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Chapter 1 - Ph.D. Dissertation V. BELANDRIA

Vd

Résumeé

Ce chapitre introductif présente le contexte indaket les motivations liés a la recherche
sur les hydrates de dioxyde de carbone. Cette thatseonsacrée a |I"étude expérimentale des
équilibres de phases de systéemes conduisant antefion d”hydrates de dioxyde de carbone.
En conséquence, nous donnons tout d'abord un apgépéral sur les hydrates et les
clathrates, ainsi que sur leurs applications poiglfgs dans l'industrie et en génie des
procédeés, y compris dans le domaine du captage @ge IB=s principes fondamentaux des
equilibres de phases en présence d hydrates #ishtion de promoteurs thermodynamiques
permettant d"améliorer les conditions de formatihydrates sont mis en évidence. Enfin,
nous décrivons les objectifs et les grandes ligleeks thése.

Abstract

This introductive chapter provides the industriantext and motivations behind carbon
dioxide hydrate research. As this thesis is coregrwith the phase equilibria of carbon
dioxide hydrate-forming systems from experimentahtpof view, a general overview to
clathrate hydrate compounds and their potential leggpion in industry and process
engineering, including CQOcapture is given. The fundamentals of hydrate plezgelibria
and the use of thermodynamic promoters to enhameehydrate formation conditions are
highlighted and finally, the aims and the outlifdle thesis are presented.

11



Chapter 1 - Ph.D. Dissertation V. BELANDRIA

1 Introduction
1.1 The Growing Need for CQ, Capture

One of today’'s major challenges within process megjing is the implementation of safer,
economical and sustainable technologies to meetahuaver-increasing needs. Accurate
thermodynamic data form the basis in determinimgféiasibility of applying new processes in
industry. This thesis deals with experimental thmtymamics aspects in the context of an

alternative carbon dioxide (GPseparation approach, through gas hydrate formatio

It is believed that global atmospheric concentregiof CQ, methane (Ckj and nitrous oxide
(N2O) have significantly increased as a result of iomed economic development and
industrialization. Preliminary estimates show abgllancrease in CQemissions of more than

5 % in 2010 alone, which is the highest growth n&tgistered over the past two decades
(Olivier et al, 2011),as evidenced in Figure 1.1. The major recent ecanonses leading to
important growth of global CQndustrial emissions are listed in Table 1.1.ddliion to the
increasing levels of C£and other greenhouse gases in the atmosphera| ghaan surface

temperatures have also increased (IPCC, 2007).

As a result, two major issues arise from todaytsgl energy discussion. The first is centered
on the role of CQin climate change and the second is the long-grstainability of energy
supply. Doubling or even tripling of the global egye demand is expected by 2050 (World
Energy Council, 2012), while the latest IPCC (20833essment calls for 50 to 85% reduction
in global emissions during the same period, in oideavoid dangerous changes in the
atmosphere.

In light of these issues, worldwide efforts for aoadinated cooperation in scientific and
public policy matters around environmental and gnpgoals, have resulted in the creation of
international conventions and treaties, such aK§ywo Protocol, promoted by the United
Nations Framework Convention on Climate Change (ORE). Within this context,
sustainable development, energy supply securitynaitidating climate change are the main
drivers for energy research beginning the twenst fLentury (European Commission, 2007).

Carbon dioxideCapture and Storage (CCS) have thus become atpririhin energy
research. CCS refers to capturing Qfirectly from the emission sources by technoldgica

means, transport it and store it permanently (Tgi&aPeteves, 2003). As this thesis is

12



Chapter 1 - Ph.D. Dissertation V. BELANDRIA

primarily concerned with COcapture applications, no further discussion isegito carbon

dioxide transportation or sequestration technokgie
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Figure 1.1. Worldwide C®industrial emissions and economic recessionsdrptst 50 years
(modified from Petergt al, 2012). CQemissions are given in Petagrams (Pg) of carbon per
year. A Petagram is equal to a trillion (1,000,000,000) kilograms or a billion
(1,000,000,000) tones. Linear trends are fittechto five years preceding the beginning of
each crisis.

Table 1.1. Summary of major economic crises leadingnportant growth of global GO
industrial emissions since the 1960s, as shownguré 1.1 (Peterst al, 2012).

Year Event

1973 Oil crisis

1979 The US savings and loans crisis

1989 The collapse of the Former Soviet Union (FSU)
1997 The Asian financial crisis

2009 The recent global credit crisis

13
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As stated in the European Commission (2007) repoirtent priorities within C@ capture
include: CQ separation from flue gas (G@ nitrogen), CQ separation from synthetic fuels
(CO, + hydrogen) and CPOseparation from biogas (GG CH,). Consistent with these

imperatives, this thesis contributes to the thmeegding CQ capture objectives.

In 2007, the SECOHYA C@Hydrate Separation project was established in daajointly
with the Agence Nationale de la Recherdfd\NR) and five academic partners. The goal of
this project is to develop a separation processamure CQ based on a principle of gas
hydrate crystallization (SECOHYA, 2007). The Thedwoeamics and Phase Equilibria
Laboratory (CEP-TEP) from MINES ParisTech, as menabe¢his partnership, was requested
to perform accurate hydrate phase equilibrium measents of (carbon dioxide and methane,
nitrogen or hydrogen) gas mixtures in the presewicéetra-n-butyl ammonium bromide
(abbreviated TBAB) aqueous solutions. The scopéheftask was specifically targeted to
enhancing the fundamental knowledge of hydrate &bion and dissociation and elucidating
the promotion effect of the latter additive, frohretmodynamic point of view (SECOHYA,
2007).

Although the phase behavior of gas hydrates has bxensively studied for decades, better
understanding of thermodynamics of £@ydrate-forming systems and reliable phase
equilibrium data in the presence of thermodynandditaves are fundamental for developing
thermodynamically well-founded models and to essablthe feasibility of industrial

processes involving carbon dioxide hydrates.

1.1.1 Carbon dioxide: Properties, formation, and phasadaor of the CQ+ water system

Before studying the stability of mixed hydrate gyst containing carbon dioxide, it is useful
to consider some properties of €85 a pure compound, as well as the phase belaE\vZiD,

+ water (HO) mixtures.

Carbon dioxide is a colorless, non-polar compouini. considered non-harmful (below 1%,
by volume), naturally abundant, inert and relaghvaieap. Carbon dioxide has a triple point at
a temperature of 216.6 K and pressure of 0.519 WPAT WebBook, 2001), and a critical
point located at 304.2 K and 7.380 MPa (NIST WeldB8&®01). Along with methane, ethane
and propane, carbon dioxide is one of hydrate fosrygically found in natural gas (Sloan &
Koh, 2008).
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Figure 1.2. Carbon dioxide hydrates phase equilibrin CQ + water system. Symbols
represent experimental data and lines are calcuthtee-phase equilibrium pressures using a
lattice fluid equation of state (Yargg al, 2000).

Most relevant properties of carbon dioxide hydiatdude: a density of 1120 kg - m3 at 276
K, measured via X-ray diffractiony Udachinet al (2001); and molecular weight and molar
volume values 00.1556 kg- kmol and 1.389 - 10m® - mol*, respectively, reported by
Anderson (2003).

Figure 1.2 illustrates the phase behavior of,COwater (HO) system, involving the
formation of hydrate (H), water-rich liquid ), COyx-rich vapor (\Vo2), COx-rich liquid
(Lcoo), and ice (l) phases. From this pressure-tempergthase diagram it can be seen that
the stability region of C®hydrates lies in the middle of the hydrate + ic@apor (H-I-
Vo), hydrate + liquid water + vapor (HwkVcoo) and hydrate + liquid water + liquid GO
(H-Lw—Lcop) equilibrium curvesAny pressure-temperature condition within this oegwill
lead to thecoexistence of COhydrates together with gaseous Cahd liquid water.The

lowest measured dissociation condition along thel({#Vcoy) line for hydrates formed in
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the (CQ + H,O) system is 1048 KPa at 271.8 K (Larson, 1955)o iwadruple points are
distinguished, namely {and Q, located atT = 273.1 K;p = 1.256 MPa) andT(= 283.0 K;

p = 4.499 MPa), respectively (Sloan, 1998).is the quadruple point, where ice + water +
hydrate + gas (I-w-H- Vcoy) coexist, while Qis a (Lw-H-VcozrLco2) equilibrium point.

The idealized dissociation of Gydrate to gaseous G@nd liquid water at the (Hy=—
Vcop) equilibrium can be represented through the folhmaequation:

CO; - gqH20(s) «» COx (9) +gH20 () (1.1)

where g represents the number of hydrate water molecu&sgpest molecule, namely
hydration number. The concept of hydration numiseused later in Chapters 4 and 5 for

determining the composition of mixed hydrate system

Based on reaction (1.1), the amount of energy reduior dissociating COhydrates (per
mole of CQ in the hydrate) has been reported to vary from7(3@. 65.22) kJ - mot
(Anderson, 2003). This advantageous exothermic reatf CQ hydrate’s formation
compared to the heat of GHydrate dissociation (54.49 kJ- ridlcan be fully exploited for
sequestering COwith simultaneous production of natural gas fromtimane hydrates (Goel,
2006).

Gaseous carbon dioxide is mainly formed as a bgymbfrom combustion of fossil fuels
(e.g natural gas, coal and oil). The combustion ofcaltbon-based fuels follows a very
similar chemical reaction. As an example, the Walbwn reaction of carbon with oxygen is
given below, where CQenthalpy of formation is -393.8J - mol*, as reported in the NIST
WebBook (2001).

C+0— CO, (1.2)

The major industrial sectors releasing £t the atmosphere include: thermal power
generation, cement production, natural gas andredihing, gas flaring, iron and steel
production, gas leakages and waste (OECD/IEA, 20@®)ce fossil fuels are usually
combusted with excess aother compounds are also formed together with, C& nitrogen
(N2), carbon monoxide (CO), water vapor, oxygen)(@©tc. The ratio of these products in the
exhaust gases and the exact temperature and mressugitions depend on the plant type,
operating conditions and the parameters of the asitign process (Tzimas & Peteves, 2003).
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Indeed, the majority of Cemission sources have a molar Qfncentration that has been
reported to vary from roughly 15 mole % in flue ggsto about 4 mole % in natural gas
combustion in combined cycle (IEA, 2001)hereas in other processes involving hydrogen
(H2) production from fossil fuelse.g steam-natural gas reforming and/or integrated coa
gasification power plants, a stream of almost L@ is produced~« > 95 mole %.) In such
processes, it has been estimated that one ton pfdduced may also produce about 9 tons of
carbon dioxide (Collodi & Wheeler, 2010).

As result of its increased concentration (0.039%,volume) in the atmosphere (NOAA,
2012), carbon dioxide is currently considered anpriy greenhouse gas contributing to the so-
called global warming effecRegardless remaining controversies and debateki®rnssue,
research efforts are currently undergoing worldwide continuing the development of

technological solutions to enable €€apture.

1.1.2 Solutions for Capturing CO

According to the Intergovernmental Panel on Clim@kange (IPCC) special report on CCS,
the power plants activity constitutes more tha¥0f CQ, emissions, where Nand CQ are

the most significant components (IPCC, 2007). Gndther hand, the IEA (2008) assessment
states that CCS technology alone has the potdatraduce greenhouse gas emission by 20 %
by 2050. CCS is thus recommended asohe. of the most promising solutions to stabilize
atmospheric levels of GQ.” (IPCC, 2007).

Based on process conditions, such as; @idcentration, temperature, pressure, fuel tyge an
degree of required CGOemoval from the feed; most common £€apture technologies fall
under three general categories, namely: post-caminyuspre-combustion and oxy-fuel
combustion. The first two approaches are considemhomically feasible under specific
conditions, while the third one is at demonstragpirase (IPCC, 2007). The Lacqg oxyfuel
combustion CCS project, briefly described below,ais example of this. A variety of
processes have been thus developed for separatihgapturing CQ and many of them are

commercially available, as indicated in Table 1.2.

These processes are generally based on gas phmEsat®s, absorption into a liquide.
amines absorption (Rubin & Rao, 2002), adsorptionacsolid, and more recently, hybrid

techniques such as adsorption/membrane sysetms,
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Table 1.2. Main features of post-combustion, predoostion and oxy-fuel combustion capture approaches

Capture Separation pTand fged Method Cu.rrer_1t Advantages Drawbacks
approach  task/ feed composition application
Absorption Separation of C® Well established process High regeneration costs
(Chemical solvents) from natural gas Solvent can be recycled Degradation of solvents due to
and flue gases Degree of CQpurity > 95% the presence of impurities and
Near atmospheric Non dependence on humarby-products
pressure operators, minimizing labor Low CG, loading capacity
<373K costs Solvent can form corrosive
4 — 15 mole % C® Likely to be incorporated in solutions with flue gases. Lost
existing power plants without solvent precipitates. Large
significant modifications equipment size
Post- Flue gas Commercially available Sorbent  susceptible  to
combustion  (COz/ Ny) Sorbent can be reused degradation
Adsorption (Solid Low concentrations of CQO Cannot handle easily large
sorbents) yield an optimum performance concentrations of CO
Adsorption time is not
practical
Low degree of C@separation
Poor selectivity of sorbents to
Co,
Operation costs higher than
absorption process
Physical absorption Production of Requires less energy forRequires a high partial
e.g Pressure Swing hydrogen (mainly regeneration than chemicalpressure of Cgin the feed
Adsorption (PSA) for fertilizer absorption processes Capacity proportional to CO
> 0.5 MPa and Temperature manufacture) Less expensive than postpartial pressure and
Pre- Syngas >373K Swing Adsorption combustion capture temperature
combustion (CO:/Hz) .35 molespCcO,  (TSA). Low selectivity of solvent
causes Kllosses
Commercially available
Low maintenance required Low degree of selectivity to
Membrane separation Needs less energy than PSA  CGO,
Refinery of Flue gas is mostly C&and HO  Corrosion might be caused by
liquefied CQ Water can be removed by SO,
condensation High cost of Q production
Oxyfuel > 5 MPa Separation of C@is relatively ~ Operation and capital costs
5 cc())r?l/)-liiﬁl)n e;??(és/t <323 K Cryogenic separation inexpensive _ similar to post-combustion
9 ~90 mole % CO, No need of control equipment  processes
N2) for impurities

Smaller size of equipment since

only G, is supplied for
combustiol
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Some other innovative concepts have been reviewe&ianite and O’Brien (2005). They
include: electrochemical pumps, metal organic fraor&s, ionic liquids, and enzyme-based,
cryogenic and bio-mimetic approaches. The progre€X0, capture technologies is an extensive
topic itself and it has been well covered, withfeliént levels of detail, in several reviews
available in the literature (Tzimas & Peteves, 2088ron & Tsouris, 2005; Zachary & Titus,
2008; Yanget al 2008; Figueroaet al 2008; Pennlineet al 2008 and Herzog, 2009).
Essentially, the major benefits and drawbacks efttiree CQ capture approaches; as well as

approximate process conditions are summarized teTh2.

It is worthwhile to note that the conditions of tieed differ somewhat for the three approaches.
As stated by Tzimas and Peteves (20@3)ngas has a higher GQ@oncentration than flue gas
and it is generally available at a higher pressumad temperature Besides, it has been
estimated that the exhaust gas from oxyfuel conndouss produced at even higher pressures at

ambient temperature.

As can be seen in Table 1.2, many of these techieadave proved their technical feasibility
for capturing CQ from industrial emissions. However, to address therent lack of
demonstrated capabilities for large-scale,@@pture (Figueroat al, 2008; Folger, 2010), a
number of demonstration projects are planned orerguing worldwide. Examples are the
Mountaineer power plant in West Virginia (USA) atlte Lacq project in France. The first
started capturing a portion of a 20 MW coal-baskatpCGQ emissions in 2009 using chilled
ammonia. About 100,000 tons of g@er year are stored in a deep saline aquifertinjeevell.
The cost of the project is US$70 million, and itlwbbe expanded to 235 MW in 2014-2015, as
reported by the National Mining Association (NMAQ12). The Lacq project is Europe’s first
integrated CQ@capture and storage facility using oxyfuel comimunstechnology, including CO
injection in a depleted on-shore hydrocarbon regeOTAL, 2007). The test started in 2010
and it plans to capture 120,000 tons of ,G@ver two years, at a cost of US$85.6 million
(TOTAL, 2007).

In continuation to the above efforts, critical issuregarding large energy consumption,
corrosion, foaminess, low capacities, safety andrenmental concerns are the focus of most
current CQ capture research projects. As a result, the dpuetat of alternative energy

efficient and less costly processes for,Gfapture is necessary. In this regard, gas hydrates
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crystallization approach has been proposed as amgamy concept to capture GQSpencer,
1997; Kang & Lee, 2000; Dust al, 2007).

As gas hydrates (also denoted clathrate hydratas tihe capacity to store/separate gases, there
is a large field of potentially interesting apptioas, such as COsequestration and GH
recovery from natural gas hydrates in deep seamseds (Ohgakiet al, 1994), natural gas
processing, storage and transportation (Koh, 2068),separation from steam reforming
processes (Sugahastal, 2005), H storage (Strobedt al, 2006), sea water desalination (Seo &
Lee, 2001)etc

1.2 Gas Hydrates: An Introductory Overview

The purpose of this section is to provide a conoigview of clathrate hydrates fundamentals
in order to set the theoretical formalisms for gind the phase equilibria of gas hydrate forming

systems.

1.2.1 Historical Background

Prominent scientists of the ®8and 18 centuries including Joseph Priestley (1778), Sir
Humphrey Davy (1810) and Michel Faraday (1823) associated with the early discovery of
gas hydrates (Makogon, 1997; Sloan & Koh, 2008).afproximation to hydrates’ composition
was first reported for Glhydrates (Faraday, 1823). Afterwards gas hydregearch remained
mainly a scientific curiosity for more than a cagtuA considerable number of hydrate formers
together with the pressure and temperature comdit@at which they are formed and their
chemical compositions were identified over this i@#r including CQ hydrate systems
investigated by Polish physicist and chemist Zygmutiorenty Wréblewski in 1882
(Wroblewski, 1882).

Traditionally, the progress of clathrate hydratesearch and development has been divided into
three historical periods. Hammerschmidt’'s discovarirydrate plugs in natural gas pipelines in

1934 marked the beginning of an industry-orientxbad research period (Sloan & Koh, 2008),
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under the auspices of oil and gas companies. Mtstant research contributions related to,CO
hydrates within this second period include the mheireation of the hydrate phase boundary
between (273 and 283) K in the mid-1900s (Deatdfrést, 1946), and the classification of £O
hydrate crystal as a structure | for the first timee X-ray diffraction technique (von Stackelberg
& Miller, 1954).

More recently, the existence of natural gas hydra® an energy resource (Makogon, 1965)
intensified worldwide hydrate research interesthimitthe scientific community and energy

industry. This event established the beginnindnefthird historical research period.

