse gases such as hydrogen sulfide (H2S), sulfur hexafluoride
(SF6), and 1,1,1,2-tetrafluoroethane (R-134a).30 Separation of hydrogen sulfide from gas
streams may be an imperative task for the petroleum industry mainly because high hydrogen
sulfide concentration in gas streams increases the possibility of solid sulfur precipitation
during the production of sour natural gases in the formation, in well bores, and in production
facilities especially at high temperatures and pressures (besides its corrosive potential).30,269
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SF6-containing gases are widely used in industry because SF6 has good electrical insulating
properties.269 Its mixtures with N2 are used as an insulating filler gas for underground cables, a
protective, and an etching agent in the semiconductor industry.269 Because it has a very long
lifetime in the atmosphere (3200 years) and significant global warming potential, separation
of this component is of great interest. Utilization of gas hydrates for the separation of
refrigerant gases, which have extreme greenhouse effects, has also been recently studied in
the literature. Table 2.4 reports experimental studies available in open literature on separation
of the aforementioned gases from their corresponding mixtures via gas hydrate formation
processes. Careful attention should be paid to materials of construction and health and safety
issues in the design of process equipment for separation of these gases, especially H2S and
SF6, because they are toxic and corrosive. 30 Therefore, the main factor in an economic study
would be focused on these issues. From studies performed to date, it seems that these types of
separations, through gas hydrate formation, would only be considered as economical
alternative approach by industry by the end of this decade.30, 63,195-197,201,204,235,267

2.2.2. Hydrogen separation

Hydrogen is considered as a clean and novel energy resource. As a result, separation,
storage, and transportation of this component are among the latest industrial technology
developments. For instance, a dual-effect process can be pursued to capture CO2 and separate
H2 simultaneously from the generated gas stream after the steam reforming operation
applying gas hydrate crystallization.23,30,58 Extremely high pressures normally in the range of
100 to 360 MPa, as stated in the previous chapter, are needed to stabilize the sII H2 clathrate
hydrate while CO2 is enclathrated in hydrate cages at moderate pressure conditions.30,58 The
difference between hydrate formation pressures of these two substances is the main reason for
considering the potential of gas hydrate technology for the aforementioned process.224-226
The experimental studies undertaken to date on the separation of hydrogen from different gas
mixtures through gas hydrate crystallization processes are reported in Table 2.5.

2.2.3. Nitrogen separation

Since N2 is one of the major components of flue gas emitted from power-plants,30,59,210
efficient processes should be proposed for its separation from the accompanied gases. Gas
hydrate formation method has been studied as an alternative nitrogen separation process in
industry. Table 2.6 summarizes experimental studies undertaken in this area, which are
available in open literature.
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2.2.4. Oil and gas separation

Due to the fact that the composition of a hydrate-forming mixture is different from
the composition of the hydrate phase, gas hydrate formation can be applied as an alternative
approach to conventional gas-liquid separation (fractionation) technique.30,61,271 A low
temperature extraction (LTX) process designed by Dorsett 272 and separation of oil and gas in
a hydrate rig by Østergaard et al.271using the gas hydrate crystallization method, in which the
kinetic parameters of the proposed process have been reported, may be the only two proposed
processes for this purpose to date.
Table 2.4: Experimental studies on clathrate/semi-clathrate hydrates for mixtures of
greenhouse gases with other gases in the presence/absence of hydrate promoters.30
Authors

Shiojiri et al.266(b)

Tajima et al.229(a)

Tajima et al.231(b)

Vorotyntsev et al.

Dong et al.227(b)

System

Study

HFC-134a (R-134a) + N2 + water

Measurements of hydrate formation
conditions and vapor and hydrate
molar compositions in a porous media
for separation of R-134a greenhouse
gas

HFC-134a (R-134a) + air + water,
SF6 + N2 + pure water

Design of a process for separation of
R-134a refrigerant from air, and SF6
from N2 using a hydrate forming
reactor. The kinetic and energy
consumption parameters of the
process have been also measured and
calculated.

R-134a + N2 + water

Study on the effects of concentration
of feed gas on kinetic parameters of
HFC hydrate formation and its
separation from its mixture with N2 in
a hydrate forming reactor.

SF6 + SO2 + water, SF6 + CCl2F2 +
water

Separation of SF6 greenhouse gas
from its corresponding mixtures in a
batch isobaric gas hydrate
crystallization
process. The separation factors of the
compounds have been reported along
with relevant kinetic study.

CH4 + NH3 + water / THF aqueous
solution

Measurements of equilibrium
conditions, vapor phase compositions
in equilibrium with gas hydrates in a
hydrate forming reactor for separation
of ammonia from methane
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Table 2.4:
continued…

Cha et al.270

SF6 + N2 + water

Hydrate dissociation conditions of
mixture of SF6 + N2 in the presence of
pure water and Raman Spectroscopy
of cage occupancies by the
corresponding hydrate formers in a
high pressure equilibrium cell.

Kamata et al.266(a)

CH4 + H2S + TBAB aqueous
solution, CO2 + H2S + TBAB
aqueous solution, CH4 + CO2 + H2S
+ TBAB aqueous solution

A high pressure cell has been
designed and constructed to separate
H2S from a flue gas via gas hydrate
formation process. The effects of
different operational parameters on
recovery of H2S have been reported.

Table 2.5: Experimental studies on clathrate/semi-clathrate hydrates for the hydrogen +
gas/gas mixture systems in the presence/absence of hydrate promoters.
Authors

Wang et al.

225(b)

System

H2 + CH4 + diesel oil + THF
aqueous solution + antiagglomeration system

Lee et al.228(b)

H2 + CH4 + pure water

Sun et al.268

H2 + CH4 + water/THF aqueous
solution

Study
Measurements of gas-hydrate
phase equilibria in a variablevolume cell for observing the
conditions of separation of H2 from
a flue sample. A surfactant has
been added to the system to
disperse hydrate particles into the
condensate phase.
Hydrate formation conditions for a
mixture of pre-combustion flue gas
containing H2 + CH4 has been
investigated in a semi-batch stirred
vessel
A one-stage hydrogen separation
unit has been constructed based on
hydrate formation process. In
addition, the separation efficiency
of the proposed process has been
reported.

Table 2.6: Experimental studies on clathrate hydrates for the nitrogen + gas/gas mixtures.
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Authors

Johnson et al.245(b)

Happel et al.267

System

Study

N2 + industrial gas mixtures +
water

Designing a new economical and efficient
process for separation of N2 from gas
mixtures in a constructed multi-stage
reactor to form gas hydrates.

N2 + CH4 + pure water

A novel apparatus for separation of N2
from its mixture with CH4 using a hydrate
forming reactor has been constructed, in
which the vapor and hydrate molar
compositions and kinetic parameters like
the rate of hydrate formation can be
measured.

2.2.5. Desalination process

Water desalination/treatment technology using clathrate hydrates with different hydrate
formers e.g. refrigerants can perform well when compared with traditional desalination
processes. 273–277 The technique is of particular interest because only water and an appropriate
refrigerant can form clathrate hydrates at ambient temperature and atmospheric pressure. The
clathrate hydrate can then be dissociated and pure water phase can be produced while the
released refrigerant may be recycled in the hydrate formation unit. From the 1940s to date,
numerous studies have been undertaken to design desalination processes efficiently and
economically via formation of gas hydrates.30,278–294 For instance, a detailed economic study275
including total capital investment, operational and maintenance costs, and depreciation
(amortized) costs demonstrates that the total cost of potable water production through the
propane hydrate formation method is between 2.8 and 4.2 US$ per ton of fresh water
depending on the yield (number of moles of the potable water produced by the process per
mole of seawater fed to the process) and temperature of the inlet seawater.30 These results
indicate that formation of the gas hydrates in the absence of any hydrate promoters may not
be an economical method for a desalination process compared with the traditional
methods.273–277 Though, it is obvious that an appropriate hydrate promoter can reduce the
energy cost of the process and may finally lead to a lower fresh water production cost.30
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2.2.6. Biotechnology

The possible formation of clathrate hydrates in animal/plant tissues and gas hydrate
formation in protein containing micellar solutions, as well as applications in controlling
enzymes in biological systems, recovery of proteins, application in drug delivery systems, etc.
are just some examples of importance of gas hydrate formation in the
bioengineering/biotechnology field.295–307 This area is relatively new and has the potential for
tremendous growth in terms of the study of applications.30

2.2.7. Food industry

The concentration of dilute aqueous solutions using clathrate hydrate formation is,
similar to but, seems to be more economically feasible than freeze concentration because
clathrate hydrates can be formed at temperatures above the normal freezing point of
water.30,61,308 The characteristics of refrigerant hydrates in a variety of aqueous solutions
containing carbohydrates, proteins, or lipids and the concentration of apple, orange, and
tomato juices via hydrate formation have already been reported.30,309,310

2.2.8. Separation of ionic liquids

Ionic liquids (ILs) are organic salts which are generally liquid at room temperatures.311
They are normally composed of a large organic cation and organic or inorganic anions.311 The
applications of ionic liquids have generated numerous discussions and studies since the past
decade. This is mainly due to their physico-chemical properties which are able to be adjusted
through combination of cations and anions. This phenomenon can be utilized to design
particular solvents for application in the development of efficient processes and products30, 311
Non-flammability, high thermal stability, a wide liquid range, and their electric conductivity
are all physical properties311 which make ionic liquids very attractive in terms of application
as separating solvents and catalysts. In the synthesis of ionic liquids, one of the key steps is
their purification. Ionic liquids are also expensive to synthesize and therefore their recovery
via regeneration is essential.30 Recovery of these solvents from aqueous solutions will
certainly be beneficial for the future potential of these solvents in the separation industry. 30,
311,312
Recently, a novel separation technique has been proposed regarding the separation of
ionic liquids from dilute aqueous solutions using clathrate hydrates of carbon dioxide.313 The
fundamental concept of this method is based on the phenomenon of hydrophobic hydration
taking place when a gas dissolves in water and results in formation of both structured water
and gas hydrates under suitable operational conditions.313
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2.3. Concluding remarks and experimental objective
In this chapter, we have focused on reviewing the applications of clathrate/semiclathrate hydrates for separation processes, including experimental studies on separation of
greenhouse gases; separation of hydrogen and nitrogen; oil and gas fractionation; desalination
processes; separation of different substances from living organisms; and separation of ionic
liquids from their dilute aqueous solutions. The studies preformed to date show diverse fields
of research in chemistry, physics, earth and environmental sciences, bioengineering, and
pharmaceutical processes to name a few.
It is evident that gas hydrate formation technology will play a significant role in the
future in separation processes and has the potential to be, perhaps, a more sustainable
technique than current comparable commercial technologies for separation (particularly for
CO2 capture and sequestration). So far, application of gas hydrate for storage and
transportation of gas streams has found to be used in industrial practice, as already mentioned.
In addition, CO2 capture and sequestration (due to its eventual high recovery of CO2) and cool
storage in the form of hydrate slurry (due to considerable latent heat of hydrate
formation/dissociation) through this technique may be the most promising positive application
of gas hydrate formation among the investigated ones. Although the proposed processes are
still in the form of batch operations though there are some efforts to design semi-batch or
continuous gas hydrate formation processes. However, this review demonstrates that the
experimental phase equilibrium measurements required for efficient design of such processes
are still rare. These data are imperatively needed in order to clarify the novel aspects and
applications of gas clathrate/semi-clathrate hydrates in separation of CO2 from flue gas
streams and consequently persuade the industry to invest in this in near future.
As a consequence, the phase equilibria of clathrate/semi-clathrate hydrates of significant
systems for the aforementioned processes including the CO2 + N2/CH4/H2 + liquid water/
TBAB aqueous solution systems are measured and reported in this work, which are
considered to be the experimental objectives of the thesis. These experimental works can be
considered as the major contributions of this work for understanding the different aspects of
use of semi-clathrate hydrates in CO2 capture processes.
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3. Review of Gas Hydrate Phase Equilibrium Models

Examen des modèles d'équilibres de phases des hydrates de gaz

Depuis le siècle dernier, il y a eu un nombre considérable d'études théoriques pour
représenter et prédire les données d'équilibres de phases expérimentales des systèmes
contenant des hydrates de gaz de composés purs ou en mélanges. Les modèles qui sont
proposés ici peuvent être appliqués afin de prédire le comportement de phase pour d'autres
systèmes à des conditions particulières (dans le domaine de leur applicabilité) par exemple,
l'inhibition de la formation des hydrates dans les pipelines de gaz et de pétrole, séquestration
de CO2 sur le plancher océanique, capture du CO2 par utilisation de la méthode de formation
d'hydrate, analyse de la salinité des inclusions de fluides et ainsi de suite. Une étude
bibliographique préliminaire a montré que les modèles thermodynamiques pour la prévision
des équilibres de phase hydrates rentrent généralement dans cinq catégories principales: «
Techniques d'Estimation », «Calculs de Flash Multi-phases », « Minimisation de l'énergie de
Gibbs », « Modèles Numériques » et « Méthodes Moléculaires ». L'objectif principal de ce
chapitre est d'aborder brièvement ces méthodes afin de justifier la nécessité impérieuse
d'élaborer une approche thermodynamique simple pour modéliser les équilibres de phases des
semi-clathrate hydrates.
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Since the past century, there have been considerable number of theoretical studies to
represent/predict the existing experimental phase equilibria data for the systems containing
gas hydrates of simple hydrate formers and/or their mixtures. The subsequent proposed
models can be later applied to predict the corresponding phase behaviors for other systems at
specific conditions (within the domain of their applicability) e.g. inhibition of the formation of
hydrates in oil and gas pipelines, sequestrating CO2 on the ocean floor, capturing CO2
utilizing the hydrate formation method, analyzing the salinity of fluid inclusions and so
forth.314 A preliminary literature survey shows that the thermodynamic models for prediction
of hydrates phase equilibria generally fall into five main categories: “Estimation Techniques”,
“Multi-Phase Flash Calculations”, “Gibbs Energy Minimization”, “Numerical Models", and
“Molecular Methods”. The main objective of this chapter is to briefly address about these
methods in order to clarify the imperative need for developing a simple thermodynamic
approach for modeling the phase equilibria of semi-clathrate hydrates.
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3.1. Estimation techniques
Perhaps, the simplest method for estimation (or calculation) of the phase behavior of
simple hydrates is the exponential correlation proposed by Kamath in 1984.315 This
correlation can be applied for calculation/estimation of three-phase liquid water (Lw)-hydrate
(H)-Vapor (V) and Ice (I)-H-V phase equilibria regarding hydrate formers such as methane,
carbon dioxide, ethane, nitrogen etc. It should be noted that this correlation should be used in
definite applicability domains (refer to the original article or reference2 to see the applicability
domains).2
Katz316 was the first to present the gas gravity charts to estimate the (Lw-H-V)
equilibrium conditions. Gas gravity stands for the ratio of molecular weight of the gas to that
of air.2 The Katz316 chart is presented in Figure 3.1, as reproduced by and from Sloan and Koh
here.2 Once the gas gravity is defined, the hydrate formation pressure can be straightforwardly
determined at a given temperature from the chart. This easy-to-use technique is generally
applied as rough estimation in industry.

Figure 3.1: The Katz316 gas gravity chart (Reproduced from Sloan and Koh2).
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The other famous method is based on the distribution coefficient (K-value) presented
first by Wilcox et al.317 and later completed by Carson and Katz.318 The method is based on
vapor-solid distribution coefficient as follows:2

Ki 

yi
zi

(3.1)

where yi and zi denote the mole fractions of component i in the water-free vapor and waterfree solid hydrate, respectively. The higher the value for K, the higher the tendency of the
hydrate former to concentrate in the vapor phase than that in the hydrate phase would be
expected. The values of the distribution coefficient are sketched 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 well-argued
elsewhere.2
The thermodynamically correct Clapeyron equation can be normally applied to
determine the phase boundary of the clathrate hydrate systems, in the case of availability of
hydrate dissociation enthalpy (heat) values.2,9 The sketch of logarithm of dissociation pressure
(log(P)) vs. reciprocal temperature (1/T) generally exhibits a straight line for (Lw-H-V) and (IH-V) equilibria regions (which shows the value of the enthalpy of hydrate dissociation).
However, for three-phase (Lw-H-liquid hydrate former (LHC)) equilibrium region, the hydrate
dissociation pressure is generally a strong function of the system temperature.2,9 This is
because of the fact that all three phases are incompressible and immiscible, so that only a
small thermal expansion is required to cause a large pressure change.2,9 As a consequence,
accurate determination of pressure–temperature diagrams is a stringent test for even the most
accurate equations of state (EoS) to predict both the density and the solubility of the liquid
hydrate former phase and the aqueous phase. It is worth pointing out that the Clapeyron
equation can be applied to deal with this issue. However, it has been previously argued9 that
taking into account the effects of solubility of gases (especially for CO2 and H2S) and
variation of the hydrate volume with temperature brings about a change in the slope of the
log(P) vs. 1/T curve in (Lw-H- LHC) region. In this regard, Eslamimanesh et al.9 proposed an
improved Clapeyron model taking into account the mentioned criteria as follows:

dP H H  nxH S

dT
TV

(3.2)

where n is the hydrate number, x is the mole fraction of a hydrate former in water, and
subscript H represent hydrate. In the above equation, ΔHH is the heat of dissociation of gas
hydrates and ΔHS stands for the heat of dissolution of hydrate former in water. ΔV is defined
as follows:7

V  VLHC  nVLw  VH

(3.3)
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where subscripts LHC and Lw refer to liquid hydrate former and liquid water, respectively. The
preceding equations have been successfully checked for the phase boundary of simple
hydrates of CO2, H2S, and C2H6.9

3.2. Multi-phase flash calculations
The basic statistical thermodynamic model for representation/prediction of the phase
equilibrium of gas hydrates was derived from the solid solution theory of van der Waals and
Platteeuw (vdW-P),319,320 which was generalized by Parrish and Prausnitz.321 Later, Holder et
al.322 simplified the Parrish and Prausnitz model321 so that the reference hydrate was
eliminated from the model by introducing universal reference properties for each type of
hydrate structure. This led to an established methodology for most of the later thermodynamic
models for dealing with phase behavior of gas hydrates.

3.2.1. Equality of chemical potentials

These kinds of models have been developed on the basis of the equality of the chemical
potential of water in hydrate phase with that in water-rich liquid phase assuming negligible
amounts of water in vapor phase (water content):322

 wI / Lw (T , P)   wH (T , P)

(3.4)

where μ is the chemical potential, subscript w denotes water, and superscripts I/Lw and H
stand for the ice/liquid water (or aqueous) and hydrate phases, respectively. If the chemical
potential of an empty hydrate lattice is taken as reference, Eq. (3.4) becomes:

 wI / Lw   wH

(3.5)

where,

 wI / Lw   wMT   wI / Lw

(3.6)

 wH   wMT   wH

(3.7)

where superscript MT refers to the empty hydrate lattice. The chemical potential of water in
hydrate phase can be evaluated using the vdW-P theory:2,319,320
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 wH   wMT  RT  vm ln 1   Cmj f j 
m



j

(3.8)



where R is the universal gas constant, vm stands for the number of cavities of type m per water
molecule in a unit hydrate cell, fj denotes the fugacity of the hydrate former j, and Cmj is the
Langmuir constant. Fugacity values are calculated using appropriate equations of state (EoS).
Numerical values for the Langmuir constant can be calculated by choosing a model for the
guest-host interaction:2,322,323

Cmj (T ) 

4 
 w(r )  2
exp  
r dr

kT 0
 kT 

(3.9)

where k is the Boltzmann's constant. The function w(r) is the spherically symmetric cell
potential in the cavity, with r measured from 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 Kihara324,325 potential function:326
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where,
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In the two preceding equations, z is the coordination number of the cavity (the number
of oxygen molecules at the periphery of each cavity), ε would be characteristic energy, α is
the radius of spherical molecular core, R stands for the cavity radius, and N is an integer
equals to 4, 5, 10, or 11. Additionally,      2 , where  is the collision diameter.2,322,323
The Kihara324,325 potential parameters (including α, ε, and ζ) are generally regressed against
the gas hydrate dissociation data for particular system of interest (although there are other
theoretical approaches for their determination).2
Eq. (3.12) is normally used for determining the chemical potential difference of water in
empty hydrate lattice and liquid water or ice: 322

 wMT  I / Lw
RT

 wMT

 wI / Lw

P
Δ w0 T ΔhwMT  I / Lw
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(3.12)

where superscripts 0 refers to reference property and MT-I/Lw stands for the difference
property between empty hydrate lattice and water in liquid state or in ice.  w0 is the
reference chemical potential difference between water in 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, v is the molar volume difference, and h stands for the enthalpy
difference, which can be generally calculated by the following expression:2,323
T

hw  I / L  hw0   C Pw dT

(3.13)

T0

where C Pw stands for the molar heat capacity, and h 0 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 the pure liquid water can be
evaluated by the following equation:2,323

CPw  37.32  0.179 (T  T0 )

T  T0

(3.14)

The heat capacity difference is assumed to be zero when T  T0 . The values of the
reference properties have been already reported for the three different hydrate structures (sI,
sII, and sH).2 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
vapor phase, as already mentioned):323

 w0
RT0

T



T0

hwMT I / Lw
RT

2

P

dT  
0

vwMT I / Lw
RT



dP  ln aw   vm ln 1   Cmj f j   0
m
j
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Application of the described method for modeling various systems has been the
subject of many studies. For instance, Clarke et al.327 were among the first researchers who
used this method to predict the conditions of hydrate formation especially in porous media.
They stated that the proposed method, along with application of Trebble-Bishnoi328 EoS,
results in maximum deviations of 15 % for methane hydrate and 29 % for propane hydrate
formation condition predictions in the presence of porous media. Trying to improve the
accuracy of the original model, Lee and Holder329 took into account the effects of lattice
structure distortion by the enclathrated molecules through introducing the “second” and
“third” shells into the Kihara potential function324,325 relation. Their model contributed to
predictions with deviation ranges of (0.07 to 1.36) % and (0.2 to 1.47) % for hydrates sI and
sII compared with the corresponding experimental data. However, the method of equality of
the chemical potential of water in liquid phase (or ice) and that in hydrate phase has a
drawback, which is ignoring the equality of the aforementioned chemical potentials to the
chemical potential of water in vapor phase.
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3.2.2. Equality of fugacities
The general phase equilibrium criterion that is the equality of fugacity of each
component throughout all phases present is utilized by the methods grouped in this category.
Considering the equality of fugacity of water in the phases present (including hydrate phase),
the final equilibrium criteria would be as follows:323,330-333

f i v  f i Lw

(3.16)

f wv  f wLw  f wH

(3.17)

where f is the fugacity, subscript i represent ith component in the mixture (except water), and
superscripts v stands for the vapor phase. An equation of state is normally used to calculate
the fugacity of water in vapor and aqueous phases. The equations required for pursuing this
method are discussed in detail in next chapter along with the model presented in this work.
The equality of fugacities approach has been also followed by many authors to model
the phase equilibria of hydrate-containing systems. For instance, Anderson and Prausnitz331
used this method to present a molecular-thermodynamic model in order to calculate the
inhibition effect of methanol on the formation of hydrates in moist gas mixtures. Their model
can be used to compute the hydrate dissociation pressure as well as relative amounts and
compositions of all coexisting phases. Good agreement was obtained in comparison with
existing experimental data reported in the literature.
In 1996, Avlonitis and Varotsis332 investigated the gas hydrate formation in three
important industrial systems including natural gases, gas condensates, and black oils applying
a multi-flash algorithm. Acceptable convergence of the applied algorithm was observed in gas
systems containing methanol up to 20 % weight percent in the water-rich liquid phase.
However, they stated that since reservoir fluids always contain various dissolved salts that
may have appreciable effects on the corresponding phase equilibria, it is necessary to account
for these compounds as well.
Another attempt was undertaken by Klauda and Sandler.333 Their model is capable of
accurate prediction of hydrate equilibrium pressures as a function of temperature for the CH4,
C2H6, C3H8, N2, H2, or CO2 containing systems and their mixtures. The model parameters
were fitted to equilibrium pressure data for single guest hydrates (simple hydrates) allowing
the prediction of phase behaviors in the mixed guest hydrates. In the case of calculations for
single hydrate formers, the average absolute relative deviation (AARD%) of the results
compared to the experimental data was about 5.7 % whereas it was almost 12 % in the case of
prediction for mixed-guest hydrates.
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Phase equilibrium of gas hydrates of carbon monoxide (CO) has been also modeled by
Mohammadi and coworkers323 for the first time applying the aforementioned method. They
also measured and reported the phase equilibria data of the CO, CO + CO2, and CO + C3H8
clathrate hydrate systems. Their obtained results show that the maximum absolute deviation
(AD%) of their predictions from the measured equilibrium values is 0.8 %. Some other
researches on the same category of thermodynamic models can be found elsewhere.335-336 In
addition, one is able to find a detailed description of these thermodynamic models in series of
publications by Ballard and Sloan337-340 and Jager et al.341 Development of the multi-flash
thermodynamic models for calculation/estimation of the phase equilibria of gas hydrates
seems to be still in progress in order to extend the previous models for the new systems or
other structures of hydrates (like semi-clathrate hydrates) or to decrease the sources of
probable errors in calculation steps.

3.3. ab initio intermolecular potential method
In recent years, some researchers tried to determine the potentials between the atoms
and molecules in hydrate phase through the ab initio intermolecular potential instead of
Lennard-Jones342 or Kihara324,325 potential functions.2,343-345 Some of the advantageous of the
ab inito method are as follows, as mentioned by Sloan and Koh:2
"1. Potential parameters (such as the Kihara324,325 or Lennard-Jones342 potential parameters)
can be calculated from a small set of fundamental, ab initio intermolecular energies, rather
than fits of the potentials to phase equilibria and spectroscopic data.
2. Potential parameters are well-defined and do not extend over a wide range of values.
3. Nonspherical shells are readily included in generating the Langmuir constants.
4. Water molecules beyond the first shell are readily included in Langmuir constants.
5. Guest–guest interactions between cages can be easily included.
6. Critical hydrate parameters, such as cage occupancies and structural transitions can be
predicted a priori, without fitting the model to spectroscopic measurements."
Cao et al.343,344 estimated the ab initio potential energy surface for CH4-H2O dimer and
applied it to predict phase equilibrium of methane hydrate. Their developed model is able to
predict the equilibrium pressure of CH4 hydrate accurately; however, it gives unreasonable
cage occupancies. The failure in predicting cage occupancies clarifies that the previous
determined averaged ab initio potential343 was not enough to account for all types of
orientations between CH4 and H2O. Sun and Duan314 found that there are two major problems
in the treatment of Cao et al.343,344 In the first place, they only chose two types of orientations
between CH4 and H2O during calculating ab initio potential, which may not be sufficient for
obtaining an accurate potential energy surface.314 Secondly, spherical average on the
intermolecular potential with the Boltzmann averaging algorithm was performed before
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computing Langmuir constants. This treatment causes the loss of the quality of ab initio
potential since ab initio intermolecular potential is strongly angle dependent.314 Anderson
et al.345 stated that angle-averaged potential results in large errors in the prediction of the cage
occupancies in the study of Cao and his coworkers.344 They used a site-site potential model to
fit the ab initio potentials for CH4-H2O and improved the prediction of cage occupancies of
methane hydrate.
Although the ab initio model normally contributes to accurate predictions of phase
equilibria of many of hydrate systems, its application seems not to be very common among
the researchers. High computer RAM capacity, much time consumption, and probable
divergence of the algorithm may be general disadvantages of this approach2 compared to the
original vdW-P model.319,320

3.4. Gibbs energy minimization
To establish an equilibrium between phases present in a closed system, the Gibbs
energy of the system must be at a minimum at constant pressure and temperature condition.
This phenomenon results, indirectly, from the second law of thermodynamics. Satisfaction of
the following conditions:
(1) Temperature equilibrium of all phases,
(2) Pressure equilibrium of all phases, and
(3) Equality of chemical potential of a component in each phase
ensures that the system of interest is at equilibrium (with known phases).2 However, it is not
adequate for the minimization of the Gibbs energy.2 The latter issue is generally encountered
when dealing with complex systems including multi-phases, which are not known in advance.
2,346
In such systems, minimization of the Gibbs energy can be applied to estimate the number
and quality of the phases present at any temperature and pressure conditions. The described
method is able to calculate the formation (or dissociation) conditions for any phases
(including the hydrate) as well.2
Detailed calculation procedure of the Gibbs energy minimization method can be also
found in the article by Avlonitis and Varotsis.332 These two researchers investigated the
indirect use of Gibbs energy minimization called “Gibbs tangent plane criterion” for gas
hydrate phase equilibria modeling. The Sloan‟s hydrate research group in the Colorado
School of Mines has had a major contribution for the Gibbs energy minimization method.2
They developed the well-known software named “CSMGem” on the basis of the explained
technique.2 A comparison between the results of simulations by this software (including phase
equilibrium modeling of different gas hydrates) and other commercial hydrate softwares show
that the CSMGem2 generally leads to less average absolute relative deviations of the obtained
results from the selected experimental data available in the literature for many of the common
industrial applications.2
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3.5. Numerical models

In the recent decades, use of numerical models like Artificial Neural Network (ANN),
Support Vector Machine (SVM) and so forth has generated lots of interest in the scientific
community. These models (networks) are composed of simple elements working in a parallel
computational strategy. These elements are inspired by biological nervous systems and are
called neurons.347-353
One of the most-widely used numerical models is the ANN one. ANN models lie
merely on mathematical concepts, which is to establish a relationship (linear or non-linear
one) between the input data and desired output properties of a system. These networks are
extensively used in various scientific and engineering problems.347 For instance,
calculations/estimations of physico-chemical properties of different pure compounds354 or
mixtures (fluids) 354 phase behavior representation/predictions of various (generally complex
or multi-component) systems, etc. 348,349,355
As a groundbreaking work, Elgibaly and Elkamel356 developed an ANN model for
representing (and predicting) hydrate formation conditions for various gas mixtures +
inhibitor systems. This approach was later continued by Gu et al. 352 and comprehensively
studied by Mohammadi and Richon,357-359 Chapoy et al.,360 and Mohammadi and
coworkers361,362 for determination of phase equilibria of the systems containing gas hydrates
from various hydrate formers (in the presence/absence of hydrate promoters) or water content
of natural gases. The reported results show acceptable deviations from the corresponding
experimental values.
However, the ANN models may lead to the random initialization of the networks and
variation of the stopping criteria during optimization of the model parameters.363-366 The
aforementioned characteristics may discourage the application of the ANN models for
external predictions (external inputs excluding those applied in training and optimization
procedures of treatment of the corresponding networks). The Support Vector Machine is a
powerful strategy developed from the machine-learning community. 363-366 A ‟SVM” is a tool,
mainly discussed in computer science, for a set of related supervised learning methods that
analyze data and recognize patterns, used for regression analysis. 363 The SVM is considered
as a non-probabilistic binary linear classiﬁer. The following criteria may indicate most of the
advantages of the SVM-based methods over the traditional methods based on the
ANNs:16,17,363-366
1. They are more probable to converge to the global optimum;
2. They normally ﬁnd a solution that can be quickly obtained by a standard algorithm
(quadratic programming);
3. Such models do not require a priori determination of the network topology; which
can be automatically determined as the training process ends;
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4. Over-ﬁtting complications are less probable in SVM schemes;
5. There is no need to choose the number of hidden nodes;
6. They have acceptable generalization performance;
7. These methods generally contain fewer adjustable parameters;
8. They require convex optimization procedures.
Due to the speciﬁc formulation of the SVM algorithm, sparse solutions can be found
and both linear and nonlinear regressions can be pursued for solving the corresponding
problems.16,17,363-366 These features motivate to develop numerical models for phase
equilibrium calculations/estimations on the basis of the SVM strategy. Thus far, phase
equilibria of clathrate hydrates of methane, carbon dioxide, nitrogen, and hydrogen + "water
soluble" organic promoters have been modeled successfully through this method.363

Omitting several elements from our discussion in this sub-section would be an
oversight. As stated earlier, these numerical models are generally mathematical black boxes,
in which the scientific aspects (e.g. thermodynamic issues) of the investigated systems do not
play much role in their development and/or final application. Implication (or development) of
such models are recommended in the case that the thermodynamic models have significant
drawbacks in correlating or predicting the properties of particular systems or there is no other
method for this purpose. In any case, extrapolations using such models may not be normally
advised.

3.6. Molecular models

Molecular simulations including Molecular Dynamics and Monte Carlo simulations,
Lattice Dynamics (LD), Group Contributions (GC), and Quantitative Structure-Property
Relationships (QSPR) are generally able to relate the microscopic properties of molecules of
compounds (fluids) to their macroscopic properties. Interests to apply these models have been
undergone significant improvements toward recent years resulting from progresses in the
capabilities of the computers not only due to their speed but also because of enhancement in
parallel computing opportunities.

3.6.1. Molecular Dynamics
Investigation of the water hydrogen-bonded structures and intermolecular forces
through molecular dynamics have been pursued by several research groups thus far. Tse et
al.367(a)-(d) were, perhaps, the first to apply molecular dynamic simulation to clathrate hydrate
compounds. The later works have been focused mainly on calculation of Langmuir constants,
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368,369

the characteristics of the systems at water-hydrate interface,370 and modeling hydrate
kinetic inhibitors effects on the surface of the hydrate crystals.2,371-374 and so forth. More
details on the molecular dynamics models have been discussed elsewhere.2

3.6.2. Monte Carlo
Calculating the total energy of the molecules moving randomly in a definite space,
Monte Carlo methods are capable of determination of time-independent thermodynamic
properties (un-like the molecular dynamics methods).2 Studies on interaction between the
guest molecules and the hydrate cavities,375,376 guest-guest interactions within the hydrogenbonded networks,377,378 and evaluation of Langmuir constants379 have been the prominent
attempts to apply Monte Carlo techniques to gas hydrate field.2

3.6.3. Group Contributions
The GC algorithms divide a molecule into small parts (generally named as
“segments”). Each of these segments is considered as a functional group and has a
contribution to the physicochemical properties of the specified molecule.17 Finally, the value
of the property is defined through calculating the summation of the contributions of all
functional groups in a molecule.17 The functional groups can be normally applied to represent
many of the existing chemicals for determinations of their properties/phase behaviors
particularly at the conditions of interest, where experimental measurements are difficult to
conduct. To the best of our knowledge, there may be only one study applying the GC method
to gas hydrate domain, in which Eslamimanesh and co-workers17 coupled special functional
groups with the least-squares support vector machine (LSSVM) mathematical
algorithm16,17,363-366 to develop a model for representation/prediction of the dissociation
conditions of sH clathrate hydrates of methane with 21 hydrocarbon promoters namely as
water “insoluble” hydrate formers (promoters). Acceptable accuracy of the proposed model
with respect to the existing experimental data was observed.17

3.6.3. QSPR
In QSPR approaches, the numerical characteristics of molecules are treated to look for
their effects on particular physicochemical properties, phase behaviors etc. These numerical
factors, which are associated with chemical structures are called "Molecular Descriptors".
They are, as a matter of fact, basic molecular properties of a compound and normally
determined from the chemical structure.16,380,381 Each type of molecular descriptors is related
to a specific type of interactions between chemical groups in a particular molecule.
Computations of molecular descriptors are generally performed using powerful computer
software like "Dragon”.381 Since the values of many descriptors are related to the bond
lengths, bond angles, etc., each chemical structure is generally optimized before calculation of
its molecular descriptors. Later, a mathematical algorithm is applied to select the most
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efficient molecular descriptors for evaluating a property/phase behavior of a
compound/mixture of interest. Recently, this approach was followed by Eslamimanesh et al.16
to present two molecular models for determination of the sH hydrate dissociation conditions
with methane as help gas and some water “insoluble” hydrocarbon promoters as hydrate
formers.
Models to determine phase equilibria of semi-clathrate hydrates
Theoretical attempts for calculation/estimation of the phase equilibria of semi-clathrate
hydrates have been rarely undertaken and may be limited to two recent works. Mohammadi
et al.362 studied the application of Artificial Neural Networks (ANNs) for acceptable
representation/prediction of the hydrate dissociation conditions of the systems including H2 +
TBAB aqueous solution. Application of these kinds of numerical models requires enough
expertise in mathematics. Moreover, development of these models generally requires the use
of many experimental data in order to be capable of predicting the structural changes of the
cavities. Recently, Paricaud382 successfully presented a thermodynamic model based on the
use of the statistical associating fluid theory with variable range for electrolytes (SAFTVRE)383,384 to model the aqueous phase and vdW-P319,320 solid solution theory for dealing with
the solid (hydrate) phase for the hydrates formed in the carbon dioxide + TBAB aqueous
solution system. The latter model requires enough expertise in SAFT molecular theory to
make its extension to account for the representation/prediction of phase behavior of semiclathrate systems formed from other hydrate formers/promoters.

3.7. Concluding remarks and theoretical objectives
According to the aforementioned description, which results from a preliminary literature
review, it can be stated that:

 Estimation techniques like the Katz316 chart have been widely used in industry
for rough estimations.
 The calculation steps of the models on the basis of evaluating chemical
potentials or fugacity coefficients are almost similar. Both of them apply the
solid solution theory of vdW-P319,320 for modeling the hydrate phase. The
differences generally include models used for representation of the fluid phase
behaviors and Langmuir constants as well as the assumptions made during the
calculations. These models are, perhaps, the most interesting ones for industrial
applications.
 The improved relations for determination of the Langmuir constants in ab initio
methods seem to be more accurate than the conventional equations; however,
more complex and may not be of interest of engineers.
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 The Gibbs energy minimization model may be the most flexible predictive tool
among the studied models due to capability of multi-phase flash calculations and
stability tests. The developed CSMGem2 software is now of much attraction for
the petroleum industry.
 Numerical models such as ANN and SVM techniques347-353 are generally applied
in the case that the thermodynamic models are not found to be reliable for
representing the phase behavior of a system of interest, as previously described.
 Molecular models are capable techniques for phase equilibrium predictions.
Their applications are normally recommended especially when dealing with new
systems. However, they need enough expertise about the molecular theories and
generally more calculation time as well.
The presented theoretical approaches to model phase equilibria of clathrate hydrates
seem to became mature toward the past decades while the corresponding methods to model
the phase behavior of semi-clathrate hydrate systems are still at the demonstrating stage.
Therefore, it is of much significance to develop an easy-to-use, reliable, and simple
thermodynamic model for calculation/estimation of the corresponding phase equilibria, which
is the main theoretical objective of this work. Furthermore, a mathematical approach is
proposed to determine the molar composition of hydrate phase in equilibrium with liquid
water and vapor for the systems containing carbon dioxide. Finally, two approaches are
presented to evaluate the selected experimental phase equilibria data of significant systems for
industry (generally contain fluid phases in equilibrium with gas hydrates, liquid water, or ice).
The two latter elements consist other portions of the theoretical section of the thesis.
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4. Presentation of the Developed Thermodynamic Model
Présentation du modèle thermodynamique développé
Dans ce chapitre, nous proposons un modèle thermodynamique pour la représentation
et la prédiction des équilibres de phases des clathrate/semi-clathrates hydrates de CO2, CH4 et
N2 en présence de solutions aqueuses de bromure de tétra-n-butyl ammonium (TBAB). Pour
la modélisation de la phase semi-clathrate hydrate, nous utilisons la théorie des solutions
solides de van der Waals et Platteeuw (vdW-P)319,320 avec deux modifications relatives aux
évaluations des constantes de Langmuir et de la pression de vapeur d'eau dans le réseau de
l'hydrate vide, dans lequel ces valeurs sont censées être fonction de la concentration en TBAB
en solution aqueuse. L'équation d'État de Peng-Robinson (PR-EoS)393 avec les paramètres
réajustés de la fonction alpha de Mathias-Copeman394 est utilisée pour le calcul de la fugacité
des gaz précurseurs d'hydrates. Pour déterminer le coefficient d'activité de l'espèce non
électrolyte dans la phase aqueuse, nous utilisons le modèle NRTL.399 Pour calculer les
coefficients d'activité moyens de la partie électrolyte, nous utilisons une corrélation basée sur
les valeurs du coefficient osmotique et des coefficients d'activité.
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In this chapter, a thermodynamic model is proposed for representation/prediction of
phase equilibria of the CO2, CH4, or N2 semi-clathrate hydrates in the presence of tetra-nbutyl ammonium bromide (TBAB) aqueous solution. For modeling the hydrate phase, the van
der Waals - Platteeuw (vdW-P) 319,320 solid solution theory is used, revised with two
modifications for evaluations of Langmuir constants and vapor pressure of water in the empty
hydrate lattice, in which these values are supposed to be a function of TBAB concentration in
aqueous solution. The Peng-Robinson equation of state (PR-EoS)393 along with re-tuned
parameters of Mathias-Copeman394 alpha function is applied for calculation of the fugacity of
gaseous hydrate former. For determination of the activity coefficient of the non-electrolyte
species in the aqueous phase, the Non-Random Two-Liquid (NRTL)399 activity model is used.
To calculate the mean activity coefficients of the electrolyte portion, a correlation on the basis
of existing osmotic coefficient and activity coefficient values is employed.
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4.1. Model development
The liquid water- hydrate- gas/vapor (Lw-H-G/V) equilibrium conditions are calculated
L

H

by equating the fugacity of water in the aqueous ( f w ) and in the hydrate ( f w )
phases:2,312,385-389

f wL  f wH

(4.1)

The fugacity of water in the hydrate phase is related to the chemical potential
H
difference of water in the filled and empty hydrate lattice ( Δ MT
) by the following relation:
w
2,312,385-389
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The fugacity of the hypothetical empty hydrate lattice ( f w ) is given by the following
equation: 2,312,331,385-390

f wMT  PwMT  wMT exp

P

(

P

MT
w

vwMT dP
)
RT

(4.3)

where φ is fugacity coefficient and PwMT is the vapor pressure of water in empty hydrate lattice.
The fugacity coefficient of water in empty hydrate lattice (  w ) is taken to be unity because
MT

the vapor pressure of the water phase is low. The partial molar volume of water in the empty
hydrate lattice ( vwMT ) in the Poynting correction term of Eq. 4.3 is assumed to be pressure
independent. Hence, the preceding equation can be written as follows: 2,312,385-390
MT

fw

 PMT
exp(
w

vwMT ( P  PMT
)
w
RT

(4.4)

)

H
In Eq. 4.2, Δ MT
is calculated using Eq. 3.7 and 3.8.
w

The aqueous phase of the systems of interest contains liquid water, low concentrations
of dissolved gas, and TBAB (hydrate promoter). The fugacity of water in the aqueous phase
( f wL ) can be determined using the following equation: 312,385-390
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f w  xwL w Pwsat exp(
L

vwL ( P  Pwsat )
)
RT

(4.5)

where x wL ,  w , Pwsat , and v wL stand for mole fraction of water in the aqueous phase, activity
coefficient of water, water vapor pressure, and molar volume of liquid water, respectively,
and superscript sat represents the saturation condition. Since we are dealing with an
electrolyte solution (aqueous solution of TBAB), the concentration of water in aqueous phase
can be determined applying the following equation:382

xwL 

1
 xgL
1  0.001  2  m  M w

(4.6)

where m stands for the molality of aqueous solution in (mol.kg-1), Mw is the molecular weight
of water in (g.mol-1) and xgL stands for the solubility of the gaseous hydrate former in the
aqueous phase, and subscript g represent the gaseous hydrate former. Eq. 4.6 is obtained
assuming total dissociation of TBAB in water, which yields anions of Br - and cations of
TBA +. The molality of the solution (defined as number of moles of TBAB per kg mass of
water) can be calculated by the following relation: 382,389

m

18.0153 x

(TBA  )

(4.7)

1000 x w

The solubility of gases in the aqueous phase is calculated using the KrichevskyKasarnovsky391 equation:

f
L
x 
g

(4.8)

g
 v

 g

H g  w exp
( P  P sat ) 
w 
 RT



where H g w is the Henry‟s constant of gas in water, subscript g stand for gas, and superscript
∞ represents infinite dilution condition. An experimental study has argued that the effects of
the existing ions in the aqueous phase on the gas solubility are relatively small for the similar
systems to those investigated in this work.392

The fugacity of gaseous hydrate former in the gas phase have been evaluated using the
Peng-Robinson (PR)393 EoS accompanied by the Mathias-Copeman alpha function394 with retuned parameters, as discussed later. This alpha function has been proven to improve the
performance of the equations of state to represent/predict the vapor pressure of pure
compounds (generally polar ones).394 Additionally, the water content of the gas phase is
assumed to be negligible at the pressure-temperature conditions studied in this work.
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The crystallographic data28,395 show that each unit hydrate cell of the investigated
semi-clathrate is composed of 2 TBA+ and 2 Br - along with 76 water molecules. Furthermore,
TBA+ also plays the role of a guest species (along with the gaseous hydrate former) in the
hydrate cavities, where the TBA+ is encaged in tetrakaidecahedra and pentakaidecahedra
(large) cages (50 % of each) and the gaseous component is trapped in dodecahedral small
cages.28,395 The subsequent hydrate structures could be either type A or type B with different
hydration numbers that are described in the next section. As a consequence, the values of the
fugacity of the hydrate promoter in the aqueous phase need to be determined as well. Eq. 4.9
can be applied for this purpose:

f pL  x pL p Ppsat exp(

v pL ( P  Ppsat )
RT

(4.9)

)

where γp represents the activity coefficient of the hydrate promoter in the aqueous
(electrolyte) solution, and the subscript p stands for the hydrate promoter, respectively.
Substitution of the preceding equations in Eq. 4.1, the following expression is finally
obtained:

MT

( P  PwMT ) 
MT
v
w
P
exp(
) 
 w
v 
large L  v large
small
RT
1type A/B
smalltype A / B   1 C
1f



[
1 C
fg
L
sat

p 
L
v
(
P

P
)
L

w


P sat exp( w
)
 xw  w w

RT





(4.10)

 v large
2 type A/B ]  1

 large2 f L 
  1 C
p 



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 TBA + cations. The hydrate dissociation pressure at a given
temperature can be determined by solving the latter equation.
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4.2. Model parameters
A typical structure of a TBAB semi-clathrate hydrate is depicted in Figure 4.1.
Existence of TBAB in the system has non-negligible effects on the vapor pressure of water in
empty hydrate lattice, consequently, in this work, the method of Dharmawardhana et al.396 for
evaluation of the saturated vapor pressure of water in empty hydrate lattice has been modified
on the basis of the assumption that the vapor pressure is inversely proportional to TBAB
concentration in aqueous phase because the hydrogen bonds, which form the cavities
networks, elongate (Br- takes part in the hydrate hydrogen-bonded network, as mentioned
earlier). As a result, the following equation is proposed:

MT
Pw  0.1exp(17.44 

6003.9
 h  wp )
T

(4.11)

where the units of PwMT and T are, respectively, MPa and K, h is an adjustable parameter, and
wp is the weight fraction of the TBAB in aqueous solution. It seems, from the structural
formation of semi-clathrate hydrates, that the values of h may be generally a reverse function
of wp. It should be noted that Eq. 4.11 has not been developed on the basis of the assumption
of Dharmawardhana et al.396 which considers a fixed shape of the hydratre structure and
consequently evalutes only temperature-dependent vapor pressure of water in empty hydrate
lattice.
To determine the Langmuir constants, the method proposed by Parrish and
Prausnitz321 have been applied along with a correction factor to account for the disorders in
the structures of the cavities resulted from Br - bond to the molecules of water and interactions
between the large molecules of TBAB (or their dissociated ions in aqueous solution) with
each other as follows:
For tetrakaidecahedra cages:

c
 d 
C large 1    exp    1  e  w p
 T 
T





(4.12)

For pentakaidecahedra cages:

 f
 g 
C large 2    exp     1  i  w p 
 T 
T

(4.13)
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Br -

Gas molecules

TBA+

Figure 4.1: The schematic picture of a typical semi-clathrate hydrate formed from a gaseous
hydrate former + TBAB aqueous solution (reproduced from Shimada et al.28 with permission
from Crystallography Journals Online, http://journals.iucr.org/).

In addition, the expression proposed by Parrish and Prausnitz321 has been used for the
dodecahedral small cages, which include the gas molecules:

C small 

aa
 bb 
 exp 
T
T 

(4.14)

In the preceding equations, c, d, and e are adjustable parameters for tetrakaidecahedra
cavities, f ', g, and i are those related to pentakaidecahedra cages, and aa and bb are the
parameters recommended by Parrish and Prausnitz321 for each gaseous hydrate former
encaged in small dodecahedral cages (reported in Table 4.1).
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On the basis of the so far knowledge about the structures of the semi-clathrate
hydrates formed in the presence of the aqueous solutions of TBAB,28,395,397 the following
assumptions have been made for determination of the Langmuir constants:389

1. Hydration numbers = 26 for type A and 38 for type B;
2. The enclathrated gas molecules are located in the small dodecahedral cages;
3. The TBA+ cations are trapped in two large tetrakaidecahedra and two large
pentakaidecahedra cages.
4. Each type of semi-clathrates have two large cavities and one small cavity. As a
result, the number of cages of the specified type per water molecule in a unit hydrate cell are
calculated as follows:
•

v' large 1type A = 4/(2 ×26) = 1/13

(4.15)

•

v' large 2type A = 4/(2 × 26) = 1/13

(4.16)

•

v' small type A = 6/(2 × 26) = 3/26

(4.17)

•

v' small type B = 6/(2 × 38) = 3/38

(4.18)

•

v' large 1type B = 4/(2 × 38) = 1/19

(4.19)

•

v' large 2type B = 4/(2 × 38) = 1/19

(4.20)

Table 4.1: Constants aa and bb in Eq. 4.14. 321
Hydrate former
CO2
CH4
N2

aa /(K.MPa-1)
0.0011978
0.0037237
0.0038087

bb / (K)
2860.5
2708.8
2205.5

MT
The value of vW is obtained using the following expressions, assuming that the

volume of the empty hydrate lattice is similar to that for hydrate structure I:398
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vwMT  (11.835  2.217  105 T  2.242  10 6 T 2 )

1030 N A
 8.006 109 P  5.448 1012 P2
MT
Nw

(4.21)

where NA is Avogadro's number, N wMT stands for the number of water molecules per hydrate
cell. The unit of pressure in Eq. 4.21 is MPa and the unit of temperature is K. It should be
noted that the values of the pressure dependent terms in the preceding equation are very small
and negligible. Therefore, they have very small effects on the values of the integral in Eq. 4.3.
The activity coefficient of water in aqueous phase has been determined using the
NRTL model with interaction parameters for our systems of interest reported in Table 4.2.
399

Table 4.2: The interaction parameters of the NRTL399 model used in this work.
A12 (kJ.mole-1)
5.82
4.00
7.11

Compound
CO2
CH4
N2

A21 (kJ.mole-1)
6.81
2.15
7.12

α
0.3
0.6
0.3

The following expression for calculation of the Henry‟s constants of gas-water can be
used in Krichevsky-Kasarnovsky391 equation: 312,385,388,389
Hg-w = (10

A B (T ) 1  C log(T )  DT

)  0.1

(4.22)

where the Henry's constant is calculated in MPa and T is in K. The parameters of Eq. 4.22 are
reported in Table 4.3. The values of partial molar volumes at infinite dilution (and at 298.15
K) to be applied in Eq. 4.8 for CO2, CH4, and N2 have been considered as 33.9, 34.5, and 35.7
(cm3.mol-1), respectively, from the experimental work of Moore et al.400

Table 4.3: Constants A to D in Eq. 4.22. 312,385,388,389
Solute
CO2
CH4
N2

A

B/K

C'

D / K-1

21.6215
147.788
78.852

-1499.8
-5768.3
-3745

-5.6495
-52.295
-24.832

0.000206
0.018616
0.000291

The activity coefficient of TBAB is calculated through the corresponding values
proposed by Lindenbaum and Boyd,401 and Amado and Blanco,402 as function of molality of
the aqueous solution at 298.15 K and 0.101 MPa. Applying Eq. 4.7 and the mentioned
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osmotic pressure and activity coefficient values401,402 leads to obtaining the following
correlation to calculate the activity coefficient of the utilized hydrate promoter (TBAB):

 p  0.5057wp  1.1603wp  1.3689wp  0.7655
3

2

(4.23)

In this work, it has not been tried to go deeply into the modeling of the electrolyte
solution mainly due to the following reasons:
1. At the time of preparation of the dissertation manuscript, no experimental data of activity
coefficient of TBAB in aqueous solution at various temperatures or pressures were available.
This fact assigns some limitations to obtain the optimum values of the required parameters for
modeling the electrolyte solution.
2. Modeling such systems are still a challenge (including selection of the most suitable
electrolyte model, estimation of the required parameters, obtaining the interaction parameters
etc.).
3. The main objective of the proposed model has been focusing on considering the effects of
the applied promoter on the hydrate cages (or hydrate structures).
The density (ρ) of the TBAB aqueous solution (and consequently the molar volume
(vp )) has been determined using the correlation of Söhnel and Novotny403 with the values
recommended by Belandria and co-workers:404
L

 p   w  o1 (100wp )  o2 (100wp ) 2  o3 (100wp )3

(4.24)

where,
oi  qi  ri (T )  si (T ) 2

(4.25)

In Eqs. 4.24 and 4.25, ρp is calculated in (g.cm-3) and T is in K. Additionally, subscript
i stands for the three sets of parameters reported in Table 4.4.
Table 4.4: Constants in Eq. 4.25.404
Constants

Values

Constants

Values

q1

-1.707 × 10-8

r3

4.088 × 10-8

q2

4.570 × 10-9

s1

4.549 × 10-4

r1

5.693 × 10-6

s2

5.304 × 10-4

r2

-3.099 × 10-6

s3

-7.091 × 10-6
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In addition, partial molar volume of water has been calculated using Eq. 4.26, on the
basis of the available data for a wide range of temperatures:405

vwL  (5.459 / 0.30542 (1(1T / 647.13)

0.081 1

)

(4.26)

where molar volume is in cm3.mol-1 and T is in K.
As already mentioned, fugacity of the gaseous hydrate former is calculated by the PR
EoS. The values of the Mathias-Copeman alpha function394 parameters have been herein retuned to accurately represent the vapor pressure of the pure compounds (CO2, CH4, N2, and
H2O) from triple point to the critical point accurately. The probable global optimum values of
these parameters are reported in Table 4.5 and the applied critical properties and acentric
factors of the studied compounds are indicated in Table 4.6.
393

Table 4.5: The optimal values of the Mathias-Copeman alpha function394 * obtained
and used in this study (CC1 to CC3 are the three parameters of the alpha function394).
Optimal values of parameters
Temperature
range / K

CC1

CC2

CC3

AARD a / %

CO2

217 to 304

0.709

-0.317

1.91

0.5

N2

64 to 126

0.449

-0.158

0.469

0.6

91 to 190

0.416

-0.173

0.348

0.4

Component

CH4
a

100 N | Pi , cal.  Pi , exp. | , where N is the number of the experimental data points, superscript vp denotes the

vp
N i
Pi , exp.
vp

AARD 

vp

vapor pressure, and subscripts cal. and exp. stand for the calculated and experimental values, respectively.
*
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To determine the optimal values of the model parameters including those in Eqs. 4.11,
4.12, and 4.13 and also the Mathias-Copeman394 alpha function parameters, the Differential
Evolution (DE) optimization strategy406,407 has been used. This optimization technique has
been previously shown to have high capability in phase equilibrium calculations.408-413 Apart
from that, the DE algorithm406,407 generally satisfies the following criteria:
83

Table 4.6: Critical properties and acentric factor of the pure compounds used in this
study.405
Compound

Pca / MPa

Tcb / K

Zcc

ωd

4.599
7.377
3.399
22.055

190.56
304.13
126.20
647.13

0.2862
0.2744
0.2917
0.2294

0.0114
0.2239
0.0377
0.3449

CH4
CO2
N2
H2O
a

Critical pressure
Critical temperature
c
Critical compressibility factor
d
Acentric factor
b

1. More probability for convergence to the global optimum;
2. High probability of finding a mathematically-correct solution;
3. No requirement for determination of the network topology in advance; which
can be automatically determined as the training process ends;
4. Low probability to face over-fitting/under-fitting problems;
5. Acceptable generalization performance;
6. Fewer adjustable parameters;
7. Relying on the population-based initialization;
8. Use of the basis of stochastic evolutionary principles;
9. Ability to handle non-differentiable, nonlinear, and multimodal cost functions;
10. Few, robust, and easy to choose control variables to steer the minimization of the
objective function;
11. No sensitivity to starting points i.e. starting decision variables or objective
function values; and
12. Consistent and consecutive modification of the solutions in each generation.
The probable global optimum values of these parameters are obtained on the basis of
the minimization of the following objective function:

100 ndp | Pi , cal.  Pi , exp.
function 

diss . / vp
ndp i
Pi , exp.
diss . / vp

diss . / vp

|

(4.27)

where ndp is the number of data points used in the optimization procedure, superscript
diss./vp denotes the hydrate dissociation pressure or vapor pressure of pure compound, and
subscripts i, cal. and exp. stand for ith calculated or experimental value, the calculated, and the
experimental hydrate dissociation pressure or vapor pressure values, respectively. The above
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objective function has been subjected to the following constraints (only for optimizing the
Mathias-Copeman alpha function parameters):
(Z   )  0
(

Z  (1  2 ) 
Z  (1  2 ) 

(4.28)
)0

(4.29)

where Z is the compressibility factor and:



bP vp
RT

(4.30)

In the preceding equation, b is the repulsive parameter of the PR EoS.393 These two
constraints have been taken into account to avoid trivial results from the exponential terms of
the fugacity expressions during the calculation steps because the DE algorithm406,407 is a
population-based optimization method on the basis of random search algorithm and may
consequently contribute to obtaining negative values of the corresponding arguments (Eqs.
4.28 and 4.29). The penalty functions are generally employed in the case of constrained
optimization, which penalize infeasible solutions (eliminate the unexpected results).408-414 The
penalty function takes a finite value when a constraint is violated and zero value when it is
satisfied. 408-414 The penalized function (objective function after imposing the penalty function
criteria) can be expressed as follows:

L
M
PF ( P diss . / vp )  function ( P diss . / vp )  PP  gg l ( P vp )   hhm ( P vp ) 
m 1
 l 1


(4.31)

where PF is the penalized function, ggl (Pvp) is the inequality constraint, hhm(Pvp) represents
the equality constraint, L and M are the number of inequality and equality constraints,
respectively, and PP denotes the penalty parameter which can be defined by the user. The
value of this parameter depends on the order of magnitude of the functions values involved in
the problem and normally lies between 1 and 106.408-414 Greater values of PP lead to more
penalized effects of the constraints on the values of the objective function. In the present
work, the penalty parameter has been set to 10. The bracket-operator   represents the
absolute value of the operand, if operand is negative. Therefore, the final formulation of the
objective function is written as follows:
2

OF ( P diss. / vp )  function ( P diss . / vp )  10 gg l ( P vp )

(4.32)

l 1

where,

gg1 ( P vp )  max{ 0, (Z   )}

(4.33)
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gg 2 ( P vp )  max{ 0, (

Z  (1  2 ) 
)}
Z  (1  2 ) 

(4.34)

The vapor pressure values of the DIPPR 801415 database have been used in the
optimization procedure of the Mathias-Copeman394 alpha function. Moreover, selected
experimental dissociation pressures of semi-clathrate hydrates of CO2 in the presence of
TBAB aqueous solutions58,416 at various concentrations (mostly generated in our laboratory)58
have been utilized for obtaining the optimal values of the parameters in Eqs. 4.11, 4.12, and
4.13. The probable global optimum values of the aforementioned parameters are reported in
Table 4.7.

Table 4.7: Optimal values of the parameters in Eqs. 4.11, 4.12, and 4.13.
Values*

Parameter
c / (K.MPa-1)
d / (K)
e
f' / (K.MPa-1)
g / (K)
i
h

Type Aa
0.501813
3835.7
-0.7342
0.619810
6518.8
-0.971250
0.2078

Type Bb
0.998105
6999.5
-0.0076
0.738929
4940.5
-0.040894
0.3606

*

The numbers of the digits of the parameters have been determined
by a sensitivity analysis of the final results to their values and their
orders of magnitudes are in agreement with the corresponding values
proposed by Parrish and Prausnitz321 for clathrate hydrates.
a
Calculations were performed assuming formation of semi-clathrate hydrate of type A.
b
Calculations were performed assuming formation of semi-clathrate hydrate of type B.

4.3. Results of the proposed model
The performance of the model for prediction of the clathrate hydrate dissociation
conditions for the CO2/CH4/N2 + water systems in Lw-H-G/V equilibrium region has been
first examined. The obtained results are shown in Table 4.8. They demonstrate acceptable
accuracy of the model results in wide ranges of temperatures and pressures compared with
selected experimental data (available in the NIST gas hydrate database).417
It is worth pointing out that the phase behavior calculations of the studied semiclathrate hydrates have been undertaken in two steps assuming formation of type A and type
B, respectively. Later, the represented/predicted hydrate dissociation pressures possessing the
lowest values of the objective function or average absolute relative deviation (AARD) from
the experimental values can be applied to designate which type of semi-clathrate hydrate is
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formed at the conditions of interest (i.e. pressure-temperature-concentration of TBAB in
aqueous solution).