Today gas hydrates are known to exist in the use/efhe most common research interests on
Earth focus in three large fields: 1) its avoidamcthe oil and gas industry (Sloan & Koh, 2008),
2) as an alternative energy resource (Makogon, 2@hd 3) their beneficial application to novel
technologies, such as: transport of natural gafceen hydrate (Gudmundsson & Hveding,
1995), high pressure SIMTECHE GOhydrate separation process (Tah al, 2001), air
conditioning system using clathrate hydrate sl®¥pataet al, 2003), CQ gas hydrate engine
systems (Obarat al, 2011).etc

The major scientific research achievements ovep#st two centuries are thoroughly reviewed
by Davidson (1973), Makogon (1997), Sloan and K2B08), Giavarini and Hester (201&}c
The contributions listed in Table 1.3 are meampriavide a chronological background to carbon

dioxide hydrate research, from about 1778 until pefore starting the present research (2007).
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Table 1.3. Significant research contributions rateuo clathrate hydrate formation of €&nd
tetra alkyl ammonium salts from 1778 to 2007 (Makogl997; Sloan & Koh, 2008).

1%'research
period

1778

1810
1823

1882

1894 and 1897

1902

1934

Priestley

Davy
Faraday

Cailletet and Bordet

Wréblewski

Villard

de Forcrand

Hammerschmidt

Formed $@ydrates

Identified Glhydrate
Deduced Clydrate’s composition as
(C1,-10H0)
Measured mixed gas hydrate systems; CO
+ PH; and HS + PH
Studied CQ hydrate formation in CO+
H,0 system
Determined C@hydrate composition as
C0O,-6H,0 and CQ hydrate dissociation
curve in the range of (267 to 283) K
Extensively used Clausius-Claypeyr
equation to determine enthalpies of
dissociation and compositions of gas
hydrates
Realized that formation of ratgas
hydrates was responsible for plugging
natural gas pipelines and discovered
thermodynamic inhibitors

2"research
period

1940

1946

1949

1954

1959

Fowler

Deaton and Frost

Unruh and Katz

von Stackelberg and Mdller

Identified hydrates of tetra
alkylammonium salts (TBA>
Measured dissociation pressd CQ
hydrates between (273 and 283) K

Reported wtH-V) data for C@+ CH,
mixed hydrates
Determined hydcaystal structures | and
Il through X-ray diffraction and classified
CO, hydrate as a type |

van der Waals and Platteeuw Proposed a statistical thermodynamic

(vdWP)
McMullan and Jeffrey

model for calculating hydrate formation
conditions

Examined hydrates formed by quaternary
alkylammonium salts using X-ray
diffraction

3research
period

1972

1984
1987

1997

2000

2003

2007

Parrish and Prausnitz

Dyadin and Udachin
Ripmeester and coworkers

Spencer

Kang and Lee

Shimada and coworkers

Duc and coworkers

Applied vdWP modekturmal gases and
mixed hydrates
Further investigated TBAXdates
Reported the existeydrate structure H
hydrates
Patented a method of selectivelyapa
CO, from multicomponent gaseous
streams through CQxlathrate formation
Proposed a new hydrate-based gas
separation process for recovering > 99
mole % of CQ from flue gas using THF as
hydrate promoter
Found that TBAB hydrate crystals could
be used to separate small gas molecules

Investigated (GON,) hydrates using
TBAB as a thermodynamic promoter
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1.2.2 Definition and Crystalline Structures

Gas hydrates or clathrate hydrates are ice-likstalljne compounds, which are formed through
a combination of water and guest molecules undigatda conditions of low temperature and
high pressures (Sloan & Koh, 2008). In a gas hgdiaydrogen-bonded ‘host’ water molecules
form special cavities and ‘guest’ gas molecules teapped inside the cavities. The hydrate
structure is stabilized by the repulsive interattibetween guests and hosts molecules (Sloan &
Koh, 2008). The majority of gas hydrates are kndhvee common crystal structures: structure |
(s), structure 11 (sll) and structure H (sH), wlerach structure is composed of a certain number
of cavities formed by water molecules (MohammadR&hon, 2008). Figure 1.3 provides a
hydrate structure summary for sl, sll and sH.

As shown in Figure 1.3, all hydrate structures haapetitive crystal units. However, they differ

in the number and sizes of the cages and in tindicalls.

Cavity types Hydrate structure ‘Guest molecules’
Methane, ethane,
e 6 46 H0 carbon dioxide
K5 — >
a12p2 Structura |

Propare,

136 H.0 iso-butane

Methane + nechexane,
methane + cycloheptane,

Structure H

Figure 1.4. Hydrate crystal unit structures: dlasid sH (Sloan, 2003). Shaded squares represent
the number of cavity types, superscripts indicate number of faces per cavity type and the
shaded rectangles give the number of water moleq@dehydrate structure.

23



Chapter 1 - Ph.D. Dissertation V. BELANDRIA

Hydrate crystal structures | and Il were first detmed through x-ray diffraction methods by
von Stackelberg and Miiller (1954). They found teath structure is composed of a certain
number of large and small cavities formed by watetecules. For example, structure | clathrate
hydrates are composed of two 12-pentagonH) @avities and two %6° (2-hexagonal face)
cavities. The existence of a new hydrate struckmewn as sH, was reported by Ripmeester and
coworkers (1987)This third structure requires both large 6-7 A) and small { 4-5 A)
molecules, such as light oil fractions and [Ckespectively. Many other structures beyond the
scope of this work have been reported afterwardserisSive reviews on clathrate hydrates

crystalline structures are given by Sloan and K2008) and Carroll (2009).

For a guest molecule to enter a cavity, it must tm#iemensional, physicochemical and
morphological criteria. Typical examples of hydréteming substances include GHethane
(CzHg), propane (gHs), CO,, Ny, Ho and HS. Of the gases of interest within this work, G@d
CH, are known to form sl as simple hydrates, whijeaNd H have been classified as sl hydrate
formers (Sloan & Koh, 2008). This could be expldir®y the ratios of molecular diameter to
cavity diameter listed in Table 1.4. In simple ratgrformers, stable structures occur, as a rule,
within the upper and lower limits in diameter ratiof about 1.0 and 0.76, respectively (Sloan &
Koh, 2008). For instance, G@ith a ratio ofl.0 is capable of occupying both the smalfand
large (326%) cages of sl. Although the diameter ratio of bl the small cavity of sl is 0.87, it
has been determined that £s$tabilizes the small and large cavities of sl vatliameter ratio of
0.86.

Table 1.4. Molecular diameter to cavity diameteioréor cavity type for the gases of interest
within this research (Sloan & Koh, 2008).

Guest hydrate

former Structure | Structure Il
Molecule Diameter (A 51 51%6° 51 5'%6"
H, 2.72 0.533 0.464 0.542 0.408
\P 4.1 0.804 0.700 0.817 0.616
CH, 4.36 0.855 0.744 0.868 0.655
CO, 5.12 1.00 0.834 1.02 0.769
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In nitrogen hydrates, Nstabilizes the small cavities of sll (size ratfdd®B2) and it also occupies
in less degree the large'{6’) sll cavities. At moderate pressures, in all tHigdrate structures,
each cavity can contain at most one guest moldé&irglezos, 1993). However, it is interesting
to note that since nitrogen is so small4(A), more than one molecule can easily fit the large
cavities of sll. Hence, multiple cage occupancy oaour at pressures higher than 30 MPa
(Sloan & Koh, 2008).

When two different guests molecules combine in @aty or mixed clathrate hydrate, the
situation is quite different. Complex guest sizesdural relations and/or transitions may occur
and affect the thermodynamic equilibrium betweeexcsiing phases. For example, the addition
of 1 mole % GHg to pure CH hydrates has been reported to cause a decredise hydrate
formation pressure of up to 42 % due to a structiv@nge (Sloan &oh, 2008). Crystalline
structures thus play a significant role on the Eguim state (three-phase temperature, pressure
and gas hydrate composition) required for hydregbility. The microscopic aspects discussed in
the preceding paragraphs are meant to provide dB&s lfor better understanding gas hydrates

phase equilibria discussed in the following sedion

1.2.3 Phase Diagrams

The phase behavior of gas hydrates considerablygelsadepending on the size and chemical
nature of guest molecules. The relationship betwe&moscopic structure, just described, and
macroscopic hydrate phase properties can be bet@erstood through the study of phase
diagrams. A brief description of phase diagramssiagle-component, two-component, three-
component and multicomponent systems is thus peadvid gain a fundamental insight into the

phase equilibria of hydrate forming systems.

A typical phase diagram for pure water exhibitirgsgliquid, and solid phases is shown in
Figure 1.4. In the triple point, found at 273.16aKd 6.117 - 16 MPa (Lide, 2004), all three
phases are in equilibrium. The phases are sepdrgatpbdase boundaries, where phase transitions
occur. The phase boundary between liquid and gds anthe critical point, located at 647.1 K
and 22.064 MPa (Wagnet al, 2000). Above this point a single fluid phaseeredd to as a

supercritical fluid is formed.
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Figure 1.3. Typical phase diagram for pure waterkids & Brady, 2007).

As an example of the phase behavior for two-compbsagstems, the phase diagram of (GH
H,0) binary mixtures is considered. Depending onpitessure and temperature conditions, four
stability regions are defined in Figure 1.5, namdiyuid water + methane gas L+ Vcua)
located at high temperatures and moderate pressiregh pressures crystallization occurs and
the liquid water + methane hydratey(t Hcha) ZOne appears; if temperature decreases, water ice
+ methane hydrate (I +dd4) is formed; finally, a subsequent pressure deereatablishes the
water ice + methane gas (I ©¥) zone.

The phase diagram shown in Figure 1.6 is the etpnvaf Figure 1.5or systems containing
hydrocarbon €.g, C;Hs, CsHg or i-C4Hi0) + H,O, CG, + H,O (Figure 1.1) or hydrogen sulfide
(H2S) + HO. In this diagram a three-phaseyflN-Lc) equilibrium curve at high temperature
and high-pressure conditions is depicted. Alsea@sd quadruple point,,Qin which Ly, H, V
and Lyc coexist, is formed at the intersection of thg-V-Lyc with the Lw-H-V equilibrium
curves. Similar to Figure 1.2, for systems with teueadruple points, the hydrate region falls in
between the I-H-V curve (at conditions below) Q@he Lw-H-V line (between @andQ,), and the
Lw-H-Lyc line at temperatures and pressures abou&s@an & Koh, 2008).
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In Figure 1.7, the lower zone of the pressure-teatpee phase diagram for natural gases
without liquid hydrocarbon is similar to that shownFigure 1.6. However, the main differences
are that the |-H-V curve occurs at a fixed composition of hydndiman mixture, and that the
guadruple point (¢ appears at a lower pressure. In the case in wiathral gases contain
heavier components, the ({tH-V) phase boundary represents the hydrate foomategion
equivalent to the region between the quadrupletg@x) and the upper quadrupgbeint (Q) of
Figure 1.6(Sloan & Koh, 2008).

200
150 +
AT Liguil Water
C g
E‘ ﬁ = Methane Hydrate
5100 1%+ E
ot
& = 2
= Liguil Water
a0 + +
Methane Gas
VWaber Ice
hahang
D T T 1 T T T
] 0 5 10 14 20

Temperature [“C]

Figure 1.4. Pressure-temperature diagram for methRanvater system in the hydrate region
(GasHyDyn Center, ENSMSE).
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Pressure (log scale)

Temperature

Figure 1.5. Pressure-temperature phase diagrahyflsocarbon + water systems (Sloan & Koh,
2008).
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Figure 1.6. Pressure-temperature phase diagramudticomponent natural gas systems (Sloan
& Koh, 2008).
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In addition, the dew and bubble-point curves camlisénguished in the phase envelope region
in Figure 1.7. At low pressures and moderate teatpegs, the (-H-V) line intersects the
phase envelope and a second liquid begins to fagmH-V-Lyc). As pressure continues to
raise, more of the second liquid forms as expeatstl, a point where the amount of the second
liquid reaches a maximum. Beyond the critical poihé amount of the second liquid decreases

until it totally disappears (Carroll, 2009).

1.2.4 Gibbs’ Phase Rule Consideration

In the above phase diagrams, the equilibrium @iatiips are established by the equality in all
potentials likely to modify the system. Upon edwilum, no further changes occur in the
macroscopic properties of the system with time.sThhe equilibrium state of a PVT system
containing N chemical species and phases is function of a certain number of intemsiv
properties, namelyT, p, and composition of each phase (Smathal, 2001). These measured

guantities are independent of the amount of phessept.

In clathrate hydrates, the number of independenabizs needed to specify the systdf @lso
called degrees of freedom, is given by the Giblbsid® Rule for non-reacting systems, presented
without derivation as (Smitét al, 2001):

F=2-x+N (1.3)

The application of the Gibbs’ Phase Rule, in thertiodynamic analysis of systems under

(hydrate + liquid + vapor) equilibrium, is addreddater in experimental Chapters 4 and 5.

1.2.5 Gas Hydrates Potential in Industry and Process Bagiing

Although for many years gas hydrates have beenidenesl an industrial concern, especially in
oil and gas production and in processing and tramapon facilities (Sloan & Koh, 2008),

positive applications of gas hydrates are curreatigsidered a subject of increasing research
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interest, based on the number of studies recentiighed in the literature (Eslamimanestal,
2012).

Suitable conditions for clathrate hydrate formatioray commonly occur in broad areas
including energy and climate subject matters. Durhydrocarbon production, gas hydrate
formation may affect flow assurance and safety fieelis to processing facilities (Sloan, 2003).
In the natural environment, hydrates may be founthe sediments of the deep-sea continental
margins, the subsurface of Arctic permafrost regliand in deep glacial ice (Englezos, 1993)
Other applications include hydrates as means ofsgasaration, storage material fog, Kool
energy storage and recovery, seawater desalinatiater removal from industrial effluents,

edible products, and bioengineering (Sloan & Kd08).

Domains of gas hydrates application also includegsoplants, oil and gas refining, hydrogen
and ammonia processing, iron and steel manufagiuraement production, natural gas
production with high concentrations of acid gaskelsS( and CQ), coal gasification, shift

conversiongtc.

The role of gas hydrates in disasters such as Mo well blowout in the Gulf of Mexico in
2010 has been reported in the literature (Kbhl, 2011) and it is not addressed in this work.

1.2.6 CO, Capture by Gas Hydrate Crystallization

Gas hydrates crystallization is a reversible precésmt has been proposed as an emerging
concept for CQ capture (Secet al, 2000; Lingaet al, 2004). It has been estimated that
hydrate-based processes are less energy intensiveth@reby are considered a promising

alternative for separating G®om industrial gaseang & Lee, 2000; Duet al, 2007).

The approach of gas hydrates as means of separasipecially in CQcapture, uses the van der
Waals interactions between water molecules to engag molecules in the hydrate structure
(SECOHYA, 2007). The concept consists in mixing evednd a gas mixture containing £0
under hydrate-forming conditions, typically (andags some appropriate additives are used) at

low temperatures (< 300 K) and moderate pressar@6(MPa).
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Figure 1.7. Carbon dioxide hydrate phase boundamyppared to nitrogen, hydrogen and
methane. Cg CH, and N hydrate phase boundaries were predicted using HVHdel and
the point for H hydrates is the data point reported by Mao and (2864).

Based on the difference in the pressure and tertyseraonditions required for GChydrate
formation compared to other industrial/flue gasEgyyre 1.8), it is expected that gvill
preferentially enter the hydrate phase and thebebgeparated.

Figure 1.9 shows a schematic flow diagram of thdrée-based gas separation (HBGS) process
suggested by Kanet al. (2000),especially for recovering GQrom flue gasThe flue gas from

a power plant is first passed through the commiedsaulfurization facility for S@ removal.
The pretreated flue gas goes to the first hydrabt@rged with an aqueous solution containing

thermodynamic additive. However, the next two hyah® contain only water. More than 99
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mole % of CQ is expected to be removed from the flue gas thrdhg process (Kangt al,
2000).

When gas hydrate crystals are formed the concemirat CQ; in the hydrate phase is different
than that in the original gas mixture. The &@@h phase is then dissociated by depressurization
and/or heating at ambient temperature to recover ehriched C@ gas. This results in a
fractionation similar to that between a gas phaskaaliquid phase in a distillation column. The
main difference is that the fractionation is betwa@egas phase and a solid phase (SECOHYA,
2007).

A noticeable progress in processes involving,@as hydrates can be evidenced through the
studies reported in the literature. Among the mesént proposals, Surovtsestaal. (2011) have
suggested a COcapture technology incorporating two low-tempemtyprocesses, namely
cryogenic condensation and hydrate formation. $kgaration approach, as shown Figure 1.10,
can be applied to industrial gasification faciltiewvhere more than 80 mole % of €3

expected to be captured at temperatures aroun# 2rsl pressures above 5 MPa.

In CO, recovering from flue gas, pressure, temperatuck Ggmmpositional data are useful for
engineering purposes. The isothermpad diagram given in Figure 1.11 conceptually illustsa
the two-stage separation required to achieve tbevery of more than 95 mole % ¢®om a
(CO, + N + HO) mixture by hydrate crystallization (Kang & Le2000). Because of the
importance of such data, simultaneous compositi@mallysis and hydrate phase equilibria

measurements have been considered within the sddpis work.
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Figure 1.8. Flow diagram of a hydrate-based, @&zovery process, as proposed by Kang and
Lee (2000). @ precipitator, G. condenser, D: dissociation unit, R: reservoir, fifst hydrator
containing thermodynamic additive aqueous solutigrand F: second and third hydrators.
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Prassure (bar)

mole fraction of CO,

Figure 1.10. Conceptual separation stages reqtoregcovering CQfrom (CQ, + N,) hydrates
at three different temperatures, as proposed by kad Lee (2000).

As shown in Figure 1.8, high pressure conditioresiartheory required to form hydrates from
gas mixtures containing ;Nor H,. However, flue gas emissions are in general cluse
atmospheric pressure (Table 1.2). Operative costgdasignificantly increase if compression of
these gases is considered in order to satisfy byd@mation conditions. This is a major
drawback of hydrate-based separation processercthates its energy efficiency. The impact of
such phenomenon could be, however, minimized bygusihermodynamic promoters.
Consequently, there has been recently an incraags@st in some large guest molecules that
promote hydrate formation, known as thermodynardditeves. Such chemicals shift the hydrate

phase boundary, reducing the pressure and amogobbhg required for gas hydrate formation.

As mentioned earlier, potential domains of appiaratof hydrate crystallization approach
include: seawater desalination, wastewater treatmeih and gas separation, storage and
transportation of natural gas, and £Eapture. Thus, the study of thermodynamic additive
capable of reducing the hydrate formation pressuek increasing the gas hydrate equilibrium

temperature and/or formation rate along with pdesibodification of the selectivity of hydrate
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cages for encaging various gas molecules in themetges (Mohammadit al, 2011k) has

become an emerging subject of industrial and séieniterest.

1.2.7 Use of Thermodynamic Promoters

Gas hydrate based-separation processes could beoviedp by looking for appropriate
thermodynamic additives to decrease the operatiesspre when necessary. Since the presence
of thermodynamic additives alters the state of ligeid phase, the pressure-temperature
conditions at which hydrates form are consequestilited to milder conditions. In recent years,
considerable efforts have been made to investigate hydrate crystallization approach for
separating a specific gas constituent from a nwoaltitponent gaseous mixture under favorable

temperature and pressure conditions.

Table 1.5 provides an overview of the state-ofdhteon hydrate phase equilibrium studies
reported in the literature by the time this reskdregan (in 2008)Emphasis is given to gas

mixtures containing C§& CH;, N, or H,. Up to date studies are referred in later sections
Furthermore, an exhaustive compilation of hydrdtage equilibrium data is provided by Sloan
and Koh (2008). Also, other studies can be found somprehensive review by Eslamimanesh

and coworkers (2012).

The selection of appropriate thermodynamic addstiie subjected to the potential field of
application. Various intermediate sized hydrocasbbiave been identified as thermodynamic
promoters, namely the sll hydrate-formers: cyclépee, neopentane, benzene, and
cyclohexane, and the sH hydrate-formers: methytpehtane, methylcyclohexane, neohexane,
and 2,2,3 trimethylbutane. Such intermediate sizgdiocarbons are known as heavy hydrate
formers (HHF). Common for the HHFs is their relativ low solubility in water. This
characteristic may be attractive when considersg, desalination or wastewater treatment
where the main purpose of hydrate formation isrtmdpce a cleaner water phase (SECOHYA,
2007).
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Table 1.5. Literature experimental studies for ayelphase equilibria of gas mixtures containing

CO, + CHy, No and H.

1949

1971

1983

1991

1996

1997

1999

2000

2001

2002

2004

2005

2005

2006

2007

2007

2008

2008

Unruh and Katz

Robinson and
Mehta

Berecz and Balla-
Achs

Adisasmito and
coworkers

Ohgaki and
coworkers

Spencer

Fan and Guo

Seo and
coworkers

Kang and
coworkers

Hachikubo and
coworkers

Tajima and
coworkers

Uchida and
coworkers

Sugahara and
coworkers

Kumar and
coworkers

Duc and
coworkers

Linga and
coworker:
Beltran and
Servio
Bruusgaard and
coworkers

CO; + CH, + H,O

CO, + H,O

CO, + CHy + H,O

CO, + CH, + H,O

CO; + CH, + H,O

COF Hy, + H,S + HO

CO, + CH; + H,O
CO, + N, + H,O

CO, + CH; + H,O
CO, + N, + H,O

CO,+ N, + H,O

CO; + CH, + H,O

CO+N;+ O, + H,O

CO; + CH, + H,O

CO, + Hy+ HO

CO, + Hy+ H,O

CO, + H,O
N, + H,0

CO,+ N, + TBAB +

HO

CO, + Np+ H,O
CQO; + Hy+ H,O

CO, + CH; + H,O

CO + Np+ H,O

Reported phase equilibrium data and determined
vapor phase concentration indirectly

Measured C@hydrate phase equilibrium at= 274
—-283Kangp=1.3-4.5MPa

Hydrates exhibited instability at G@nole fraction >
50%

Confirmed and extended Unruh and Katz data.
Demonstrated feasibility of using gas hydrates as
separation method of (; from CHg-rich gase:
Measured P and compositional @g—H-V)
equilibrium data at 283 K

Patented the principle of G@apture by gas hydrate
crystallization

Concluded that a 3.48 mole % @8O, slightly
increases the hydrate formation pressure and N
significantly increases hydrate formation pressure
compared to pure Chydrates

Measured (H-Lw-V) equilibrium dissociation
conditions and hydrate and vapor phase
composition

Studied p-T ranges of hydrate stability with and
without hydrate promoter. Demonstrated high
pressure requirements in the case without additive

Reported (k-H-V) equilibrium data

Compared various CQOseparation processes and
showed that gas hydrate technology consumes the
largest amount of energy due to the higher pressure
conditions required to form hydrates

Measured the change of vapor-phase composition
using gas chromatography and Raman spectroscopy
Investigated  isothermal phase  equilibrium
(pressure—composition in the gas phase) in

the presence of gas hydrate phase

Determined incipient equilibrium hydrate formation
conditions

Compared equilibrium pressure of €é@nd N pure
hydrates with and without TBAB. Concluded
hydrate crystallization pressure decreases bytarfac
from 10 to 50 for both CQand N hydrates when
adding TBAB

Provided basic thermodynamic and kinetic data for
conceptual process des

Measured (ly—H-V) equilibrium conditions and gas
phase compositions

Measured (lv—H-V) equilibrium
including gas phase compositions

conditions
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In oil and gas separation, and storage and trategfmor applications, where the purpose of the
additives is to boost the conversion of gas intdrates, it may be, however, desirable to be able
to separate the hydrate promoters from the remmimydrate formers under atmospheric

pressure. This makes the use of water-soluble byyfioamers as promoters an attractive option.

Various organic compounds belong to the group déwsoluble hydrate formers.

Examples are acetone, ethylene oxide, trimethybeide, tetrahydrofuran (THF), 1,3-dioxalane,
1,3-dioxane, and 1,4-dioxane (Kaepgal, 2001; Seet al, 2001; Mandal & Laik, 2008). In fact
the hydrate promotion effects of THF have beenresitely studied (Kangt al, 2001; Secet

al., 2001; Leeet al, 2005; Delahayet al, 2006; Sabil, 2010). Especially, since it forras,
atmospheric pressure, the same crystal structukrehydrate) as those formed (generally at
elevated pressures) by several natural gas hytbateers. Nevertheless, most of the above
mentioned substances are not suitable for pragtiogdoses because of their high costs, toxicity

or volatility.

Among the variety of thermodynamic additives thavén been proved to reduce the operative
conditions of gas hydrates formation, tetraalkyl nemnium salts, such as Tetra n-Butyl
Ammonium Bromide (hereafter, TBAB), have the adaeget of being stable at atmospheric
pressure (Kamatet al, 2004), more environmentally friendly and eashandle. Other features
of using ammonium salts additives as hydrate premanclude an overall increase in the ,CO
capture rate of up to 90 % (Figuertaal.,2004).

1.2.8 TBAB Semi-Clathrates

A different type of clathrate compound with largeganic functional groups, known as ‘semi-
clathrates’ (sc), is formed in the presence oftatkylammonium or quaternary ammonium salts
(Jeffrey, 1984). The formation of hydrates fromfsianic compounds was, perhaps, first studied
by Fowler and coworkers 1940 and further investigated by McMullan andfrég in 1959,
Davidson (1973) and later by Dyadin and Udachith984.
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A large number of quaternary ammonium salts, gdiyetanoted TBAX (with X being bromide,
chloride, fluoride, nitrateetc), are known to form semi-clathrates. For instarase,shown in
Figure 1.12, Tetra-n-Butyl Ammonium Fluoride (TBARas shown to drastically increase the
temperature required for forming G@emi-clathrates compared to TBAB and Tetra-n-Butyl
Ammonium Chloride (TBAC) hydrate promoters @t al, 2010). On the other hand, TBAB is
considered a non-volatile, non-flammable and notetcompound (Tanasawa & Takao, 2002;
Obataet al, 2003; Chattiet al, 2005). Furthermore, TBAB has been suggestedotenpial
alternatives to industrial/flue gas separation if&daet al, 2003; Kamatat al, 2004; Ducet
al.,, 2007), H storage (Chapoet al, 2007), transport processes (Fukushietaal, 1999;
Hashimotoet al, 2006),etc, with promising results. Therefore, the presemestigation focuses
on TBAB as thermodynamic hydrate promoter.

6 ® Pyre water
m0.00293 molefraction TBAC
5 | m |®0.00293 molefraction TBAB
m0.00293 mole fraction TBAF
— 4 r
o]
| |
= . -
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Temperature (K)

Figure 1.11. Promotion effect of various quaternamymonium salts on the phase equilibrium
conditions of CQ clathrate hydrates, as reported byekial. (2010). Symbols represent phase
boundaries for (CO+ TBAC), (CG + TBAB), and (CQ + TBAF) semi-clathrates in 2.93 - 10
mole fraction of thermodynamic additive in aquesoutions. Solid line represents the phase
boundary of CQclathrate hydrates without additive (predictedd8MGem hydrate model).
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Figure 1.12 TBAB semi-clathrate structure, as reported byr&luaet al. (2005)

In TBAB semi-clathrates ((§g)sN"Br -gH20), the bromide anions (Brare hydrogen-bonded
and selectively incorporated into the water lafjc&hile the tetra-n-butyl ammonium cations
(TBA™) behave as guest species (Jeffrey, 1984). As showigure 1.13, in pure TBAB hydrate
crystal with water molecules, the Bmion takes part of the crystal framework, whiBAT is
located in the middle of a tetragonal cage arramyenThe shaded circles illustrate the empty
dodecahedral (8) cages available for separating small gas molsecslech as CH(Shimadaet

al., 2005).

As TBAB forms different hydrate crystal structurdspending on the initial concentration of
TBAB in aqueous solution and on temperature (Lipgkivet al, 2002), their structural behavior
is quite complex and it has not been fully esthlglits The temperature-composition phase
diagram givenin Figure 1.14, shows the two types of TBAB cryatel structures typically
formed at atmospheric pressure, namely type A gpd B. Morphologically, type A has been
described to have a columnar (tetragonal) shapie wipe B has an undefined (orthorhombic)
form composed of thin crystals (Dyadin & Udachif84; Oyamaet al, 2005). From structural
point of view, type B has been reported to have WMBAB cations and 76 ¥ molecules
(Shimadeet al, 2005). Furthermore, Oyanea al (2005) reported a concentration of 18 wt.% as
the intersection between the equilibrium curveshelse two crystals. A maximum stability is
observed at about 40 wt.% for type A (Shimadaal, 2003) and near 32 wt.% (Oyaretal,
2005) for type B. Additionally, the hydration nurmbe TBAB semi-clathrate has been reported
to vary from 2.03 to 36.0 (Lipkowslat al, 2002). Other hydration numbers of 26.0 and 38.0
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have also been reported for type A and type B,eespely (Oyamaet al, 2005), accounting for
the number of unique crystal structures formed.

26
24

..........

40 50 60 70
100 Wrgan

Figure 1.13. Temperature-composition phase diagraiTBAB + H,0O) semi-clathrates under
atmospheric pressure (Jeffrey & McMullan, 1967;nandi and coworkers, 2007). Symbols
represent experimental data and figures alongdhgosition lines stand for hydration numbers.

5

PIMPa

27315 27815 283.15 288.15 293.15
TIK

Figure 1.14. Carbon dioxide + TBAB semi-clathraj@sase boundary. Symbols represent
experimental data at different concentrations ofABBin aqueous solutions. Solid line is the

carbon dioxide hydrate phase boundary predictddWyHYD model (Arjmandiet al 2007).
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Various gas molecules such as£OH,, N,, H, and HS, are likely of being selectively encaged
in TBAB sc hydrates (Oyamet al, 2005). Thus, the phase equilibria of TBAB sefatiwrates

in the presence of the above gases have been ecsalbjnumerous investigations in the last
decade. For instance, Chapetyal (2007) measured dissociation conditions fos tHTBAB)
and (B + TBAF) semi-clathrates. They compared the dissmrigoressures to those o ldnd
(H2 + THF) clathrate hydrates and suggested thashhost likely enclathrated in ¢4 TBAB)
and (H + TBAF) semi-clathrates. In addition, they reportmad increased storage capacity in
semi-clathrates of one order of magnitude (at 1 )i&anpared to that of ¢4 THF) clathrates.

Ducet al (2007) demonstrated that the presence of TBABidanably decreases the formation
pressure of simple hydrates (£€0r N,) and mixed hydrates (GOr N). Their experimental
results suggest that GQelectivity in the hydrate phase can be increasddast by four times
compared to that of the gas phase. Also, a gaagaotapacity of 30-35 (volume of gas per
volume of hydrate) can be obtained for mixed hyesgilCQ + N, + TBAB). A representative
phase diagram obtained by Arjmandt al. (2007) for (CQ + TBAB) sc at different
concentrations of TBAB in aqueous solutions is giwe Figure 1.15. In their work, Arjmandi
and coworkers concluded that hydrates formed fré@, ¢+ TBAB) are more stable than (G®
H,0) hydrates.

The effect of 0.293 mole % TBAB on GQ®eparation efficiency from G316.60 mole %) + N
binary mixtures by formation of semi-clathrate s at 277.7 K and feed pressures ranging
from 3.36 to 7.31 MPa was studied by Fetnal. (2009). Their results demonstrated that,CO
could be remarkably enriched in the hydrate phashe presence of TBAB even under lower
feed pressure. In the same year, equilibrium faongtressures of C0.159 mole fraction) +

N, + TBAB were reported by Let al. (2009) at (0.05; 0.153; 0.348; 0.407 and 0.457ABB
mass fraction in the temperature range of (278 @87.85) K.

Deschamps and Dalmazzone (2009) measured hydrsdecdition temperature and pressure
conditions for the formation of semi-clathratesnfra CQ (0.249 mole fraction) + Ngas
mixture in the presence of 0.4 mass fraction TBABaigueous solution using differential

scanning calorimetry (DSC) technique. The effecTBAB concentration on the dissociation
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conditions of sc formed from flue gas mixtures basen recently investigated by Meystlal.
(2011). They reported three-phase (solid + liquidiapor) equilibrium conditions for semi-
clathrate formation from three binary mixtures GfC; + N), with cylinder compositions of
(0.20, 0.50 and 0.75 mole fraction of gan solutions of (0.05, 0.10 and 0.20) mass foacti
TBAB.

In spite of the increasing number of investigatioalsited to TBAB semi-clathrate, the role of
this additive in the selective removal of £€®om multi-component gas streams is not fully
understood. Thermodynamic data available in tlexditire are rather scarce. In addition, only
two thermodynamic predictive approaches (Mohamreadi., 2010; Paricaud, 2011) have been
proposed so far for semi-clathrates of, H TBAB) and (CQ + TBAB). Thus, there is a

significant opportunity for investigating the phasguilibria of CQ containing gas mixtures in

TBAB aqueous mixtures. Especially, as these daaeqguired not only for practical purposes,
but also for developing thermodynamic models capabbredicting the phase behavior of semi-

clathrates.

1.3 Objective and Scope of the work

This work addresses the previous discussed limasyects of hydrate phase equilibria of,CO

containing gas mixtures in the presence of TBABeags solutions.

Provided that gas hydrates offer the possibility developing a novel technology for €O
separation from flue and industrial gases, the eptual design of a separation process based on
gas hydrate crystallization requires reliable phegeilibrium data of C@gas mixtures under
hydrate forming conditions. As indicated earli@mpositional measurements need to be carried
out to characterize the involved phases. With ititisntion, the following gas mixtureéCO, +
CH,), (CO, + Np) and (CO, + Hy), relevant to CCS technologies based on gas hylae
studied. In addition, the phase equilibria of sarhéhese gases are investigaiedhe presence

of TBAB aqueous mixtures. The aim of this thesis is

To provide reliable experimental data on the hydmahase equilibria of gas mixtures containing

CO; in the presence of pure water and TBAB aqueoustisnk, as a function of the
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concentration of TBAB and temperature, to enharnee fundamental knowledge of hydrate

formation and dissociation from thermodynamics pofrview.

The specific objectives and expected contributmithis thesis are as follows:

To develop a new experimental set-up for gas hgdrgghase equilibria studies. A

significant outcome is expected in terms of theusacy of the data measured, the
apparatus suitability for (gas-liquid-hydrate) difpium measurements at high pressures,
and the incorporation of a capillary sampling devooupled with gas chromatography
for compositional analysis.

Determination of the hydrate dissociation condgi@md compositional data for: (a) (€O
+ CH,), (CO,+ Ny) and (CQ + Hy) hydrates; and (b) CGOCH,, N, and (CQ+ Ny) semi-

clathrates in the presence of TBAB aqueous solstid@etter understanding of the
thermodynamic stability of the above systems, alwillp the most favorable process
operating conditions (temperatures and pressuras) aeparation efficiencies

(compositions) are expected to be obtained froreeilmeasurements.

Elucidation of the effect of TBAB on the equilibnuconditions of CQ CH,, N, and
(CO, + N,) semi-clathrates, for establishing the role of HAs thermodynamic
promoter.

Investigation of the reliability of thermodynamicodels predictions for COhydrate-

forming systems.

This thesis consists of seven chapters. Having saimthe industrial context, along with

current state-of-the-art of phase equilibrium stsdior CQ hydrate-forming systems in this

introductive chapter and with the objectives of thesis established; the following chapter

covers the theoretical basis for the experimengéérthination of thermodynamic properties of

gas hydrates. The principles and preferred expeatmhg@rocedures, along with the criteria for

establishing equilibrium are also discussed inAehapter. Besides, other experimental issues,

such as the calibration of measuring devices, taicdies, and the determination of the phase

compositions in equilibrium with gas hydrates addrassed as well in th&*Zhapter.
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The core of the comprehensive experimental workiedhiout throughout this thesis is presented
in Chapters 3 to 6. Phase equilibrium measuremehigas hydrates of (methane + carbon
dioxide), which were performed using an existergaaptus, are the subject of th& éhapter.
The generated hydrate dissociation data along Vitdhature data are compared with the
predictions of a thermodynamic model and a liteempirical equation, discussions are made
on the deviations between experimental and predidé¢a. Comparisons are also presented with
literature data. The identification of pertinenpexmental difficulties encountered and the need
of measuring reliable compositional data for mixgdrate systems at high pressures and in the
presence of corrosive gases provided the justidicaior developing a new and more versatile
experimental set-up.

A combination of new and adopted features fromliteeature was thus considered in the design
of the new apparatus. The development of the nemipegent, based on the ‘static-analytic’
technique with capillary gas phase sampling, igitkxt in Chapter 4. The apparatus incorporates
precise and accurate measuring devices and thalwvehservation of the presence of gas
hydrates and phase behavior, with promising resAlisan example, new hydrate dissociation
and compositional data measured for §GOCH, + H,0) systems are presented in tHe 4

chapter.

In the 8" chapter, the phase equilibria for gas hydrateCah + N, + H,0) and (CQ + H, +
H,0O) are investigated. The conditions at which,G®8paration is thermodynamically favored
and the effect of the composition of the feed oe #guilibrium dissociation pressures are
discussed. Moreover, comparisons with literature @dae presented and analyses are provided
on the deviations obtained between experimentalpgadicted data using two thermodynamic
literature models for the (GG N, + H,O) systems.