Table 4.8: Summary of the model results for prediction of the hydrate dissociation conditions
of CO2/CH4/N2 in the presence of water in Lw-H-V equilibrium region.
System

Number of
data

Temperature range
/K

Pressure range
/ MPa

AARDa / %

CO2 + water

160

273.3 to 283.0

1.35 to 4.40

1.8

CH4 + water

107

273.2 to 291.2

2.65 to 18.55

2.3

14

273.2 to 292.0

16.27 to 101

4.0

N2 + water
a

100 N | Pi , pred.  Pi , exp. | , where N is the number of the experimental data points, and subscript pred. stands

diss .
N i
Pi , exp.
diss .

AARD 

diss .

for the predicted values.

Figure 4.2 shows the predicted (for clathrate hydrates)/represented (for semi-clathrate
hydrates) hydrate dissociation conditions for the CO2 + TBAB aqueous solution systems. It
should be noted that only these experimental data58,416 (the data shown in Fig. 2) have been
applied for obtaining the optimal values of the model parameters. These parameters have been
later utilized for prediction of the dissociation conditions of CO2/CH4/N2 semi-clathrate
hydrates in the presence of TBAB aqueous solution. In other words, the parameters in Eqs.
4.11, 4.12, and 4.13 for evaluation of the vapor pressure of water in empty hydrate lattice and
the Langmuir constants in large hydrate cavities remain as global values for other systems
(CH4/N2 + TBAB aqueous solution) for further calculations.
The predicted phase equilibria of the CO2/CH4/N2 + water/TBAB aqueous solution
systems are sketched in Figures 4.3 to 4.5. It should be again pointed out that no experimental
hydrate dissociation data for the CH4/N2 + TBAB aqueous solution systems have been used in
tuning process. A summary of the obtained results are reported in Table 4.9. It is interpreted
that the developed model can acceptably represent/predict the TBAB hydrate promotion
effects (i.e. shifting the hydrate phase boundaries to lower pressures and higher temperatures)
for the three investigated systems.
A recent comprehensive research study424 argues that the phase behavior of semiclathrate hydrates may be complicated and difficult to analyze, as stated earlier.30 This is
mainly because the semi-clathrate structure can be changed from type A to type B424 or vice
versa.30,389,424 The type of the structure depends normally on the hydration number of the
hydrate which results from particular gases investigated in the presence of TBAB aqueous
solutions. 30,389,424 Generally, the deviations of the calculated/estimated results of the proposed
model in this work from the experimental data seem to be less assuming formation of semiclathrate hydrates of type B with respect to those obtained assuming formation of semi87

clathrate hydrates of type A. It is worth it to point out that the model seems to be capable of
prediction of the structural change of the investigated semi-clathrates at some (limited)
conditions of "temperature-pressure-concentration of TBAB" triplets. For instance, at around
283 K and 0.4 MPa, there may be a structural change from type A to B in the phase
equilibrium of the CO2 + 0.0702 mass fraction TBAB aqueous solution system.
It may be also the case at about 289 K and 7 MPa for the hydrate dissociation
conditions of the N2 + 0.40 mass fraction TBAB aqueous solution system. However, various
experimental studies such as RAMAN spectroscopy and calorimetry have revealed that there
may be much more occasions where the structural changes happen for the investigated
systems.424 On the other hand, the former experimental technique has also proposed formation
of a new type of semi-clathrates in the N2 + TBAB aqueous solution system.424
In addition, recent studies have shown30,424 that there are some discrepancies in the
produced experimental data for the semi-clathrate hydrate systems so far. Therefore, it may
not be expected that the developed model is able to predict such structural changes, proposed
by the experimental efforts.
Another element to consider is that, the developed model can acceptably predict the
hydrate inhibition effects of TBAB at the concentrations greater than that of stoichiometric
ratios (around 0.427 mass fraction TBAB in aqueous solution).30,424
The average absolute relative deviations of the model results from the corresponding
experimental hydrate dissociation values for the N2 + TBAB aqueous solution system
assuming formation of type A or type B hydrate structures are almost the same (around 11 %).
It may suggest that there are few structural changes (from type A to type B vice versa)
expected in this system compared to the other two investigated systems (i.e. semi-clathrate
hydrates of CO2 or CH4).
One significant factor should not be omitted from our discussion. The main goal here
has been to determine the phase behavior of semi-clathrate hydrates formed from gaseous
hydrate former + TBAB aqueous solution. The developed model is not able to
represent/predict the solid (S)-liquid (L) equilibria of the TBAB + water system (TBAB
hydrate + TBAB aqueous solution phase equilibria). In other words, it seems not to be
applicable for determination of the "temperature-composition" diagram of the aforementioned
system at a specified pressure. Furtheremore, the proposed model for the liquid phase cannot
be used for complete liquid phase calculations.
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Figure 4.2: Dissociation conditions of clathrate/semi-clathrate hydrates for the carbon
dioxide + water/TBAB aqueous solution systems. Symbols stand for the experimental data
and curves (lines) refer to the predicted (for clathrate hydrates)/represented (for semi-clathrate
hydrates) values using the developed thermodynamic model. ■, CO2 + water
system;215,323,418,419 ∆, CO2 in the presence of 0.01 mass fraction TBAB aqueous solution;416
□, CO2 in the presence of 0.02 mass fraction TBAB aqueous solution;416 ◊, CO2 in the
presence of 0.05 mass fraction TBAB aqueous solution;58 *, CO2 in the presence of 0.50 mass
fraction TBAB aqueous solution;58 ○, CO2 in the presence of 0.10 mass fraction TBAB
aqueous solution;58 +, CO2 in the presence of 0.167 mass fraction TBAB aqueous solution;58
×, CO2 in the presence of 0.25 mass fraction TBAB aqueous solution;58 -, CO2 in the presence
of 0.35 mass fraction TBAB aqueous solution.58 Bold solid Curve, model predicted results for
the CO2 + water system; Solid curves, model represented results assuming the formation of
type B semi-clathrate hydrates (AARD = 3.1 %); Dashed curves, model represented results
assuming the formation of type A semi-clathrate hydrates (AARD = 3.2 %).
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Figure 4.3: Dissociation conditions of clathrate/semi-clathrate hydrates for the carbon
dioxide + water/TBAB aqueous solution systems. Symbols stand for experimental data and
curves (lines) refer to the predicted values using the developed thermodynamic model. □, CO2
+ water system;215,323,418,419 ▲, CO2 in the presence of 0.0443 mass fraction TBAB aqueous
solution;392 ♦, CO2 in the presence of 0.05 mass fraction TBAB aqueous solution;420 ◊, CO2 in
the presence of 0.05 mass fraction TBAB aqueous solution;204 ●, CO2 in the presence of
0.0702 mass fraction TBAB aqueous solution;392 ×, CO2 in the presence of 0.0901 mass
fraction TBAB aqueous solution;392 +, CO2 in the presence of 0.10 mass fraction TBAB
aqueous solution;421 ○, CO2 in the presence of 0.10 mass fraction TBAB aqueous solution;420
■, CO2 in the presence of 0.427 mass fraction TBAB aqueous solution;421 -, CO2 in the
presence of 0.40 mass fraction TBAB aqueous solution;257 Solid curves, model predicted
results assuming the formation of type B semi-clathrate hydrates (AARD = 7.7 %); Dashed
curves, model predicted results assuming the formation of type A semi-clathrate hydrates
(AARD = 8.2 %).
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Figure 4.4: Dissociation conditions of clathrate/semi-clathrate hydrates for the methane
+ water/TBAB aqueous solution systems. Symbols stand for experimental data and curves
(lines) refer to the predicted values using the developed thermodynamic model. □, CH4 +
water system;323 *, CH4 in the presence of 0.05 mass fraction TBAB aqueous solution;422 ○,
CH4 in the presence of 0.05 mass fraction TBAB aqueous solution;25 ●, CH4 in the presence
of 0.10 mass fraction TBAB aqueous solution;58 Δ, CH4 in the presence of 0.10 mass fraction
TBAB aqueous solution;421 ▲, CH4 in the presence of 0.50 mass fraction TBAB aqueous
solution;58 +, CH4 in the presence of 0.20 mass fraction TBAB aqueous solution;421 ◊, CH4 in
the presence of 0.45 mass fraction TBAB aqueous solution;25 ■, CH4 in the presence of 0.25
mass fraction TBAB aqueous solution;58 ×, CH4 in the presence of 0.30 mass fraction TBAB
aqueous solution;421 Solid curves, model predicted results assuming the formation of type B
semi-clathrate hydrates (AARD = 5.6 %); Dashed curves, model predicted results assuming
the formation of type A semi-clathrate hydrates (AARD = 13 %).
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Figure 4.5: Dissociation conditions of clathrate/semi-clathrate hydrates for the nitrogen
+ water/TBAB aqueous solution systems. Symbols stand for experimental data and curves
(lines) refer to the predicted values using the developed thermodynamic model. ■, N 2 + water
system;423 ×, N2 in the presence of 0.05 mass fraction TBAB aqueous solution;206 ●, N2 in the
presence of 0.05 mass fraction TBAB aqueous solution;58 ◊, N2 in the presence of 0.10 mass
fraction TBAB aqueous solution;421 +, N2 in the presence of 0.10 mass fraction TBAB
aqueous solution;204▲, N2 in the presence of 0.10 mass fraction TBAB aqueous solution;58 □,
N2 in the presence of 0.60 mass fraction TBAB aqueous solution;206 ♦, CH4 in the presence of
0.50 mass fraction TBAB aqueous solution;58 *, N2 in the presence of 0.20 mass fraction
TBAB aqueous solution;206 ○, N2 in the presence of 0.40 mass fraction TBAB aqueous
solution;206 Solid curves, model predicted results assuming the formation of type B semiclathrate hydrates (AARD = 11 %); Dashed curves, model predicted results assuming the
formation of type A semi-clathrate hydrates (AARD = 11 %).
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It is worth pointing out that the equality of fugacities approach especially adopted in
this work, have been already demonstrated to be reliable for phase equilibrium predictions of
the following systems: gas hydrate phase behavior in the presence of different inhibitors331
(methanol etc.), ionic liquid,312 promoters (THF etc.), 388 phase equilibria of gas hydrates of
refrigerant. 387 The aforementioned criteria led us to select the basis of this thermodynamic
model for its extension to the semi-clathrate hydrate systems.
Another element to consider is that the performance of the same thermodynamic
model without modifications for the vapor pressure of water in empty hydrate lattice and
Langmuir constants (the thermodynamic model for conventional clathrate hydrates) for
prediction of phase behavior of semi-clathrate hydrates have been also checked in this work
without acceptable results. It was inferred that introducing all the adjusting parameters are
needed to reliably predict the phase equilibria of the investigated systems. It also merits to
point out that the model may be more appropriate for interpolation of the invesitgated data,
but not for extrapolation.
To recapitulate, there is still a need to conduct considerable efforts for developing
accurate and predictive models for representation/prediction of the phase equilibria of semiclathrate hydrates.
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Table 4.9: Summary of the model results for prediction of the dissociation conditions of semi-clathrate hydrates of CO2/CH4/N2 + TBAB
aqueous solution in the Lw-H-G/V equilibrium region.
System

Number of data

Temperature range
/K

Pressure range /
MPa

TBAB concentration in
aqueous solution / mass
fraction

AARDa / %
Type A b

Type B c

CO2 + TBAB aqueous
solution*

54

279.3 to 291.2

0.273 to 4.09

0.0443, 0.05, 0.0702, 0.0901,
0.1, 0.4, 0.427, 0.65

8.2

7.7

CH4 + TBAB aqueous
solution

66

281.75 to 298.15

0.235 to 35.853

0.05, 0.1, 0.2, 0.25. 0.3, 0.45,
0.50

13

5.6

N2 + TBAB aqueous
solution

55

279.84 to 292.95

0.47 to 35.503

0.05, 0.10, 0.20, 0.25, 0.40,
0.50, 0.60

11

11

100 N | Pi , pred.  Pi , exp. | , where N is the number of the experimental data points, and subscript pred. stands for the predicted values.
AARD 

diss .
N i
Pi , exp.
diss .

a

diss .

b

Calculations were performed assuming formation of semi-clathrate hydrate of type A.
Calculations were performed assuming formation of semi-clathrate hydrate of type B.
*
The model proposed by Paricaud382 has been shown to give the AARD of about 10 % for the same system; however, using less experimental data to check.
c
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5. Experimental Measurements

Mesures expérimentales
Certaines études théoriques et observations de terrain suggèrent que la forte
consommation d'énergie, des coûts d´investissement élevés ou la probabilité de corrosion dans
les installations seraient peut-être les inconvénients potentiels relatifs aux procédés de séparation
du CO2.30 En conséquence, la recherche de procédés de séparation moins gourmands en énergie,
respectueux de l'environnement et plus économiques est en cours au sein de divers groupes de
recherche, et ce, à l'échelle mondiale. La méthode de cristallisation (formation) de l'hydrate de
gaz a récemment attiré beaucoup d'attention en vue de séparer le dioxyde de carbone des gaz de
combustion (voir chapitre 2 pour plus de détails).

Certains gaz industriels peuvent avoir des quantités considérables de dioxyde de carbone,
d'hydrogène, de méthane, d'azote, etc.. Par exemple, les gaz de combustion émis par les centrales
à grande échelle contiennent généralement N2 et CO2. Les procédés de reformage à la vapeur et
la partie de gazification des procédés "ICGC" (integrated coal gasification cycle) produisent des
effluents contenant des mélanges de CO2 et de H2. Les veines de charbon produisent des
émissions considérables de méthane froid (CBM, Cold Bed Methane).425

Afin de concevoir des procédés de séparation faisant appel à la cristallisation sous forme
de clathrates/semi-clathrates hydrates, des données fiables d'équilibres de phases sont requises.
Les Tableaux 5.1 à 5.3 fournissent un résumé de presque tous les résultats des études
expérimentales disponibles dans la littérature sur les clathrates/semi-clathrates hydrates
concernant les mélanges: CO2 + H2/CH4/N2 en présence de promoteurs d'hydrates. Il semble
évident qu'il y a un grand enthousiasme pour générer plus de données expérimentales d'équilibres
de phases afin de clarifier le comportement de phase complexe des semi-clathrates, ajuster les
paramètres des futurs modèles thermodynamiques et enquêter sur les réelles capacités de
séparation liées à l'application de ces structures. Ainsi, dans cette étude, les conditions de
dissociation des clathrates/semi-clathrates hydrates ont été mesurées pour les systèmes suivants:

1. CO2 (fractions molaires : 0,151/0,399) + N2 (fractions molaires : 0,849/0,601) + eau et +
solutions aqueuses de TBAB (0,05/0,15/0,30 en fractions massiques).
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2. CO2 (fraction molaire : 0,4029) + CH4 (fraction molaire : 0,5971) + solutions aqueuses de
TBAB (fractions massiques : 0,05/0,10).

3. CO2 (fractions molaires : 0,1481/0,3952/0,7501) + H2 (fractions molaires :
0,8519/0,6048/0,2499) + eau et + solutions aqueuses de TBAB (0,05/0,30 en fractions
massiques).

Divers mélanges de gaz contenant du CO2 ont été étudiés pour représenter le grand
domaine de compositions généralement rencontré dans les applications industrielles.
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Some field observations/theoretical studies argue that relatively high energy
consumption, high costs, or probability of corrosions in the processes facilities may be the
potential drawbacks of the current CO2 separation processes.30 Consequently, searching for less
energy-intensive, environmental-friendly, and more economic separation processes are being
undergone by various research groups world-wide. Gas hydrate crystallization (formation)
method has recently attracted much attention to separate carbon dioxide from combustion flue
gases (refer to Chapter 2 for details).
Some industrial gas streams may have considerable amounts of carbon dioxide,
hydrogen, methane, or nitrogen etc. For instance, flue gases emitted from large scale power
plants typically contain N2 and CO2, steam reforming processes and the gasifier section of the
integrated coal gasification cycle (ICGC) processes produce gas flows containing mixtures of
CO2 and H2, and emissions in the form of cold bed methane (CBM) discharging from coal seams
contain considerable amounts of CH4.425

In order to design separation processes using clathrate/semi-clathrate hydrate
crystallization, reliable phase equilibrium data are required. Tables 5.1 to 5.3 provide a summary
of almost all experimental studies on semi-clathrate hydrates for mixtures of CO2 + N2/CH4/H2 in
the presence of hydrate promoters that are available in open literature to date. It seems to be
obvious that it is of great attraction to generate more experimental phase equilibrium data to
clarify complex phase behavior of semi-clathrates, tune the future thermodynamic models, and
for the investigation of the relevant separation capabilities through application of these
structures. Consequently, in this study, the clathrate/semi-clathrate hydrate dissociation
conditions for the following systems have been measured and reported:
1. CO2 (0.151/0.399 mole fraction) + N2 (0.849/0.601 mole fraction) + TBAB aqueous solution
(0.05/0.15/0.30 mass fraction) or water.
2. CO2 (0.4029 mole fraction) + CH4 (0.5971 mole fraction) + TBAB aqueous solution
(0.05/0.10 mass fraction).
3. CO2 (0.1481/0.3952/0.7501 mole fraction) + H2 (0.8519/0.6048/0.2499 mole fraction) +
TBAB aqueous solution (0.05/0.30 mass fraction) or water.
Various gas mixtures containing CO2 have been investigated to represent wide
compositional ranges generally encountered in industrial applications.
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Table 5.1: Experimental hydrate dissociation data available in open literature for the carbon
dioxide + nitrogen + TBAB aqueous solution system at various concentrations of TBAB.
Authors
Deschamps and
Dalmazzone257
Meysel et al.430
Meysel et al.430
Meysel et al.430
Lu et al.233(a)

System
CO2 (0.249 mole
fraction) + N2 (0.751
mole fraction)
CO2 (0.75 mole
fraction) + N2 (0.15
mole fraction)
CO2 (0.50 mole
fraction) + N2 (0.50
mole fraction)
CO2 (0.20 mole
fraction) + N2 (0.80
mole fraction)
CO2 (0.159 mole
fraction) + N2 (0.841
mole fraction)

TBAB mass
fraction

T range / K

P range /
MPa

Number
of points

0.4

284.8 to
293.3

Up to
9.180

5

0.05, 0.1, 0.2

284.1to
290.0

1.964 to
3.822

14

0.05, 0.1, 0.2

282.3 to
290.4

1.956 to
5.754

16

0.05, 0.1, 0.2

281.8 to
288.3

2.976 to
5.901

12

0.05, 0.153,
0.348, 0.407,
0.457

278.05 to
287.85

1.17 to
5.84

12

Table 5.2: Experimental hydrate dissociation data available in open literature for the carbon
dioxide + methane + TBAB aqueous solution system at various concentrations of TBAB.
Authors

System

Deschamps and
Dalmazzone257

CO2 (0.501 mole
fraction) + CH4
(0.499 mole
fraction)

TBAB mass
fraction

T range / K

P range /
MPa

Number
of points

0.4

284.8 to
292.4

Atmospheric
pressure up
to 3.20

5

Materials
Table 5.4 reports the chemicals used in the present work, their suppliers and purities. The
chemicals were used without any further purification. Aqueous solutions were prepared
following the gravimetric method, using an accurate analytical balance (mass uncertainty ±
0.0001 g). Consequently, uncertainties on the basis of mole fraction are estimated to be less than
0.01.
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Table 5.3: Experimental hydrate dissociation data available in open literature for the carbon
dioxide + hydrogen + TBAB aqueous solution system at various concentrations of TBAB.

System

TBAB mass
fraction

T range /
K

P range /
MPa

Number
of
points

CO2 (0.185/0.392 mole
fraction) + H2 (0.815/0.608
mole fraction)

0.024, 0.036,
0.050, 0.083,
0.153, 0.329

274.45 to
288.55

0.25 to
7.26

63

Authors

Li et al.

253

Table 5.4: Purities and suppliers of chemicals.*
Chemical
Carbon Dioxide (0.151 mole fraction)
+ Nitrogen (0.849 mole fraction)

Supplier

Purity

Air Liquide

Purity of each gas > 0.99**
(mole fraction)

Carbon Dioxide (0.399 mole fraction)
+ Nitrogen (0.601 mole fraction)

Air Liquide

Purity of each gas > 0.99
(mole fraction)

Carbon Dioxide (0.749 mole fraction)
+ Nitrogen (0.251 mole fraction)

Air Liquide

Purity of each gas > 0.99
(mole fraction)

Air Liquide

Purity of each gas > 0.99
(mole fraction)

Carbon Dioxide (0.1481 mole
fraction) + Hydrogen (0.8519 mole
fraction)

Air Liquide

Purity of each gas > 0.99
(mole fraction)

Carbon Dioxide (0.3952 mole
fraction) + Hydrogen (0.6048 mole
fraction)

Air Liquide

Purity of each gas > 0.99
(mole fraction)

Carbon Dioxide (0.7501 mole
fraction) + Hydrogen (0.2499 mole
fraction)

Air Liquide

Purity of each gas > 0.99
(mole fraction)

TBAB

Sigma-Aldrich

0.99 (mass fraction)

Carbon Dioxide (0.4029 mole
fraction) + Methane (0.5971 mole
fraction)

*

Deionized water was used in all experiments.

**

The measurement uncertainty reported by the supplier.
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5.1. Apparatuses
5.1.a. Apparatus 1
The schematic diagram of this apparatus is given in Figure 5.1. This in-house designed
and built apparatus is based on the “static-analytic” technique with capillary gas phase sampling
(ROLSITM). Suitability for working with corrosive fluids, strong agitation, accurate measuring
devices, compositional analysis of the gas phase in equilibrium with liquid water and hydrate
phases, and visual observation through the equilibrium cell during the experiments are among the
main features of this apparatus.58,59,426 In addition, it is suitable for measurements at temperatures
ranging from 233 to 373 K. The main part of the apparatus is a cylindrical equilibrium cell, made
of austenitic stainless steel to withstand hydrogen embrittlement and pressures up to 60 MPa.58
Figures 5.2 and 5.3 show cross and lateral sections of the equilibrium cell, respectively. It is
worth to point out that, the grid support, which is installed inside the cell, is to protect the
capillary sampler from plugging by hydrate particles. Since the objective of the measurements in
this work has been determination of the phase equilibria of semi-clathrates hydrates (without
measuring the molar compositions of the vapor phase), the ROLSITM has not been herein
employed.
The equilibrium cell has an inner volume of 201.5 + 0.5 cm3 and two sapphire windows.
A motor-driven turbine agitation system (Top Industrie) ensures sufficient agitation to facilitate
reaching equilibrium even during the hydrate formation. However, this system may have serious
drawbacks: significant dead volumes, leak issues, and/or frequent seizing which should be taken
into account during the measurements. Temperature of equilibrium cell is controlled using a
thermostatic bath (Tamson Instruments, TV4000LT), which allows the visual observation of the
cell content throughout the experiments. One platinum resistance sensor (Pt100), inserted in the
cell interior, is used to in situ measure the temperature within ± 0.1 K uncertainty estimated after
calibration against a 25-Ω reference platinum resistance thermometer. This 25-Ω reference probe
was calibrated, following the ITS 90 protocol, by Laboratoire National d‟essais (Paris). Pressure
is measured using a pressure transducer (Druck, type PTX611): High pressure sensor (HPT) for
pressures up to 40 MPa. Resulting from calibration against a dead weight balance (Desgranges &
Huot 5202S CP, Aubervilliers, France), pressure instrumental uncertainty is estimated to be less
than 5 kPa.
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PP
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Figure 5.1: Schematic diagram of the apparatus 1:58,426 DAU, data acquisition unit; DW,
degassed water; EC, equilibrium cell; G, gas cylinder; GC, gas chromatograph; HPT, high
pressure transducer; LB, liquid bath; LPT, low pressure transducer; PP, platinum probe; RS,
ROLSITM sampler; SD, stirring device; SW, sapphire windows, TR, temperature regulator; V1,
V2, V4, V5, feeding valves; V3, V6, purge valves; VP, vacuum pump; SV, isolation valve for
LPT; WP, high pressure pump. The VP signs stand for only one vacuum pump, which can be
connected to the system through V4, V5, and V6 valves.

5.1.b. Apparatus 2
The main part of this apparatus is a cylindrical vessel made of Hastelloy, which can
withstand pressures up to 20 MPa.58,199,425,427 The volume of the vessel is approximately 30 cm3.
A magnetic stirrer is installed in the vessel to agitate the fluids and hydrate crystals formed
during the measurements.58 Two platinum resistance thermometers (Pt100) are inserted into the
vessel to measure temperatures and check for their equality within temperature measurement
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uncertainty, which is estimated to be about 0.1 K and ensure temperature homogeneity inside the
equilibrium cell.58 Temperature uncertainty estimation comes from calibration against a 25 Ω

SD

B

RS
PG

SW

SW
PP

MB

B
V3

Figure 5.2: Cross section of the equilibrium cell (used in the first apparatus):426 B, tightening
bolts; MB, main body; PG, protection grid; PP, platinum probe; RS, ROLSITM sampler; SD,
stirring device; SW, sapphire windows; V3, purge valve.

reference platinum resistance thermometer, as described in the section 5.1.a. Pressure in the
vessel is measured with a DRUCK pressure transducer (Druck, type PTX611 for pressure ranges
up to 16 MPa). Pressure measurement uncertainties are estimated to be less than 5 kPa, as a
result of careful calibration against a dead weight balance (Desgranges and Huot, model 520).
The schematic diagram of this experimental apparatus is shown in Figure 5.4.
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5.2. Common experimental procedure

The hydrate dissociation conditions were measured (applying both apparatuses) through
an isochoric pressure search method.58,59,199,312,425-429 as implemented by Ohmura and coworkers.429 The reliability of this method for measurement of phase equilibria of clathrate/semiclathrate hydrates has been demonstrated in the literature.58,59,199,312,425-429 The vessel containing

V1

V2

B
PG

SW
MB
B

SD

Lateral
viewin the first apparatus):426 B, tightening
Figure 5.3: Lateral section of the equilibrium
cell (used
bolts; MB, main body; PG, protection grid; SD, stirring device; SW, sapphire windows; V1 and
V2, feeding valves.

aqueous solution (approximately 10 % by volume of the vessel is filled with aqueous solution) is
immersed into the temperature-controlled bath, and the gas is supplied from a cylinder through a
pressure-regulating valve into the vessel. Note that the vessel is evacuated before the
introduction of any aqueous solution and gas.58 After obtaining temperature and
pressure stability (far enough from the hydrate formation region), the valve in the line connecting
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Figure 5.4: Schematic diagram of the experimental apparatus 2. DAU, data acquisition unit; EC,
equilibrium cell; G, gas cylinder; LB, liquid bath; LV, loading valve; MR, magnetic rod; PP,
platinum probe (temperature sensor); PT, pressure transducer; SA, stirring assembly; SD, stirring
device with variable speed motor; TR, temperature controller.

the vessel and the cylinder is closed. Subsequently, temperature is slowly decreased to form the
hydrate.58 Hydrate formation in the vessel is observed when a pressure drop at constant
temperature is detected using the data acquisition unit. The temperature is then increased with
steps of 0.1 K. At every temperature step, the temperature is kept constant with enough time to
obtain an equilibrium state in the cell.
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Pressure

Therefore, a pressure-temperature diagram is sketched for each experimental run, from
which we determine the hydrate dissociation point.58,59,199,312,425-429 During the dissociation of
the hydrate crystals inside hydrate formation region, the pressure is gradually increased by
increasing the temperature. However, outside this region, a slight pressure increase is observed
during the increase of temperature.58,59,199,312,425-429 Consequently, the hydrate dissociation point
is displayed when the slope of the pressure temperature diagram changes suddenly.58,59,199,312,425429
A typical diagram of this experimental method is shown in Figure 5.5. The maximum
uncertainties for the measured hydrate dissociation temperatures and pressures are expected to be
0.2 K and 0.05 MPa due to graphical determination of the corresponding values.

Temperature

Figure 5.5: Typical diagram obtained using the isochoric pressure search method.58,59,199,312,425429
The down arrow callout (HDP) indicates the gas hydrate dissociation point.
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5.3. Experimental results

The results of the experimental measurements of the clathrate/semi-clathrate hydrate
dissociation conditions for the aforementioned systems (systems 1 to 3) are depicted in Figures
5.6 to 5.11. A semi-logarithmic scale is used for better studying the hydrate promotion effects of
TBAB aqueous solutions and the trend of the experimental data as well. The predictions of the
phase equilibria of clathrate hydrates of the same gas mixtures (except the CO2 + H2 mixtures) in
the presence of water (pure water) using the well-known CSMGem2 thermodynamic model are
also shown in these figures for comparison reasons. In addition, all the obtained experimental
data are reported in Tables 5.5 to 5.7. Analysis of the experimental data, shown in these figures,
indicates some interesting findings. It is clearly seen that TBAB has drastic promotion effects on
the formation of the semi-clathrate hydrates of the systems concerned, i.e. the formation
conditions are shifted to high temperatures and low pressures in comparison with the clathrate
hydrates of (CO2 + N2/CH4/H2) in the presence of water. Furthermore, it may suggest the
improved selectivity of hydrate cages (semi-clathrate hydrate cages) for trapping the CO2
molecules. These effects should lead to a more efficient separation (recovery) process for CO2
from gas mixtures using hydrate crystallization (lower energy consumption compared with
processes using conventional clathrate hydrate approaches in the presence of liquid water). It is
also revealed from the measured data for the CO2 + N2/H2 +TBAB aqueous solution system that
the required pressure for semi-clathrate hydrates formation (dissociation) is increased as the
concentration of nitrogen and hydrogen in the feed gas increases under the same concentration of
TBAB and temperature.
Another element to consider is that the promotion effect of the TBAB aqueous solution is
generally enhanced at low concentrations of the TBAB aqueous solution. In other words, by
increasing the amount of TBAB in the feed aqueous solution (in the concentration ranges studied
in this work), the shift in temperature/pressure conditions of the hydrate formation is reduced.
Therefore, economic studies should be performed to find the optimum value of TBAB addition
to the process. It is also found that a small increase in temperature results in a large equilibrium
pressure increase. This fact reveals that such measurements have to be done very carefully to
avoid high experimental errors during the measurements including errors in calibration of
temperature probes and pressure transducers, etc. (The effects of experimental errors on the
quality of the phase equilibrium data will be discussed later).
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Table 5.5: Experimental clathrate/semi-clathrate hydrate dissociation conditions measured in this
study for the carbon dioxide + nitrogen + TBAB aqueous solution or water system.
System

TBAB mass fraction

CO2 (0.151 mole fraction) + N2
(0.849 mole fraction)

0

CO2 (0.151 mole fraction) + N2
(0.849 mole fraction)

0.05

CO2 (0.151 mole fraction) + N2
(0.849 mole fraction)

0.15

CO2 (0.151 mole fraction) + N2
(0.849 mole fraction)

0.30

CO2 (0.399 mole fraction) + N2
(0.601 mole fraction)

0

CO2 (0.399 mole fraction) + N2
(0.601 mole fraction)

*

0.05

Likely represents semi-clathrate hydrate of (TBAB + water).