The 8" chapter is devoted to experimental measuremenggsds in TBAB aqueous mixtures.
The promotion effect of TBAB is thoroughly discudsa this chapter. In addition, optimum
operating conditions for separating £@m flue gases are proposed based on the exp#aime
data.

In the 7" and final chapter of this thesis, the general kating remarks are presented together

with some directions for further investigating thieermodynamics of semi-clathrates.
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Experimental Methods and Analysis Techniques for
Gas Hydrates Phase Equilibrium Measurement

“The ultimate goal of phase
diagram calculations is the
prediction of diagrams within the
experimental uncertainty. Evidently,
itis advisable to know what the
experimental uncertainty is!”*

“The choice of the
experimental method is one
of the factors which
determine the accuracy and
the reliability of the
experimental data” "

T Extracted from the forthcoming book by Deiters &mdska (2012).
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Résumeé

Dans ce chapitre, nous fournissons les formalisthésriques pertinents en relation avec la
détermination expérimentale des propriétés thermadyques de systémes contenant des
hydrates de gaz. L'accent est mis principalementesutechniques expérimentales concernant
les pressions modérées et relativement élevéesadpeseils les plus courants et les procédures
expérimentales utilisées y sont décrites. Les jp@%; le choix des techniques utilisées et les
criteres en vue d’établir un équilibre sont explkgu De plus, nous discutons |'étalonnage des
différents capteurs et du détecteur du chromatoigeagn phase gazeuse, les incertitudes
expérimentales correspondantes, I'échantillonnaificite des fluides et la détermination des
compositions des phases a I'équilibre pour les ngda de gaz.

Abstract

In this chapter the theoretical formalisms relevaot the experimental determination of
thermodynamic properties of systems containinghyasates are provided. Emphasis is given to
experimental techniques at pressures ranging fromderate to relatively high pressures. The
most common devices and experimental procedurepadpare described. The principles, the
choice of the techniques used and the criteria detablishing equilibrium are explained.
Likewise, the calibration of measuring sensors and gas chtograph detector, the
corresponding experimental uncertainties, and thallenging fluid sampling and determination
of the equilibrium phase compositions for gas mediare discussed.
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2 Experimental Methods and Analysis Techniques for Ga Hydrates Phase
Equilibrium Measurement

2.1 Overview

Design, development and operation of chemical @®®E® require cyclical and interactive

strategy involving conceptual, experimental, maugland simulation stages (Richon, 2009). A
proper design process should follow the sequermm@ fronception of ideas through literature
review, selection, design and construction of eapt, methods, tests and set up,
measurements, data reliability and consistency testhe final implementation, as depicted in

Figure 2.1.

The development of new technologies based on gdsateg crystallization approach requires
specific temperature and pressure conditions aaditiization of complex systems with many

components that are beyond usual operations astrexdatabases. Moreover, industrial design
relies on accurate modeling and modeling reliesebable experimental data (Richon, 2009).

Thus, experimental thermodynamics are of indussiggificance.

Equipment
Design, Tests and
set-up

Process design,
Simulation and

|:> Implementation

Data selection,

Consistency tests, <:> Measurements

Modeling |

Figure 2.1. Process design strategy (adapted frimtmoR, 2009 and Soo, 2011). The highlighted
blocks indicate the stages addressed in this r&sear
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Suitable combination of temperature and pressuyeseathe gas-hydrate-liquid phase boundary
is normally required for hydrate formation. Therefore, phaséaber studies for systems

containing gas hydrates are mainly concerned wifeemental techniques suited for pressures
ranging from moderate to relatively high pressurs,only these types of techniques are

concisely discussed.

A variety of methods have been developed for higésgure fluid phase equilibria measurement.
Nonetheless, their suitability will depend on thpplecation, the system under investigation, the
properties to be measured and the required accu&sseral review articles on this subject are
available in the literature. For instance, soméefmost meaningful contributions possibly are:
The Volume VII of The International Union of Purenda Applied Chemistry (IUPAC)
monograph series on ‘Experimental ThermodynamM&if & de Loos, 2005), which contains a
valuable state-of-the-art covering thermodynami@sneement techniques for multicomponent
mixtures. Also, the series of reviews publishedDphrn and coworkers (1995, 2002, 2010,
2011) that not only provide a compilation of syssefior which high-pressure phase-equilibrium
data have been investigated over the past threaddsc but a classification scheme of
experimental methods as well. Moreover, the advaecés on accurate and effective
experimental equipment for phase equilibrium meas@nts are examined by Richon (1996)
and Richon and de Loos (2005); and the broad rafiggatic and dynamic equipment are
reviewed by Raal and Muhlbauer (1998).

Richon (1996) and Dohret al (2010) propose different classifications of expental methods
for the determination of high-pressure phase dayali Both classifications share several
similarities, however, the one proposed by RicH#96)is based on the method of equilibration
between phases in equilibrium, whereas Dddtral (2010) classify the different experimental
methods according to the way compositions of theliegum phases are measured and whether
the mixture to be investigated is prepared withcigedy known composition or not, namely
‘analytical methods and synthetic methods’ (DeitiSchneider, 1986).

Even if classification of the methods for measurpizase equilibria is not straightforward,

returning to the classification proposed by Rici{@896) and Richon and de Loos (2005),
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essentially two main categories are distinguislgdamic (open circuit) methods involve forced
circulation of one or more phases, whereas incstaéithods (closed circuits) equilibrium can be
achieved with or without recirculation of fluid pdes, generally using an internal stirring
mechanism to reduce the time required for reackiggilibrium (Raal & Muhlbauer, 1998).
Refined schemes based on this classification cafolred in the book of Raal and Muhlbauer
(1998) and in the doctoral dissertation of Afzd)(9).

Based on the above classification, this work taggntage of a combination of features from
static, analytical and synthetic methods and tleeaisnodern measuring devices and materials
to bring about a new perspective for performing ragel phase equilibrium measurement. In
particular, special attention is given to the p&Eri and accuracy of the results obtained. The
principles, the choice of the techniques used hacttiteria for equilibrium are presented in this
chapter. In addition, the calibration of measursensors and gas chromatograph detector,
experimental uncertainties and the determinatiothefequilibrium phase compositions for gas
mixtures are discussed.

2.2 Visual versus Non-visual Techniques

A further distinction among the most frequently dissxperimental methods for determining
hydrate equilibrium conditions can be made betwbese based on visual and non-visual means
of hydrate detection. Particularly at low pressungsual observation of the formation and
dissociation of hydrate crystals was successfutiglemented in a Pyrex tube flow apparatus by
Hammerschmidt in 1934 and in a windowed cell by tbeand Frost in 1937 (Sloan Roh,
2008).

As the above method requires the visual observatidrydrate crystals (at constant temperature
or pressure) it may only be used at temperatureseathe freezing point of water to avoid any
confusion with ice crystals (Schroetdral, 1983). Also time for equilibration might takeveeal
hours, thus it may become somewhat time consumitgy.an alternative, hydrate phase

equilibrium measurement at high and low pressures can be pwdoin a constant volume
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(isochoric) cell without need of visual observatamd the intersection point of the cooling and

heating isochors is considered the dissociatiomlitiom.

Three modes have been thus established for opgratimydrate formation apparatus: isobaric,
isothermal and isochoric (Sloan &oh, 2008).Table 2.1 summarizes the fundamentals of each
method. The feasibility of using isothermal mettiodmeasuring hydrate dissociation pressures
has been recently investigated for (C® H,O) system in a titanium variable volume cell
(Fontalbaet al, 1984), with promising results (D. Richon, Pemo@ommunication, March 9,
2012). As equilibrium is reached within 5 minutes,significant amount of time could be
potentially saved using this technique for meagutitydrate dissociation data. The hydrate
dissociation pressure is identified by the preseofc@ plateau in a pressure versus piston-
displacement plot. The composition of the hydrdiage can be determined from the PVT data
and the amount of gas released during hydratedasm (known from the with of the plateau).
For multicomponent systems additional calculatians required, possibly compromising the

accuracy of the obtained equilibrium data.

The hydrate dissociation point is a repeatablentbeiynamic equilibrium point (Tohidet al,
2000) and is defined as the temperature and peestundition where the last hydrate crystal
melts (Gjertsen & Fadnes, 2006).

Table 2.1. Commonly used experimental procedures mieasuring hydrate dissociation
conditions (Sloan &oh, 2008).

Method Principle Hydrate formation Hydrate dissociation
Constant :
Isothermal Temperature increase
temperature

Visual observation of hydrate crystal
Exchange of gas or y y

. Constant . . disappearance
Isobaric liquid from an external
pressure .
reservoir
Intersection point of cooling and
. Constant o .
Isochoric volume Pressure decrease heating isochors (nonvisual

technique)
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Therefore, in all three procedures hydrate dissiociais used to determine the hydrate
dissociation §, T) condition.In the isothermal and isobaric methods, the equiiib condition is
determined (at constant pressure or temperatuspectévely) by visual observation of a phase
change,e.g hydrate crystals disappearance. Whereas a coneésyg change in pressure as a
function of temperature (due to density changesa iconstant volume ceihdicates hydrate

formation and/or dissociation in the isochoric noetldescribed below.

2.3 The Isochoric Method

Hydrate dissociation data can be accurately detehiusing an isochoric apparatus. The
technique is based on the classical isochoric piwee developed in Professor Kobayashi’s
laboratory (Marshalkt al, 1964) and further improved by Tohidi and coweské€000), who
outlined the impact of measuring techniques, mixéffgciency, heating method and heating rate
on the accuracy of hydrate dissociation point mesasants.

In a typical isochoric experiment, hydrates aremfed by decreasing the system temperature.
The differential pressure changp is measured with respect to the accompanying reifiteal
temperature chang®l in a constant volume cell. For each load of kn@emposition, pressure

is monitored as a function of temperature makingsfie the determination of @T isochor
(Richon & de Loos, 2005). The quantigp(cT)y represents the slope of an isochoric pathpn a

T phase diagram. Hydrates are then dissociatedghrsiepwise heating. The intersection of the
cooling and heating curves represents a phaseitioansthereby indicating the hydrate
dissociation {§, T) point (Ohmuraet al, 2004). By plotting several experimental isochors
obtained at different pressures for a given lod,domplete hydrate phase boundary of a system
is obtained.

In the isochoric method, the equilibrium conditias established through temperature and
pressure measurement. No visual observation or loceitgd calculations are required, allowing
a reliable determination of hydrate equilibriumaladdditionally, the technique is suitable over

the entire range of hydrate formation temperatares pressures, and fewer amounts of fluids
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are used, as no volume changes are required. Fudhe it is suited to automated control of

experiments (Rivollet, 2005; Khalil, 2006). Thusoc¢horic methods are considered rather
advantageous to investigate the phase behavior wficomponent mixtures, compared to

isobaric and isothermal approaches with visual magen requirement. For the above reasons,
the isochoric method combined with stepwise heading efficient mixing (Tohidet al., 2000)

is applied in the present investigation.

2.4 Apparatuses for the Determination of Hydrate Phasé&quilibria

It is beyond the scope of this work to provide athaastive review of the experimental
equipment that have been employed for measuringatg/gphase equilibria. The features of the
most commonly used apparatus and experimentalitpais considereth this section have been
mainly derived from the excellent review of Sloan and Koh (2008), with the addition of
representative examples from the literature in otdellustrate their main advantages, but also
some of the experimental difficulties typically ewmatered. Three proven experimental
approaches representative of current developmeatmentioned in the following paragraphs.

The static technique is one of the classical proeesifor measuring hydrate phase equilibrium
data, especially at high pressures. The startingt paf contemporary experimental studies
carried out in static apparatuses is that of Deatwh Frost (1937). In their apparatus, a glass
windowed equilibrium cell, shown in Figure 2.2, wadaced in a thermo-regulated bath. The cell
was equipped with a valve system to allow for irdatl outlet gas flow regulation. The use of
thermocouples and pressure transducers enableduresast of temperatures and pressures.
The protocol in obtaining phase equilibrium dataoiwed visual confirmation of hydrate
formation and disappearance. The above basic ptaxchave not significantly changed over the
past decades. Indeed, recent advances in the defsiyrate phase equilibria static equipment
incorporate modern measuring instruments that ingexperimental uncertainties; designs and
materials that extend the operating ranges, camduoktruction and operation to investigate
unusual conditions and systems; improvements inddia acquisition and minimization of

monotony.
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Figure 2.2. Detail of Deaton and Frost’s hydraterfation equilibrium cell (as cited by Sloan &
Koh, 2008).

Although accurate and thermodynamically consistiatt can be obtained through static and
dynamic approaches, static methods are generaflfenped for the determination of phase
equilibrium data (Oellrich, 2004). Some of the madvantages of static devices include:

» The simplicity of the technique and experiment&ige
* It can be applied at any temperature and over a pidssure range

» Suitable for single and multiple component systeaikwing reliable evaluation of
industrial systems

» Easy modification of total compositions and quaediof fluid samples
» Small amount of material needed
» Possibility of observing the phase behavior at lpgrssures

Time required to ensure that the system has aathigs¥modynamic equilibrium remains still a
major drawback for the determination of hydrategghequilibria under static conditions, making

it a quite time consuming method, especially whmetglmetastable periods occur.

The Quartz Crystal Microbalance (QCM) exploited Tohidi and coworkergBurgasset al.,
2002; Mohammadet al,, 2003) is an example of an alternative experialesgppproach suitable
for measuring equilibrium data of gas hydrates feg2.3). The QCM consists of a thin disk of
quartz placed between two electrodes. Crystal latoih at a particular resonant frequency is
activated when an electric current passes acrosselibctrodes. Hydrate formation is then

detected by a change in the resonance frequeneylymrates have adhered to the surface of the
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quartz crystal. Pressure and temperature of thersyare measured using a pressure transducer
and a thermocouple in a high pressure cell (Slo&o&, 2008).

The main advantage of QCM method is that it usesllsamounts of samples- pne droplet of
water), resulting in a significant reduction in tirae required for each experiment (Mohammadi
et al, 2003). Althouglthe QCM method has been considered unfeasible r{Sokoh, 2008)
due to good contact requirement between the sudatiee quartz crystal and hydrates, lete
al., (2012) have recently demonstrated that by mouifyhe droplet size, this method yields
acceptable results, especially, for rapid and practgas hydrate application purposes,

selecting a hydrate promoter from among variouslickates.

(a) (b) Electric feed throughs
: Hi < Sample part
1 1 I 1
[ | e | ]
7 >
\@ Quartz
crystal
Piston
2 =S
[ ]

" Pressure port

Figure 2.3. (a) Schematic diagram of the QCM, dndi{e QCM mounted within a high pressure
cell (Burgasst al, 2002 and Mohammaset al, 2003, as cited by Sloan & Koh, 2008).
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Figure 2.4. High-pressure micro DSC VII measuremgerice (Deschamps & Dalmazzone,
2009).

Most recently the use of calorimetric methods swash DSC has been extended to the
determination of hydrate phase equilibria data #retmal property data for gas hydratés
micro-DSC analyzer coupled with special high-presswessels, namely High Pressure
Differential Scanning Calorimetry (HP-DSC) techrégwas introduced by Dalmazzoee al.
(2002) to characterize the thermodynamic stability boumdaof methane and natural gas
hydrates in solutions of inhibitors. The same tégph@ has been applied to investigate
dissociation enthalpies and the phase equilibriGBAB semi-clathrates with gases (Deschamps
& Dalmazzone, 2009). The device, as shown in leidu#, consists of a microDSC VII, which
measures the difference in heat flow between thgkaand reference material. It can operate at
temperatures between (228.15 and 393.15) K andougOt MPa coupled to a pressure

multiplicator.

The main advantage of the micro-DSC techniqueas ithprovides thermodynamic and thermal
data simultaneously. Compared to PVT techniquesraoalorimetry has been reported (Le
Parlouéret al, 2004) to be relatively faster and to require lignasample amounts~(5 mg).

However, differences in thermodynamic propertiesasneed through similar calorimetric
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techniques can be significantly larger than stadegerimental uncertainties. For instance,
considerable scatter has been recently reported ther equilibrium temperatures of
tetrabutylphosphonium bromide semi-clathrates, mneasthrough DSC by different laboratories
(Suginakeet al., 2012).

The above descriptions of selected devices andriexpetal procedures are meant to provide the
underlying principles for investigating the phashévior of gas hydrates. Each method has its
own advantages and limitations. However, the orsedb@n the static apparatus, potentially one
of the simplest and most accurate approachesleistsd for this work. The apparatus is operated
following a combination of static, analytic and #yetic procedures. Such approach allows
simultaneous determination of thp-T) hydrate dissociation conditions and compositional

liquid (X), gas ¥) and hydrateZ), phase equilibrium data for the gas hydrate systef interest

in this investigation.

2.5 Static-Analytic-Synthetic Measurements

There is no universal experimental technique capabfully characterizing the phase behavior
of multicomponent systems over the whole rangeeaiperature and pressures. For mixtures
with more than two components the information atdble by non-analytical methods is limited

(Raal & Muhlbauer, 1998). Thua,combined “static-analytic” and synthetic approechpplied

for obtaining reliable hydrate phase equilibriuntedaf CQ containing gas mixtures.

The hydrate dissociation conditions and the contjposof the gas phase in equilibrium with the

hydrate and liquid phases are determined via theaed “static-analytic” technique, whereas a
synthetic method is used to estimate the liquid hAydrate phase compositions (for systems
containing pure water). Because sampling and amayiquid and hydrate phases is much more
challenging, the combination of the above two mdshm one set-up leads to the possibility of
obtaining thermodynamic data of multiple phasesuffemeously. An experimental set-up

combining the above mentioned techniques has beeelaped within this research and it is

fully described in Chaptet.
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The experimental procedure is as follows: a mixtfrd&known composition is prepared in the
equilibrium cell by introducing one component aftee other. By accurately knowing the
volume of the cell and the pressure and temperatiutee mixture, the total number of moles
and the composition of the feed can be preciseigroened. Furthermore, the amount of liquid
supplied to the cell is also precisely known. Dgrithe experiment temperature is varied
following the isochoric pressure search method vgitepwise heating and efficient mixing
(Tohidi et al, 2000; Rovettoet al, 2006). After equilibrium has been obtained, $mal
representative gas phase samples are withdiawsitu without disturbing the equilibrium
condition at each temperature step via an elecigoetac rapid online sampler-injector
(ROLSI™) presented in detail in Chapter 4.

Compositional analysis is carried out through dasmatography for the gas phase, whereas the
liquid phase is analyzed at the reference temper@@B K using a calibrated refractometer only
for semi-clathrates formed from (G3 N, + TBAB + H,O). For systems investigated in the
absence of TBAB, the compositions of the hydrate amueous phases are precisely calculated
applying a material balance approach adopted frivga®i et al. (1996) in combination with the
experimental data and volumetric properties, oetlim Chapter 4.

A pressure-temperature plot, as shown in Figure i8.%btained from each experimental run.
The intersection between the cooling and heatimgesuindicates the equilibrium transition from

(hydrate + liquid + gas) to (liquid + gas) and hemsreported as the hydrate dissociation point.
The procedure is repeated at different pressuresrdler to determine the hydrate phase

boundaries over a wide temperature range.
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Figure 2.5. Hydrate dissociation conditions (HDG3tedmination following the isochoric
pressure-search method and hydrate phase boundadgl predictions, HWHYD 2000) for the
(0.748 mole fraction CO+ 0.252 mole fraction N+ water) system.

2.6 Gas Chromatography

Since the invention of the first gas chromatogrdetector by British chemists James and Martin
(1952) more than half a century ago, this instrulaetechnique also referred to as ‘gas-liquid
partition chromatography’, has become widespreadpted for analyzing complex multi-

component gas mixtures by industry and researchgrdo 30 % of global gas chromatograph
(GC) systems are currently implemented in Europael The share is followed by United States

and Japan.

Gas chromatography is a practical method of seipar&tr analytical purposes. The type of GC
used in this work involves separating the compouwsfds gas mixture carried by the flow of an
inert gaseous mobile phase (carrier gas), whichadserbed onto the surface of an inert solid
stationary phase. Figure 2.6 is a picture of thari@h, CP3800) gas chromatograph used in this
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work, with its main components: the injection systeéhe oven, the column (placed inside the

oven) and the detector.

The gas sample is introduced, through the injgotot, into the chromatographic column where
separation takes place. The column is placed irnthbemostated oven. The compounds of the
mixture are separated throughout the column basethar affinity and interaction with the
stationary phase, which translates into a charatitegas chromatographic retention time. The
thermal conductivity detector used in this work sweas the heat conductivity of each separated
compound that flows through the column, resultingipeak area signal. The area of a peak in
the chromatogram is proportional to the amountamhecompound in the gas mixture. It must be
noted that retention times in GC are extremelyibém$o the column temperature and the carrier
gas flow rate, which must be kept constant. Theordtecal and practical aspects this

technique are treated in detail by Tranchant (1995)

Carrier gas supply
and flow controller

Control panel

Thermostated
oven

Figure 2.6. Front view of the gas chromatograpld uisehis work and main components.
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2.6.1 Chromatographic Conditions

Several tests were performed to find the best chtographic conditions to achieve favorable
response times and peak resolution (differencéenrétention times) in the separation of ¢CO
and CH), (CO; and N) and (CQ and B) gas mixtures. Four main factors contribute toieah
this separation: column packing type, column temajpee, carrier gas flow rate and physical
properties of components (Raal & Muhlbauer, 1998)us, different columns with different
lengths and different temperature programming daontd were tested. A good separation of
components is found via a 4 m long column packet 80-100 mesh Porapak Q. It was noticed
that increasing the oven temperature, with the afmneducing the retention times for these

components, leads to difficulties in @@&nd CH separations.

The oven temperature was thus set to 323 K andaheer gas used was helium (He) with a 25
ml/min flow rate, except for the compositional arsid of (CQ + H,) gas mixtures, where ;N
was used as a carrier gas because of the proximitye thermal conductivities of He and.H
Proper GC operating conditions used in this work given in Chapter 3. A typical
chromatogram showing two peaks each with a difteretention timetg; andtg,) for CO, and

N, is presented in Figure 2.7.

N

tr2

CG,

tr1

Detector response / mV

time /min

Figure 2.7. Gas chromatogram exhibiting an effectigparation of a (0.748 mole fraction GO
0.252 mole fraction By gas mixture.
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2.7 Calibrating Measuring Devices and Experimental Accuacies

As hydrate phase equilibrium data with the higlpestsible accuracy are needed for developing
reliable thermodynamic predictive tools and hydtadsed industrial processes, calibration of
measuring instruments is a key concern in this wohe accuracy of the results depends to a
large extent on the accuracy of measuring instrasadinus, careful calibration of all measuring
devices,.e., temperature probes, pressure transducers, ganatograph detectors aett. was
performed against reference instruments (Figurg [@i8r to performing the experimental work

and periodically checked to determine the accuvatly which data are measured.

Figure 2.8. Calibration equipment used in this wddkad weight balance device, temperature
bath with reference platinum resistance thermomegtebe, variable volume cell with
displacement transducer for volumetric calibrati@mel gas chromatograph with a gas tight
calibration syringe (clockwise).

61



Chapter 2 - Ph.D. Dissertation V. BELANDRIA

2.7.1 Pressure Sensors Calibration

Pressure inside the equilibrium cell is directlyasared by calibrated capacitance pressure
transducers. Druck (type PTX611) pressure transducers are maintaiaeda constant
temperature higher than the highest temperatutbeo$tudy to avoid any possible condensation
on the pressure measuring system. Calibration fisedaout against a dead weight balance
(Desgranges & Huot 5202S CP, Aubervilliers, Frarioeyanges from (0.3 to 40) MPa.

Pressure calibration is performed by connectingéierence instrument to a source of pressure
(often nitrogen) and to the inlet of the equilibmwcell. The calibration procedure consists on
counter-balancing the total downward forces. (gravitational force of a central piston with
added weights, as well as the atmospheric presseasured via a Druck (model DPI 141)
digital barometer with that of the pressure exetiby nitrogen gas loaded into the cell. Once
this is achieved, pressure readings from the cequre transducers are allowed to stabilize and

are recorded against the real pressure, whicHdslaeged from the weights added to the piston.
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Figure 2.9. Relative uncertainty on pressure traoscs calibration from (0.6 to 10.6) MPa. LPT:
A, increasing pressurey, decreasing pressure. HP#; increasing pressure;, decreasing
pressure; calibration uncertainty is the deviabetween measured and calculated pressure.
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Table 2.2. Pressure transducers calibration coeffis.

— 2
Pressure Transducer Calibration range / MPa  Pcal = @Pread + DPread+ C
a=-2.064 10 MPa*
LPT 0.3-6.1 b =0.1002

c = -4.340 16 MPa
a=-6.218 10 MPa*

HPT 0.3-10.6 b = 0.1006
c =2.667 1d MPa

Pressures read through the instrument and fromrefexence are fitted to a second order
polynomial correlation, allowing true pressure eauo be foundTable 2.2 gives the obtained

calibration coefficients for low and high-presstir@sducers (LPT and HPT, respective/As.

an exampletypical deviations observed through pressure tnacesdcalibration are presented in
Figure 2.9. Pressure measurement uncertainty iitmagsd to be within + 0.002 MPa from the

relative deviations shown in the latter experimeotave.

2.7.2 Temperature Probe Calibration

Temperature is measured via Pt-100 Platinum Resistahermometer (PRT) probes, which are
calibrated against a 28 PRT reference probe (TINSLEY type 5187 SA) wittcextified
calibration from theLaboratoire National d'EssaiLNE, Paris). Pt-100 sensors and the
reference probe are submerged in a temperature (batida Ultra-Kryomat, Ruk 50) with

ethanol and water (for low and higher temperatarges, respectively).

The temperature of the bath is increased and dssulest uniform intervals from (210 to 360) K
in order to detect any hysteresis within the sensbemperature signals are allowed to stabilize
at each temperature step and are read out, witthi &, on a micro-ohmmeter data
Acquisition/Switch Unit (Hewlett-Packard, model 20A). Similar to the procedure described
above for the determination of equilibrium pressur@ plot ofTyye againstTieaq results in a
second order polynomial relation (Figure 2.10). €neation of this line is subsequently used to
determine true temperature values. The maximum rtaiogy on temperature measurement

resulting from this calibration is within + 0.02 K.

63



Chapter 2 - Ph.D. Dissertation V. BELANDRIA

370

Ttrue = 0.14396 + Tread*0.99820 + Tread®9.70424E-06 0.020 5
o
o
OO 0.015
X
330 | o° = o o
X oo B 0.010 o
® o° s
S o 3 0005 | 5 o
© 0° 8 o o o @ °© og
T 290 | o S 00 0.0 o
£ ° - O =5
2 0° 3 0© © o o
g o° £ -0.005 | o
= [e]
T om0 | o° 5 o o
o ® -0010 o
o° > ° o
o° 2 o015 | °©
OO
210 -0.020
210 250 290 330 370 210 250 200 330 370

Recorded temperature, Tread / K True temperature / K

Figure 2.10. Pt-100 Platinum resistance thermonpetdye calibration.

2.7.3 Volumetric Calibrations

As it is discussed later in Chapter 4, precise Kadge of the total volume of the equilibrium
cell is crucial for the accurate determinationted tompositions of the liquid and hydrate phases
by mass balance approach. The internal volumeeotéfi is thus determined by using a variable
volume cell (VVC) assembly, as shown in Figure 2Be VVC consists of a void cylinder of
known internal diameter, a piston with appropri@teing and a displacement transducer fitted to
the piston to record the variation on the lineaptiicement inside the cylinder. The VVC is
connected to the equilibrium cell. All transferds) the equilibrium cell and the VVC assembly
are evacuated. The VVC is filled with a pure liquethanol is used for this purpose and the
assembly is connected to a pressurizing flugl Qitrogen) to move the piston. The equilibrium
cell and transfer lines are filled with ethanole$sure is monitored until an abrupt pressure
increase is detected inside the cell. At this pdim length travelled by the piston is registered.
The volume of the equilibrium cell is equivalentttee volume of liquid loaded into the cell,
which is geometrically determined from the disptaeat of the piston and the cylinder internal
diameter. The procedure is repeated at least thmes to ensure reproducibility of the results
and an average value is reported. The maximum tawesr on the internal volumes obtained
through this procedure are expected to be withinS+cn.
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2.7.4 GC Detector Calibration for Gas Mixtures

In order to determine a quantitative relationshgiween the response of the detector and the
composition of gas mixtures separated by gas chamgraphy, a calibration of the Thermal
Conductivity Detector (TCD) for each compound isfpened. A direct injection calibration
method (Raal & Muhlbauer, 1998) is used to achiéeeaccuracy of results required within the
project. In this method, known volumes of pure comgnts are directly injected into the GC via
the injector port by using precision chromatograghginges (SGE Analytical Science; 50uL,
100pL, 250uL and 500puL Gas Tight Syringes) for premg calibration standards and GC
injections. TCD calibration is conducted once alhlgtical conditions (see section 2.6.1) of the
chromatograph have been optimized to achieve aeat@fy separation of (CCand CH), (CO,

and N) and (CQ and H) gas mixtures.

The TCD was calibrated for carbon dioxide, metham&gpgen and hydrogen. The calibration
curves were fitted to second-order polynomial eignatrelating the number of moles and area
under the peaks from the chromatogram. The conmposdf the gas phase at a givgmT)
condition is thus determined from the peak area wtthe unknown sample and the coefficients
of the corresponding polynomial equation for eacmpound. A typical calibration curve and
the corresponding deviation results for £&e shown in Figure 2.11. Similar deviations are
obtained for CH, N, and H. Therefore, the uncertainty in measuring compas#iof the gas

phase through gas chromatography is estimated wothm + 1 - 2%.

Using the experimental procedure described eadieneasure hydrate equilibrium data for gas
mixtures with and without TBAB, and assuming theresponding standard uncertainties have a
normal distribution, it is estimated that maximunvemll uncertainty for pressure and
temperature measurements, derived from isochodtspls within_+0.05 MPa and 0.2 K,
respectively. The maximum uncertainty in all measwnts is attributed to the deviations in
measuring compositions of the gas phase by gasnettography. Such deviations are estimated
to be within_+1 — 2 % as explained above. Other uncertaintieghiliquid and hydrate phases
are expected to be better than 1 %. Therefore therath uncertainty for compositional

measurements is expected to be less than 2 %.
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Figure 2.11. Thermal conductivity detector calitmatfor CQ, using a 100 pl gas calibration
syringe: second order calibration curve (left)jlraltion deviation (right).

2.7.5 Refractometer Calibration

A refractometer calibration was performed in ortkedetermine the composition of the liquid
phase at equilibrium with semi-clathrates formeahfrCGQ + N, + TBAB aqueous solutions.
Samples of (TBAB + water) mixtures were preparethm concentration range from (0 to 0.50)
mass fractions TBAB following the gravimetric methdetailed in Chapter 6. Refractive index
measurements were carried out at 293.15 K usingABBE refractive index instrument,

previously calibrated with deionized water and athavith accuracy greater than 2-10

Refractive indicesnp) for the (TBAB + water) binary mixtures as functiof compositions are
plotted in Figure 2.12. It can be observed fromdkperimental results thap exhibit a linear
behavior over the investigated concentration rafipe. maximum accuracy on refractive index

measurement are thus expected to be better thés 0.1
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Figure 2.12. Refractive index calibration for TBABueous solutions: second order calibration
curve (eft), calibration deviation (right).

2.8 Criteria for Equilibrium

The state for equilibrium, as previously discusseghlies a condition in which thermodynamic
properties do not change over time. Since hydrateslow to form near the dissociation point,
relatively long periods are required for the pressm come to equilibrium after a temperature
change (Marshalet al, 1964). In order to ensure a true thermal equuiih state while
decreasing the time required to achieving this tamg especially in static methods, thorough
mixing of the cell contents is essential. It hasrbdemonstrated that step heating combined with
adequate time at each temperature interval reswltgenerating reliable experimental data
(Tohidi et al, 2000). Moreover, as the heating rate has a gtimmpact on the accuracy of
hydrate dissociation measurements (Tobkidal 2000; Rovettet al. 2006), the dissociation part
of the isochoric loop must be performed at a sigffity slow heating rate of about 0.12 K/h to

allow the system to reach equilibrium (Sloan & Kaa08).

Once the above conditions have been satisfiedjlistaim pressure, temperature, gas phase
composition and refractive index are monitored stalelish the attainment of equilibrium.

Several gas phase samples are taken through R®LSimpler and are analyzed by gas
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chromatography at each temperature interval dunydyate dissociation. It is considered that
equilibrium has been reached when the compositfoine gas phase of at least five samples
agree to within 0.001 molar fractions. At this goiawerage concentrations are registered as the
gas phase composition at the corresponding temperand pressure condition. An actual
example of compositional analysis carried out taldsh the attainment of equilibrium is given

in Figure 2.13. A consistent detector responsextibi#ed throughout the entire temperature

interval.
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Figure 2.13. Chromatogram profile for a (0.151 nfodetion CQ + 0.849 mole fraction N gas
mixture in the presence of TBAB aqueous solutioagsfractiony = 0.05) afT = 287.0 K and
p = 14.525 MPa.
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Phase Equilibria of Clathrate Hydrates of Methane +
Carbon dioxide: New Experimental Data and
Predictions

T Content published iRluid Phase Equilib. 2010, 296, 60-65.
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Résumeé

Ce chapitre fournit des conditions de dissociatitimydrates de gaz de (méthane + dioxyde de
carbone) a des concentrations faibles, moyennétegées en dioxyde de carbone. Les mesures
d'équilibres de phases ont été réalisées entre 27290 K a pressions jusqu'a 13 MPa. Une
méthode isochore dite "isochoric pressure-searchtho@’ a été utilisée pour effectuer les
mesures. Les données de dissociation généréestiarétude ainsi que celles disponibles dans
la littérature sont comparées aux predictions vimmodéle thermodynamique et via I'équation
empirique décrite dans le chapitre précédent. Uiseussion est faite au sujet des écarts entre
données expérimentales et données prédites.

Abstract

This chapter provides dissociation conditions of §gdrates of (methane + carbon dioxide) at
low, medium and high concentrations of carbon dlexiThe phase equilibrium measurements
were conducted in the temperature ranges from (@7290) K and pressures up to 13 MPa. An
isochoric pressure-search method was used to partbe measurements. The dissociation data
generated in this study along with the experimedédd available in the literature are compared
with the predictions of a thermodynamic model amteviously reported empirical equation. A
discussion is made on the deviations between {heriexental and predicted data.
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3 Phase Equilibria of Clathrate Hydrates of Methane +Carbon dioxide:
New Experimental Data and Predictions

3.1 Introduction

Because gas or clathrate hydrates have the cdpabilstore/separate gases (Englezos, 1993,
Sloan & Koh, 2008), the development of alternatigehnologies based on this concept has
gained much attention in exploration and producaetivities within the oil and gas industry.
Examples are carbon dioxide (©3equestration and methane (Fkecovery from natural gas
hydrates in deep sea sediments (Oglealdl, 1994), transport of natural gas as frozen hydrate
(Gudmundssoret al,, 1995), removal of high CCcontent in natural gas by formation of gas
hydrates (Azmiet al, 2010),etc As methane is the predominant component of ahiyas,
reliable experimental data on the phase behaviqCahk + CH,;) gas mixtures under hydrate
forming conditions are thus required to enhanceutigerstanding of natural gas hydrates and for

process development purposes.

The first experimental study of (GH CQ,) hydrates was reported by Unruh and Katz (1949).
Two decades later, Berecz and Balla-Achs (1983prted that hydrates of (GQand CH)
exhibited a maximum and a minimum in the hydrateherms and isobars at 0.50 £@ole
fractions and higher. Then, Adisasmébal (1991) confirmed and extended the measurements
done by Unruh and Katz (1949). Their data did hoivsthe unusual hydrate instability reported
by Berecz and Balla-Achs (1983). Meanwhile, Ohggtkal. (1996) reported phase equilibrium
data for the (Chl+ CQ,) clathrate hydrates at 280 K. Later, Fan and Gi899), Secet al.
(2000) and Hachikubet al. (2002)reported few hydrate dissociation data for (GHCQ,) gas
mixtures. Among the aforementioned equilibrium déte experimental data of Unruh and Katz
(1949) Berecz and Balla-Achs (1983Adisasmitoet al (1991) Fan and Guo (1999) and
Hachikuboet al. (2002)apparently represent hydrate dissociation conditibfowever, Fan and
Guo (1999) reported few hydrate dissociation dataaf0.0348 mole fraction of carbon dioxide
containing gas. Hachikubet al. (2002)reported three hydraw@issociation data for 0.25, 0.50

and 0.77 mole fractions of carbon dioxide contajrgases.
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Moreover, Unruh and Katz (1949nd Adisasmitoet al (1991) reported their hydrate

dissociation data generally at temperatures neaicth point though some of their data are at
higher temperatures. No discussions were made @silpge hydrate structure change(s) or
comparison with any thermodynamic model. This ditare review indicates a need for
generating more dissociation data for the {GHCQ,) clathrate hydrates, studying the stable
hydrate structure and also investigating the rditglof the thermodynamic models predictions

for the aforementioned clathrate hydrate systems.