108

T/K
275.2
276.6

P / MPa
10.10
11.93

277.7
278.6
278.9
284.5
285.6

14.09
15.70
16.74
6.67
9.04

286.4

11.70

287.6
285.0
287.5
288.6

14.08
1.83
5.54
7.71

289.0
290.0
291.6
285.7
288.5

8.81
11.37
15.94
1.57
4.64

290.5
292.1
293.2
275.6
276.3

8.01
12.04
16.21
4.92
5.27

277.3
277.7
277.1*

5.97
6.27
1.12

282.6
284.0
285.6

2.78
4.22
5.93

Table 5.5: Continued…

CO2 (0.399 mole fraction) + N2
(0.601 mole fraction)

CO2 (0.399 mole fraction) + N2
(0.601 mole fraction)

0.15

0.30

CO2 (0.749 mole fraction) + N2
(0.251 mole fraction)

*

0

284.3

1.42

286.6
288.2
289.2

2.89
4.50
6.06

286.4

1.71

288.0
289.5
290.2
290.6
275.1
275.6

3.20
4.35
5.72
6.17
2.35
2.48

277.0
278.0
278.2

2.91
3.33
3.45

Likely represents semi-clathrate hydrate of (TBAB + water).

As mentioned in Chapter 3, meticulous scrutiny of experimental data and findings from
recent research studies424 reveal that the phase behavior of semi-clathrate hydrates may be
complicated and difficult to analyze. This is mainly due to the fact that the semi-clathrate
structure can change from type A to type B or vice versa by increasing/decreasing the amounts of
TBAB in aqueous solutions or by increasing/decreasing the dissociation pressure of the
system.30,389,424 The type of the structure depends normally on the hydration number of the
hydrate which results from particular gas mixtures investigated in the presence of TBAB
aqueous solutions. Furthermore, some data obtained from RAMAN spectroscopy show that there
may be two co-existing phases in the phase equilibria of particular semi-clathrate hydrates such
as those hydrates formed from the CO2 + TBAB aqueous solution system.424 It may not be
possible to conclude about the hydrate structure change from phase equilibrium measurements
by PVT studies only (as performed in this work). It is therefore proposed that NMR,
crystallography, X-Ray diffraction, and calorimetry studies should be undertaken simultaneously
to clarify different aspects of this issue.427
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Figure 5.6: Phase equilibrium of clathrate/semi-clathrate hydrates for the carbon dioxide
(0.151 mole fraction) + nitrogen (0.849 mole fraction) + water or TBAB aqueous solution
systems. ■, This work, in the presence of water; ●, This work in the presence of TBAB 0.05
mass fraction aqueous solution; ♦, This work in the presence of TBAB 0.15 mass fraction
aqueous solution; ▲, This work in the presence of TBAB 0.30 mass fraction aqueous solution;
Curve, Predictions of CSMGem hydrate model2 in the presence of water, Feed gas composition
(0.151 mole fraction CO2 + 0.849 mole fraction N2).

Omitting one point from our discussion seems to be an oversight. The whole measured
data have been checked with the temperature-composition phase diagram of TBAB semiclathrate hydrates26,27 ensuring our hydrate dissociation conditions are outside of the dissociation
conditions of semi-clathrate hydrates of the TBAB + water system. It should be noted that
comparing semi-clathrate hydrate phase equilibrium data from different sources on the same
basis is generally not an easy task because the compositions of the feed gases are quite different.
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As already stated, the available experimental phase equilibrium data for the three binary gas
mixtures investigated in this work are limited to those reported in Tables 5.1 to 5.3.
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Figure 5.7: Phase equilibrium of clathrate/semi-clathrate hydrates for the carbon dioxide
(0.399 mole fraction) + nitrogen (0.601 mole fraction) + water or TBAB aqueous solution
systems. ■, This work, in the presence of water; ●, This work in the presence of TBAB 0.05
mass fraction aqueous solution; ♦, This work in the presence of TBAB 0.15 mass fraction
aqueous solution; ▲, This work in the presence of TBAB 0.30 mass fraction aqueous solution;
Curve, Predictions of CSMGem hydrate model2 in the presence of water, Feed gas composition
(0.399 mole fraction CO2 + 0.601 mole fraction N2).
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Table 5.6: Experimental semi-clathrate hydrate dissociation conditions measured in this study
for the carbon dioxide + methane + TBAB aqueous solution or water system.
System

TBAB mass fraction

CO2 (0.4029 mole fraction) + CH4
(0.5971 mole fraction)

0.05

CO2 (0.4029 mole fraction) + CH4
(0.5971 mole fraction)

0.3

T/K
283.3
284.1

P / MPa
1.59
2.36

285.0
286.8
287.8
286.7
288.6

2.95
3.88
4.86
1.59
2.43

289.5
290.2
291.0
291.6

3.30
4.09
5.02
5.92

In the final analysis, it is of importance to mention that the effects of addition of the
TBAB to the CO2 + N2 and CO2 + H2 systems seem to be more sensible with respect to those
observed for CO2 + CH4 system. In other words, TBAB leads to larger shifts in the phase
boundaries of the two former systems than in the latter one. This point would be of great interest
for the industry regarding the decision making of the future projects/processes modifications.
It should also be noted that at the time of preparation of this manuscript, there were no
similar experimental data to show in the figures for comparison purposes.
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Figure 5.8: Phase equilibrium of clathrate/semi-clathrate hydrates for the carbon dioxide
(0.4029 mole fraction) + methane (0.5971 mole fraction) + water or TBAB aqueous solution
systems. ●, This work in the presence of TBAB 0.05 mass fraction aqueous solution; ▲, This
work in the presence of TBAB 0.30 mass fraction aqueous solution; Curve, Predictions of
CSMGem hydrate model2 in the presence of water, Feed gas composition (0.4029 mole fraction
CO2 + 0.5971 mole fraction CH4).
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Table 5.7: Experimental clathrate/semi-clathrate hydrate dissociation conditions measured in
this study for the carbon dioxide + hydrogen + TBAB aqueous solution or water system.
System

TBAB mass fraction

CO2 (0.1481 mole fraction) + H2
(0.8519 mole fraction)

0.05

CO2 (0.1481 mole fraction) + H2
(0.8519 mole fraction)

0.30

CO2 (0.3952 mole fraction) + H2
(0.6048 mole fraction)

0

CO2 (0.3952 mole fraction) + H2
(0.6048 mole fraction)

0.05

CO2 (0.3952 mole fraction) + H2
(0.6048 mole fraction)

0.30

CO2 (0.7501 mole fraction) + H2
(0.2499 mole fraction)

0

CO2 (0.7501 mole fraction) + H2
(0.2499 mole fraction)

0.05

CO2 (0.7501 mole fraction) + H2
(0.2499 mole fraction)

0.30
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T/K
282.9
283.8
285.6
286.0
287.7
288.8
289.7
277.2
277.5
278.4
280.7
286.1
286.6
288.6
288.9
290.3
292.1
292.8
278.4
275.6
275.7
276.1
281.4
283.2
285.8
286.0
289.1
289.8
290.0
289.2
290.0

P / MPa
7.89
10.52
15.91
4.70
8.72
12.01
15.85
8.55
9.05
10.5
2.31
6.69
9.16
12.17
4.07
7.01
10.87
12.19
3.71
2.56
2.59
2.60
1.32
1.99
3.45
3.67
1.98
2.59
3.45
2.27
3.16
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Figure 5.9: Dissociation conditions (this work) of semi-clathrate hydrates for the CO2
(0.1481 mole fraction) + H2 (0.8519 mole fraction) + TBAB aqueous solution system. ♦, 0.05
mass fraction TBAB aqueous solution; ●, 0.30 mass fraction TBAB aqueous solution. Hydrate
dissociation data of the corresponding mixture in the presence of pure water have not been
measured in the present study due to very high formation pressure that would be required.
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Figure 5.10: Dissociation conditions (this work) of clathrate/semi-clathrate hydrates for the
CO2 (0.3952 mole fraction) + H2 (0.6048 mole fraction) + TBAB aqueous solution system.
▲, pure water; ♦, 0.05 mass fraction TBAB aqueous solution; ●, 0.30 mass fraction TBAB
aqueous solution.
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Figure 5.11: Dissociation conditions (this work) of clathrate/semi-clathrate hydrates for the
CO2 (0.7501 mole fraction) + H2 (0.2499 mole fraction) + TBAB aqueous solution system.
▲, – pure water; ♦, 0.05 mass fraction TBAB aqueous solution; ●, 0.30 mass fraction TBAB
aqueous solution.
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6. Determination of the Hydrate Phase Composition
Détermination de la Composition de la Phase Hydrate
Personne ne peut nier l'importance de la détermination de la composition molaire des
clathrates hydrates dans le cadre de la conception de procédés de formation d'hydrate de gaz pour
la capture et la séquestration du CO2. Connaissant la composition de la phase hydrate, tout
ingénieur est capable d'évaluer la quantité de CO2 piégée dans les cavités de l'hydrate. En
d'autres termes, des informations fiables de compositions molaires dans un large domaine de
températures et pressions conduisent finalement à la sélection des conditions opérationnelles
optimales: T et p appropriées pour atteindre la purification souhaitée des gaz ainsi traités. À cet
égard, une démarche de calcul par bilans de masses a été appliquée ici afin de déterminer la
composition molaire de la phase hydrate pour les systèmes: le CO2 + N2 et CO2 + CH4 en
présence d'eau.
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No one can ever deny the importance of determination of the molar composition of the
clathrate hydrates in design of the gas hydrate formation processes with the aim of CO2 capture
and sequestration. Having calculated the composition of the hydrate phase, an engineer is able to
evaluate the amount of the CO2 trapped in the hydrate cavities. In other words, reliable molar
composition information eventually leads to selection of the optimal operational conditions such
as appropriate pressures and temperatures to reach a desired purification of the outlet gas streams
from such processes. In this regard, a mass balance approach has been herein applied to
determine the molar composition of the hydrate phase for the CO2 + N2 and CO2 + CH4 systems
in the presence of water.

6.1. Experimental information
During previous measurements in our laboratory59,426 pursuing isochoric pressure search
method58,59,199,312,425-429 accompanied by the gas phase sampling using the ROLSITM and gas
chromatography, the following quantities had been measured for the two aforementioned
systems:
1. Total volume of the equilibrium cell (V),
2. Total quantity (moles) of carbon dioxide, methane/nitrogen, and water (n1t, n2t, n3t,
respectively),
3. Mole fractions of gas phase (y1 and y2 where subscripts 1 and 2 refer to CO2 and CH4/N2,
respectively, and
4. The equilibrium temperature (T) and pressure (P).

6.2. Mass balance equations
The compositions of the hydrate and aqueous phases are determined using a material
balance approach reported by Ohgaki et al.217 in combination with the experimental data and the
volumetric properties evaluated from a thermodynamic model (using an appropriate equation of
state). Considering that all types of molecules have the same gaseous molar volume (viG which is
replaced by vmG), the following volume balance equation can be written:59,217,426
V   niG vmG   niL viL  n H v H

(6.1)
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where the subscript m denotes the gas mixture and the superscripts H, L, and G represent the
hydrate, liquid, and gas phases, respectively, as designated in previous chapters. The volumetric
properties for the gas mixture (vmG), liquid (viL) and the molar volume of ideal hydrate (viH) have
been calculated using the reliable CSMGem2 thermodynamic model (refer to reference2 and
section 3.4 of this thesis to see more details about this model).
In addition, Eqs. 6.2 to 6.4 are derived according to the material balances for the three
present components in the system as follows:59,217,426

n  n n
t

G
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1

1

1

n n
n n
t

G

2

2

t

L

3

3

 zn

H

(6.2)

 n2  1  z  n
L

 qn

H

(6.3)
(6.4)

H

where z is water-free mole fraction in hydrate phase and q stands for hydration number. The total
amount of each component once measured, can be partitioned into gas, liquid (aqueous phase),
and hydrate (z) phases for CO2 and CH4/N2 (n1t, n2t, respectively), and liquid and hydrate phases
for water (n3t).
The expressions for mole fractions of CO2 in the gas phase (y1) and CO2 (x1) and CH4/N2
(x2) in the liquid phase are given by the following equations:

y  n /n
x  n /n
x  n /n
G

G

1

1

i

L

L

1

1

i

2

L

L

2

i

(6.5)
(6.6)
(6.7)

The values of x1 and x2 have been estimated applying the CSMGem2 thermodynamic
model, as first guesses. Eqs. (6.1) to (6.7) have been solved simultaneously using the numerical
approach described in the next section.

6.3. Mathematical approach
6.3.1. Newton’s method
For obtaining the values of the seven unknown variables including n1G, n2G, n1L, n2L, n3L,
nH, and z, the Newton‟s method431 has been used. Among the numerical methods for solving
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non-linear equations (such as interval halving, fixed point iteration etc.), the Newton‟s numerical
method431 can be reliably extended to solve systems of non-linear equations, which are generally
required in scientific and engineering problems.432
Consider the system of N non-linear equations with N unknowns as follows:

f1 ( xi 1 , xi ,...)  0

i  1,...N

(6.9)

f 2 ( xi 1 , xi ,...)  0

i  1,...N

(6.10)

.
.
.
f N ( xi 1 , xi ,...)  0

i  1,...N

(6.11)

where f stands for the function and x stands for the unknowns. Solving for values of the
unknowns is followed up by presenting the preceding functions as Taylor series and appropriate
mathematical derivations following by some rearrangements as:

 x 0 ( a 1)   x 0 ( a ) 

 

 x 1( a 1)   x 1( a ) 
.
 .


 

.
 .

.
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 x N ( a 1)   x N ( a ) 

 f 1 ( x ( i 1) a , x ( i ) a ,...) 


 f 2 ( x ( i 1) a , x ( i ) a ,...) 
.
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 f N ( x ( i 1) a , x ( i ) a ,...)
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 x
 i 1
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 xi 1
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.
.

 f N
 x
 i 1

f 1
...
xi
f 2
...
xi
.
.
.
f N
...
xi
















1

i  1,...N

(6.12)

( x( i 1) a , x( i ) a ,...)

where a denotes the estimated value of an unknown variable. Finally, the following expression is
used applying the Jacobian matrix:432
x N (a1)  x Na  J a1 f ( x Na )

(6.13)

where J refers to the Jacobian Matrix and is calculated by the expression below:432
 fm 
J a (m, n)  

 x n 

(6.14)
x Na
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In the preceding equation, m and n are the numbers of particular functions and related
variables, respectively. Equations (6.13) and (6.14) are repetitively used until the following
convergence criteria are satisfied:

 x0(a 1 )  x0(a)   1 

  
 x1(a 1 )  x1(a)   2 
.
 . 

  
.
 . 
.
 . 

  
 x N(a1 )  x N(a)   N 

(6.15)

where ε stands for a specified tolerance during the calculation steps of the Newton‟s numerical
method, which is normally defined by the user (it can be a small value depending of the order of
magnitudes of the solution values).

6.3.2. Constraint handling
According to the mass conservation law, some constraints should be taken into account for
solving the system of equations of the interest as follows:

n1G  n1t

(6.16)

n n

(6.17)

G
2

t
2

n1L  n1t

(6.18)

n2L  n2t

(6.19)

n n

(6.20)

L
3

t
3

Due to the fact that the mentioned Newton‟s method is not, normally, able to handle the
following constraints, we have considered an objective function that is supposed to be minimized
by an appropriate optimization method as follows:
N

FF ( xi 1 , xi ,...)   f i ( xi 1 , xi ,...)

(6.21)

i
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where FF stands for the primary objective function before introducing the constraints. It should
be noted that the other constraint ( 0  z  1 ) is satisfied intrinsically through solving the
equations. In this work, the DE406,407 optimization algorithm has been used for minimization of
the objective function (Eq. 6.21).

6.3.3 Problem formulation
The constraints of the problem are considered to be inequality constraints and written as
follows:426
n1t - n1G  0

(6.22)

n2t - n2G  0

(6.23)

n -n  0

(6.24)

n -n  0

(6.25)

n3t - n3L  0

(6.26)

t
1

t
2

L
1

L
2

Taking the advantage of penalty functions (similar to those described in section 4.2.), the
final formulation of the objective function is given by: 426
5

OF  FF ( xi 1 , xi ,...) (1)



gl 2

(6.27)

l 1

where,
g1  max{ 0, n1t - n1G }

(6.28)

g 2  max{ 0, n - n }

(6.29)

g 3  max{ 0, n1t - n1L }

(6.30)

g 4  max{ 0, n - n }

(6.31)

g 5  max{ 0, n - n }

(6.32)

t
2

t
2

t
3

G
2

L
2

L
3

Therefore, Newton‟s numerical method431 has been coupled with the DE406,407 strategy to
obtain the values of the unknown variables. The calculation steps are continued until the
convergence criterion of the Newton‟s method and all of the constraints of the objective function
are satisfied.
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6.4. Results of solving the mass balance equations
The previously measured hydrate equilibrium conditions59,426 (temperature, pressure,
molar composition of vapor phase) for the CO2 + CH4/N2 + H2O systems at various compositions
of CO2 in the gas feed have been treated in this work. The described mathematical approach has
been pursued to determine the compositions of hydrate (and liquid) phases. Figures 6.1 to 6.10
depict the pressure-composition diagrams for the CO2 + CH4/N2 + water systems containing the
CO2 molar compositions in the vapor and hydrate phases at selected isothermal conditions. It is
observed that the mole fractions of CO2 in the gas and hydrate phases generally decrease as
pressure increases. This suggests that considerable enrichment of CO2 in the hydrate phase takes
place in the studied systems. It is also interpreted that the composition of CO2 in the gas phase
increases as temperature increases, which translates in less amount of CO2 trapped in the hydrate
phase at high temperatures.59,426 It is worth it to mention that sketching such figures (Figures 6.1
to 6.10) is essential in designing the adsorption/desorption units (multi-stage operations) in CO2
capture processes.
Compositional analysis of the hydrate and liquid phases for the ternary CO2 + CH4/N2 +
H2O systems are also illustrated in Table 6.1 and Table 6.2. As can be seen in these tables, the
predictions of the CSMGem model2 for the mole fraction of CO2 in the gas phase generally agree
with the applied experimental data.59,426 However, the thermodynamic model2 shows higher
deviations when predicting the molar compositions of CO2 in the hydrate phase with respect to
the results of compositional analysis using the mass balance approach. This suggests that the
parameters of the thermodynamic model may require re-adjustment using fully compositional
analysis + hydrate dissociation conditions experimental data since the optimal values of such
model parameters have generally been obtained using mainly experimental hydrate dissociation
data (and perhaps not compositional three-phases data). As for the unspecified points shown in
Table 6.1 and Table 6.2 related to the predictions of the CSMGem model,2 it should be noted that
the model is not able to predict the three-phase equilibrium (Lw-H-G) properties at the studied
conditions. It should be noted that the uncertainty in the results of the molar compositions of the
hydrate phase is calculated to be around 15 % applying the error propagation method.
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Figure 6.1: Pressure-composition diagram for the methane + carbon dioxide + water system
under Lw-H-G equilibrium at 273.6 K. Experimental: yCO2 (▲);426 This work: zCO2 (●).
CSMGem model2 predictions: yCO2 (Δ); zCO2 (○).
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Figure 6.2: Pressure-composition diagram for the methane + carbon dioxide + water system
under Lw-H-G equilibrium at 275.2 K. Experimental: yCO2 (▲);426 This work: zCO2 (●).
CSMGem model2 predictions: yCO2 (Δ); zCO2 (○).
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Figure 6.3: Pressure-composition diagram for the methane + carbon dioxide + water system
under Lw-H-G equilibrium at 276.1 K. Experimental: yCO2 (▲);426 This work: zCO2 (●).
CSMGem model2 predictions: yCO2 (Δ); zCO2 (○).
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Figure 6.4: Pressure-composition diagram for the methane + carbon dioxide + water system
under Lw-H-G equilibrium at 278.1 K. Experimental: yCO2 (▲);426 This work: zCO2 (●).
CSMGem model2 predictions: yCO2 (Δ); zCO2 (○).
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Figure 6.5: Pressure-composition diagram for the methane + carbon dioxide + water system
under Lw-H-G equilibrium at 280.2 K. Experimental: yCO2 (▲);426 This work: zCO2 (●).
CSMGem model2 predictions: yCO2 (Δ); zCO2 (○).
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Figure 6.6: Pressure-composition diagram for the nitrogen + carbon dioxide + water system
under Lw-H-G equilibrium at 273.6 K. Experimental: yCO2 (▲);59 This work: zCO2 (●).
CSMGem model2 predictions: yCO2 (Δ); zCO2 (○).
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Figure 6.7: Pressure-composition diagram for the nitrogen + carbon dioxide + water system
under Lw-H-G equilibrium at 275.2 K. Experimental: yCO2 (▲);59 This work: zCO2 (●).
CSMGem model2 predictions: yCO2 (Δ); zCO2 (○).
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Figure 6.8: Pressure-composition diagram for the nitrogen + carbon dioxide + water system
under Lw-H-G equilibrium at 276.1 K. Experimental: yCO2 (▲);59 This work: zCO2 (●).
CSMGem model2 predictions: yCO2 (Δ); zCO2 (○).
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Figure 6.9: Pressure-composition diagram for the nitrogen + carbon dioxide + water system
under Lw-H-G equilibrium at 278.1 K. Experimental: yCO2 (▲);59 This work: zCO2 (●).
CSMGem model2 predictions: yCO2 (Δ); zCO2 (○).
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Figure 6.10: Pressure-composition diagram for the nitrogen + carbon dioxide + water system
under Lw-H-G equilibrium at 279.7 K. Experimental: yCO2 (▲);59 This work: zCO2 (●).
CSMGem model2 predictions: yCO2 (Δ); zCO2 (○).
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Table 6.1: Three-phase (Lw-H-G) equilibrium data/mass balance approach results for gas mixtures of CO2 + CH4 in the presence of water
at various temperatures and pressures.
Experimental data for the gas phase/Compositional analysis of the liquid and
hydrate phases

2

Absolute relative deviations (ARD %)c

CSMGem model predictions

Feed

T/K

p/
MPa

Gas
phase

Hydrate
phase

yCO2 /
mole
fraction

zCO2 / mole
fraction
(water free
base)

CO2 /
mole
fraction

CH4 /
mole
fraction

Gas
phase

Hydrate
phase

H20 /
mole
fraction

yCO2 /
mole
fraction

zCO2 / mole
fraction
(water free
base)

Aqueous phase

Gas
phase

Hydrate
phase

xH2O / mole
fraction

yCO2 /
mole
fraction

zCO2 / mole
fraction
(water free
base)

Aqueous phase
xCO2 /
xCH4 /
mole
mole
fraction fraction

Aqueous phase
xCO2 /
xCH4 /
mole
mole
fraction fraction

xH2O /
mole
fraction

CO2 /
mole

CH4 /
mole

H2O /
mole

0.048

0.165

1.43

273.6

2.234

0.141

a

a

a

a

0.151

0.296

0.0036

0.0008

0.9956

7.1

-

-

-

-

0.048

0.165

5.236

273.6

2.416

0.125

a

a

a

a

b

b

b

b

b

-

-

-

-

-

0.048

0.165

8.185

273.6

2.440

0.081

0.096

0.0055

0.0006

0.994

b

b

b

b

b

-

-

-

-

-

0.116

0.115

1.65

273.6

1.844

0.345

0.549

0.0099

0.0003

0.9898

0.376

0.538

0.0075

0.0005

0.992

9.0

2.0

24

67

0.2

0.116

0.115

5.355

273.6

1.941

0.288

0.392

0.0062

0.0006

0.9932

0.291

0.478

0.0062

0.0006

0.9932

1.0

22

0.0

0.0

0.0

0.116

0.115

8.48

273.6

2.048

0.220

0.294

0.0095

0.0003

0.9902

b

b

b

b

b

-

51

-

-

-

0.181

0.057

1.696

273.6

1.510

0.63

0.884

0.0127

0.0001

0.9872

0.626

0.765

0.0107

0.0002

0.9891

0.6

13

16

100

0.2

0.181

0.057

5.182

273.6

1.607

0.545

0.801

0.0128

0.0001

0.9871

b

b

b

b

b

-

-

-

-

-

0.048

0.165

1.43

275.2

2.583

0.166

0.338

0.0071

0.0008

0.9921

0.171

0.32

0.0044

0.0008

0.9948

3.0

5.3

38

0.0

0.3

0.048

0.165

5.236

275.2

2.712

0.129

a

a

a

a

b

b

b

b

b

-

-

-

-

-

0.048

0.165

8.185

275.2

2.766

0.086

0.179

0.003

0.0009

0.9961

0.109

0.225

0.003

0.0009

0.9961

27

26

0.0

0.0

0.0

0.116

0.115

1.65

275.2

2.123

0.384

0.65

0.0108

0.0003

0.9889

0.392

0.574

0.0085

0.0005

0.991

2.1

12

21

67

0.2

0.116

0.115

5.355

275.2

2.220

0.302

0.586

0.0075

0.0006

0.9919

0.295

0.52

0.0075

0.0006

0.9919

2.3

11

0.0

0.0

0.0

0.116

0.115

8.48

275.2

2.400

0.228

0.366

0.0108

0.0003

0.9889

0.245

0.419

0.0059

0.0007

0.9934

7.5

14

45
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0.5

0.181

0.057

1.696

275.2

1.792

0.657

0.831

0.0123

0.0002

0.9875

0.634

0.786

0.0123

0.0002

0.9875

3.5

5.4

0.0

0.0

0.0

0.181

0.057

5.182

275.2

1.865

0.565

0.752

0.0113

0.0003

0.9884

0.589

0.732

0.0113

0.0003

0.9884

4.2

2.7

0.0

0.0

0.0

0.048

0.165

1.43

276.1

2.813

0.179

0.264

0.0062

0.0007

0.9931

0.183

0.397

0.0049

0.0008

0.9943

2.2

50

21

14

0.1

0.048

0.165

5.236

276.1

3.025

0.134

0.239

0.0034

0.0009

0.9957

0.128

0.335

0.0034

0.0009

0.9957

4.5

40

0.0

0.0

0.0

0.048

0.165

8.185

276.1

3.027

0.096

0.238

0.0062

0.0007

0.9931

b

b

b

b

b

-

-

-

-

-

0.116

0.115

1.65

276.1

2.318

0.405

0.644

0.0113

0.0004

0.9883

0.664

0.397

0.0092

0.0005

0.9903

64

38

19

25

0.2
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0.116

0.115

5.355

276.1

2.503

0.315

0.4

0.0113

0.0004

0.9883

0.408

0.584

0.0074

0.0006

0.992

29

46

34

50

0.4

0.116

0.115

8.48

276.1

2.69

0.232

0.312

0.0113

0.0004

0.9883

b

b

b

b

b

-

-

-

-

-

0.181

0.057

1.696

276.1

1.985

0.669

0.877

0.0158

0.0002

0.984

b

b

b

b

b

-

-

-

-

-

0.181

0.057

5.182

276.1

2.174

0.579

0.784

0.0114

0.0004

0.9882

b

b

b

b

b

-

-

-

-

-

0.048

0.165

1.43

278.1

3.416

0.202

0.233

0.0088

0.0021

0.989

b

b

b

b

b

-

-

-

-

-

0.048

0.165

5.236

278.1

3.631

0.139

0.225

0.0074

0.0009

0.9917

b

b

b

b

b

-

-

-

-

-

0.048

0.165

8.185

278.1

3.802

0.103

0.148

0.0068

0.0008

0.9924

0.095

0.193

0.003

0.0011

0.9959

7.8

30

56

37

0.4

0.116

0.115

5.355

278.1

3.037

0.323

0.457

0.0124

0.0004

0.9871

b

b

b

b

b

-

-

-

-

-

0.116

0.115

8.48

278.1

3.319

0.233

0.273

0.0126

0.0004

0.987

0.232

0.392

0.0066

0.0009

0.9926

0.4

44

48

125

0.6

0.181

0.057

1.696

278.1

2.450

0.694

a

a

a

a

b

b

b

b

b

-

-

-

-

-

0.181

0.057

5.182

278.1

2.580

0.609

0.786

0.0137

0.0004

0.9859

0.604

0.786

0.0137

0.0004

0.9859

0.8

0.0

0.0

0.0

0.0

0.048

0.165

1.43

279.2

3.565

0.202

0.266

0.0071

0.0009

0.992

b

b

b

b

b

-

-

-

-

-

0.048

0.165

5.236

280.2

4.486

0.147

0.307

0.0023

0.0079

0.9898

b

b

b

b

b

-

-

-

-

-

0.048

0.165

8.185

280.2

4.655

0.108

0.245

0.0013

0.007

0.9917

b

0.41

b

b

b

-

-

-

-

-

0.116

0.115

5.355

280.2

3.541

0.344

0.727

0.0146

0.0005

0.9849

b

b

b

b

b

-

-

-

-

-

0.116

0.115

8.48

280.2

4.109

0.235

0.339

0.0114

0.0005

0.9881

0.255

0.409

0.0078

0.0009

0.9912

8.5

21

32

80

0.3

0.181

0.057

5.182

280.2

3.139

0.62

0.86

0.0167

0.0004

0.983

b

b

b

b

b

-

-

-

-

-

0.181

0.057

8.395

280.2

3.481

0.49

0.788

0.015

0.0002

0.9848

b

b

b

b

b

-

-

-

-

-

0.048

0.165

8.185

282.2

5.767

0.114

0.276

0.0065

0.0016

0.9919

b

b

b

b

b

-

-

-

-

-

0.048

0.165

8.185

284.2

7.190

0.115

0.107

0.0067

0.0012

0.9921

b

b

b

b

b

-

-

-

-

-

10

22

20

41

0.2

AARD
%
a

Some/all of constraints are not satisfied.

b

No three phase flash convergence using CSMGem model.2

c

ARD %  100 

( y / x / z )i

exp.

 ( y / x / z )i

( y / x / z )i

exp.

pred .