In this chapter, the dissociation conditions of (@€, + CH,) clathrate hydrates at low, medium
and high concentrations of G@nvestigated in the temperature range from (27290) K and

up to 13 MPa, are presented. An isochoric presseaech method (Tohidit al, 2000; Afzalet

al., 2007; Mohammadet al, 2008) was used to estimate the dissociation tondi The
dissociation data generated along with the liteeatlata are compared with the predictions of a

thermodynamic model and a previously reported engbiequation (Adisasmitet al, 1991).

3.2 Experimental setup and method

Purities and suppliers of the chemicals used ia Wrk are given in Table 3.1. A detailed
description of the apparatus used in this studyrazvided in the literature (Afzadt al, 2007,
Mohammadiet al, 2008) A simplified flow diagram of the experimental setis shown in
Figure 3.1 and partial pictures of its main compasere shown in Figure 3.2. Briefly, the
apparatus is based on the “static—analytic’ metfRidhon, 1996) with capillary fluid phase
sampling (Laugier & Richon, 1986). The heart osthpparatus is an equilibrium cell made of
316 stainless steel and suitable for measuremernpseasures up to 40 MPa. The cell has a
volume of (57.5 + 0.5) cfhand two sapphire windows. A magnetic stirrer eesiagitation to

facilitate reaching equilibrium.

Table 3.1 Purities and suppliers of chemicéls.

chemical supplier Purity / (volume %)
Methane Messer Griesheim 99.995
Carbon dioxide Air Liquide 99.995

a . . . .
Deionized water was used in all experiments.
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Two platinum resistance thermometers (Pt100) iedemto the vessel were used to measure
temperatures and check for equality of temperatungthin temperature measurement

uncertainty, which is estimated to be less thankd.This temperature uncertainty estimation

results from calibration against a 25reference platinum resistance thermometer. Thespre

in the cell was measured using the low pressuresdizcer (Druck, type PTX611 for pressures

up to 20 MPa). Pressure measurement accuraciestareated to be better than 2 kPa.

Figure 3.1. Flow diagram of the experimental selDAS: degassed aqueous solution; DAU:
data acquisition unit; DT: displacement transduB€?; equilibrium cell; FV: feeding valve; GC:

gas chromatograph; HPT: high pressure transducBr; liquid bath; LPT: low pressure

transducer; PF: pressurizing fluid; PP: platinurobss; RS: ROLSI™ sampler; SD: stirring
device; SW: sapphire windows, TR: temperature @gul VP: vacuum pump; Vs: isolation
valve of LPT; VVC: variable volume cell.
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Figure 3.2. Partial pictures of the apparatus uegdilibrium cell {op lef}), volumetric presst¢p
right), measurement and stirring assemlidgtom leff, movable pneumatic ROLY| sampler

(bottom righj.

Table 3.2. Operating conditions of the gas chrografah.

Carrier gas Helium
Gas flow rate (ml/min) 25
Detector TCD

Detector temperature (K) 393
TCD wire temperature (K) 448
Oven temperature (K) 323
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3.2.1 General hydrate formation and dissociation procedur

The isochoric pressure-search method (To#iicil, 2000; Afzalet al, 2007; Mohammadit al,
2008) was followed to determine the hydrate disgom pressures and temperatures. The
reliability of the experimental method used hasnb@emonstrated in the literature (Afztlal,
2007; Mohammadet al, 2008; Mohammadet al, 2009) Before starting the experiment, the
cell was evacuated to eliminate the presence offhg gas mixture was prepared in the cell by
introducing first a certain amount of GOand then CH from the corresponding cylinders
through a pressure-regulating valve. After tempeeatind pressure were stabilized, the valve in
the line connecting the vessel and the gas cylinggs closed. The composition of the gas
mixture was analyzed and confirmed using a gasneatograph (Varian, CP3800) coupled with
a pneumatic ROLSY sampler (Guilboet al, 2000) The gas chromatograph (GC) equipped
with a thermal conductivity detector (TCD) was aypiately programmed with proper flow
rates, oven and detector temperatures for the congsostudied, which are given in Table 3.2. A
packed analytical column in stainless steel tulfkgjlent J&W, Porapak Q) with 1.83 m length,

2 mm inner diameter and 0.177 mm mesh openingnsseused for all the systems measured.

Subsequently, about 10% (by volume) of the cell Wilesd with water using the volumetric
press shown in Figure 3.2. The cell was immerséal time temperature-controlled bath and the
temperature was slowly decreased to form the hgdrdiydrate formation in the cell was
detected by a noticeable pressure drop. The tetgpenraas then increased in steps of 0.1 K. At
every temperature step, the temperature was kepstant with sufficient time to achieve an
equilibrium state in the cell. As implemented bynm@hra and coworkers (2004), a pressure-
temperature diagram was obtained for each expetahem from which the hydrate dissociation
point was found (Figure 3.3). The point at whick #tope @p/0T) of pressure-temperature data
plots changes sharply is considered to be the poinhich all hydrate crystals have dissociated
and, hence, is reported as the equilibrium condif@hmuraet al, 2004). As mentioned earlier,
the procedure is repeated at different pressuresrder to determine the hydrate phase

boundaries over the studied temperature range.

75



Chapter 3 - Ph.D. Dissertation V. BELANDRIA

1] Acquisition de données

Eisynoprique [ [OX]

Captewr 40 bass (301)
[z
Capteur 200 bars (302)
(EFZAECEE
Tesmperstue Haut (305)
fogss
Temperature Bas (306)

99637

Temparature autre (307)
23341

Tps (min]

1772 81666665388

PRENEBEIRBRRGE

5.

= Capteur 40 bars

Figure 3.3. Representative isochoric curve andspresand temperature plots obtained during a
hydrate formation/dissociation experiment, showshgracteristic times for reaching equilibrium
and overall behavior for GO CH, systems: pressunes. temperaturetfp), pressure lfottom
left) and temperatureb$ttom righ) as a function of time. COmolar composition in gas feed
was 0.272.

3.3 Results and discussion

The dissociation data for methane and carbon déosidhple hydrates were first measured.
These data along with some selected literature aatallustrated in Figures 3.4 and 3.5. The
good agreement demonstrates the reliability ofitbehoric pressure-search method (Toledi
al., 2000; Afzalet al, 2007; Mohammadit al, 2008) used in this work. Figures 3.4 and 3.5 also
show the predictions of a thermodynamic model (HWH2000).A detailed description of this
model is given elsewhere (Tohidt al, 1993). Briefly, it is based on the equality abécity
concept, which uses the Valderrama modification tbé Patel-Teja equation of state
(Valderrama, 1990) and non-density dependent mixinigs (Avlonitis et al, 1994) for
modeling the fluid phases while the van der Waald Rlatteeuw (1959) theory is used for
modeling the hydrate phase.
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Figure 3.4. Experimental (literature and this wodk$sociation pressures for methane simple
hydrates, together with thermodynamic model (HWHYIDOO) predictions assuming sl and

calculated values using eq. (3.2).
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Figure 3.5. Experimental (literature and this wodk$sociation pressures for carbon dioxide
simple hydrates, together with thermodynamic m¢e&/HYD, 2000) predictions assuming sl

and calculated values using eq. (3.2).
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The hydrate dissociation conditions for the (me¢hancarbon dioxide + water) systems were
investigated at different concentrations of carldavxide to study the effect of carbon dioxide
composition in the mixture. The composition of {meethane + carbon dioxide) gas mixtures
along with the experimental hydrate dissociationdtions in the presence of pure water are
given in Table A.1 (Appendix A) and are shown imglite 3.6. Initial gas compositions are
expressed in mole fractions in the gas phase. Bedéwe equilibrium pressure of glydrates is
lower than that of Cllhydrates (Figures 3.4 and 3.5), it is noted, g®eted, that mixed (COr
CH,) hydrates are thermodynamically more stable asctimeentration of C®in the feed gas
decreases. For example, at 289.2 K the dissociatiessures for gas mixtures of 0.730, 0.490
and 0.264 molar concentration of ¢&e 13.06, 12.41 and 11.62 MPa, respectively.

100

¢®
| o

10

p / MPa

278 280 282 284 286 288 290 292

T/K
Figure 3.6. Experimental dissociation pressuremftbis work for various (methane + carbon

dioxide) gas hydrates at different ¢@ad mole fractions0.264 ¢); 0.272 @); 0.490 @A);
0.500 (*); 0.504+=); 0.730 §).
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The predictions of the thermodynamic model (HWHYZD0O0) are also reported in Table A.1.
The experimental and predicted dissociation comalétiare shown in Figures 3.7 and 3.8. As can
be observed in these figures and also in Table tAelthermodynamic model (HWHYD, 2000)
generally overestimates the dissociation pressiarethe (carbon dioxide + methane) clathrate
hydrates studied in this work. Both structures ¢l dhhave been assumed for predicting the
dissociation conditions. Assuming structure I, hegre leads to lower deviations between the
predicted and experimental data suggesting thelestsibucture for the (carbon dioxide +

methane) clathrate hydrates studied in this wolkédy structure I.

The relative deviationRD) given in Table A.1 was calculated using the failog equation:

pexp - ppred

RD(%) = x100 (3.1)

pexp

wherepeyxp, andpyred represent experimental and predicted dissocigtiessures, respectively.

Table A.1 and Figure 3.7 also include the predndiaising the correlation proposed by

Adisasmito and coworkers (1991):
In (Peaic /MPa) = A + B(T/K)* + Cy + D(T/K)? + Ey(T/K)* + Fy? (3.2)

wherepeac = calculated pressur&, = temperaturey = mole per cent of carbon dioxide in the
vapor phase (water-free basis), and the valuethoconstants aré&= 175.3,B= - 89009,C=
0.07392D= 1.1307 x 10 E= -23.392, andF= 3.9566 x 10.

An acceptable agreement is generally observed ket predicted values using eg. (3.2) and

the experimental data generated in this work.
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Figure 3.7. Relative deviatiolRD) of experimental dissociation pressurgsd for (CO; + CHy)
clathrate hydrates and predictions of the thermadyo model (HWHYD, 2000)RD assuming

sl: 0.264 ¢); 0.272 (); 0.490 @); 0.500 (*); 0.504 (x); 0.7300). RD assuming sll: 0.264¢};
0.272 @); 0.490 (A); 0.500 (* shadow); 0.504 (x shadow); 0.790.(
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Figure 3.8. Experimental, calculated using (eq) &2l predicted dissociation pressures for{CO
+ CH,) clathrate hydrates. This work at different £@ole fractions loaded: 0.264)( 0.272

(m); 0.490 (A); 0.500 (*); 0.504+=); 0.730 ¢). Calculated pressures using eg. (3.2) proposed by
Adisasmito and coworkers (1991)t). Thermodynamic model (HWHYD, 2000) predictions
assuming sl at different GOnole fractions loaded: 0.264)( 0.272 ); 0.490 ); 0.500 (+);
0.504 §); 0.730 ). Thermodynamic model (HWHYD, 2000) predictionsswasing sll at
different CQ mole fractions loaded: 0.264 €hadow); 0.272H shadow); 0.4904 shadow);
0.500 (* shadow); 0.504 (shadow); 0.730q shadow).
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Figure 3.9. Relative deviatioriRD) of the experimental and predicted (HWHYD mod€l0Q)
dissociation pressurepefy) for various (CQ + CH,) clathrate hydrates at different ¢@ole
fractions loadedRD (%) assuming sl: This work); Hachikuboet al, 2002 ¢); Adisasmitoet
al.,, 1991 ¢); Unruh and Katz, 19494(); Fan and Guo, 1999 (x)RD (%) assuming sll: This
work (¢); Hachikuboet al, 2002 @); Adisasmitoet al, 1991 #); Unruh and Katz, 1949K);
Fan and Guo, 199% ghadow).

82



Chapter 3 - Ph.D. Dissertation V. BELANDRIA

20
15 t O

10 |

0 2 4 6 8 10 12 14

pexp / MPa

Figure 3.10. Relative deviatiorRD) of experimental dissociation pressurgs for (CO, +
CH,) clathrate hydrates and calculated pressus#sg eq. (3.2) proposed by Adisasmito and
coworkers (1991): This work); Hachikuboet al, 2002 (1); Adisasmitoet al, 1991 6); Unruh
and Katz, 19494); Fan and Guo, 199%)

Figures 3.9 and 3.11 compare the experimental cestson data reported in the literature for
various (methane + carbon dioxide) clathrate hydratith the predictions of the thermodynamic
model (HWHYD, 2000) These figures also show that the model (HWHYD,®@¥er predicts
the dissociation conditions of the experimentakddsation data reported in the literature for
(methane + carbon dioxide) clathrate hydrates. Wdaoth structures | and Il for the predictions
of the dissociation conditions were assumed ancedadeviations between the predicted and
experimental data by assuming structure | are gbdesuggesting the stable hydrate structure
for the (carbon dioxide + methane) clathrate hyelraeported in the literature is likely structure

I. However, the final proof for the stable struetwf the (methane + carbon dioxide) clathrate
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hydrates requires direct measurements by suitaiysigal techniquese(g, NMR, X-ray, or

Raman spectroscopy).
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Figure 3.11. Experimental dissociation conditiomsvarious (CQ + CH,) clathrate hydrates and
predictions of the thermodynamic model (HWHYD, 2j0at different CQ mole fractions
loaded: This workd). Literature: Hachikubet al, 2002 (); Adisasmitoet al, 1991 ¢); Unruh
and Katz, 1949 x); Fan and Guo, 1999A). Thermodynamic model (HWHYD, 2000)
predictions assuming sl: This worK)( Literature: Hachikubet al, 2002 @); Adisasmitoet al,
1991 ); Unruh and Katz, 1949 (-); Fan and Guo, 1929.(Thermodynamic model (HWHYD,
2000) predictions assuming sll: This work ghadow). Literature: Hachikubet al, 2002 G
shadow); Adisasmitet al, 1991 ¢ shadow); Unruh and Katz, 1949 ¢hadow); Fan and Guo,

1999 (A shadow).
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Figure 3.12. Comparison of experimental dissoamtmessures for various (GOr CH,)
clathrate hydrates with the calculated values usiong3.2). Experimental dissociation pressures
at different CQ mole fractions loaded: This work)( Hachikuboet al, 2002 (); Adisasmitoet

al,, 1991 ¢); Unruh and Katz, 1949x); Fan and Guo, 1999a§. Calculated dissociation
pressures with eq. (3.2): This wor);(Hachikuboet al, 2002 @); Adisasmitoet al, 1991 6);
Unruh and Katz, 194%(shadow); Fan and Guo, 1994 ).

The experimental dissociation data reported inliteeature have also been compared with the
calculated pressures using the equation proposddlisasmito and coworkers (1991) in Figures
3.10 and 3.12. As can be seen, the agreement betiveecalculated values and experimental
data using eq. (3.2) is acceptable. In overallslaswvn earlier, the model (HWHYD, 2000)

unreliably predicts the dissociation conditions fimrethane + carbon dioxide) clathrate hydrates
in the presence of pure water. Similar resultsegected from other thermodynamic models.
This suggests that reconsideration of thermodynammdels for predicting dissociation
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conditions of (methane + carbon dioxide) clathdayerates is necessary. These models have
generally been developed for hydrocarbon systemstife systems containing carbon dioxide,

model parameters likely require readjustments usghgble experimental data.

In addition, a number of technical difficultie®.g plugging of capillary sampler, long
metastable periods, unsuitability for investigaticgrosive gasestc) were encountered for
measuring compositional equilibrium data. Becasiseh measurements have been considered
within the scope of this research, it was decidedd¢velop a new apparatus suitable for
generating accurate hydrate phase equilibria antpositional data simultaneously, which is the

subject of the next chapter.
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Résumeé

Ce chapitre est consacré a la description d'un ebwutil expérimental basé sur la technique
«statique-analytique» avec échantillonnage en phgageuse au moyen d'un capillaire,
spécialement concgu, construit et amélioré pour megsavec précision les équilibre de phases :
pression, température et compositions en présetgamites de gaz. Cet appareil est adapté a
des mesures entre 233 et 373 K, pour des presgonsant atteindre 60 MPa et il est
compatible avec l'utilisation de gaz corrosifs. paocédure expérimentale developpée pour
mesurer les conditions de dissociation des hydres¢ésimilaire a celle décrite dans le chapitre
3. En outre, les compositions de la phase gazenségeilibre avec I'hydrate de gaz et de la
phase agueuse sont mesurées par chromatographibase gazeuse. Une approche basée sur
une étude des bilans de matiéere est utilisée pstimer les compositions des phases hydrates et
agueuse. Afin de définir les capacités réellesadidbilité de I'appareillage et de la méthode
utilisée, de nouveaux équilibres de phases durmgs(dioxyde de carbone + eau + méthane)
ont été mesurés dans des conditions de formatibyddites et les résultats comparés aux
données de la littérature. Ce chapitre se termiae yne discussion basée sur la comparaison
entre les prédictions des modeles thermodynamigjies données obtenues dans ce travail.

Abstract

This chapter is devoted to the description of a meywerimental set-up based on the “static-
analytic” technique with gas phase capillary samgli specially designed, built, and improved
to accurately measure phase equilibrium pressueeyperature, and compositions under gas
hydrate formation conditions. The apparatus is &bl for measurements at temperatures
ranging from (233 to 373) K, pressures up to 60 MiRd it is compatible with corrosive gases.
The experimental procedure used to measure theatgydissociation conditions is similar to the
one described in Chapter 3. In addition, the contpwss of the gas phase in equilibrium with
gas hydrate and aqueous phase are measured thrgaghchromatography technique. A
material balance based approach is used for estigathe compositions of the hydrate and
agueous phasesn order to determine the capabilities and relidtyilof the apparatus and
method used, new phase equilibrium data in theb@ardioxide + methane + water) system
under hydrate formation conditions were measured aompared with literature dataA
discussion based on the comparison between thecpoets of thermodynamic models and the
data measured in this work is also given.
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4 Development of a New Apparatus for Simultaneous Meairements of Gas
Hydrate Dissociation Conditions and Compositional Aalysis

4.1 Introduction

Considerable research has been devoted in thedégstdes to examine potential industrial
applications of gas hydrate technology (Adisasrattal.,1991; Ohgaket al, 1996; Hachikubo

et al, 2002; Sloan & Koh, 2008)'hermodynamic models based on accurate experimental
equilibrium data are needed to reliably predictrayel thermodynamic properties for potential
industrial applications. As most of the existingdals have been developed for hydrocarbon
systems, model parameters must be re-considerduyflvates containing carbon dioxide using
reliable phase equilibrium data (Adisasmgtoal., 1991; Ohgakeet al, 1996; Hachikubet al,
2002; Sloan & Koh, 2008, Belandr& al, 2010). In addition, any error in the measurentént
hydrate phase equilibrium properties will lead igngicant errors in model’s predictions.
Consequently, accurate measurement of the phasavibehof mixed clathrate hydrates

containing CQis necessary.

A number of experimental devices and methods farsueng hydrate phase equilibrium of gas
mixtures reported in the literature have been wedt by Sloan and Kof2008). Experimental
determination of the composition of the existingapds in equilibrium with gas hydrate by
“static-analytic” method is generally not easy. ®oaf the most common technical difficulties
are: long metastable periods, ineffective agitatidifficulties to sample the phases without
disturbing the thermodynamic equilibrium, lack dilility inside the equilibrium cell, plugging

of sampling valvestc

All of the above are to be considered in the desifjlan experimental apparatus for hydrate
phase equilibrium measurements. Traditionally tkpeemental methods involve measuring

hydrate phase boundaries, compositional data areedg measured (Sloan & Koh, 2008).
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Table 4.1.Experimental data reported in the literature foe thissociation conditions of the
binary gas hydrates of (carbon dioxide + methane).

Range of CQ mole

2 Number of
fraction in gaseous

Authors Dissociation conditions

ranges (T and p) mixture experimental data
Adisasmitoet al. (1991) 273.7-287.6 K 0.08- 085 a1
2.52 - 10.95 MPa ' '
. 271.0K
Hachikuboet al.(2002) 1.27 - 2.02 MPa 0.25-0.77 3
Belandriaet al. (2010) 279.1-289.9K 0.264 - 0.730 11
2.96 - 13.06 MPa
275.5-285.7K
Unruh and Katz (1949) 1.99 - 7.0 MPa 0.055-0.71 17
Fan and Guo (1999) 273.5-282.3K 0.9652 9
1.10 - 4.80 MPa
272.66 -283.56 K
Seoet al. (2000) 1.5-5.0 MPa 0-10 17
: 277.9 - 2855 K 0.206 - 0.744 9
This work 2.72 - 8.27 MPa

Table 4.2.Experimental data reported in the literature fa phT, and composition of the gas
and hydrate phases atwfH-G) equilibrium conditions for the binary clatteahydrates of
(carbon dioxide + methane).

Mole fraction of CO,in
Authors T and p ranges the gas ), hydrate (2)
and/or aqueous phases

Number of
experimental data

. 280.3 K
Ohgakiet al. (1996) 3.04 - 5.46 MPa Yy, Z 31
274.36 -283.56 K
Seoet al (2000) 15-50MPa Yy, Z 26
. 258-274.1 K and 190 K
Uchidaet al (2005)  '5 3'\1pa and 0.1 MPa Y. 2 -
Beltran and Servio 275.14 285.34 K 29
(2008) 2.36 - 7.47 MPa y
Bruusgaardckt al. 274.02 280.05 K 12
(2010) 1.66 - 4.03 MPa y
This work 2736 -284.2K Y, X, Z 41

1.510 - 7.190 MPa
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Although a significant amount of research has besmied out for mixed hydrates of carbon

dioxide and methane (Unruh & Katz, 1949; Ohgaikal, 1996; Fan & Guo, 1999; Set al,
2000; Hachikubeet al, 2002; Beltran & Servio, 2008; Belandeaal, 2010; Bruusgaaret al,

2010), the compositions of the gas, hydrate, amadi phases reported in the literature are still

limited. A summary of the experimental conditionsich literature data (including this work)

have been reported is given in Tables 4.1 and 4.2.

In the previous chapter a small (~57.5%equilibrium cell was used for measuring the hyeira

dissociation conditions of (GG CH,) gas mixtures in the presence of pure water. Bagdithe

limitations of the latter apparatus and the curreeeds for gas hydrate investigations, an
alternative and possibly more efficient way to diaweously measure the boundary of gas
hydrate formation and the compositions of the @gstphases in equilibrium with mixed

hydrates is presented in this chapter. The maituffes of both apparatuses are quickly reviewed

in Table 4.3.

Table 4.3. Main characteristics of previous and egperimental setups.

Feature Previous New
Volume of the cell ~ 60 ¢ ~ 200 cm
Agitation system Magnetic rod Magnetically drivendRton turbine
Liquid bath / Huber (CC40) Tamson Instruments (TV4000LT)
visibility T range~ (233 t0 473) K T range~ (233 to 373) K

Equilibrium cell

Gas mixture
preparation

ROLSI™ sampler

Temperature
measurement

No visual observation during Sight windows
the course of an experiment

316 stainless steel Alloy A286 (High temperature
p ~ 40 MPa stainless steel, XN26TW)
p ~ 60 MPa

In the equilibrium cell

Pneumatic (movable) Electromagnetic

Indirectly (in the body of the In situ(in the cell interior)
cell)
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The new approach is based on the “static-analyticethod (Richon, 1996and capillary
sampling technique (Laugier & Richon, 1986). Fas thurpose, an experimental set-up suitable
for measurements in the temperature range of (83378) K and compatible with corrosive
fluids was designed, constructed and validated. ddne of the apparatus is an equilibrium cell
entirely designed, built, and improved “in househich can withstand pressures up to 60 MPa.
A major advantage of this apparatus is the comimnabf precise and accurate measuring
devices and the visual observation of the presehogas hydrates and phase behavior. The
isochoric technique (Tohidet al, 2000; Afzalet al, 2007; Mohammadet al, 2008)earlier
described is used to determine the hydrate temperand pressure dissociation conditions. For
composition measurement of the gas phase underateydformation conditions, an
electromagnetic ROLSY sampler (Guilboet al, 2000) was installed and connected online to a

gas chromatograph.

The compositions of the liquid and hydrate phasescalculated using the material balance
approach proposed by Ohgadi al. (1996) in combination with the experimental data &me
volumetric properties evaluated from equations tdtes for gas mixtures. A suitable
mathematical approach is used to solve the nomdlingaterial balance equations. This chapter
describes the characteristics of the aforementionmique measurement system and

demonstrates its effectiveness and capabilities.

4.2 Apparatus

With the aim of developing a flexible apparatustatle for gas hydrate phase equilibrium
measurements, a combination of new and adoptedrésatrom the literature were considered.
The main characteristics of this set-up are: silitalbor corrosive fluids (high pressures), strong
agitation, precise and accurate measuring devgaesphase compositional analysis and visual
observation inside the equilibrium cell during tteurse of the experiment. A schematic diagram
of this apparatus is shown in Figure 4.1. The arpamtal setup consists of four major sections:
an equilibrium cell, a sample supplying systemomgosition analyzing system, and a pressure-
temperature measurement system. Partial picturéseafnain components are shown in Figure
4.2.
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[ ]

DAS

Figure 4.1. Schematic flow diagram of the new agpe. DAS: degassed aqueous solution;
DAU: data acquisition unit; EC: equilibrium cell;: @as cylinder; GC: gas chromatograph;
HPT: high pressure transducém: liquid bath; LPT: low pressure transducer; RiRatinum
probe; RS: ROLSI™ sampler; RT: Rushton turbine; Stidring device; SW: sapphire windows,
TR: temperature regulator;;VV,, V4, Vs feedingvalves; \4, Ve. purge valves; VP: vacuum
pump; Vs: isolation valve for LPT; WP: higitessure pump.

Figure 4.2. Partial pictures of the main componaitthe new apparatus (From left to right:
Equilibrium cell, ROLSI™ sampler, pressure transducers, valve arrangenmehtagitation
device, windowed bath).
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4.2.1 Equilibirum cell

The core of the apparatus, the equilibrium cells watirely designed, built and improved by the
workshop of CEP-TEP (MINES ParisTech, France).dswnade of a high temperature stainless
steel material (Type X6NiCrTiMoVB235-2 / Alloy 286) to withstand hydrogen embrittiement
and pressures up to 60 MPa. The internal voluméhefcell of (201.0 0.5 cni, including
transfer lines) is known from careful calibratiosing a variable volume cell coupled to a
displacement transducer. The cell is suitableni@asurements within temperatures ranging
from (233 to 373) K.

The cell is cylindrical in shape and it consistswb major parts: (1) a main body and (2) two
sapphire windows. The 166 mm long, 83 mm diametainrbody is horizontally placed on an
aluminum support (Figure 4.3). Two sapphire windawe located in the front and the back of
the cell enabling the visual observation of thespree of gas hydrates and phase behavior
occurring inside the equilibrium cell. All piecestbe cell are tightened by sixteen bolts and the
seal between the main body and the sapphire wina®ashieved with polytetrafluoroethylene
(PTFE) O-rings which sit in circular channels orttbsides. Three inlet/outlet ports suitable for

pressure and temperature sensors have been drillee main body of the cell (Figure 4.3).

____ Stirring device

ROLSI™ Platinum probe
sampler

Tightening 2 £l ¥
bolts - =

Main body

— Sapphire window Purge

valve Protection grid

Figure 4.3. Cross section of the equilibrium ceithwstirring and measurement arrangement
(left). Photograph of equilibrium cell on its aluminuapport ¢ight).
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Figure 4.4(a) Lateral section of the equilibrium cell showing thosition of the protectiogrid.
B: tightening bolts; MB: main body; PG: protection grid; RT: Rushton turbine; SW: sapphire
windows; \j andV : feeding valves(b) Detail of the protection grid for the capillarynspler.

SD: stirring device.
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PG
PG
£ GS
e
[(o]
GS !
_____________________________ i_v
d) b

Figure 4.5. §) Lateral and lf) cross sections of the grid support. GS: PTFE gupport; PG:
protection grid.

A stainless steel (316) grid support horizontalgced inside the cell was installed to protect the
capillary sampler from plugging by hydrate partcl@he protecting framework was fixed by a
PTFE support at approximately 20 mm from the taghSarrangement as shown in Figures 4.4
and 4.5, allows sampling and analyzing the gasehmaequilibrium with the hydrate and liquid
phases, in a way that hydrate particles do notremt@lug the capillary. Plugging of capillary
sampler by hydrate crystals can seriously compreithie reliability of vapor phase composition
measurements during hydrate formation (Rufmeal, 2010). The arrangement just described
can be used to overcome this experimental difffcuks shown in Fig. 4.6, a remarkable
sampling repeatability is obtained for nitrogen gasmples taken under gas-hydrate-liquid

equilibrium, demonstrating the value of the lattapillary protection arrangement.

A motor-driven turbine agitation system (Top IndigstFrance) enables to stir the cell contents
at a speed up to 2000 rpm to increase the fluisgaco and enhance water conversion into

hydrate.
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Figure 4.6. Chromatogram profile for nitrogen gasnples under gas-hydrate-liquid water
equilibrium (15 MPa and 272 K) at different capilapening time (seconds) using RO['S|

4.2.2 Sample supplying system

The sample supplying system consists of gas cyifmde vacuum pump with an electronic
manostat (Leybold, model Trivac D) and a high-puessyringe pump (Teledyne Isco, model

260D), which allows measuring the amount of ligsigbplied to the system.

4.2.3 Composition analyzing system

The composition analyzing system consists of antmmagnetic online micro sampler (rapid
on-line sampler-injector: ROL8Y) developed at the Ecole des Mines de Paris (Laugjie
Richon, 1986; Guilbogt al, 2000). The small size of the samples (1-5 plpphpared to the
volume of the cell (~ 201 cfj) ensures thermodynamic equilibrium is not distartdluring

sampling.
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Over the years, many modifications have been chrdet to the original ROLSY. The
electromagnetic version used in this apparatus ®®Levolution V) shown in Figure 4.2, is
smaller than the one described by Guilebal (2000) and entirely automatable, it is actuated b
an electromagnet allowing significant new featuresye robustness and increased operational
life (Afzal et al 200&). Figure 4.7 gives a flow diagram of the latestsien of this sampler-
injector. The micro sampler is a compact devicdwid dead volumes and it consists of a Monel
400 capillary tube with internal diameter of lessrt 0.15 mm. Reliable and representative
samples may be obtained by adjusting the sampetisinugh the valve’s opening time (between
10 milliseconds and approximately one second) aemlEncy, with an outstanding repeatability.
It allows samplings from (0.3 to 80 MPa) and temapates from cryogenic up to 523 K.

Samples are swept along the carrier gas (outletelddransfer line, ensuring direct injection into
the GC column. Sampling can be carried out onlgugh electric power, thus the capillary is
normally closed for highest safety. The materidicanstruction (Monel 400 or Inox 316L)

enable to extend its applicability to corrosive amgtous systems (ROLSI™).

Aperture (stem)

Carrier gas to and seat of
sweep the sample movable plunger

e oot el T

Electromagnet

/ Return spring

‘ 24 Volt and1A power supply
\#,“ with time controller

] \\\\x

Radiator to cool
electromagnet

Fre-heated sample chamber —

N\ Softiron core

Carrier gas outlet
with sample

Figure 4.7. Flow diagram of the electromagnetiddam-line sampler-injector: ROLSI™ (Afzal
et al, 200®).
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The ROLSI™ was vertically installed in the equilibrium celndx connected to a gas
chromatograph (GC) on-line. The micro sampler ahe lines connecting to the GC are
independently heated to a temperature well abowaé @h the equilibrium cell to avoid any
condensation or adsorption of the components. Engpérature of the sampling valve and
transfer lines are set through the ROStontrol unit. To make sampling possible, the press
inside the cell must be higher than the pressuréhefcarrier gas stream from the GC. The
ROLSI™ is actuated using the control unit, which allowtiag the valve’s opening time with a

resolution of 0.01 s. Thus, for a given pressure¢him cell, the frequency and the amount of
sample withdrawn can be adjusted.

The analysis work was carried out using a gas catognaph (Varian, CP3800) equipped with a
thermal conductivity detector (TCD). The GC was ruested to a computer fitted with the

Perichrom Winilab Il software (Figure 4.8). Theathcteristics of the chromatographic column
are described in section 2.6.1 and the chromatbgrajonditions were similar to those given in

Chapter 3. The composition of the gas phase isrdeted by gas chromatography, as explained
in Chapter 2, while the composition of water in thes phase is considered negligible in the
experimental conditions investigated in this stfiohammadi & Richon, 2008. However,

other methods as “dilutor technique” may be usetedessary to measure the water content of
the gas phase (Mohammadial, 2004).
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Figure 4.8. Layout for chromatograms acquisitiomg&Vinilab Il software.
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4.2.4 Measurement, control and acquisition of temperaamd pressure

Temperature is controlled using a thermostaticrethbath (Tamson Instruments, TV4000LT).

The thermostatic bath is equipped with a glass aawndvhich allows the visual observation of

the cell content throughout the experiments. Oaémim temperature probe (Pt100) inserted in
the cell interior was used to measure the temperaituside the cell within measurement

uncertainties, which are estimated to be less h&2 K with a second order polynomial

calibration equation, as mentioned in Chapter 2 {Bmperature probe was carefully calibrated
against a reference platinum resistance thermopegéndicated also in Chapter 2.

The equilibrium pressure was measured using twibrasd pressure transducers (Driitkype
PTX611). Pressure ratings for low (LPT) and higlPThl pressure transducers are 8 and 40 MPa,
respectively. Both pressure transducers are magdant constant temperature (temperature
higher than the highest temperature of the studiy)guan air-thermostat thermally regulated by a
proportional—-integral—derivative controll@VEST instrument, model 6100).
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Figure 4.9. Layout for temperature and pressura dequisition through AOIP Ltc10 software.
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After calibrating the pressure transducers agandead weight balance (Desgranges & Huot
5202S CP, Aubervilliers, France), pressure accuveay estimated to be better than 0.002 MPa
using a second order polynomial calibration equitias described in Chapter 2. A major

advantage of this apparatus is the combinatiorexfipe and accurate measuring devices and the
visual observation of the presence of gas hydrates phase behavior. The apparatus is also

equipped with a safety pressure reliafve.

The data acquisition unit (AOIP, PC10) was coupléith a personal computer to measure and
automatically register pressure, temperature and tlata. The data acquisition software (AOIP,
Ltc10) also allows adjusting the rate of data asitjon. Continuous recording of pressures and
temperatures allows detecting any subtle changédsisystem and true equilibrium conditions.
A representative view of the temperature and presdata acquisition software is shown in

Figure 4.9.

4.3 Experimental Procedure

Phase equilibrium measuremenps T, y) under hydrate formation conditiomgere carried out

using the apparatus described in the previouswseatid the experimental procedure as follows.

4.3.1 Preparation of the feed

Research grade carbon dioxide (99.995 mole% puwsitgplied by Air Liquide and CH99.995
mole % purity) supplied by Messer Griesheim, weseduwithout further purification. Gas
mixtures composed of G@nd CH were prepared in the equilibrium cell. After theuiibrium

cell was well cleaned and evacuated with vacuummpunspecified amount of each gas (through
pressure measurement) was introduced at ambiemqtetatare into the volume-calibrated cell
from the corresponding gas cylinders through agumresregulating valve. Once temperature and
pressure were stabilized, the on-line valve conngdhe vessel and the gas cylinder was closed.
As pressure, temperature and the total volume efefuilibrium cell are known, the total
number of moles loaded to the cell is easily calt@d by applying an approprigte/-T relation,
such as the ideal gas law. The initial compositidrthe gas mixture is determined by gas

chromatography (GC). Several samples are takemughr®ROLSI™ sampler and analyzed by

101



Chapter 4 - Ph.D. Dissertation V. BELANDRIA

GC. Agreement between the overall compositions iodth by PVT and chromatographic
methods assures this approach as a highly relat@eMolar concentrations of Gldnd CQ are

measured within an experimental uncertainty 4f2 %.

4.3.2 Fluids supply to the equilibrium cell

An amount of typically 10 % (by volume) of the edium cell was subsequently filled with
distilled and deionized water using a high-pressymnge pump. All amounts of substances
supplied to the cell were quantified.

4.3.3 Isochoric Pressure Search Method

Hydrate dissociation conditions were measured aacgrto the isochoric pressure search
method (Tohidiet al, 2000; Afzalet al, 2007; Mohammadet al, 2008), as described in
Chapter 3.Briefly, the cell was immersed into the temperattwatrolled bath and the
temperature was decreased to form hydrate, whitatengy at a constant speed of 1500 rpm. The
temperature of the system was kept constant féeaest 24 hours to overcome the metastable
period and allow complete hydrate formation. Hyerfdrmation in the cell was detected by a
noticeable pressure drop. Once hydrate formatios eampleted and equilibrium conditions
were reached, at least seven samples of the gas plae taken through the RO kampler

at a given temperature and pressure for repedgatiiecks. The composition of the gas phase at
equilibrium with the hydrate and liquid phases watermined through GC analysis.

Temperature was then increased in steps at suidfigislow rate of about 0.K/h (Tohidiet al,
2000; Rovetteet al, 2006). At every temperature step, temperature kegpt constant and the
composition of the gas phase was successively zdlyuntii meeting the criteria for
equilibrium described in Chapter 2. At this poitypfcally reached within four hours), it was
assumed that equilibrium had been reached and gav@@ncentrations were registered as the

composition of the gas phase at the correspondmg@eérature and pressure condition.
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Figure 4.10. Hydrate formation/dissociation processde the high-pressure visual cdbfi),
cooling and heating isochors and determinationyofdie phase boundaries and composition of
the equilibrium phasesight).