, where superscript exp. stands for the values resulting from the experimental measurements for the gas phase or

compositional analysis using mass balance approach, and superscript pred. refers to the predicted values applying the CSMGem model.2
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Table 6.2: Three-phase (Lw-H-G) equilibrium data/mass balance approach results for gas mixtures of CO2 + N2 in the presence of water at
various temperatures and pressures.
Experimental data for the gas phase/Compositional analysis of
the liquid and hydrate phases

Feed

CSMGem model2 predictions

gas
phase

hydrate
phase

gas
phase

zCO2 /
mole
fraction
(water
free
base)

CO2 /
mole
fraction

N2 /
mole
fraction

H20 /
mole
fraction

yCO2 /
mole
fraction
(water
content
free
base)

zCO2 /
mole
fraction
(water
free
base)

S

θ CO2 - S

aqueous phase

absolute relative deviation (ARD %)a

hydrate phase

CO2 /
mole

N2 /
mole

H2O /
mole

T/K

p / MPa

yCO2 /
mole
fraction
(water
content
free
base)

0.2086

0.0695

1.543

273.6

2.032

0.617

0.97

0.0136

0.0001

0.9862

0.618

0.938

I

0.4416

0.1947

0.5842

1.5516

273.6

8.149

0.171

0.657

0.0123

0.0009

0.9868

0.109

0.537

I

0.1312

0.1947

0.5842

6.6615

273.6

11.943

0.179

0.373

0.0037

0.0018

0.9945

0.045

0.261

I

0.2086

0.0695

7.649

273.6

2.962

0.429

0.897

0.0123

0.0003

0.9874

0.405

0.855

I

0.1845

0.196

1.553

273.6

3.761

0.32

b

b

b

b

0.306

0.797

0.2547

0.0898

2.7525

274.6

2.543

0.728

0.739

0.0141

0.0002

0.9857

0.552

0.4371

0.1472

2.0555

274.9

5.204

0.717

0.788

0.0277

0.0002

0.972

0.2086

0.0695

1.543

275.2

2.29

0.656

0.897

0.0154

0.0001

0.9845

0.2547

0.0898

2.7525

275.2

2.643

0.729

0.888

0.0148

0.0002

0.985

0.2086

0.0695

7.649

275.2

3.256

0.449

0.879

0.014

0.0003

0.1845

0.196

1.553

275.2

4.045

0.357

b

b

0.1845

0.196

6.273

275.2

7.45

0.174

0.817

0.0139

0.1947

0.5842

1.5516

275.2

8.246

0.176

0.799

0.0086

0.1947

0.5842

6.6615

275.2

12.745

0.16

0.382

0.2547

0.0898

2.7525

275.6

2.714

0.73

0.4371

0.1472

2.0555

275.8

5.381

0.719

0.2086

0.0695

1.543

276.1

2.5

0.2547

0.0898

2.7525

276.1

2.865

aqueous phase

gas
phase

hydrate
phase

aqueous phase

N2 /
mole
fraction

H20 /
mole
fraction

yCO2 /
mole
fraction
(water
content
free
base)

zCO2 /
mole
fraction
(water
free
base)

CO2 /
mole
fraction

N2 /
mole
fraction

H20 / mole
fraction

θ N2 - S

θ N2 - L

CO2 /
mole
fraction

0.9277

0.1407

0.033

0.0140

0.0001

0.9857

0.2

3.3

2.9

0.0

0.1

0.6096

0.6557

0.3451

0.0069

0.0012

0.9919

36

18

44

33

0.5

0.0396

0.307

0.7986

0.6417

0.0036

0.0018

0.9946

75

30

3.2

0.8

0.0

0.3625

0.8814

0.2768

0.0775

0.0123

0.0003

0.9874

5.6

4.7

0.0

0.0

0.0

I

0.3066

0.8402

0.3685

0.1175

0.0112

0.0005

0.9883

4.4

-

-

-

-

0.909

I

0.433

0.9177

0.1844

0.0448

0.0141

0.0002

0.9857

24

23

0.0

0.0

0.0

c

c

c

c

c

c

c

c

c

c

-

-

-

-

-

0.682

0.941

I

0.478

0.9369

0.1244

0.0277

0.0202

0.0001

0.9797

4.0

4.9

31

0.0

0.5

0.574

0.914

I

0.4476

0.922

0.1762

0.0419

0.0148

0.0002

0.9850

21

2.9

0.0

0.0

0.0

0.9857

0.443

0.866

I

0.3994

0.8959

0.2549

0.0671

0.0140

0.0003

0.9860

1.3

1.5

0.0

0.0

0.0

b

b

0.356

0.820

I

0.3457

0.8614

0.34

0.1006

0.0130

0.0004

0.9866

0.3

-

-

-

-

0.0062

0.9799

0.166

0.622

I

0.1889

0.7034

0.5822

0.2556

0.0091

0.0010

0.9899

4.6

24

34

84

1.0

0.0011

0.9903

0.144

0.590

I

0.1641

0.6646

0.6204

0.2939

0.0120

0.0010

0.9871

18

26

39

9.1

0.3

0.011

0.0014

0.9876

0.066

0.370

I

0.0697

0.4338

0.7685

0.5227

0.0050

0.0020

0.9930

59

3.2

54

43

0.5

0.764

0.0153

0.0002

0.9845

0.590

0.917

I

0.4573

0.9248

0.1708

0.04

0.0153

0.0001

0.9844

19

20

0.1

50

0.0

0.802

0.0359

0.0003

0.9638

c

c

c

c

c

c

c

c

c

c

-

-

-

-

-

0.682

0.984

0.0164

0.0001

0.9835

0.690

0.943

I

0.4952

0.94

0.1211

0.0264

0.0164

0.0001

0.9835

1.2

4.2

0.0

0.0

0.0

0.731

0.79

0.0177

0.0002

0.9821

0.595

0.917

I

0.465

0.926

0.1715

0.0398

0.0158

0.0002

0.9840

19

16

11

0.0

0.2

*

**
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θ

***

CO2 - L

0.2086

0.0695

7.649

276.1

3.703

0.488

0.703

0.0156

0.0003

0.9841

0.449

0.864

I

0.4027

0.8933

0.2707

0.0715

0.0147

0.0003

0.9850

8.0

23

5.8

0.0

0.1

0.1845

0.196

1.553

276.1

4.401

0.396

0.688

0.015

0.0004

0.9817

0.370

0.823

I

0.3579

0.8653

0.3398

0.0987

0.0137

0.0005

0.9859

6.6

20

8.7

25

0.4

0.1947

0.5842

1.552

276.1

8.58

0.196

0.574

0.0095

0.0011

0.9894

0.162

0.611

I

0.181

0.6872

0.6071

0.2739

0.0095

0.0011

0.9894

17

6.4

0.0

0.0

0.0

0.2086

0.0695

7.6487

276.7

3.703

0.488

0.703

0.0156

0.0003

0.9841

0.489

0.878

I

0.4269

0.9038

0.2469

0.0625

0.0156

0.0003

0.9841

0.2

25

0.0

0.0

0.0

0.2086

0.0695

1.543

277.1

2.706

0.705

0.838

0.0177

0.0001

0.9822

c

c

c

c

c

c

c

c

c

c

-

-

-

-

-

0.2547

0.0898

2.7525

277.3

3.13

0.732

0.83

0.0185

0.0002

0.9814

0.639

0.927

I

0.4938

0.9336

0.1564

0.0349

0.0174

0.0002

0.9824

13

12

5.9

0.0

0.1

0.4371

0.1472

2.0555

277.8

6.159

0.747

0.864

0.0336

0.0057

0.9607

c

c

c

c

c

c

c

c

c

c

-

-

-

-

-

0.2086

0.0695

1.543

278.1

2.974

0.729

0.89

0.0213

0.0068

0.9719

c

c

c

c

c

c

c

c

c

c

-

-

-

-

-

0.2547

0.0898

2.7525

278.1

3.411

0.734

0.752

0.0185

0.0002

0.9814

0.692

0.937

I

0.5075

0.9358

0.1554

0.0342

0.0184

0.0002

0.9814

5.7

25

0.5

0.0

0.0

0.2086

0.0695

7.649

278.1

4.194

0.521

0.655

0.0173

0.0003

0.9824

c

c

c

c

c

c

c

c

c

c

-

-

-

-

-

0.1947

0.5842

1.552

278.1

9.146

0.229

0.541

0.0121

0.0011

0.9869

0.212

0.662

I

0.2303

0.743

0.5627

0.2234

0.0118

0.0011

0.9870

7.4

22

2.5

0.0

0.0

0.1947

0.5842

6.6615

278.1

14.26

0.127

0.513

0.008

0.0017

0.9903

0.110

0.474

I

0.1145

0.5529

0.7303

0.412

0.0080

0.0017

0.9904

13

7.6

0.0

0.0

0.0

0.2086

0.0695

7.649

279.7

4.817

0.557

0.698

0.0167

0.0003

0.983

c

c

c

c

c

c

c

c

c

c

-

-

-

-

-

0.1845

0.196

6.273

279.7

10.021

0.263

0.607

0.0137

0.0083

0.9781

0.261

0.695

I

0.2644

0.7723

0.5373

0.1977

0.0141

0.0011

0.9848

0.8

14

2.9

87

0.7

0.1947

0.5842

6.6615

279.7

15.816

0.148

0.551

0.0095

0.0018

0.9887

0.140

0.508

I

0.135

0.5915

0.7178

0.3773

0.0095

0.0018

0.9887

5.4

7.8

0.0

0.0

0.0

0.1947

0.5842

6.6615

281.2

17.628

0.176

0.584

0.0112

0.0018

0.987

0.170

0.536

I

0.1547

0.6229

0.7065

0.3494

0.0112

0.0018

0.9870

3.4

8.2

0.0

0.0

0.0

0.4371

0.1472

2.0555

281.7

6.329

0.746

0.806

0.0207

0.0006

0.9788

c

c

c

c

c

c

c

c

c

c

-

-

-

-

-

14

14

9.8

13

0.2

AARD
%

a

ARD %  100 

( y / x / z)i

exp.

 ( y / x / z)i

( y / x / z)i

exp.

pred .

, where superscript exp. stands for the values resulting from the experimental measurements for the gas phase or

compositional analysis using mass balance approach, and superscript pred. refers to the predicted values applying the CSMGem model.2
b

Some/all of constraints are not satisfied.
No three phase flash convergence using CSMGem2 model.
*
Gas hydrate structure.
**
Small cage occupancy.
***
Large cage occupancy.
c
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7. Assessment of Experimental Phase Equilibrium Data
Evaluation des données expérimentales d'équilibres de Phases
Il est maintenant bien accepté que les procédés efficaces des industries chimiques,
pétrolières, pharmaceutiques et des polymères sont généralement conçus lorsqu´il est possible
de disposer de valeurs thermo-physiques, physico-chimiques et de propriétés
thermodynamiques des produits concernés ou de leurs mélanges, ainsi que des équilibres de
phases aussi précis que possible.433-435 On peut espérer obtenir les valeurs de ces
propriétés/équilibres de phases par des mesures via des procédures/techniques expérimentales
associées à des appareillages appropriés dans des laboratoires fiables. En général, la mesure
précise des équilibres de phases est d'une grande importance surtout pour remplir les objectifs
suivants :
1. Pour offrir à l'industrie des données fiables afin de concevoir des procédés efficaces dans le
cadre d´applications industrielles potentielles;
2. Pour évaluer les paramètres des modèles thermodynamiques, qui sont censés être
applicables pour les prédictions des équilibres de phases de systèmes d´intérêt aux diverses
conditions opératoires.

Les gros efforts expérimentaux, entrepris depuis les deux siècles passés, ont permis de
s´apercevoir que les données de ce type sont générées avec des incertitudes non négligeables
probablement en raison des conditions de température et de pression très élevées (ou très
faibles), des compositions extrêmement faibles de certaines espèces dans les mélanges, de la
conception inappropriée des appareils, de techniques expérimentales non fiables, de
transitions de phase trop lentes, de gradients compositionnels, de phénomènes d´hystérésis,
d´erreurs humaines pendant les mesures, d´un manque de soin au cours de l'étalonnage des
instruments (notamment les capteurs de pression, les sondes de température, les détecteurs de
chromatographes, etc.).13,14,413,436-439
Par conséquent, la cohérence des données
expérimentales d'équilibres de phases doit être vérifiée soigneusement avant toute utilisation.

Le but de ce chapitre est l'évaluation des données d'équilibres de phases des systèmes
contenant des hydrates de gaz, et ce, à l'aide de deux approches:
I. Tests de cohérence thermodynamique au moyen d'une méthode fondée sur l´équation de
Gibbs-Duhem; 440-443
II. Évaluation des données par application de la méthode statistique basée sur l'effet de
levier.444-446
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It is currently well-accepted that the efficient processes in chemical, petroleum,
pharmaceutical, and polymer industries are generally designed in the case of availability of
the values of the thermo-physical, physico-chemical, and thermodynamic properties of the
involved components or their relevant mixtures as well as accurate phase equilibrium data.433435
This can be expected by the corresponding experimental measurements of such
properties/phase behaviors (indeed, beside the integrity of the processes' design), which are
obtained through accurate experimental procedures/techniques and appropriate apparatuses in
reliable laboratories. In general, measuring accurate experimental phase equilibrium data is
of great significance mainly to fulfill the following objectives:
1. To provide the industry with reliable data, which have potential industrial applications in
order to design efficient processes;
2. Evaluation of the optimal parameters of the thermodynamic models, which are supposed to
be applicable for predictions of the phase equilibria of the systems of interest at various
operational conditions.

However, broad experimental efforts, since the past two centuries, indicate that
generating these kinds of data are intrinsically with probable non-negligible uncertainties
mainly due to very high (or very low) temperature/pressure conditions, extremely low
compositions of particular species in the mixtures, inappropriate design of the apparatuses,
unreliable experimental techniques, time-consuming phase transitions, compositional
gradients, hysteresis human mistakes during the measurements, carelessness in calibration of
the instruments (including pressure transducers, temperature probes, detectors of gas
chromatographs and so forth) etc.13,14,413,436-439 Therefore, the consistency of the experimental
phase equilibrium data need to be checked prior to their further applications.
This chapter aims at assessment of phase equilibrium data of the systems containing
gas hydrates using two approaches:
I. Thermodynamic consistency tests using a method on the basis of the “Gibbs-Duhem
equation”;440-443
II. Data evaluation applying the statistical method of the Leverage approach.444-446

137

7.1. Thermodynamic consistency test
The thermodynamic relationship, which is frequently used to analyze thermodynamic
consistency of experimental phase equilibrium data is the fundamental „„Gibbs-Duhem
equation.‟‟ 440-443 This equation, as normally presented in the literature, interrelates the
activity/fugacity coefficients of all components in a given mixture. If the equation is not
obeyed within the deﬁned criteria, then the data may be declared to be thermodynamically
inconsistent i.e. this relation imposes a constraint on the activity/fugacity coefficients that has
not been satisﬁed by the experimental data.13,14,413,436-439 The latter phenomenon is mainly due
to probable errors during the experimental phase equilibrium measurements, as already
described.
The ways in which the „„Gibbs-Duhem equation‟‟ 440-443 is arranged and applied to the
experimental data have given origin to several „„consistency test methods‟‟, most of them
developed for low-pressure data. Among these, are the „„slope test,‟‟ the „„integral test,‟‟ the
„„differential test,‟‟ and the „„tangent-intercept test‟‟. 440-443 Good reviews of these methods are
given elsewhere.443
In recent years, Valderrama and coworkers 447-451 have investigated the applications of
numerical thermodynamic consistency method to various systems including incomplete phase
equilibrium data of high-pressure gas–liquid mixtures,447 high pressure ternary mixtures of
compressed gas and solid solutes,448 high pressure gas-solid solubility data of binary
mixtures,449 vapor-liquid equilibrium data for mixtures containing ionic liquids,450 and high
pressure gas–liquid equilibrium data including both liquid and gas phases. 447 More recently,
our aim has been focused on application of almost the same method on important systems for
petroleum industry13,14,413,436-439 including water content of methane in equilibrium with gas
hydrate, liquid water or ice,13 solubility data of carbon dioxide and methane with water inside
and outside gas hydrate formation region,14 sulfur content of hydrogen sulfide vapor,413
compositional data of vapor phase in equilibrium with gas hydrate and liquid water for carbon
dioxide + methane or nitrogen + water system,436 solubility of waxy paraffins in natural gas
systems,437 diamondoids solubility438 and glycol loss data438 in gaseous systems.
The applied thermodynamic consistency test method has been developed on the basis
of rewriting the „„Gibbs-Duhem equation‟‟440-443 in terms of fugacity coefficients.452 The
employed method can be considered as a modeling procedure. This is because a
thermodynamic model that can reliably represent the experimental data must be used to apply
the consistency test. Fitting of the experimental data requires the calculation of some model
parameters using a defined objective function that must be minimized.
As stated by Valderrama and Alvarez,447 a good consistency test method to analyze
high pressure data is supposed to fulfill 10 basic requirements:13 (i) uses the „„Gibbs-Duhem
equation‟‟440-443; (ii) uses the fundamental equation of phase equilibrium; (iii) be used for
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testing all the experimental P-T-y data available; (iv) not necessarily requires experimental
data for the whole concentration range and be applicable for data in any range of
concentration; (v) be able to correlate the data within acceptable limits of deviations,
deviations that must be evenly distributed; (vi) requires few additional calculated properties;
(vii) be able to detect erroneous experimental points; (viii) makes appropriate use of necessary
statistical parameters; (ix) be simple to be applied, with respect to the complexity of the
problem to be solved; and (x) be able to conclude about consistency taking into account
appropriate criteria.

7.1.1. Equations

The „„Gibbs-Duhem equation‟‟440-443 for a binary homogeneous mixture at constant
temperature can be written as: 13,14,413,436-439,447-451

 vE 
 RT  dP  y1 d (ln  1 )  y 2 d (ln  2 )



(7.1)

where vE is the excess molar volume, y represents the mole fraction of species present, γ is the
activity coefficient, and d is the derivative symbol. In this equation, subscripts 1 and 2 refer to
components 1 and 2 in the phase of interest, respectively. Eq. 1 can be written in terms of the
fugacity coefficients as follows:13,14,413,436-439,447-451

 Z  1
 P  dP  y1 d (ln 1 )  y 2 d (ln  2 )

(7.2)

where Z is the compressibility factor of the phase of concerned (the phase, on which the
consistency test is supposed to be undertaken) and φ stands for the fugacity coefficient, as
already designated. This equation can be written in terms of solubility of one of the
components of the mixture in the phase of interest. For instance, if the water is considered as
component 2 in the binary mixture of methane/nitrogen + water, the latter equation becomes:
13,14,413,436-439,447-451

y 2 d (ln  2 ) (1  y 2 ) d (ln 1 )
1 dP


P dy 2 ( Z  1) dy 2
( Z  1) dy 2

(7.3)

or in integral form as follows:
1

 Py

2

dP  

(1  y 2 )
1
d 2  
d1
( Z  1) 2
y 2 ( Z  1)1
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(7.4)

The properties φ1, φ2, and Z can be calculated using an appropriate thermodynamic
model. In Eq. 7.4, the left hand side is designated by Ap and the right hand side by Aφ, as
follows:13,14,413,436-439,447-451

Ap  

1
dP
Py 2

(7.5)

Aφ = Aφ1 + Aφ2

(7.6)

A1  

(1  y 2 )
d1
y 2 ( Z  1)1

(7.7)

A 2  

1
d 2
( Z  1) 2

(7.8)

Thus, if a set of data is considered to be consistent, Ap should be equal to Aφ within
acceptable defined deviations. To set the margins of errors, an individual percent area
deviation (ΔAi%) is defined as:13,14,413,436-439,447-451
A A
i
pi
ΔAi %  100

Api







(7.9)

where i refers to the data set number. The maximum values accepted for these deviations
regarding the proposed systems are discussed later.

7.1.2. Methodology

To evaluate the parameters required for the consistency test including the
compressibility factors, activity coefficients, molar compositions of the phase(s) of interest, a
suitable thermodynamic model should be applied, which is able to represent/predict the phase
behavior of the corresponding systems within an acceptable deviation, which is evaluated
using the following equation:

ARD %  100

yical. / pred .  yiexp.

(7.10)

yiexp.

where superscript cal./pred. stands for calculated/predicted values. The acceptable range of
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the absolute relative deviations for each investigated system is determined on the basis of the
general capabilities of the applied model(s) to represent/predict the concerned experimental
data.
The following steps are later pursued:13,14,413,436-439,447-451
1. Determine Ap from Eq. 7.5 using the experimental P (pressure)-T (temperature)-y/x
(composition) data. Use a numerical integration for this purpose. In this work, Simpson‟s 3/8
rule 431 has been used for the whole systems. Valderrama and Alvarez 447 have demonstrated
that the deviations between the calculated values of the integrals by the simple trapezoidal
integration rule and a fitted polynomial function are below 2%. Therefore, a simple numerical
integration method e.g. trapezoidal rule can be applied for the cases that there are only two
available experimental data points.
2. Evaluate Aφ by Eqs. 7.6 to 7.8 using the obtained values for φ2 and Z from the selected
thermodynamic model for the proposed system and y2/ x2 from experimental data.
3. For every set of the experimental data, determine an individual absolute percent area
deviation (ΔAi%) between experimental and calculated values by Eq. 7.9.

7.1.3. Consistency criteria

For determination of the acceptable percentages of the two evaluated areas deviations
from each other, the error propagation was performed on the existing experimental data. This
has been done herein using the general equation of error propagation,461 considering the
temperature and molar composition of the phase of interest as the independent measured
variables.13 The calculated individual area (Aφ) is the dependent variable. The error in the
calculated areas, EA and the percent error EA% are calculated as follows:13,14,413,436-439,447-451

 A 
 A 
E A   j  T   j  y
 T 
 y 

(7.11)

E 
E A %  100 A 
 Aj 

(7.12)

where subscript j refers to jth individual calculated area. We generally assume maximum
uncertainties of 0.1 K for the experimental temperature and 10% for the experimental
compositional data. However, these uncertainties depend on the method of experimental
measurements and the systems investigated. The maximum acceptable errors are much
dependent on uncertainty of compositional (or solubility) measurements and one can also
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neglect the first right hand side term of Eq. 7.11 because the corresponding uncertainty is
normally high (or at least higher than the uncertainty of temperature measurements).
The partial derivatives of the two preceding equations have been evaluated using the
Central Finite Difference method as implemented by Constantinides and Moustofi.431 The
range of the maximum acceptable error for the calculated areas (ΔAi% or EA %) depends on
the investigated system and the applied thermodynamic model.
The thermodynamic consistency test criteria are applied through the following
instructions: 13,14,413,436-439,447-451
1. Check that the absolute relative deviations of the model results (evaluated by Eq. 7.10) are
not outside of the margins of errors (ARD %). If so, eliminate the weak predictions until the
ARDs lie within the acceptable range.
2. If the model correlates the data within the acceptable error ranges of the compositional data
and the assessment test (consistency test) is fulfilled for all points in the data set, the proposed
model is reliable and the data seem to be thermodynamically consistent.
3. In the case that the model correlates the data acceptably and the area test is not
accomplished for most of the data set (about 75% of the areas), the applied model is reliable;
however, the experimental data seem to be thermodynamically inconsistent.
4. In the case that the model acceptably correlates the data and some of the area deviations
(equal to or less than 25% of the areas) are outside the error range (EA %), the applied method
declares the experimental values as probable not fully consistent.

7.1.4. Consistency test for experimental data of water content of methane in
equilibrium with gas hydrate, liquid water or ice

As mentioned earlier, natural gases may contain some quantities of undesired
dissolved water, which may condense during production, transportation, and processing
operations altering the physical state from vapor to condensed water, gas hydrates, and/or ice.
Condensed phase may lead to corrosion and/or two-phase flow problems. The formation of
gas hydrates and/or ice could result in equipment blockage and shutdown. A gas phase with
dissolved water can form gas hydrates/ice at the gas hydrates/ice-gas boundaries without the
presence of a free water phase from a thermodynamic standpoint. However, gas hydrate/ice
formation process from the dissolved water in the gas phase (in the absence of free water) is a
very time consuming process.2,13 Moreover, because of the low concentration of dissolved
water in the gaseous phase, the determination of water content of gas in equilibrium with gas
hydrate, ice, or liquid water (near gas hydrate or ice formation region) is difficult.13 Figure 7.1
shows the typical P-T phase diagram for the methane + water system.13,453,454
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Unfortunately, most of the experimental data for water content of natural gas
components in equilibrium with gas hydrate, ice, or liquid water (near gas hydrate or ice
formation region) were found to be scarce and often rather dispersed.1,2,13 Literature survey
reveals the availability of few sets of experimental data for water content of gases in
equilibrium with gas hydrate/ice.2 Therefore, few predictive methods for the water content of
gases in equilibrium with gas hydrate/ice have been recommended in the literature as these
methods are generally developed based on experimental data for their correlation.13 To present
accurate thermodynamic models for estimation of the water content of natural gases, reliable
experimental data sets are required. This section aims at testing the thermodynamic
consistency of literature data for methane (the main component of natural gases) water
content at conditions of equilibrium with gas hydrate, ice, or liquid water (near gas hydrate or
ice formation region) to verify their reliability.

log(P)

H-V Region

L w-V-H

Increase of Water Content
I-V-H

L w-V Region
I-V Region

Ice Line

T

Figure 7.1: Typical H-G, I-G, and Lw-G equilibria regions for water (limiting reactant)
single (pure and supercritical) hydrate former system. 13,453,454 Bold solid lines: Lw-G-H
and I-G-H equilibria; Solid lines: water content of gas inside hydrate stability zone; Dashed
line: water content of gas outside hydrate or ice stability zone; Bold dashed line: water content
of gas inside ice stability zone; Solid-dashed line: Ice line representing Lw-G-I equilibrium.
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Hydrate-Gas Equilibrium
The water content of a single hydrate former in equilibrium with its gas hydrate up to
intermediate pressures can be estimated using the following expression:13,453-455
'
P2MT
v MT ( P  P2 )
v'
 exp[ 2
]  [(1  C small P) vsmall  (1  Cl arg e P) l arg e ]
2 P
RT

MT

y2 =

(7.13)

where y2 is the mole fraction of water in vapor phase (water content), subscript 2 stands for
water, and the superscripts small and large refer to two types of cavities, as designated in
previous chapters. The Langmuir constants for methane‟s interaction with each type of cavity
have been determined as a function of temperature, which are expressed from statistical
mechanics as well as from data at the three-phase line by Parrish and Prausnitz:321
For pentagonal dodecahedra (small cavity):13,453
Csmall =

3.7237 10 2
2.7088 103
exp (
)
T
T

(7.14)

For tetrakaidecahedra (large cavity): 13,453
Clarge =

1.8373 10 1
2.7379 10 3
exp (
)
T
T

(7.15)

where T is in K and C has unit of reciprocal MPa. Dharmawardhana et al. 396 obtained the
following equation for the vapor pressure of the empty hydrate structure I: 2,13,453
P2MT = 0.1×exp(17.440-

6003.9
)
T

(7.16)

where P2MT is in MPa and T in K. In the above equation, the following values can be used:

v2MT = 0.022655 m3.kgmol-1

(von Stackelberg and Müller456)

'
v small
= 1/23 (Sloan and Koh2)
'
= 3/23
vlarge

(Sloan and Koh2)

Liquid Water/Ice-Gas Equilibrium

The water content of a gas in equilibrium with liquid water up to intermediate
pressures can be estimated using the following expression: 13,453
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P2sat
v2L (P  P2
exp(
y2 =
RT
φ2 P

sat

)

(7.17)

)

where P2sat and v 2L are saturation pressure of water and molar volume of liquid water,
respectively. As can be seen, water content is determined primarily by the fugacity coefficient
of water in the gas phase, temperature and pressure. In other word, the non-ideality of the gas
phase is the critical factor determining water content in the intermediate pressure range.13,453
To estimate vapor pressure and molar volume of water in Eq. 7.17, the relations
reported by Daubert and Danner 457 and McCain 458 can be used, respectively: 13,453

P2sat = 10-6exp(73.649–7258.2/T–7.3037 ln (T) +4.165310-6 T2)

(7.18)

v2L=18.015 (1-1.000110-2+1.3339110-4[1.8(T-273.15)+32]+5.5065410-7
 [1.8(T-273.15)+32]2)  10-3

(7.19)

where, T, P2sat , v2L are, respectively, in K, MPa and m3.kgmol-1. Eqs. 7.18 and 7.19 are valid
at T < 400 K, and P < 34.5 MPa even over a wide range of salt concentration in aqueous
solution.13,453,459,460
Ice-gas equilibrium normally reaches at low-intermediate pressures and therefore Eq.
7.17 can be used for estimating water content of gases in equilibrium with ice. 13,453 For this
purpose, the following relations for molar volume of ice and ice vapor pressure can be used:
13,459,460

v 2I =(19.655+0.0022364×(T-273.15))  10-3

[10
P sat
I =

( 1032 .558/T51.056  log(T ) 0.0977 T 7.0357 105 T 2 98.512)

(7.20)

] /7600

(7.21)

where v 2I and P sat
I stand for molar volume and saturation pressure of ice, respectively. In the
3
-1
above equations, T, v 2I and P sat
I are in K, m .kgmol and MPa, respectively.

Eq. 7.17 can be applied directly to estimate the water content of gas in equilibrium
with liquid water or ice using an appropriate expression for the fugacity coefficient of water in
the gas phase.13,454,455 The ice-gas equilibrium normally reaches at relatively low-pressures, as
mentioned earlier, and therefore the fugacity coefficient of water in the gas phase can be set to
unity as a good approximation. In other word, the Ideal model (Raoult‟s law) or ideal model +
Poynting correction can be used to estimate water content of a gas in equilibrium with
ice.13,454,455
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To evaluate the rest of the required parameters, a previously tuned thermodynamic
model
has been applied. The Valderrama modification of the Patel and Teja equation
of state (VPT EoS) 465 with non-density-dependent (NDD) mixing rules 466 has been used to
calculate the compressibility factor and fugacity coefficients of components in the gas phase.
The formulations of the VPT EoS 465 with the NDD mixing rules 466 is given in the Appendix
A. In addition, the error propagation461 method results in the absolute relative deviations range
between 0 to 58%. Therefore, the range [0,60] % has been established as the maximum
acceptable error for the calculated areas (ΔAi% or EA %) for the consistency test of the
experimental data of water content of methane in equilibrium with gas hydrate, liquid water or
ice.
323,462-464

As discussed earlier, the experimental data for the water content of gas in equilibrium
with gas hydrate, ice or liquid water (near gas hydrate or ice formation region) are limited. In
this work, 29 (isothermal) experimental data sets have been treated for consistency test (it was
tried to gather all the isothermal data available in open literature). Table 7.1 summarizes the
ranges of the data along with their references. Previous studies have shown that the
thermodynamic model used in this work results in reliable predictions of water content of
various gas samples, as pointed out earlier.453,454,460,467 Table 7.2 indicates the results of the
thermodynamic consistency test for all the experimental data sets presented in Table 7.1. As
can be seen, almost all of the deviations lie near the maximum acceptable limit for being
thermodynamically consistent. This is partly because of the difficulty of experimental
measurements for such systems.2,13 The percentage of the probable consistent data,
inconsistent data, and not fully consistent data are around 48, 28, and 24%, respectively. It
can also be indicated that the thermodynamic consistency test is a useful procedure to
determine the accuracy of the measurements. For instance, the sets 16-23 are the revised data
measured by Chapoy et al.468 previously reported as the data sets 8-15.469 The results show
that the revised data are reported with more accuracy and this has led the experimental data to
be more thermodynamically consistent. Typical calculation results for the forth data set are
shown in Table 7.3. It is also obvious that using more modified (or improved) experimental
apparatus can lead to more reliable experimental data. As for this, consider the data sets 1-4
reported by Aoyagi et al.470 in 1980, which have been shown to be probable
thermodynamically inconsistent data (three sets out of four ones) partly due to the mentioned
point.
It is worth pointing out some important factors about the obtained results of such
consistency test, which will be discussed at the end of the chapter.
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Table 7.1: The experimental data ranges used for consistency test on water content of
methane in equilibrium with gas hydrate, liquid water or ice.
System

Set No.

T/K

Na

P range/MPa

y2 range/mole fraction
× 108

3
3
3
3
2
3
2
2
3
4
6
6
6
6
6
2
3
4
6
6
6
6
6
2
2
2
2
2
2

3.45 to 10.34
3.45 to 10.34
3.45 to 10.34
3.45 to 10.34
10.01 to 14.24
17.49 to 34.46
24.95 to 35.09
1.006 to 6.03
1.044 to 10.03
0.992 to 17.68
1.01 to 34.42
1.10 to 34.56
1.10 to 34.58
1.10 to 34.61
1.003 to 34.61
1.006 to 6.03
1.044 to 10.03
0.992 to 17.68
1.01 to 34.42
1.10 to 34.56
1.10 to 34.58
1.10 to 34.61
1.003 to 34.61
3.45 to 6.900
0.51 to 0.992
0.608 to 2.846
0.50 to 1.50
0.50 to 1.50
0.50 to 1.50

272 to 1230
846 to 3217
2423 to 7824
6422 to 17809
15000 to 21300
9200 to 16700
16800 to 22500
10800 to 124000
8760 to 178000
7990 to 236000
7790 to 330000
15100 to 390000
28000 to 582000
42400 to 746000
56000 to 989000
29200 to 124000
27300 to 178000
33800 to 236000
26500 to 330000
33100 to 444000
44700 to 111400
57500 to 746000
69100 to 989400
2070 to 4240
241000 to 464000
121800 to 519300
11000 to 31000
19000 to 52000
28000 to 83000

Reference

H-G-E*
1
240.00
2
250.00
3
260.00
4
270.00
5
283.08
6
288.11
7
293.11
**
Lw-G-E
8
283.08
9
288.11
10
293.11
11
298.11
12
303.11
13
308.11
14
313.12
15
318.12
16
283.08
17
288.11
18
293.11
19
298.11
20
303.11
21
308.11
22
313.12
23
318.12
24
254.00
25
293.01
26
298.01
27
258.15
I-G-E***
28
263.15
29
268.15
a
Number of experimental data points.
*
Hydrate-Gas Equilibria.
**
Liquid Water-Gas Equilibria.
***
Ice-Gas Equilibria.
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470

468

469

471

468
472
473

Table 7.2: Results of the consistency test on water content of methane in equilibrium with
gas hydrate, liquid water, or ice.
Set No.

ΔAi%

Test result

1
62.5
TI*
2
35.2
TC**
3
62.5
TI
4
63.6
TI
5
49.5
NFC***
6
49.0
TC
7
65.2
TI
8
74.9
TI
9
58.6
NFC
10
53.4
TC
11
48.9
TC
12
63.8
TI
13
67.2
TI
14
51.2
NFC
15
49.1
TC
16
57.9
NFC
17
46.5
TC
18
53.1
TC
19
50.0
TC
20
52.1
TC
21
61.7
TI
22
52.3
NFC
23
46.2
TC
24
52.3
TC
25
51.6
TC
26
58.7
NFC
27
50.7
TC
28
52.4
NFC
29
49.8
TC
*
Probable Thermodynamically Inconsistent Data.
**
Probable Thermodynamically Consistent Data.
***
Probable Thermodynamically Not Fully Consistent Data.
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Table 7.3: Typical detailed calculation results for the data set 4 defined in Table 7.1.
T /K

P/MPa

y2exp./ ×
108

y2cal./ ×
108

Δy2%

270

3.45
6.9

17809
9443

15700
8340

12
12

0.910 0.912 0.863 1.08×104 1.77×104
0.831 0.836 0.742

10.34

6422

6210

3.3

0.774 0.774 0.639

Z

φ1G

φ2G

Ap

Aφ

ΔA%
64

7.1.5. Consistency test for experimental solubility data in carbon
dioxide/methane + water system inside and outside gas hydrate formation
region
Accurate knowledge of the solubility in the carbon dioxide/methane + water system
over a wide range of temperatures and pressures is especially necessary to tune
thermodynamic models as such mixtures are of major systems in the petroleum industry, as
described in previous chapters. Figure 7.2 shows a typical solubility-temperature diagram for
a water-pure hydrate former (limiting reactant) system.14,386 As can be seen, the temperature
and pressure dependencies of the pure hydrate former (e.g., carbon dioxide and methane)
solubility in pure water being in the liquid water-gas/vapor (depending on whether the
component is in supercritical state or not) equilibrium region are different from the
corresponding dependency in the liquid water-hydrate equilibrium region.14,386 The Lw-G/V
equilibrium is a strong function of temperature and pressure, while the Lw-H equilibrium is a
strong function of temperature but a very weak function of pressure. 14,386
On the other hand, the pure hydrate former solubility in pure water in the Lw-G/V
equilibrium region generally increases with decreasing the temperature at given pressure,
while the corresponding solubility in pure water in the liquid water-hydrate equilibrium
region decreases with decreasing the temperature at the same pressure.14,386 Furthermore, the
meta-stable liquid water-vapor equilibrium may extend well into the gas hydrate formation
zone.14,386 Low solubilities of carbon dioxide/methane gases in water (especially methane)
result in some significant experimental measurement difficulties. Although many
experimental works have been done to obtain solubilities of carbon dioxide/methane in water
in Lw-G/V region, the experimental data for describing the Lw-H equilibrium are limited
mainly due to two factors: the possible extension of the meta-stable Lw-G/V equilibrium into
the gas hydrate region and the experimental restraint that the existing analytical methods
require modifications.14,386
Literature surveys reveal the availability of few sets of experimental data for the Lw-H
equilibrium.14,386 Consequently, few reliable models are available in the literature for
representing the Lw-H equilibrium data.14,386 These models are generally based on cubic
equations of state, different mixing rules, and mathematical correlations. To check the
existing thermodynamic models or to develop new ones, if necessary, for an accurate
estimation of the solubility in the carbon dioxide/methane + water system, reliable
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experimental data sets are required. This section aims at testing the thermodynamic
consistency of such literature solubility data in the wide range of available temperatures and
pressures including Lw-G/V and Lw-H equilibria concerning their reliability. Note that we
consider the mole fraction of carbon dioxide/methane in the vapor/gas phase for performing
thermodynamic consistency test on the mentioned phase. A similar method can be applied, of
course, on the water content of the vapor/gas phase.
Liquid Water/Ice-Gas Equilibrium
To evaluate the parameters for the consistency test in this region (Z, φ1, and φ2), a
previously tuned thermodynamic model323,462-464 was applied. The general phase equilibrium
criterion of equality of fugacities of each component throughout all phases was considered to
model the phase behavior as follows:

Meta-stable LW -V
equilibrium

P2
P1

log(x)

P2 (> P1 )
LW -V-H
equilibrium

P1

P1

LW -V
equilibrium

P2

LW -H
equilibrium

T

Figure 7.2: Typical x (solubility) - T diagram for water-single (pure) hydrate former
(limiting reactant) system. 14,386 Bold solid lines: LW -H equilibrium; Solid lines: Lw-V
equilibrium; Dashed lines: Meta-stable Lw-V equilibrium; Bold dashed lines: Lw-V-H
equilibrium.

fi G/V = fi L

(7.22)
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where i refers to the ith component in the mixture. The VPT EoS465 with nondensitydependent (NDD) mixing rules466 was used to calculate the compressibility factor, fugacity
coefficients, and the mole fractions of components in liquid and gas/vapor phases.14,323,462-464

Liquid water- hydrate equilibrium
Almost a similar model to those described in chapter 3 and 4 (on the basis of equating
the fugacities of water in the liquid water phase and in the hydrate phase) has been herein
applied; though, with the following equations to evaluate the fugacities:14,385,386

L  vsmall
L
f wH = PwMT  [(1  C small f HC
)
 (1  Cl arg e f HC
)
'

 vl' arg e

]

(7.23)

where subscript HC stands for hydrate formers (methane/carbon dioxide) and:
fwL = x wL  wL Pwsat

(7.24)

In the intermediate pressure range, the liquid water is an incompressible fluid, the
methane solubility is very small compared with unity; consequently the activity coefficient of
water can be approximated to unity14,385,386 (however, it is necessary to be careful, as it is not
the case at high pressures where the nonideality of the liquid water phase and solubility of
methane become important14,385,386). Therefore, Eq. 7.24 can be satisfactorily written as
below: 14,385,386
fwL  Pwsat

(7.25)

Using the preceding equations, the following expression is obtained: 14,385,386
L  vsmall
L
Pwsat = PwMT  [(1  C small f HC
)
 (1  Cl arg e f HC
)
'

 vl' arg e

]

(7.26)

or
'
'
PwMT
L  vsmall
L  vl arg e
1  ( sat )  [(1  C small f HC
)
 (1  Cl arg e f HC
)
]0
Pw

(7.27)

The fugacity of hydrocarbon hydrate former (here, methane) in the liquid water phase
up to intermediate pressures can be calculated using the following equation:14,385,386
L
L
H HC  w
f HC
= x HC

(7.28)
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where H HC  w represents Henry‟s constant for hydrocarbon hydrate former-water system.
Therefore, the following final expression is obtained for estimating the solubility of pure
hydrocarbon hydrate former in liquid water phase being in equilibrium with gas hydrates:
14,385,386

'
PwMT
v'
L
L
1  ( sat )  [(1  C small x HC
H HC w ) vsmall  (1  Cl arg e x HC
H HC w ) l arg e ]  0 (7.29a)
Pw

Equation 7.29a allows easy calculation of the solubility of pure hydrocarbon hydrate
former in the liquid water being in equilibrium with gas hydrates. Its main advantages are
the availability of necessary input data and the simplicity of the calculations that can be
done even in Microsoft Excel ® spreadsheets (without requirement of long programming
codes).2,4 Furthermore, as can be seen in this equation, almost all terms are temperature
dependent while not pressure dependent, indicating the solubility of pure hydrocarbon
hydrate former in liquid water phase being in equilibrium with gas hydrate is strong
function of temperature and only weak function of pressure. For the CO2 (and other highly
soluble gases like H2S)- water system, the solubility of CO2 in the water phase cannot be
ignored and consequently, the water activity cannot be set to unity. Taking into account the
CO2 solubility in the water phase and also the water activity, the following equation can be
derived:14
1[

PwMT
v'
v'
L
L
]  [(1  C small xCO2 H C 02 w ) small  (1  Cl arg e xCO2 H CO2 w ) l arg e ]  0 (7.29b)
L
L sat
(1  xCO2 ) w Pw

Model parameters for Lw-H region

In equations (7.29a) and (7.29b), the following values of vi' for sI hydrates can be
used:14,385,386,456
'
v small
= 1/23
'
= 3/23
vlarge

and for sII:
'
v small
= 2/17
'
= 1/17
vlarge

Note that carbon dioxide and methane form sI clathrate hydrates. The Langmuir
constants accounting for the interaction between the hydrate former and water molecules in
the cavities were reported by Parrish and Prausnitz321 for a range of temperatures and
hydrate formers. 14,385,386 However, the integration procedure was followed in obtaining the
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Langmuir constants for wider temperatures using the Kihara324,325 potential function with a
spherical core according to the study by McKoy and Sinanoĝlu.326 In this work, the
Langmuir constants for the hydrate former's interaction with each type of cavity have been
determined using the equations of Parrish and Prausnitz: 321
For pentagonal dodecahedra cavity (small one):
Csmall =

a
b
 exp ( )
T
T

(7.30)

For tetrakaidecahedra cavity (large one):
Clarge =

c
d
 exp( )
T
T

(7.31)

where T is in K and C has reciprocal MPa unit. These values for methane hydrate are: a =
0.0037237 K.MPa-1, b = 2708.8 K, c = 0.018373 K.MPa-1, and d = 2737.9 K; and for CO2
hydrate are: a = 0.0011978 K.MPa-1, b = 2860.5 K, c = 0.008507 K.MPa-1, and d = 3277.9
K.14,385,386
The following equation396 has been used for calculation of the vapor pressure of the
empty hydrate sI:14, 385,386
PwMT = 0.1 × exp(17.440-

6003.9
)
T

(7.32a)

6017.6
)
T

(7.32b)

and for sII:
PwMT = 0.1 × exp(17.332-

where PwMT is in MPa and T is in K. It should be mentioned that the non-ideality of water
vapor pressure of the empty hydrate at saturation seems to be negligible due to the small
quantity (typically, 10-3 to 10-5 MPa).14
To determine the Henry‟s constant of hydrate former in water (assuming that the
activity coefficient is unity due to small solute concentration), Eq. 4.22 along with the
values reported in Table 4.3 have been applied. In addition, the water vapor pressure can
be obtained using Eq. 7.18. Moreover, Table 4.6 shows the critical properties and acentric
factor of the pure compounds used in the VPT EoS.456 The interaction parameters of the
NDD mixing rules457 are given elsewhere.463

For this system, it has been assumed maximum uncertainties of 0.1 K for the
experimental temperature and 10 % for the experimental solubility data outside of hydrate
region while 20 % regarding the data inside of hydrate formation region. Evaluating the
partial derivatives in Eq. 7.11, the range (0 to 40) % is established as the maximum
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acceptable error for the areas (ΔAi% or EA%, below the curves calculated from the
numerical integration) related to outside of hydrate formation region and (0 to 50) % for
the corresponding areas related to the data of inside the hydrate formation region. The high
uncertainty in measurements of the mutual solubilities of the investigated gases with water
and also low concentrations of these components in liquid phase at hydrate forming
conditions, lead to obtaining this wide range of acceptable area deviations for the data to be
probable thermodynamically consistent.
The calculation steps of the thermodynamic consistency tests explained earlier have
been pursued to check the reliability of the investigated data. Forty-nine (isothermal)
experimental data sets have been investigated for consistency test in this work. Table 7.4
summarizes the ranges of the data along with their references.14
As can be observed in Tables 7.5 and 7.6, the thermodynamic models used in this
section generally result in reliable predictions/representations of mutual solubilities for
investigated equilibrium conditions. Table 7.7 reports the typical results of the
thermodynamic consistency test for solubility of carbon dioxide in water. The typical
results of the consistency test for the experimental data of the carbon dioxide + water in
gas phase are reported in Table 7.8.14
These results show that about 47 % of the investigated experimental data of solubility
of carbon dioxide in water seem to be thermodynamically consistent; meanwhile this
percentage is around 53 % for inconsistent data and 0 % for not fully consistent data.
These percentages are about 31 %, 46 %, and 23 % for the data of concentrations of carbon
dioxide in the gas phase, respectively.14
Table 7.9 shows the typical results of the thermodynamic consistency test for the data
of solubility of methane in water. It is found out from these results that around 16 % of the
investigated experimental data of solubilities of methane in water seem to be
thermodynamically consistent while this percentage is around 78 % for inconsistent data
and about 6 % for not fully consistent data.14 It is inferred that the area deviations of these
sets of data are higher than those ones for solubility of carbon dioxide.14 This is mainly
because of lower solubility of methane in water and therefore the expected difficulties of
experimental measurements for such systems.14 The typical results of the consistency test
for the experimental data of the methane + water gas phase are reported in Table 7.10. The
percentages of consistent, inconsistent, and not fully consistent data seem to be around
0 %, 50 %, and 50 %, respectively, regarding these data.
It is obvious that using more developed experimental apparatuses results in more
accurate measurements of solubilities of carbon dioxide/methane in water especially in
equilibrium with gas hydrates.
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Table 7.4: The experimental data ranges used for experimental solubility data in carbon
dioxide/methane + water system inside and outside gas hydrate formation region.

System

Set
No.

T/K

P/MPa

Range of
experimental
data
x2 c× 105 /
mole fraction

y2 d× 105 / mole
fraction

99661 to 99357
99860 to 99890
99660 to 99390
99340 to 99220
98570 to 99000
89900 to 99000
84500 to 95500
84000 to 92600
80000 to 87200
99357 to 99661
96969 to 97399
75200 to 88000
69000 to 82000

Na

Ref.b

carbon dioxide
+ water
Lw-G/V-E*
1
2
3
4
5
6
7
8
9
10
11
12
13

323.15
298.20
323.20
333.20
353.10
308.80
373.15
393.15
413.15
323.15
383.15
423.15
473.15

7
3
7
10
9
7
6
5
3
7
15
15
14

6.82 to 17.68
3.63 to 6.42
7.08 to 14.11
4.05 to 14.11
4.05 to 13.10
1.166 to 7.957
0.60 to 2.307
0.599 to 2.848
2.01 to 3.247
6.82 to 17.68
10 to 150
10 to 150
20 to 150

1651 to 2262
1830 to 2470
1760 to 2170
960 to 2080
800 to 1840
800 to 5060
98 to 414
181 to 428
258 to 43
1651 to 2262
1400 to 4000
1350 to 4800
1300 to 7200

14
15
16
17

274.05
280.50
278.50
279.50

2
8
4
5

4.2 to 5.0
4.99 to 14.20
6.10 to 10.41
6.10 to 10.44

1560 to 1630
2560 to 2600
2210 to 2350
2620 to 2410

1
2
3
4
5
6
7
8
9
10
11
12
13
14

298.15
310.93
344.26
377.59
310.93
327.59
344.26
360.93
298.15
303.15
274.35
285.65
283.37
275.11

10
12
9
13
9
7
7
9
9
8
8
5
4
4

2.351 to 44.402
2.275 to 68.223
6.501 to 68.017
2.296 to 68.086
3.516 to 2.965
0.779 to 3.592
0.772 to 3.268
0.786 to 3.702
1.103 to 5.171
0.317 to 3.605
0.567 to 2.806
2.331 to 9.082
1.765 to 7.046
0.973 to 2.820

49.7 to 417
44.0 to 465
34.0 to 424
32.3 to 451
6.4 to 58.8
12.8 to 56.4
10.5 to 47.7
12.6 to 5.7
21.4 to 113
6.0 to 76.4
25.8 to 114.2
65.6 to 200
56.2 to 185
39.9 to 106.1

474
475
476
476
476
477
478
478
478
479
480
480
480

Lw-H-E**
481
482
482
482

methane
+ water
Lw-G-E
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483
483
483
483
484
484
484
484
484
484
484
484
485
486
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15
16
17
18
19
20
21
22

283.13
313.11
313.15
338.15
473.15
423.15
473.15
298.15

4
4
5
5
6
6
5
5

1.039 to 5.977
1.025 to 17.998
2.5 to 12.5
2.5 to 12.5
30 to 150
9.807 to 98.066
19.613 to 98.066
2.5 to 12.5

32.9 to 149.6
20.4 to 232.5
49.0 to 187
40.0 to 162
500.0 to 1300
10.0 to 560
380 to 1040
59.0 to 221

23
24
25
26
27
28
29
30
31
32

278.10
278.20
273.10
274.15
278.15
282.15
286.15
278.10
278.20
273.10

7
4
8
4
4
3
2
7
4
8

5.79 to 19.35
8.89 to 13.76
4.98 to 14.81
6 to 20
6 to 20
10 to 20
15 to 20
5.79 to 19.35
8.89 to 13.76
4.98 to 14.81

96 to 114
104 to 106
76.5 to 77.5
110.6 to 126.4
132.2 to 145.2
158.3 to 168.7
179.9 to 182.6
96 to 114
104 to 106
77.5 to 76.5

99697 to 99907
99017 to 99702
81100 to 89000
94000 to 98500
81000 to 96300
99746 to 99941

486
486
487
487
488
489
489
489

Lw-H-E

a

Number of experimental data points

b

Reference of experimental data

c

Solubility of gas in liquid phase

d

Concentration of gas in vapor phase

490
490
490
491
491
491
491
492
492
492

* Liquid water- Gas/Vapor- Equilibria
** Liquid water- Hydrate- Equilibria
§

Not available

Table 7.5: Typical calculated/predicted results of solubilities in the carbon dioxide +
water (mole fraction).

Set No.a

T/K

1

323.15

2

298.2

x2exp. ×102 / x2 calc./pred. ×102
P/MPa
mole
/ mole
fraction
fraction
6.82
7.53
8.72
10.13
12.21
14.75
17.68
3.63

1.651
1.750
1.768
2.081
2.096
2.215
2.262
1.830

1.711
1.812
1.948
2.061
2.162
2.249
2.329
1.754
156

y2exp.×10/
mole
fraction

y2 calc./pred. ×10/
mole

9.9661
9.9655
9.9636
9.9564
9.9457
9.9392
9.9357
9.986

9.9650
9.9651
9.9636
9.9578
9.9480
9.9413
9.9366
9.9871

fraction

ARD* %

ARD**%

/ x2 cal./pred. / y2 cal./pred.
3.7
3.5
10
1.0
3.2
1.5
3.0
4.2

0.01
0.00
0.00
0.01
0.02
0.02
0.01
0.01
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3

323.2

4

333.2

5

353.1

a

*

6.41
6.42
4.05
5.06
6.06
7.08
8.08
9.09
10.09
11.1
12.1
14.11
4.05
5.06
6.06
7.08
8.08
9.09
10.09
11.1
12.1
14.11
4.05
6.06
7.08
8.08
9.09
10.09
11.1
12.1
13.1

2.440
2.470
1.090
1.370
1.610
1.760
1.900
2.000
2.050
2.100
2.140
2.170
0.960
1.210
1.380
1.570
1.660
1.790
1.860
1.950
2.010
2.080
0.800
1.140
1.280
1.400
1.510
1.600
1.720
1.760
1.840

2.468
2.469
1.183
1.401
1.588
1.749
1.878
1.982
2.058
2.113
2.157
2.228
1.011
1.205
1.376
1.527
1.655
1.765
1.854
1.928
1.986
2.078
0.776
1.079
1.213
1.331
1.438
1.533
1.617
1.691
1.756

9.986
9.989
9.954
9.964
9.963
9.966
9.966
9.959
9.955
9.95
9.945
9.939
9.934
9.945
9.945
9.949
9.95
9.953
9.951
9.947
9.942
9.922
9.857
9.891
9.896
9.903
9.908
9.907
9.91
9.904
9.9

Refer to Table 7.4 for observing the data set number.

ARD  100 

x2cal. / pred .  x2exp.
x2

exp.

.** ARD  100 

y 2calc. / pred .  y 2exp.
y2

157

exp.

9.9879
9.9878
9.9566
9.9615
9.9641
9.9651
9.9647
9.9625
9.9580
9.9526
9.9483
9.9426
9.9318
9.9402
9.9450
9.9476
9.9485
9.9479
9.9459
9.9424
9.9381
9.9301
9.8458
9.8799
9.8883
9.8935
9.8964
9.8975
9.8971
9.8956
9.8931

1.1
0.0
8.6
2.3
1.4
0.7
1.1
0.9
0.4
0.6
0.8
2.7
5.3
0.4
0.3
2.7
0.3
1.4
0.3
1.1
1.2
0.1
3.0
5.3
5.2
4.9
4.8
4.2
6.0
3.9
4.5

0.02
0.01
0.03
0.03
0.01
0.01
0.01
0.04
0.03
0.03
0.03
0.04
0.02
0.05
0.00
0.01
0.02
0.05
0.05
0.05
0.04
0.08
0.11
0.11
0.08
0.10
0.12
0.10
0.13
0.08
0.07

Table 7.6: Typical calculated/predicted results of solubilities in the methane + water
(mole fraction).
Set
No.a

T/K

1

298.15

2

310.93

3

344.26

4

377.59

P/MPa

2.351
3.165
4.544
6.44
8.894
13.307
17.202
24.235
33.164
44.402
2.275
3.289
4.578
6.55
8.756
13.1
17.754
24.373
33.853
44.988
54.262
68.224
2.282
3.22
4.544
6.502
9.101
12.962
17.616
24.373
33.957
44.988
56.675
68.017
2.296
3.213
3.227
4.495
6.516

x2exp. ×104/mole
fraction
4.97
7.17
10.00
13.17
16.78
22.35
25.85
31.10
36.60
41.70
4.40
6.19
8.39
11.23
14.40
18.90
22.90
27.60
33.30
39.10
41.70
46.50
3.40
4.70
6.32
9.09
11.83
15.00
19.24
23.85
27.70
34.20
37.50
42.40
3.23
4.32
4.72
6.11
8.86

x2cal./pred.
×104/mole
fraction
5.43
7.11
9.77
13.04
16.72
22.09
25.87
31.29
36.67
42.14
4.53
6.37
8.55
11.57
14.58
19.54
23.81
28.70
34.24
39.50
43.23
48.09
3.55
4.92
6.77
9.30
12.36
16.33
20.41
25.35
31.03
36.35
41.07
45.03
3.21
4.49
4.51
6.21
8.76
158

y2exp.×10/
mole
fraction
-§
-

y2 calc./pred.
×10/
mole
fraction
9.9852
9.9886
9.9916
9.9937
9.9949
9.9960
9.9965
9.9969
9.9972
9.9975
9.9687
9.9776
9.9831
9.9874
9.9898
9.9921
9.9933
9.9942
9.9949
9.9954
9.9957
9.9960
9.8463
9.8882
9.9178
9.9394
9.9536
9.9641
9.9705
9.9754
9.9792
9.9817
9.9835
9.9847
9.4474
9.5966
9.5982
9.7032
9.7859

ARD % ARD %
/x2
/ y2
cal./pred.

9.2
0.8
2.3
1
0.3
1.2
0.1
0.6
0.2
1.1
3
2.9
1.9
3.1
1.2
3.4
4
4
2.8
1
3.7
3.4
4.4
4.8
7.1
2.4
4.4
8.9
6.1
6.3
12
6.3
9.5
6.2
0.6
3.9
4.5
1.6
1.1

cal./pred.
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19

473.15

20

423.15

21

473.15

a

9.032
13.1
17.478
24.614
34.232
44.988
56.468
68.086
20
30
40
50
70
100
150
9.807
19.613
39.227
58.84
78.453
98.067
19.613
39.227
58.84
78.453
98.067

11.88
15.60
19.80
25.10
31.40
36.10
40.80
45.10
50.00
60.00
70.00
80.00
90.00
110.00
130.00
10.00
18.00
30.00
46.00
56.00
56.00
38.00
67.00
87.00
10.00
10.40

11.70
15.96
20.00
25.63
31.89
37.67
42.85
47.35
35.00
49.06
60.73
70.54
86.05
102.35
118.62
13.87
25.24
41.87
53.75
62.79
69.91
34.39
59.90
77.98
91.35
101.48

8.110
8.460
8.690
8.850
8.880
8.900
8.900
9.400
9.630
9.780
9.830
9.835
9.850
8.915
9.350
9.480
9.545
9.630

9.8370
9.8779
9.9005
9.9202
9.9341
9.9430
9.9493
9.9538
8.8611
9.1541
9.3067
9.4025
9.5190
9.6153
9.6994
9.3952
9.6487
9.7791
9.8265
9.8527
9.8699
8.8440
9.2975
9.4625
9.5525
9.6106

1.5
2.3
1
2.1
1.6
4.3
5
5
30
18
13
12
4.4
7
8.8
39
40
40
17
12
25
9.5
11
10
8.7
2.4

9.3
8.2
7.1
6.2
7.2
8
9
0.1
0.2
0
0
0.2
0.2
0.8
0.6
0.2
0.1
0.2

Refer to Table 7.4 for observing the data set number. § Not available.

Table 7.7: Typical detailed results of thermodynamic consistency test on the experimental
data of the solubility of carbon dioxide in water investigated in this work.

T/K

P/MPa

Z

φ1L

φ2L

Ap

Aφ

ΔAi%

Test
result

1

323.15

6.82
7.53
8.72
10.13
12.21
14.75
17.68

0.0495
0.0547
0.0634
0.0737
0.0889
0.1075
0.1288

0.013
0.011
0.010
0.008
0.007
0.005
0.004

50.074
43.789
36.387
30.740
25.601
21.631
18.594

48.478

53.189

9.7

TC

2

298.2

3.63
6.41

0.0281
0.0499

0.007
0.004

67.203
28.869

14.55

22.694

56.0

TI

Set No.a
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Table 7.7:
Continued…
6.42

0.0500

0.004

28.813

3

323.2

7.08
8.08
9.09
10.09
11.1
12.1
14.11

0.0514
0.0587
0.0661
0.0734
0.0808
0.0881
0.1028

0.012
0.011
0.009
0.008
0.007
0.007
0.006

47.611
40.013
34.679
30.896
28.049
25.837
22.498

30.702

38.172

24.3

TC

4

333.2

4.05
5.06
6.06
7.08
8.08
9.09
10.09
11.1
12.1
14.11

0.0286
0.0358
0.0429
0.0502
0.0573
0.0645
0.0716
0.0788
0.0860
0.1003

0.127
0.111
0.094
0.022
0.018
0.015
0.013
0.012
0.010
0.009

68.918
55.786
47.329
56.219
47.604
41.243
36.568
32.982
30.216
26.142

87.855

399.217

354.4

TI

5

353.1

4.05
0.0273
0.132
6.06
0.0410
0.108
7.08
0.0479
0.095
8.08
0.0548
0.082
9.09
0.0616
0.067
10.09
0.0685
0.050
11.1
0.0753
0.034
12.1
0.0822
0.027
13.1
0.0890
0.023
a
Refer to Table 7.4 for observing the data set number.

92.985
62.937
54.484
48.478
44.099
41.486
40.166
37.753
35.280

73.389

132.686

80.8

TI

Table 7.8: Typical detailed results of thermodynamic consistency test on the experimental
data of the concentration of carbon dioxide in gas phase investigated in this work.
Set No.a

T/K

P/MPa

Z

φ1G

φ2G

Ap

Aφ

ΔA%

Test
result

1

323.15

6.82
7.53
8.72
10.13
12.21
14.75
17.68

0.6612
0.6152
0.5290
0.4221
0.3632
0.3724
0.4032

3.727
3.246
2.581
1.809
1.173
0.846
0.654

0.860
0.796
0.711
0.636
0.556
0.489
0.436

0.932

1.145

22.9

TC
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Table 7.8:
Continued…
4

333.2

5

353.1

6

308.8

4.05
5.06
6.06
7.08
8.08
9.09
10.09
11.1
12.1
14.11
4.05
6.06
7.08
8.08
9.09
10.09
11.1
12.1
13.1

0.8354
0.7907
0.7444
0.6948
0.6437
0.5899
0.5364
0.4875
0.4519
0.4232
0.8671
0.7990
0.7639
0.7293
0.6946
0.6610
0.6287
0.5996
0.5744

18.992
19.859
16.825
14.206
3.494
3.135
2.609
2.129
1.744
1.073
9.163
9.777
9.012
8.319
7.229
5.325
3.674
2.718
2.216

0.701
0.676
0.655
0.641
0.792
0.732
0.682
0.639
0.604
0.547
0.733
0.688
0.668
0.652
0.641
0.642
0.656
0.645
0.626

1.308

0.756

42.2

TI

0.978

0.552

43.5

NFC

1.17
0.9418
1.684
2.27
0.8836
2.599
3.8
0.7947
23.238
5.14
0.7053
69.842
5.26
0.6964
7.648
6.19
0.6210
0.670
7.96
0.3678
0.512
a
Refer to Table 7.4 for observing the data set number.

0.767
0.725
0.674
0.641
0.640
0.828
0.672

0.613

0.311

49.3

TI
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Table 7.9: Typical detailed results of thermodynamic consistency test on the experimental
data of the solubility of methane in water investigated in this work.
Set
No.a

T/K

P/MPa

Z

φ1 L

φ2L

Ap

Aφ

ΔA%

Test
result

22

298.15

2.5
5
7.5
10
12.5

0.0191
0.0383
0.0574
0.0766
0.0957

0.151
0.112
0.081
0.057
0.039

1359.345
721.499
513.449
413.267
355.881

1214.417

868.403

28.5

TC

1

298.15

2.351
3.165
4.544
6.44
8.894
13.307
17.202
24.235
33.164
44.402

0.0180
0.0242
0.0348
0.0493
0.0681
0.1019
0.1317
0.1855
0.2537
0.3395

0.154
0.140
0.119
0.093
0.066
0.035
0.021
0.011
0.007
0.005

1440.584
1090.400
785.027
581.289
450.092
342.255
294.139
243.281
208.795
187.384

6114.053

3365.225

45.0

TI

2

310.93

2.275
3.289
4.578
6.55
8.756
13.1
17.754
24.373
33.853
44.988
54.262
68.224

0.0168
0.0243
0.0339
0.0485
0.0648
0.0969
0.1313
0.1802
0.2502
0.3323
0.4005
0.5031

0.159
0.144
0.126
0.102
0.079
0.047
0.029
0.017
0.010
0.007
0.006
0.005

1734.786
1224.711
904.786
660.920
521.156
388.367
320.724
268.099
228.279
205.213
195.896
191.361

8774.705

4213.965

52.0

TI

19

473.15

19.613
39.227
58.84
78.453
98.067

0.1117
0.2217
0.3301
0.4369
0.5423

0.072
0.076
0.068
0.062
0.059

266.396
155.805
128.816
120.899
121.054

202.007

30.200

85.0

TI

26

274.15

467.647
280.588
187.059
140.294

1052.33

1434.4

36.3

TC

6
0.0493
0.000
10
0.0821
0.000
15
0.1231
0.000
20
0.1640
0.000
a
Refer to Table 7.4 for observing the data set number.
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Table 7.10: Typical detailed results of thermodynamic consistency test on the
experimental data of the concentration of methane in gas phase investigated in this work.

Set
No.a

T/K

P/MPa

Z

φ1G

φ2G

Ap

Aφ

ΔA%

Test
result

22

298.15

2.5
5
7.5
10
12.5

0.9544
0.9137
0.8798
0.8541
0.8378

107.929
145.618
141.530
120.104
95.284

0.781
0.765
0.755
0.753
0.755

1.3

0.275

78.9

NFC

17

313.15

48.265
69.164
72.781
67.575
58.024

0.788
0.773
0.764
0.760
0.760

1.3

0.36

72.3

TI

2.5
0.9624
5
0.9296
7.5
0.9027
10
0.8827
12.5
0.8701
a
Refer to Table 7.4 for observing the data set number.

7.1.6. Experimental data assessment test for composition of vapor phase in
equilibrium with gas hydrate and liquid water for carbon dioxide + methane or
nitrogen + water system
As described in chapter 6, experimental data for the composition of vapor phase in
equilibrium with gas hydrate and liquid water in the systems containing carbon dioxide and
nitrogen are of great significance particularly for designing the CO2 capture processes
utilizing gas hydrate formation technique.436 The consistency of the corresponding scarce data
is checked in this section applying the thermodynamic assessment tests.

Thermodynamic model
A previously checked gas hydrate thermodynamic model462-464 containing the VPT
EoS
with NDD mixing rules466 has been used to calculate the compressibility factor,
fugacity coefficients, and the mole fractions of components in the liquid and vapor phases,
and the solid solution theory of vdW-P319,320 has been employed to determine the fugacity of
water in the hydrate phase. The equality of fugacities approach described in chapters 3 and 4
along with appropriate numerical methods for flash calculations in order to reach convergence
of the algorithms for the investigated systems at the conditions of interest have been applied
in this section.
465

The binary interaction parameters between the species of the investigated systems used
for the VPT EoS465 and NDD mixing rules466 are reported in Tables 7.11 and 7.12. Moreover,
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the critical properties and acentric factor of the compounds are reported in Table 4.6. The
applied values of the Kihara324,325 potential function parameters are shown in Table 7.13.
Table 7.11: Binary interaction parameters between the investigated gases and water using
the VPT-EoS465 with NDD mixing rule.466

kij= kji*

H2O(i)
lij0**

lij1**

CH4(j)

0.5028

1.8180

0.0049

CO2(j)

0.1965

0.7232

0.0024

N2(j)

0.4792

2.6575

0.0064

Gas

*
**

Classical binary interaction parameters.
Binary interaction parameters for the asymmetric term.

Table 7.12: Binary interaction parameters between the investigated gases using the VPTEoS465 with NDD mixing rule.466

CH4(j)

kij
CO2(j)

N2(j)

CH4(i)

0

0.092

0.035

CO2(i)

0.092

0

-0.036

N2(i)

0.035

-0.036

0

Gas

Table 7.13: The Kihara324,325 potential parameters used in the thermodynamic model.462464

 , b Å

 / k ,c K

0.3834

3.165

154.5

0.6805

2.9818

168.8

Component

α,a Å

CH4
CO2

N2
0.3525 3.0124
125.2
The radius of spherical molecular core.
b
     2 , where  is the collision diameter.
c
ε is the characteristic energy and k is the Boltzmann's constant.
a

The investigated experimental ranges of pressures and molar fractions of carbon
dioxide in the vapor phase at various temperatures available in the open literature are
presented in Table 7.14. The calculations demonstrate that the applied thermodynamic
model462-464 (accompanied by appropriate numerical methods) contributes to generally reliable
predictions of vapor phase compositions for the investigated equilibrium conditions (except
few data sets). The error propagation method461 results in the range [0,20] % as the acceptable
error range of calculated areas for probable thermodynamically consistent data. The
consistency test calculation steps have been followed on the basis of the previously described
algorithm.
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Table 7.15 reports the final results of the thermodynamic consistency test for molar
compositions of CO2 in the vapor phase in equilibrium with gas hydrate and liquid water for
the CO2 + CH4/N2 + water system. As can be seen, only one of the treated data sets seems to
be thermodynamically consistent. It is worth it to point out that the three-phase compositional
data of Belandria et al.59,426 are, perhaps, the first comprehensive data/composition analysis
reported in the literature to deal with the compositions of vapor + hydrate + aqueous
phases.436 As already mentioned, such data are indeed rare. In order to generate these kinds of
data reported by Belandria et al.59,426 (the data have been produced at CEP/TEP laboratory),
we faced some technical problems (refer to the original article for observing the pursued
measurements procedure).56,436 This may be one of the reasons that some of these data seem
to be inconsistent. Furthermore, measurements of data (such as those presented in the works
of Belandria et al.59,426) are not experimentally easy and are subjected to non-negligible
uncertainties.

7.1.7. Significant points on consistency tests
Some prominent factors about the performed consistency tests should be herein
mentioned:436
1. It cannot be stated that we are completely sure about the validity of percentages (shares) of
the uncertainties on area deviations, as they are model-dependent, to declare the data to be
really inconsistent. Nevertheless, it is recommended to reduce the sources of the uncertainties
by some precautions like more careful calibrations of the instruments, more precise
measurements, more careful design of the apparatuses, and so forth.
2. Not all of the uncertainties and errors in the measurements are originated from the
calibrations or design of the apparatuses. These errors may come from the performance of the
person(s) who measure(s) the data or the operational conditions of the laboratory that may not
be constant during the measurements. That is why we were very interested to perform such
consistency tests, which are generally ignored by the researchers who are mainly concerned
about the modeling issues.
3. The data, on which this kind of thermodynamic consistency test, is supposed to be applied,
should be reported as isotherms because the main assumption in development of the employed
expression (Eq. 7.1) is similar to that assumed in developing the original “Gibbs-Duhem
equation” 440-443 at constant temperature. This fact assigns some limitations to choose the
experimental data sets for the consistency test especially for scarce compositional data. One
way of solving the problem of scarcity of data may be generating more data in a statistical
form using a statistical software. The generated data can be treated as pseudo-experimental
ones. Though, this is doubtful and seems to be incorrect for the data in the hydrate formation
region because there is possibility of structure change of the clathrate hydrate, and this would
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Table 7.14: The experimental data ranges used for consistency test of composition of vapor
phase in equilibrium with gas hydrate and liquid water for carbon dioxide + methane or
nitrogen + water system.
System

Set
No.

T/K

Na

Range of data
P/MPa

y2 / mole fractionc

Ref.b

carbon dioxide
+ methane +
water
1
2
3
4
5
6

280.3
273.6
275.2
276.1
278.1
280.2

30
8
8
8
7
8

3.77 to 4.36
1.51 to 2.44
1.792 to 2.766
1.985 to 3.027
2.450 to 3.802
3.139 to 7.190

0.143 to 0.384
0.081 to 0.630
0.086 to 0.657
0.096 to 0.669
0.103 to 0.694
0.108 to 0.620

217
426
426
426
426
426

7
8
9
10
11
12
13
14
15

274
277
280
272.1
275.3
273.6
275.2
276.1
278.1

9
8
9
9
7
5
7
5
5

1.394 to 17.926
1.953 to 24.041
2.801 to 32.308
3.2 to 14.5
1.6 to 3.5
2.032 to 11.943
2.29 to 12.745
2.5 to 8.58
2.974 to 14.260

0 to 1
0 to 1
0 to 1
0.012 to 0.847
0.436 to 1
0.171 to 0.617
0.16 to 0.729
0.196 to 0.682
0.127 to 0.729

210, 220
210, 220
210, 220
221
222
59
59
59
59

carbon dioxide
+ nitrogen +
water

a

Number of experimental data points.

b

Refrence.

c

Mole fraction of carbon dioxide in vapor phase.

result in inaccurate generation of the pseudo-experimental data. Apart from that, it is not
recommended to generate such data based on doubtful data, which have not been yet
theoretically checked for consistency.
4. The performed phase equilibrium data assessment tests are inevitably model-dependent. If
there is a way that we could measure directly the required parameters for the consistency test
including the fugacity coefficients, we could have employed this method only based on
experimental measurements (we are sure at the moment that it is impossible). This conclusion
is valid even at low pressures, when we can assume with high confidence that the fugacity
coefficients and compressibility factors are unity. On the other hand, due to model
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dependency of the consistency test, it can only be claimed that the data are
thermodynamically consistent, inconsistent or not fully consistent based on the applied model
Table 7.15: The final results of thermodynamic consistency test on the investigated
experimental data summarized in Table 7.14.
Set No.*
1
3
4
5
6
7
8
9
10
11
14
15
*
**

Test result
TI
TI
TI
TI
TI
TI
NFC**
NFC**
TI
TI
TC
TI

The model has not resulted in acceptable deviations for the datasets 2, 12, and 13.

The values of the integrals have been evaluated after elimination of about 25 % of the data in the
corresponding data set.

and the assumptions made in the test. Therefore, some data which have not passed the
consistency test may still be reliable data.
5. The thermodynamic consistency tests may provide only rough information about the data
quality. The users must be very careful in keeping or removing these treated data from the
database merely depending on the consistency test results. We recommend that the user keep
all the data defined as fully consistent and some of the data declared as not fully consistent
ones with the help of his/her own skills and experiences on the related subject.
Omitting one point from our discussion would be an oversight. In this work, we have
studied many of isothermal phase equilibrium data available in open literature for the systems
of interest. However, we are well aware that perhaps not all of the experimental data are fully
trustable from an experimental point of view. This may be due to the inaccuracy of the used
experimental techniques, as already mentioned. Furthermore, calibration of the pressure
transducers, temperature probes, and gas chromatograph detectors are significant factors in
defining the uncertainties of the experimental data, as explained previously. As a matter of
fact, the results also suggest that new experimental techniques may lead to obtaining more
reliable compositional data. However, we should be aware that PVT methods may have
limitations. Non-destructive methods like RAMAN spectroscopy may contribute to more
167

promising results. However, these kinds of techniques are expensive. In the present work, as
we were interested in defining only the data quality, consequently, we have focused on
consistency tests while our objective has not been a comparison between the different
experimental methods. More meticulous investigations should be made on the validity of the
applied experimental techniques in future works.

7.2. Statistical evaluation for experimental hydrate dissociation data

With respect to the aforementioned criteria in the previous chapters/section, accurate
and reliable phase equilibrium data are required to design the most efficient processes (either
to prevent gas hydrate formation or to use it as a promising technique for other applications)
and to adjust the parameters of the developed models (thermodynamic/numerical ones) for the
corresponding phase equilibrium calculation/prediction.
Experimental phase equilibrium data (dissociation data) for simple clathrate hydrate
systems e.g. CH4, C2H6, C3H8, CO2, N2, H2S, etc. have been extensively reported in the
literature meanwhile the corresponding data for mixed hydrates (or those formed from binary
hydrate formers) are more scarce.2 Different experimental techniques such as phase
equilibrium measurements using high pressure cell, Raman spectroscopy, nuclear magnetic
resonance (NMR) spectroscopy, x-ray and neutron diffraction and so forth have been thus far
applied for obtaining these data.2,30
Although the quantities of these reported data seem to be adequate for industrial
applications, there may be no general method to check their qualities. However, two methods
have been already employed to check the reliability of phase equilibrium data of the systems
containing gas hydrates as follows:
I. The Clapeyron equation can be normally applied to determine the phase boundary of the
clathrate hydrate systems.2,9 The sketch of logarithm of dissociation pressure (log(P)) vs.
reciprocal temperature (1/T) generally exhibits a straight line (which shows the value of the
enthalpy of hydrate formation). Thus, the hydrate dissociation data for any of the simple (or
mixed) hydrate formers can be sketched to observe whether they show the same trends or not.
However, it has been previously argued30 that taking into account the effects of solubility of
gases (especially for CO2 and H2S) and variation of the hydrate volume with temperature
brings about a change in the slope of the log(P) vs. 1/T curve, as described in chapter 3.
Therefore, a constant slope may not be expected particularly in the liquid water-hydrate-liquid
hydrate former phase equilibrium region.30
II. Thermodynamic consistency tests are generally applied as a reliable method for assessment
of the phase equilibrium data quality (refer to chapter 7.1). However, the applied consistency
test method in this study is applicable only in the case of applicability of molar compositions
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of equilibrium phases. It is worth pointing out that the studied phase equilibrium data include
the molar compositions of the phases generally in three phase equilibrium conditions which
are not necessarily the hydrate dissociation conditions. Such data are very scarce in the open
literature. As a consequence, this method may not be an efficient technique of our concern in
this work.
Hence, it is of much interest to propose a statistically-correct method for simultaneous
detection of the doubtful data and their quality along with checking the validity and domain of
applicability of available correlations214,49 for representation/prediction of the phase
equilibrium data of simple and mixed clathrate hydrates. In the present study, we use the
Leverage approach 444-446 for this purpose. To the best of our knowledge, this is the first time
that a statistical method is used for evaluation of such data.

7.2.1. Leverage approach

Outlier diagnostics (or detection) may be crucial in developing the mathematical
models. Outlier detection is to identify individual datum (or groups of data) that may differ
from the bulk of the data present in a dataset. The proposed methods for this purpose normally
consist of numerical and graphical algorithms. One of the efficient and reliable statistical
algorithm for outlier diagnostics is the Leverage approach.444-446 The employed elements of
this method includes the values of the residuals (i.e. the deviations of a model results from the
experimental data) and a matrix known as Hat matrix composed of the experimental data and
the represented/predicted values obtained from a correlation (or a model). Hence, a suitable
mathematical model is also required to pursue the calculation steps of the algorithm.
The Leverage or Hat indices are determined as a Hat matrix (H) with the following
definition:444-446
H  X ( X t X ) 1 X t

(7.33)

where X is a two-dimensional matrix composing n chemicals or data (rows) and k parameters
of the model (columns) and t stands for the transpose matrix. The Hat values of the chemicals
in the feasible region of the problem are, as a matter of fact, the diagonal elements of the H
matrix.
The Williams plot is later sketched for graphical identification of the suspended data
or outliers on the basis of the calculated H values through Eq. 7.33. This plot shows the
correlation of Hat indices and standardized cross-validated residuals (R), which are defined as
the difference between the represented/predicted values and the implemented data. A warning
Leverage (H*) is generally fixed at the value equal to 3n/p, where n is number of training
points and p is the number of model input parameters plus one. The leverage of 3 is normally
considered as a “cut-off” value to accept the points within ± 3 range (two horizontal red lines)
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standard deviations from the mean (to cover 99 % normally distributed data). Existence of the
majority of data points in the ranges 0  H  H* and  3  R  3 reveals that both model
development and its representations/predictions are done in applicability domain for a
particular system. “Good High Leverage” points are located in domain of H*  H and
 3  R  3 . The Good High Leverage can be designated as the data, which are outside of
applicability domain of the applied model. In other words, the model is not able to
represent/predict the following data at all. The points located in the range of R < - 3 or 3 < R
(whether they are larger or smaller than the H  value) are designated as outliers of the model
or “Bad High Leverage” points. These erroneous representations/predictions can be attributed
to the doubtful data.
Correlations
Two generally acceptable correlations214,492 for representation/prediction of the phase
equilibria of simple/mixed clathrate hydrates in liquid water/ice-hydrate-vapor equilibrium
region have been applied as follows:
I. For simple clathrate hydrates: 492

P /MPa  103 exp(a  b(T / K ) 1 )

(7.34)

where a' and b' are the adjustable parameters of the correlation. The values of these
parameters and the ranges of dissociation temperatures and the phase equilibrium regions, for
which Eq. 7.34 has been recommended can be found elsewhere.2,493
II. For mixed clathrate hydrates of CO2 + CH4/N2:214

ln( P / MPa)  A  B(T / K) 1  Cy  D(T / K) 2  Ey (T / K)1  Fy 2

(7.35)

where y is the mole percent of CO2 in the feed gas, A, B, C, D, E, and F are adjustable
parameters. Adisasmito et al. 214 have reported the values of these parameters to determine the
phase behavior of the clathrate hydrates of CO2 + CH4. In addition, the optimal values of the
corresponding parameters for the CO2 + N2 + water system have been herein evaluated. Both
sets of the parameters are reported in Table 7.16.

Experimental data
Selected experimental gas hydrate dissociation data for the systems containing simple
hydrate formers (CH4, C2H6, C3H8, CO2, N2, and H2S)216,323,423,462,492-525 and mixed hydrate
formers (CO2 + CH4/N2) 214, 217,220,517,526-529 in Lw-H-V and/or I-H-V regions have been treated
in this work. Table 7.17 reports the ranges of the experimental data along with their sources.
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Table 7.16: Parameters in Eq. 7.35.
Parameters*
D

System
CO2 + CH4
CO2 + N2**

A

B

C

175.3
415.2

-89009
-219543

0.07392
0.28337

11307000
29198870

E

F

-23.392
-1330.392

0.000039566
1.969164551

*

The numbers of the digits of the parameters have been determined by sensitivity analysis of the results to the
values of these parameters.
**
The parameters have been evaluated assuming no structural change of clathrate hydrates.

7.2.2. Results of the statistical approach
The absolute relative deviations of the correlations results from the experimental
values for simple216,323,423,462,492-525 and mixed clathrate hydrates214, 217,220,517,526-529 show that
the employed correlations214,492,489 are generally acceptable to be used for the Leverage
statistical approach.444-446
To pursue our objectives, the H values have been calculated through Eq. 7.33 and the
Williams plots have been sketched in Figures 7.3 to 7.22. The warning Leverages (H*) have
been fixed at 3n/p for the whole data. In addition, the recommended cut-off value of 3 has
been applied.
The following results are interpreted from application of the aforementioned
methodology:
1. Accumulation of the data points in the ranges 0  H  H* and  3  R  3 for each
dissociation datasets for clathrate hydrates of the investigated simple or mixed hydrate
formers reveals that the applied correlations are statistically valid for representation/prediction
of these experimental values.
2. The whole hydrate dissociation data points may be declared to within the
applicability domain of the correlations except one point in the corresponding data of carbon
dioxide in Lw+V+H region, three points of ethane hydrate dissociation data in Lw+V+H
region, one point of hydrogen sulfide hydrate dissociation data in Lw+V+H region, and five
points of methane hydrate dissociation data in Lw+V+H region. In addition, good high
leverage points are accumulated in the domains of H*  H and  3  R  3 . These points may
be declared to be outside of applicability domain of the applied correlation; however, cannot
be assigned as doubtful experimental data. It should be noted that, in the case of detecting
good high leverage points, it is recommended to use/develop other models or correlations on
the basis of different theoretical approaches for their calculations/estimations in order to avoid
obtaining results through biased model calculations.
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Table 7.17: The range of experimental data for simple216,323,423,462,492-525 and mixed clathrate
hydrates2214, 217,220,517,526-529 treated in this work.
Hydrate former

Equilibrium region

T range / K

P range / MPa

Ref.*

Methane

(Lw+H+V)

273.49 to 297.58

2.716 to 42.35

323,489,
493-499

Methane

(I+H+V)

268.4 to 271.28

2.324 to 2.513

216

Ethane

(Lw+H+V)

278.3 to 287.61

1.300 to 3.244

462,500-507

Ethane

(I+H+V)

200.8 to 272.0

0.008 to 0.457

503,506,508

Propane

(Lw+H+V)

273.25 to 278.55

0.172 to 0.547

499,502,506,
509-514

Propane

(I+H+V)

251.4 to 272.9

0.058 to 0.172

506,514,515

Carbon dioxide

(Lw+H+V)

273.36 to 283.05

1.31 to 4.10

216,418,
516-520

Carbon dioxide

(I+H+V)

263.17 to 271.17

0.774 to 1.037

216,516

Nitrogen

(Lw+H+V)

273.67 to 309.43

16.54 to 425.19

423,494,499

Nitrogen

(I+H+V)

261.7 to 270.2

11.25 to 13.80

521

Hydrogen sulfide

(Lw+H+V)

272.8 to 302.7

0.093 to 2.239

521-525

Hydrogen sulfide

(I+H+V)

250.5 to 272.8

0.044 to 0.087

Carbon dioxide +
Methane

(Lw+H+V)

272.66 to 287.60

1.45 to 10.95

514,522
214,217,
56-528

Carbon dioxide +
Nitrogen

(Lw+H+V)

272.85 to 284.25

1.22 to 22.23

220,517,529

*

Sources of the experimental data.

3. The data points located in the range of R < - 3 or 3 < R (ignoring their H values)
are designated as outliers or bad high leverage points, as already described. All the hydrate
dissociation data for the investigated systems seem to be valid (not outliers) except one point
in the corresponding data of carbon dioxide in Lw+V+H region, two points of ethane hydrate
dissociation data in Lw+V+H region, one point of methane hydrate dissociation data in
Lw+V+H region, one point of nitrogen hydrate dissociation data in Lw+V+H region, three
points in the experimental hydrate dissociation data of the CO2 + CH4 system, and one point
in the corresponding data of the CO2 + N2 system. These erroneous
representations/predictions may be attributed to the doubtful hydrate dissociation data.
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4. The data points in the ranges H*  H and R < - 3 or 3 < R may be designated as
neither within the applicability domain of the applied correlation nor valid data. In other
words, these data cannot be well calculated/estimated by the correlation and meanwhile
attributed as suspended data points. There is one point of ethane hydrate dissociation data in
Lw+V+H region, one point of methane hydrate dissociation data in Lw+V+H region, and one
point of corresponding data for hydrogen sulfide in Lw+V+H region that can be categorized in
this group.

Figure 7.3: Detection of the probable doubtful experimental data323,489,493-499 and the
applicability domain of the applied correlation for the CH4 clathrate hydrate system in the LwH-V region. The H* value is 0.073.
5. The quality of the treated data (even different data in the same dataset) are different. The
data with lower absolute R values (near R=0 line) and lower H values may be declared as the
more reliable experimental data.
One element should not be omitted from our discussion. Our aim herein has been to
justify the quality of the investigated data in a statistical way. Conclusion about the accuracy
and reliability of the applied experimental techniques and procedures for obtaining these data
merits future detailed investigations.
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Figure 7.4: Detection of the probable doubtful experimental data216 and the applicability
domain of the applied correlation for the CH4 clathrate hydrate system in the I-H-V region.
The H* value is 1.500.

Figure 7.5: Detection of the probable doubtful experimental data462,500-507 and the
applicability domain of the applied correlation for the C2H6 clathrate hydrate system in the
Lw-H-V region. The H* value is 0.077.
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Figure 7.6: Detection of the probable doubtful experimental data503,506,508 and the applicability
domain of the applied correlation for the C2H6 clathrate hydrate system in the I-H-V region.
The H* value is 0.545.

Figure 7.7: Detection of the probable doubtful experimental data499,502,506,509-514 and the
applicability domain of the applied correlation for the C3H8 clathrate hydrate system in the
Lw-H-V region. The H* value is 0.088.
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Figure 7.8: Detection of the probable doubtful experimental data506,514,515 and the
applicability domain of the applied correlation for the C3H8 clathrate hydrate system in the IH-V region. The H* value is 0.316.

Figure 7.9: Detection of the probable doubtful experimental data216,418,516-520and the
applicability domain of the applied correlation for the CO2 clathrate hydrate system in the LwH-V region. The H* value is 0.857.
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Figure 7.10: Detection of the probable doubtful experimental data216,516and the applicability
domain of the applied correlation for the CO2 clathrate hydrate system in the I-H-V region.
The H* value is 0.857.

Figure 7.11: Detection of the probable doubtful experimental data423,494,499 and the
applicability domain of the applied correlation for the N2 clathrate hydrate system in the LwH-V region. The H* value is 0.109.
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Figure 7.12: Detection of the probable doubtful experimental data521 and the applicability
domain of the applied correlation for the N2 clathrate hydrate system in the I-H-V region. The
H* value is 1.000.

Figure 7.13: Detection of the probable doubtful experimental data521-525 and the applicability
domain of the applied correlation for the H2S clathrate hydrate system in the Lw-H-V region.
*
The H value is 0.194.
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Figure 7.14: Detection of the probable doubtful experimental data514,522 and the applicability
domain of the applied correlation for the H2S clathrate hydrate system in the I-H-V region.
The H* value is 0.545.

Figure 7.15: Detection of the probable doubtful experimental data526 and the applicability
domain of the applied correlation for the CO2 + CH4 clathrate hydrate system in the Lw-H-V
region. The H* value is 0.562.
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Figure 7.16: Detection of the probable doubtful experimental data527 and the applicability
domain of the applied correlation for the CO2 + CH4 clathrate hydrate system in the Lw-H-V
region. The H* value is 0.346.

Figure 7.17: Detection of the probable doubtful experimental data528 and the applicability
domain of the applied correlation for the CO2 + CH4 clathrate hydrate system in the Lw-H-V
region. The H* value is 0.529.
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Figure 7.18: Detection of the probable doubtful experimental data217 and the applicability
domain of the applied correlation for the CO2 + CH4 clathrate hydrate system in the Lw-H-V
region. The H* value is 0.290.

Figure 7.19: Detection of the probable doubtful experimental data214 and the applicability
domain of the applied correlation for the CO2 + CH4 clathrate hydrate system in the Lw-H-V
region. The H* value is 0.214.
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Figure 7.20: Detection of the probable doubtful experimental data220 and the applicability
domain of the applied correlation for the CO2 + N2 clathrate hydrate system in the Lw-H-V
region. The H* value is 0.375.

Figure 7.21: Detection of the probable doubtful experimental data517 and the applicability
domain of the applied correlation for the CO2 + N2 clathrate hydrate system in the Lw-H-V
region. The H* value is 1.000.
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Figure 7.22: Detection of the probable doubtful experimental data529 and the applicability
domain of the applied correlation for the CO2 + N2 clathrate hydrate system in the Lw-H-V
region. The H* value is 0.600.
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8. Conclusions
Conclusions
L'objectif principal de ce travail était d'effectuer diverses études thermodynamiques
sur les équilibres de phases en présence de clathrates/semi-clathrates hydrates avec l'objectif
final de leur utilisation potentielle en vue de la conception de procédés de capture et de
séquestration du CO2. Afin de poursuivre cet objectif, les étapes d´études suivantes,
accompagnées, le cas échéant, par les conclusions correspondantes, ont été menées:
1. Tout d´abord nous avons fait une brève introduction sur hydrates de gaz, y compris sur leur
découverte et sur leurs différentes caractéristiques.
2. Nous avons examiné et discuté en détail l´utilisation des clathrates hydrates et semiclathrates hydrates pour les procédés de séparation ainsi que les études expérimentales sur la
séparation des gaz à effet de serre, la séparation de l'hydrogène et de l'azote, le fractionnement
du pétrole et du gaz, les procédés de dessalement, la séparation de différentes substances
provenant d´organismes vivants, et la séparation de liquides ioniques de leurs solutions
aqueuses diluées. On a montré que les études réalisées à ce jour concernent un domaine très
diversifié de la recherche en chimie, physique, sciences de la terre et de l'environnement, bioingénierie et procédés pharmaceutiques pour n'en nommer que quelques-uns. Il est maintenant
évident que la technologie de formation des hydrates de gaz jouera un rôle important dans
l'avenir des procédés de séparation et a le potentiel d'être, peut-être, une technique plus
durable que les technologies commerciales actuelles. Il faut noter que l'un des facteurs
importants dans la prise de décisions pour les technologies de remplacement est l'aspect
économique. Les nouvelles techniques ou méthodes proposées qui visent à remplacer les
procédés traditionnels devraient être économiquement rentables. Cependant, il y a très peu
d'études économiques détaillées disponibles dans la littérature sur les procédés de séparation
via la technologie de formation d'hydrates de gaz. Par conséquent, il est impératif que plus
d'études de cette nature soient entreprises dans un avenir proche pour démontrer la viabilité de
cette technologie. Pour récapituler, notre revue justifie l'importance des mesures
expérimentales (telles que celles du comportement de phases) pour les procédés de séparation
utilisant la cristallisation des hydrates de gaz. Il est à noter que ces études expérimentales
devraient être accompagnées de travaux théoriques (comme la modélisation
thermodynamique) afin de clarifier les différents aspects nouveaux et applications des
clathrates hydrates et semi-clathrates hydrates de gaz dans les technologies de séparation et
donc convaincre l'industrie d´investir, à l'avenir, dans ces nouveaux procédés.
3. Par la suite, un examen concis des modèles thermodynamiques disponibles dans la
littérature a été présenté. Les différentes caractéristiques de chaque groupe de modèles ont été
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également brièvement discutées. Il a été démontré qu'il existe un besoin impératif de
développement de modèles fiables pour la représentation et le calcul des équilibres de phases
des semi-clathrates hydrates car encore très rares.

4. Un modèle thermodynamique a été proposé pour calculer/estimer les conditions de la
dissociation des semi-clathrates hydrates de CO2 et CH4/N2 en présence de solutions aqueuses
de TBAB. Le modèle a été développé sur la base de la théorie des solutions solides de van der
Walls et Platteeuw (vdW-P)319,320 avec modification des expressions de détermination des
constantes de Langmuir et de la pression de vapeur d'eau dans le réseau d´hydrates vides. En
complément l´équation d´état cubique de Peng et Robinson (PR-EoS)393 et la fonction alpha
de Mathias-Copeman, (MC)394 contenant des paramètres réajustés ont été utilisées pour le
calcul de la fugacité en phase gazeuse des formeurs d'hydrates gazeux. La capacité du modèle
à prévoir les équilibres de phases en présence d'eau des clathrates hydrates simples a été
vérifiée avec succès avant son extension aux semi-clathrates hydrates. Les valeurs optimales
des paramètres du modèle ont été obtenues en minimisant l´écart entre les résultats calculés
par le modèle et les valeurs expérimentales obtenues pour les systèmes de CO2 en solutions
aqueuses de TBAB. Les paramètres ajustés ont été ensuite utilisés pour estimer les conditions
de dissociation des semi-clathrates hydrates de CO2 et CH4/N2 en présence de solution
aqueuse de TBAB. On ainsi pu observer un accord acceptable entre les résultats du modèle et
les données expérimentales sélectionnées dans la littérature et énoncer les remarques
suivantes:

I. Le modèle développé peut ne pas être capable de prédire les changements structurels
possibles des semi-clathrates hydrates sur de larges plages de températures-pressionscompositions de TBAB en solutions aqueuses.
II. Les effets de promotion ou d'inhibition de TBAB peuvent être bien représentés/prédits en
utilisant le modèle proposé.
III. Le fait que ce modèle découle d´un développement simple et aussi le fait qu´il contient
des paramètres faciles à utiliser sont parmi les avantages significatifs notables constatés.
IV. Le modèle thermodynamique peut ne pas être applicable pour la prévision des équilibres
S-L du système eau + TBAB.
V. Il y a possibilité d'extension du modèle au calcul et à l´estimation du comportement de
phases des semi-clathrates hydrates formés à partir de mélanges binaires de gaz.
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5. Il a d'abord été constaté, suite à une recherche bibliographique préliminaire, que les
données d'équilibres de phases de semi-clathrates hydrates dans le cas des solutions aqueuses
de (CO2 + N2/CH4/H2 + TBAB) sont rares. Par conséquent, des mesures expérimentales de
dissociation de semi- clathrates hydrates ont été réalisées (et tabulées), et ce, par utilisation de
deux équipements développés en interne notamment pour les mesures d'équilibres de phases
en présence d'hydrates de gaz sur les systèmes suivants:
1. CO2 (fractions molaires : 0,151/0,399) + N2 (fractions molaires : 0,849/0,601) + eau et +
solutions aqueuses de TBAB (0,05/0,15/0,30 en fractions massiques).
2. CO2 (fraction molaire : 0,399) + CH4 (fraction molaire : 0,601) + solutions aqueuses de
TBAB (fractions massiques : 0,05/0,10).
3. CO2 (fractions molaires : 0,151/0,399/0,749) + H2 (fractions molaires : 0,849/0,601/0,251)
+ eau et + solutions aqueuses de TBAB (0,05/0,30 en fractions massiques).

Les mesures d'équilibres de phases couvrent les gammes (275,1 à 293,2) K et (de 1,12
à 16,74) MPa, qui sont des domaines de conditions opératoires industrielles favorables pour
les procédés de capture du CO2 par formation d'hydrates de gaz. Il a également été discuté le
fait que le type de semi-clathrates hydrates peut changer en fonction de la concentration en
solution aqueuse du TBAB, en vertu d´une potentialité de transformation structurelle du type
A vers le type B et vice versa. Ce phénomène de transformation de type rend les mesures
d´équilibre particulièrement difficile à maitriser. Il a été déterminé à partir des résultats
expérimentaux que l'augmentation de la concentration de TBAB en tant que promoteur (pour
des valeurs des rapports TBAB / eau des clathrates hydrates inférieures à celle du rapport
stœchiométrique) contribue à un procédé de séparation du CO2 plus efficace qu´une technique
classique de formation d'hydrates, en présence d'eau. Cependant, des études plus complètes et
plus détaillées devraient être effectuées afin de déterminer la concentration optimale de la
solution aqueuse de TBAB, en accord avec les conditions de séparation: pression et
température.
6. La détermination de la composition molaire des clathrates hydrates mixtes
contenant du dioxyde de carbone est d'une grande importance pour la conception de procédés
de capture du CO2 par la méthode de cristallisation sous forme d‟hydrates de gaz. Dans ce
travail, une approche par bilans de matière, a été suivie à cet effet. Afin de résoudre les
équations non-linéaires de bilans de matière, un algorithme mathématique a été développé sur
la base de la méthode numérique de Newton 431 associée à la « diﬀerential evolution
optimization strategy ».406,407 Les mesures d‟équilibres de phases avec hydrate de gaz,
précédemment réalisées dans notre laboratoire (CEP / TEP),59,426 y compris celles des
compositions de la phase vapeur en équilibre avec l'hydrate de gaz et l'eau liquide ont été
utilisées comme banque de données expérimentales. Les compositions molaires déterminées
en utilisant la méthode susmentionnée (et aussi les données expérimentales retenues
concernant les conditions de dissociation des hydrates et les compositions de la phase vapeur)
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ont été comparées aux prédictions du modèle thermodynamique fiable, à savoir CSMGem.2 Il
a ainsi été montré que ce modèle thermodynamique peut prédire de façon acceptable les
conditions de dissociation d'hydrates pour les systèmes : CO2 + CH4/N2 + eau, étudiées dans
ce travail. Bien que le modèle CSMGem prédise de façon acceptable la composition de la
phase gazeuse en équilibre avec de l'hydrate de gaz et celle de la phase aqueuse pour les
systèmes CO2 + CH4/N2 + eau, il semble peu fiable lorsqu‟il s‟agit de la prédiction des
compositions de la phase hydrate.
7. Dans l'étape finale, il a été évoqué que les résultats des mesures d'équilibres de
phases peuvent être entachées d´incertitudes considérables en raison de difficultés inévitables
et des possibles sources d'erreurs lors des déterminations expérimentales. Par conséquent,
deux approches ont été proposées dans ce travail afin de conclure quant à la qualité des
données expérimentales d'équilibres de phases des systèmes contenant des clathrates hydrates.
La première méthode appliquée utilise l´équation de Gibbs-Duhem à température constante.
440-443
. Cet algorithme a été suivi pour vérifier la fiabilité des données expérimentales
d'équilibres de phases dans les cas suivants: teneur en eau du méthane en équilibre avec de
l'hydrate de gaz, de l'eau liquide ou de la glace; données de solubilité du dioxyde de carbone
et du méthane dans l'eau, à l'intérieur et l'extérieur de la région de formation des hydrates de
gaz, et compositions de la phase vapeur en équilibre avec des hydrates de gaz et de l'eau
liquide des systèmes : dioxyde de carbone + (méthane ou azote) + eau. Les données
expérimentales traitées ont été finalement déclarées comme probablement
thermodynamiquement cohérentes ou incohérentes, ou comme pas totalement cohérentes.
Toutefois, il convient de souligner que l'évaluation des données d'équilibres de phases réalisée
est inévitablement dépendante du modèle, car il n'y a aucun moyen de mesurer directement
les paramètres requis pour le test de cohérence, y compris les coefficients de fugacité. En
outre, les tests de cohérence thermodynamique ne peuvent fournir que des informations
approximatives de la qualité des données.

La deuxième approche est une méthode statistique faisant appel au concept du levier.
Elle a été utilisée pour vérifier la fiabilité des données de dissociation concernant les
hydrates de CH4, C2H6, C3H8, CO2, N2, H2S et celles concernant les clathrates hydrates mixtes
de CO2 + CH4/N2. Deux corrélations simples recommandées 214,492 ont été appliquées pour
représenter / prédire ces données. Les résultats montrent que : - les corrélations appliquées
sont valides et statistiquement correctes ; - parmi le domaine complet des données de
dissociation d'hydrates, 10 sont jugées en dehors du domaine d'application des corrélations
employées ; - 8 sont désignées comme probablement inacceptables. Les résultats mentionnés
ci-dessus peuvent être utilisés pour conclure à propos de la qualité des données, qui sont
censées intervenir lors de l´ajustement des modèles thermodynamiques de
représentation/prédiction des équilibres de phases avec clathrates hydrates à partir des
formeurs d'hydrates concernés.
444-446
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Pour récapituler, nous recommandons aux utilisateurs de construire un ensemble
comprenant toutes les données définies comme cohérentes et qui ne peuvent
être déclarées comme aberrantes dans le cadre de l´approche statistique appliquée444-446 ainsi
qu´une partie des données pas entièrement cohérentes, en vue de l´ajustement des paramètres
des modèles thermodynamiques et de leur application en conception de procédés. Ensuite, sur
la base de leurs propres expériences, les utilisateurs pourront tirer certaines conclusions quant
aux données thermodynamiques jugées incohérentes qui peuvent passer le test de l'approche
statistique.444-446 Toutefois, nous leur conseillons vivement de ne pas utiliser les données qui
ne peuvent satisfaire aucun des tests.
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The main objective of this work was to perform various thermodynamic studies on
phase equilibria of clathrate/semi-clathrate hydrates with the final aim of their potential
utilization in CO2 capture and sequestration process. To pursue this goal, the following
investigation steps were undertaken along with their eventual subsequent conclusions:
1. A brief introduction to gas hydrates including their discovery and different features
was first presented.
2. The application of clathrate/semi-clathrate hydrates for separation processes
including experimental studies on separation of greenhouse gases, separation of hydrogen and
nitrogen, oil and gas fractionation, desalination processes, separation of different substances
from living organisms, and separation of ionic liquids from their dilute aqueous solutions was
later reviewed and discussed in details. It was argued that the studies preformed to date show
a diverse ﬁeld of research in chemistry, physics, earth and environmental sciences,
bioengineering, and pharmaceutical processes to name a few. It is evident that gas hydrate
formation technology will play a signiﬁcant role in the future of separation processes and has
the potential to be, perhaps, a more sustainable technique than current comparable
commercial technologies for separation. It should be noted that one of the signiﬁcant factors
in decision making for alternative technologies is the economical aspect. The novel proposed
techniques or methods which are meant to replace the traditional processes should be
economically feasible. However, there are very few detailed economic studies on separation
processes using gas hydrate formation technology available in the open literature. Hence, it is
imperative that more studies of this nature are undertaken in near future to truly ascertain the
sustainability of gas hydrate technology. To recapitulate, this review demonstrates the
importance of experimental measurements (such as phase behavior) on separation processes
utilizing gas hydrate crystallization. It should be noted that these experimental studies should
be accompanied by theoretical investigations (like thermodynamic modeling) in order to
clarify different novel aspects and applications of gas clathrate/semi-clathrate hydrates in
separation technologies and consequently persuade the industry to invest in this in the future.
3. Later, a concise review on the thermodynamic models available in open literature
was presented. The various characteristics of each group of models were also discussed in
brief. It was shown that there is imperative need for developing reliable models for
representation/prediction of phase equilibria of semi-clathrate hydrates since they are very
scarce.
4. A thermodynamic model was proposed to calculate/estimate the dissociation
conditions of the semi-clathrate hydrates of CO2/CH4/N2 in the presence of TBAB aqueous
solution. The model was developed on the basis of the solid solution theory of the vdWP319,320 with modification of the expressions to determine the vapor pressure of water in empty
hydrate lattice and the Langmuir constants. Additionally the PR EoS393 along with the
Mathias-Copeman alpha function394 containing re-tuned parameters were applied for
calculation of the fugacity of the gaseous hydrate formers in the gas phase. The capability of
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the model for prediction of the phase equilibria of the corresponding simple clathrate hydrates
in the presence of water was successfully checked prior to extension to the semi-clathrate
hydrates. The optimal values of the model parameters were obtained minimizing the deviation
of the calculated model results compared to the selected data of the CO2 + TBAB aqueous
solution system. The tuned parameters were later used to estimate the semi-clathrate hydrate
dissociation conditions of CO2/CH4/N2 in the presence of TBAB aqueous solution.
Acceptable agreement between the model results and selected experimental data from the
literature were observed. In addition, the following factors have been observed from the
model results:
I. The developed model may not be capable of prediction of the possible structural changes of
the semi-clathrate hydrates in wide ranges of temperature-pressure-composition of the TBAB
in aqueous solution.
II. The promotion or inhibition effects of the TBAB can be well-represented/predicted using
the proposed model.
III. Easy-to-use model parameters and straight-forward development of this model are among
significant advantages.
IV. The thermodynamic model is not applicable for prediction of the S-L equilibria of the
TBAB + water system. In addition, the proposed model for the liquid phase cannot be used
for complete liquid phase calculations.
V. There is a possibility for the extension of the model to calculate/estimate the phase
behaviors of the semi-clathrate hydrates formed from binary mixtures of the investigated
gases.

5. It was first inferred, through a preliminary literature survey, that phase equilibrium
data of semi-clathrate hydrates for the (CO2 + N2/CH4/H2 + TBAB) aqueous solution systems
are scarce. Therefore, experimental semi-clathrate hydrate dissociation data were measured
and reported for the following systems using two equipment developed in-house particularly
for gas hydrates phase equilibrium measurements:
I. CO2 (0.151/0.399 mole fraction) + N2 (0.849/0.601 mole fraction) + TBAB aqueous
solution (0.05/0.15/0.30 mass fraction) or water.
II. CO2 (0.399 mole fraction) + CH4 (0.601 mole fraction) + TBAB aqueous solution
(0.05/0.10 mass fraction).
III. CO2 (0.151/0.399/0.749 mole fraction) + H2 (0.849/0.601/0.251 mole fraction) + TBAB
aqueous solution (0.05/0.30 mass fraction) or water.
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The measured phase equilibrium data cover the (275.1 to 293.2) K temperature range
and (1.12 to 16.74) MPa pressure range, which contain favorable industrial conditions for
CO2 capture processes applying gas hydrate formation technique. It was also discussed that
the type of the semi-clathrate hydrates may change depending on the concentration of TBAB
in aqueous solution i.e. the types have the potential of structural change from type A to B vice
versa. This phenomenon may make such measurements to be generally difficult to manage.
It was determined from the experimental results that introducing TBAB as a promoter
(below stoichiometric ratios of the clathrate hydrates of TBAB + water) contributes to a more
efficient CO2 separation process compared with a conventional hydrate formation technique
in the presence of water. However, more detailed studies should be performed for
determination of the optimal concentration of TBAB aqueous solution, and suitable pressuretemperature conditions for separation purposes.
6. Determination of the molar composition of the hydrate phase for mixed clathrate
hydrates containing carbon dioxide is of great significance to design the CO2 capture
processes using gas hydrate formation method. A material balance approach was pursued for
this purpose. In order to solve the non-linear mass balance equations, a mathematical
algorithm was developed on the basis of the Newton‟s numerical method431 coupled with the
diﬀerential evolution optimization strategy.406,407 Previously generated gas hydrate phase
equilibrium data59,426 in our laboratory (CEP/TEP) including the compositions of vapor phase
in equilibrium with gas hydrate and liquid water were applied as experimental datasets. The
determined molar compositions using the mentioned method (and also the applied
experimental data of hydrate dissociation conditions and compositions of vapor phase) were
compared with predictions of the reliable thermodynamic model, namely CSMGem.2 It was
shown that the aforementioned thermodynamic model can acceptably predict hydrate
dissociation conditions for the CO2 + CH4/N2 + water systems studied in this work. While the
CSMGem2 model acceptably predicts the composition of the gas phase in equilibrium with
gas hydrate and aqueous phases for the CO2 + CH4/N2 + water systems studied in this work, it
seems that its prediction results for the compositions of the hydrate phase have generally high
deviations.
7. In the final step, it was discussed that experimental phase equilibrium data may
have considerable uncertainties due to inevitable difficulties and possible sources of errors
during experimental measurements. Therefore, two approaches were proposed in this work to
conclude about the quality of experimental phase equilibrium data for the systems containing
clathrate hydrates. The first applied method benefits from the principles of the “Gibbs-Duhem
equation”440-443 at constant temperature. This algorithm was followed to check the reliability
of the experimental phase equilibrium data of following systems: water content of methane in
equilibrium with gas hydrate, liquid water or ice; solubility data of carbon dioxide and
methane with water inside and outside gas hydrate formation region, and composition of
vapor phase in equilibrium with gas hydrate and liquid water for carbon dioxide + methane or
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nitrogen + water system. The treated experimental data were finally declared to be probable
thermodynamically consistent/inconsistent, or not fully consistent data. However, it is worth
pointing out that the performed phase equilibrium data assessment test is inevitably modeldependent because there is no way to measure directly the required parameters for the
consistency test including the fugacity coefficients. Therefore, some data could not pass the
consistency test but still be reliable ones from mathematical point of view.
The second approach was a statistical method using the Leverage concept.444-446 The
hydrate dissociation data for the CH4, C2H6, C3H8, CO2, N2, and H2S simple clathrate hydrates
and the dissociation data for the CO2 + CH4/N2 mixed clathrate hydrates data were treated to
check their reliability. Two recommended simple correlations214,492 were applied to
represent/predict these data. The results show that: The applied correlations are valid for the
purpose of this work; 10 points from the whole investigated hydrate dissociation data are
found to be out of the applicability domain of the employed correlations and 8 hydrate
dissociation data are designated as probable suspended experimental data. The
aforementioned results can be further used to conclude about the quality of the data points,
which are supposed to be applied in tuning the thermodynamic models to predict the phase
equilibrium of clathrate hydrates of the treated hydrate formers/their mixtures.

To recapitulate, we recommend the users to keep all the consistent data that can be
declared not to be outliers using the applied statistical approach444-446 and some of the similar
not fully consistent data, for tuning the thermodynamic models as well as application in
design of the processes. Later, on the basis of their experiences, some conclusions should be
made on thermodynamic inconsistent data which can pass the statistical approach.444-446
However, we strongly advice the users not to use the data that can fulfill neither of the tests.
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9. Prospective Works
Suggestions pour des travaux ultérieurs
1. Le modèle thermodynamique développé au cours de ce travail pourrait être étendu à
la représentation et à la prédiction des équilibres de phases des mélanges de gaz formeurs de
clathrates et semi-clathrates hydrates tels les systèmes CO2 + H2/CH4/N2.
2. Les comportements de phases des semi-clathrates hydrates dans des solutions
aqueuses d'autres formeurs d´hydrates comme : TBAC, TBAF , etc. pourraient être estimées à
l´aide du modèle proposé.
3. L'approche mathématique appliquée à la résolution les équations de bilans de
masses pourrait être étendue à la détermination des compositions molaires des semi-clathrates
hydrates.
4. Une méthode de test de cohérence thermodynamique pourrait être développée sur la
base de l´équation de Gibbs-Duhem 440-443 à pression constante. Cette méthode pourrait alors
être appliquée à la vérification de la fiabilité des données d'équilibres de phases isobares.
5. La méthode dite: “isochoric pressure search method” 58,59,199,312,425-429 pourrait
continuer d´être utilisée pour la mesure des équilibres de phases des semi-clathrates hydrates
de systèmes variés incluant différentes concentrations de TBAB en solutions aqueuses et de
grandes variabilités de concentration de CO2 dans les mélanges gazeux.
6. Finalement le développement de nouvelles techniques expérimentales de mesure des
équilibres de phases, plus précises et plus rapides, est fortement recommandé. En effet, cela
reste encore un challenge particulièrement intéressant et tout particulièrement en ce qui
concerne la détermination de la structure et de la composition des hydrates.
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1. The developed thermodynamic model can be extended to represent/predict the
phase equilibria of semi-clathrate hydrates of mixed hydrate formers including the CO2 +
N2/CH4/H2 systems.
2. Phase behaviors of the semi-clathrate hydrates containing the aqueous solutions of
other hydrate promoters including TBAC, TBAF, etc. can attract attentions to be
calculated/estimated by the proposed model.
3. The applied mathematical approach for solving the mass balance equations can be
extended to determine the molar composition of semi-clathrate hydrates.
4. A thermodynamic consistency test method can be developed on the basis of the
“Gibbs-Duhem equation”440-443 at constant pressure. This method can be later applied for
checking the reliability of isobaric phase equilibrium data.
5. The isochoric pressure search method58,59,199,312,425-429 can be pursued for
measurement of phase equilibria of semi-clathrate hydrates of various systems including
different concentrations of TBAB in aqueous solutions or wider ranges of carbon dioxide in
the feed gas.
6. The last but not the least is that developing new experimental phase equilibrium
measurement techniques, more accurate and more rapid, is highly recommended. In fact, this
is still a challenge especially interesting for those who are dealing with determination of the
structure and composition of the hydrates.
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Appendix. A
The VPT EoS465 is believed as a strong tool for modeling systems containing water
and polar compounds.466 This equation of state is written as follows:13,323,465,472

P

RT
a

v  b v ( v  b)  c (v  b )

(A.1)

where P is pressure, T is temperature, R denotes the universal gas constant, v stands for the
molar volume, and a, b, and c are the parameters of the VPT EoS.465
In Eq. (A.1):

a  a  (Tr )

(A.2)

a

 a R 2Tc2
Pc

(A.3)

b

 b R Tc
Pc

(A.4)

c

 c R Tc
Pc

(A.5)

where the alpha function is given as:

 Tr   1  F 1  Tr 

2

(A.6)

where Ψ  0.5 and the coefficient F is given by:

F  0.46286  3.58230Z c   8.19417Z c 

2

(A.7)

The subscripts c and r in the preceding equations denote critical and reduced
properties, respectively, and ω is the acentric factor. Additionally, the coefficients Ωa, Ωb, Ωc
are calculated by:
 a  0.66121  0.76105Z c

(A.8)

b  0.02207  0.20868Z c

(A.9)

 c  0.57765  1.87080Z c

(A.10)
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where Zc is the critical compressibility factor, and  is the acentric factor. Avlonitis et al.466
relaxed the constraints on F and  for water in order to improve the predicted vapor pressure
and saturated volume for these compounds:

F  0.72318,

  0.52084

(A.11)

Later, Tohidi-Kalorazi463 relaxed the alpha function for water, αw(Tr), using
experimental water vapor pressure data in the range of 258.15 to 374.15 K, in order to
improve the predicted water fugacity:

 w Tr   2.4968  3.0661 Tr  2.7048 Tr 2  1.2219 Tr 3

(A.12)

Nonpolar - nonpolar binary interactions in fluid mixtures are described by applying
classical mixing rules as follows:

a   xi x j aij
i

(A.13)

j

b   xi bi

(A.14)

i

c   xi ci

(A.15)

i

aij  1  kij  ai a j

(A.16)

where kij is the standard binary interaction parameter and x stands for the mole fraction of the
species.
For polar - nonpolar interaction, however, the classical mixing rules are not
satisfactory and therefore more complicated mixing rules are necessary. In this work the
NDD mixing rules developed by Avlonitis et al.466 are applied to describe mixing in the
a-parameter:

a  aC  a A

(A.17)

where aC is given by the classical quadratic mixing rules (Eqs. A.13 and A.16). The term aA
corrects for asymmetric interaction which cannot be efficiently accounted for by classical
mixing rules: 466

a A   x 2p  xi a pil pi
p

(A.18)

i

a pi  a p ai

(A.19)

l pi  l pi0  l1pi T  T0 

(A.20)
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where p is the index of polar components, and l represents the binary interaction parameter
for the asymmetric term.
Using the preceding EoS465 and the associated mixing rules, the fugacity of each
component in fluid phases is calculated from:
f i  yi i P

(A.21)

where yi and φi are the mole fraction and the fugacity coefficient of component i, respectively.
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Études Thermodynamiques sur les Semi-Clathrate Hydrates de TBAB + Gaz Contenant
du Dioxyde de Carbone

RESUME : Capturer le CO2 est devenu un domaine de recherche important en raison principalement
des forts effets de serre dont il est jugé responsable. La formation d'hydrate de gaz comme technique
de séparation montre un potentiel considérable, d’une part pour sa faisabilité physique et d’autre part
pour une consommation énergétique réduite. En bref, les hydrates de gaz (clathrates) sont des
composés ″cages″ non-stœchiométriques, cristallins comme la glace et formés par une combinaison
de molécules d'eau et de molécules hôtes convenables, à basses températures et pressions élevées.
Puisque la pression exigée pour la formation d'hydrate de gaz est généralement forte, il est judicieux
d’ajouter du bromure tétra-n-butylique d'ammonium (TBAB) comme promoteur de formation d'hydrate
de gaz. En effet, le TBAB permet généralement de réduire la pression exigée et/ou d’augmenter la
température de formation aussi que de modifier la sélectivité des cages d’hydrates au profit des
molécules de CO2. TBAB participe à la formation des cages par liaisons ″hydrogène″. De tels hydrates
sont nommés "semi-clathrate hydrates". Évidemment, des données d'équilibres de phase fiables et
précises, des modèles thermodynamiques acceptables, et d'autres études thermodynamiques sont
requises pour concevoir des procédés de séparation efficaces utilisant la technologie mentionnée cidessus. Dans ce but, des équilibres de phase de clathrate/semi-clathrate hydrates de de divers
mélanges avec des gaz contenant CO2 (CO2 + CH4/N2/H2) ont été mesurés, ici, en présence d'eau
pure et de solutions aqueuses de TBAB. La partie théorique de la thèse présente un modèle
thermodynamique développé avec succès sur la base de la théorie des solutions solides de van der
Waals et Platteeuw (vdW-P) associée aux équations modifiées de la détermination des constantes de
Langmuir des promoteurs d'hydrates pour la représentation/prédiction des équilibres en présence de
″semi-clathrate hydrates″ de CO2, CH4, et N2. Plusieurs tests de cohérence thermodynamique basés
soit sur l'équation de Gibbs-Duhem, soit sur une approche statistique ont été appliqués aux données
d'équilibre de phase des systèmes de ″clathrate hydrates″ simples/mélanges afin de statuer sur leur
qualité.

Mots clés : Semi-clathrate hydrate, Équilibres de phase, Appareillage expérimental, Modèle
thermodynamique, Capture de CO2, tests de cohérence.

Thermodynamic Studies on Semi-Clathrate Hydrates of TBAB + Gases Containing
Carbon Dioxide

ABSTRACT : CO2 capture has become an important area of research mainly due to its drastic greenhouse effects. Gas hydrate formation as a separation technique shows tremendous potential, both
from a physical feasibility as well as an envisaged lower energy utilization criterion. Briefly, gas
(clathrate) hydrates are non-stoichiometric, ice-like crystalline compounds formed through a
combination of water and suitably sized guest molecule(s) under low-temperatures and elevated
pressures. As the pressure required for gas hydrate formation is generally high, therefore, aqueous
solution of tetra-n-butyl ammonium bromide (TBAB) is added to the system as a gas hydrate promoter.
TBAB generally reduces the required hydrate formation pressure and/or increases the formation
temperature as well as modifies the selectivity of hydrate cages to capture CO2 molecules. TBAB also
takes part in the hydrogen-bonded cages. Such hydrates are called "semi-clathrate" hydrates.
Evidently, reliable and accurate phase equilibrium data, acceptable thermodynamic models, and other
thermodynamic studies should be provided to design efficient separation processes using the
aforementioned technology. For this purpose, phase equilibria of clathrate/semi-clathrate hydrates of
various gas mixtures containing CO2 (CO2 + CH4/N2/H2) in the presence of pure water and aqueous
solutions of TBAB have been measured in this thesis. In the theoretical section of the thesis, a
thermodynamic model on the basis of the van der Waals and Platteeuw (vdW-P) solid solution theory
along with the modified equations for determination of the Langmuir constants of the hydrate formers
has been successfully developed to represent/predict equilibrium conditions of semi-clathrate hydrates
of CO2, CH4, and N2. Later, several thermodynamic consistency tests on the basis of Gibbs-Duhem
equation as well as a statistical approach have been applied on the phase equilibrium data of the
systems of mixed/simple clathrate hydrates to conclude about their quality.

Keywords : Semi-clathrate hydrate, Phase equilibria, Experimental set-up, Thermodynamic model,
CO2 capture, Consistency test.
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