Temperature and pressure data were collected fpéceninute throughout the experiment. As
implemented by Ohmura and coworkers (2004), a pregemperature diagram was obtained
for each experimental run, from which the hydratissaciation condition (HDC) was
determined. The point at which the slope of pressamperature data plots changes sharply was
considered to be the point at which all hydratestalg have dissociated and, hence, it is reported
as the hydrate dissociation point (Ohmataal, 2004). Figure 4.10 illustrates the typical ceurs

of a gas hydrate formation-dissociation experiment.

There is a fundamental difference between hyd@t@dtion and dissociation conditions, since
the gas and aqueous phases are initially disordemed molecular level, the initial hydrate
formation is affected by a metastability period,ilethydrate crystals are ordered structures in
nature and they are quickly dissociated when tak&nof theirp-T stability region (Sloan &
Koh, 2008).
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For measuring an equilibrium condition at a higpezssure, the pressure of the system was
increased by successively supplying water to thgliegqum cell until achieving the desired
pressure. In this way, seve@lT and gas phase composition equilibrium data wetairdd in
parallel to the hydrate dissociation conditions nfroeach experimental run. Maximum
uncertainties in the pressure and temperature merasuats are expected to be within005
MPa and +0.2 K, respectively. The maximum overall uncetais attributed to the uncertainty
in measuring compositions of the gas phase by lgasmatography, which is estimated to be less
than 1% as explained in Chapter 2.

The experimental quantities measured in every hgdi@mation and dissociation experiment
are as follows: total volumeV), each total quantity of GO methane and wateny, n,, ng,
respectively), mole fractions of gas phagedgndy,) and the equilibrium temperatur€)(and
pressuref). Starting from thep T, y) data for the three-phase equilibrium, the contpm®s of

the hydrate and agueous phases are calculated aismajerial balance approach proposed by
Ohgaki and coworkergl996)in combination with the Peng-Robinson (1976) equmabtf state

for gas mixtures. Assuming the perfect gas lawaigihvthroughout the studied pressure range and
considering that all types of molecules have tteesgaseous molar volumé; may be replaced

by v®, and the volume-balance in the equilibrium cedjiien as:
V=xn8u@+Tnkyk+nH (4.1)

where the subscriph denotes the gas mixture and the superscHipts, andG represent the
hydrate, liquid, and gas phases, respectively.vBhemetric properties for the gas mixtus&),
liquid (V) and the molar volume of ideal hydrat')(were calculated using the CSMGem
thermodynamic model (CSMGem, 2008).

In addition, equations (4.2) to (4.4) are derivedoading to the material balances for the three

present components in the system as follows:

n=n*tn+zn (4.2)
n=m+n+@L-2)n" (4.3)
n=n+an’ (4.4)
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wherethe total amount of each component once measuredb&aartitioned into gas, liquid
(aqueous phase), and hydratephases for CQand CH (n{, iy, respectively), and liquid and

hydrate phases for waters{).

The expressions for mole fractions of £@ the gas phasgi and CQ (x;) and CH (xp) in the

liquid phase are given by equations (4.5) to (4.7):

Y. =n/2n (4.5)
X =n/Xn (4.6)
X. =n./2n 4.7)

The values ok; andx, can be estimated from a suitable thermodynamic méde this purpose,
the CSMGem thermodynamic model, which is based lmn Gibbs energy minimization
(CSMGem, 2008) was used. In the cases where tldelndad not converge, these values were

evaluated applying the apparent Henry’s constdngésich pure gas system:
x = (T.P)/H.(T.P) (4.8)

wheref (T, p) is the fugacity coefficientd (T, p) is the apparent Henry’s constant, and subscript
i refers to the™ component in the mixture. A mathematical approbaked on the Newton’s
numerical method (Constantinides & Moustofi, 19@8upled with the Differential Evolution
optimization strategy (Price & Storn, 199%as used to solve Equations (4.1) to (4.7) for the
seven unknown variables;£, n.®, n;", no5, ngt, n", andz). As hydrate composition is variable
with temperature, pressure, and the compositiassbciated fluid phases (Sloan & Koh, 2008),
an approximate value of based on thep( T, y) conditions under which hydrates are formed and
assuming clathrate hydrate structure I, is firsicgpated. A more accurate value is then obtained

by iteration. The solving procedure is describedeatail elsewhere (Belandré al, 2011).
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4.4 Results and discussion

Hydrate dissociation condition$ @ndp) for the (CQ + CH, + H,O) systems were measured at
different compositions of COin the gas feed.The compositions of the (methane + carbon
dioxide) gas mixtures along with the experimentgbriate dissociation conditions in the
presence of pure water are presented in TableApggndix A) and Figure 4.11. In addition, the
hydrate dissociation pressures were predictedeatahresponding equilibrium temperature,,CO
mole fraction in the gas feed, and water mole ioacintroduced to the system using two hydrate
thermodynamic models: CSMGem and HWHMihich is based on fugacity equalities of each

component throughout all present phases (HWHYDQ200

10

p/ MPa
[

277 279 281 283 285 287
T/K

Figure 4.11.Hydrate dissociation conditions measured in thigkwimr (methane + carbon
dioxide) clathrate hydrates at various £d@ad mole fractions: 0.208); 0.476 (A) and 0.744

(*)-
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Figure 4.12.Hydrate dissociation conditions (literature andsthiork) for (methane + carbon
dioxide) clathrate hydrates at select€é®, load mole fractions(a): ¢, 0.206 (This work);
0,0.210-0.250 (Adisasmitet al, 1991);0, 0.264 (Belandriat al, 2010);x, 0.274 (Unruh &
Katz, 1949);A, 0.200 (Seet al., 2000);(b) : ¢, 0.476 (This work)9,0.390-0.500 (Adisasmitet
al., 1991);0, 0.4900.504 (Belandrieet al, 2010);x, 0.539-0.545 (Unruh & Katz, 1949},
0.600 (Secet al, 2000);(c): +, 0.744 (This work)$,0.670-0.850 (Adisasmitet al, 1991);0,
0.730 (Belandriaet al, 2010);x, 0.777 (Unruh & Katz, 1949). Dashed line, pure,@@drates

and solid line, pure CjHhydrategAdisasmitoet al,, 1991).
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The predicted hydrate dissociation pressures arelisted in Table A.2 along with the absolute
relative deviationARD) from the obtained experimental values. As casden, theARD of the

predicted hydrate dissociation conditions by HWH¥Bd CSMGem models are in average 9.7
% and 5.1 %, respectively, which are consideretetan acceptable agreement with the data

measured in this work.

For comparison purposes, Figures 4,12.12, and 4.12 show the hydrate dissociation
conditions measured in this work along with sonlected experimental data from the literature
(Unruh & Katz, 1949; Adisasmit@t al, 1991; Seocet al, 2000; Hachikubcet al, 2002;
Belandriaet al, 2010). The obtained results generally indichigt the hydrate dissociation
pressures of the GQxontaining gas mixtures are greater than thogeucd CQ hydrates. It is
also observed that as the relative amount of @HCG, increases in the feed gas at a given
temperature, the equilibrium pressure conditiorift & higher pressures. As can be seen, the
agreement between these data and the experimexttakeported in the literature is generally

acceptable, demonstrating the reliability of thevrapparatus and method used in this work.

To the best knowledge of the author, no hydratectiral transition has been reported in the
literature for (CQ+ CH,) hydrates Therefore, considering tha (CQ + CH; + H,O) system
likely forms structure | hydrates (Takega al, 2005; Uchidaet al, 2005; Sloan & Koh, 2008;
Belandriaet al, 2010) similar to pure Ctbr CO, hydrates, and applying Gibbs phase rule, there
are two degrees of freedom at liquid water-hydgate-Lw-H-G) equilibrium conditions for this
system (Bruusgaarcet al, 2010). Therefore, two intensive variables can denged

independently without disturbing the thermodynaegailibrium.

In this work, temperature and pressure were cdattalhile the compositions of GlndCO,in

the gas phase under,[dH-G) equilibrium were measured and compared withlable literature
data (Ohgaket al, 1996; Beltran & Servio, 2008; Bruusgaatdal, 2010).As shown in Figures
4.13 and 4.18, the molar fractions of CQOn the gas and hydrate phases are found to agree
with the experimental data reported in the litematuvithin experimental uncertainties.
Furthermore, it is observed that the mole fractiofsCO, in the gas and hydrate phases

generally decrease as pressure increases.
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Figure 4.13a) p-y phase diagram of (methane + carbon dioxide) @d#&thinydrates at different
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280.2 K. Literature v, 275.2 K;[1,277.2 K; A, 279.2 K;o, 281.2 K;X, 283.2 K;==, 285.2 K
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This suggests that considerable enrichment of @@he hydrate phase takes place in the studied
systems. It is also observed that the compositibriCO, in the gas phase increases as
temperature increases, which translate in less at@dlCO; trapped in the hydrate phase at high
temperatures. Compositional analysis of the hydaaig liquid phases for the ternary (£©
CH; + H,O) system was determined using the material balapproach described in the
experimental section. The non-linear mass balampeat®ons were solved using a suitable
mathematical approach, as mentioned earlier. Tresuaned data, results of solving the material
balance equations, and the predictions of CSMGamtbdynamic model are summarized in
Table A.2 (Appendix A) and illustrated in Figured4a through 4.14 at selected isothermal
conditions.

It should be noted that such pressure-gas phaspasition ©-y) phase diagrams are essential
for designing a (multi-stage operation) £€apture process based on gas hydrates concept. As
can be seen in these figures, the predictionseoCtBMGem model for the mole fraction of £O

in the gas phase are in consistent agreement With ekperimental data. However, the
thermodynamic model (CSMGem, 2008) shows considerdbviations when predicting the
molar compositions of COin the hydrate phase. This suggests that the aessnof the
thermodynamic model may require readjustment ufiily compositional analysis + hydrate
dissociation experimental data, as such models bawerally been developed for hydrates of

hydrocarbons using mainly experimental hydrateadisgion data.

As for the unspecified points shown in Table A.fated to the predictions of the CSMGem
model, the model is not able to predict the threasg equilibrium (Lw-H-G)ehavior at the
studied conditions. The HWHYDnodel did not converge at all at the studied expenial

conditions.

110



Chapter 4 - Ph.D. Dissertation V. BELANDRIA

A O
2 A a b
AA ® O
A o A
3 & oe
©
a A e o
2 ns w e o
a A [ o %
AN ®» a N o e
@ o e
A o [ ]
an oe
A o . A o e
1
0 01 02 03 04 05 06 07 08 09 1 2
0 01 02 03 04 05 06 07 08 09 1
CO,/mole fraction CO» / mole fraction
C
3 Y o L]
A 2 L]
< A Q L]
o
=
s
A oA L]
A L ]
A o
Py .
0 0.1 0.2 03 04 05 06 0.7 08 09 1
CO, / mole fraction
5
d e
m ® 0
'y L] o
A e o m ° o
a4l
ae o
& ae ° s FYN ) o
= =4
\Q o
FUN °
PN .
A A L]
a A e
A A L] . *
3 . . . . . . . . . 3 . . .
0 01 02 03 04 05 06 07 08 09 1

0 01 02 03 04 05 06 07 08 09 1

CO, / mole fraction CO,/ mole fraction

Figure 4.14.Pressure-composition phase diagram of the (metkac@bon dioxide) clathrate
hydrates : This workycoz (A); Zco2 (). CSMGem model predictioncoz (A); Zcoz (0). a):
273.6 K ;b) 275.2 K ;) 276.1 K ;d) 278.1 K ;e) 280.2 K.
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" Content published iimd. Eng. Chem. Reg011, 50 (8), 4722-4730nd. Eng. Chem. Re2011, 50
(10), 6455-6459 and submitted (Phase EquilibriaCétk + N, and CQ + CH, Clathrate Hydrates:
Experimental Measurements and Thermodynamic MadglR2011).
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Résumeé

Ce chapitre présente des équilibres de phases yi#enses: "dioxyde de carbone + azote +
eau” et "dioxyde de carbone + hydrogene + eau” egence d’hydrates de gaz. Les équilibres
a trois phases (Lw-H-G) sont mesurés en suivanpriesédures expérimentales décrites dans le
chapitre précédent. Des teneurs moyennes a hdat€s) en mélanges de gaz sont étudiées sur
une large plage de températures. Des résultats éduil que les pressions d'équilibre de
dissociation sont dépendantes de la compositiola ddarge et sont décalées vers des valeurs
d’autant plus faibles que la fraction molaire en £@e la charge est élevée. Les données de
dissociation générées ici, ainsi que les donnégerarnentales disponibles dans la littérature
pour le mélange : "dioxyde de carbone + azote" smrhparées avec les prédictions de deux
modeles thermodynamiques. Les écarts observés\aénars expérimentales et valeurs prédites
sont discutés. Les compositions mesurées sont céaypa celles de la littérature et I'accord est
généralement acceptable prenant en compte les tinais expérimentales. Les analyses
thermodynamiques présentées fournissent la base poe conception de procédés de
séparation impliqguant des hydrates en vue de lawapdu CQ dans le cadre de la preé-
combustion ou de la post-combustion.

Abstract

This chapter presents the phase equilibria of (carkioxide + nitrogen + water) and (carbon
dioxide + hydrogen + water) systems containing da&lrates. The three-phase.(H-G)
equilibrium data are measured following the expental procedures described in the previous
Chapter. Medium to high content @Qas mixtures are investigated over a wide tempeegat
range. The equilibrium dissociation pressures argntl to be dependent on the composition of
the feed and are shifted to lower values as the=rfralction of CQ increases in the feed gas.
The dissociation data generated along with the expntal data reported in the literature for
(carbon dioxide + nitrogen) are compared with thegtctions of two thermodynamic literature
models. A discussion is made about the deviatibesreed between experimental and predicted
data. The measured compositional data are compaitdthe literature data and the agreement
is found generally acceptable within experimentatertainties. The thermodynamic analyses
presented provide the basis for a conceptual desfnhydrate-based schemes for pre-
combustion or post-combustion €€apture.
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5 Thermodynamic Stability of Hydrates from Gas Mixtures Containing CQ

5.1 Introduction

Over 60 % of carbon dioxide (GPemission sources come from power plants actiuityyhich

the main constituents are nitrogenNand CQ (IPCC, 2005). Conventional strategies
established to capture GGrom industrial/flue gases, essentially involvetragen-carbon
dioxide, hydrogen-carbon dioxide and oxygen-nitrogeparation tasks. Since such separation is
the most expensive step of CCS, the challenge evaétuate and develop energy efficient and

environmental friendly technologies to capture @@ produced in large-scale power plants.

Extremely high pressures [100-360 MPa] are requioestabilize structure-Il N(Marshallet al.
1964) or H gas hydrates (Mao & Mao, 2004) at ambient tempeeat However, COis
enclathrated in hydrate cages at moderate presmmditions (Sloan & Koh, 2008). Such
preferential formation of COhydrates over N or H, hydrates determine the potential of
application of the gas hydrate approach for sejper& O, from treated flue gas, considered a

(CO, + Ny) gas mixture, or fuel / synthesis gas, mainly coredasf (CQ + Hy).

Despite the potential use of gas hydrate appraachpture C@from combustion flue gases, the
hydrate phase equilibria of the ternary systemlidhieg (carbon dioxide + nitrogen or hydrogen
+ water) have been scarcely studied. To analyzectimplex thermodynamic phenomena
involved in hydrate-based crystallization procesabsve all, the phase behavior of gas hydrates
containing CQ as a guest molecule should be investigated. $nrdspect, several related studies
have been performed. The experimental phase equitibdata on the dissociation conditions
and compositions of the gas and hydrate phasestedpao the literature for the (carbon dioxide
+ nitrogen + water) and (carbon dioxide + hydrogenmater) ternary systems are summarized in

Tables 5.1 and 5.3, respectively.

Literature studies are mainly focused on the ddatetion of equilibrium conditions. Until now,
few experimental works report compositional datathe equilibrium phases (Tables 5.2 and

5.5), although they are fundamental for designejpsation processes.
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Table 5.1. Literature phase equilibrium data of(debon dioxide + nitrogen + water) ternary
hydrate system.

CO; molar Number of
Authors composition in the T andp ranges Type of data experimental
gas feed data
Fan and Guo (1999)  0.9099 and 09653 >4 2592 K HpC (o) 9
canget ai (2001 0-1 9 55 wpa CHEGTY. D) 26
Kangetal.2001)  0.0663-09650 (152,243 K HpC () 28
Seoand Lee (2004)  0.10 and 0.20 3_202_7124_15*3 \pa GHE(®.T.Y. 2) 8
Lingaet al. (200%)  0.169, 0.570, 0.830 1.602-7?7’..;(I)<MPa HDC (p,T) 3
vegama oy RO wcory
Herri et al (2011) 0.16 - 0.59 g;‘g‘f é%%zl'wlp*; GHLE (p,T.y2 16

Table 5.2. Review of the compositions of the gad hydrate phases at hydrate equilibrium
conditions reported in the literature for (carbaoxetle + nitrogen + water) ternary system.

Measurement of

mole fraction of

T/Kandp/ MPa Number of

Authors CO,in the gasyf) )
ranges and hydratez) experimental data
phases
Seoet al.(2000) 271.75-284.25 26
1.2-23.5 y, 2

Kanget al.(2001) 217 %%%2 26

Seo and Lee (2004) 3 22721: 05 Y,z 8

Bruusgaardt al. (2008) 271563__3234'0 y 26
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Table 5.3. Literature review of the experimentaladan compositions of the gas and hydrate
phases for the (carbon dioxide + hydrogen + watgsdems.

CO, molar Number of
Authors composition inthe T andp ranges Type of data experimental
gas feed data
Sugaharat al. 274.3-281.9K
(2005) Not reported 142 — 913 MPa GHLE (p,T,y) 43
273.9-281.6 K
Kumaret al.(2006) 0.392, 0.579, 0.833 158 -10.74 MPa HDC (p,T,y) 20
Lingaet al. (2007 273.7K
and 2008) 0.392and 0.850 4 44 and 5.10 Mpa HPC @) 2
: 2741 - 278K
Li et al.(2010) 0.392 575 . 11.01 MPa HDC (p,T) 5
Seo and Kang (2010) 0.41 27415 K GHLE 3

6.50 - 8.90 MPa (p.T.y,2

This literature review indicates that generatinguaate experimental thermodynamic data,
elucidating the phase behavior under three-phasiiletum conditions, and also investigating
the reliability of the thermodynamic models preutins for the aforementioned clathrate hydrate

system are still needed.

In this chapter, basic phase equilibrium data aowiged for the (carbon dioxide + nitrogen +
water) and (carbon dioxide + hydrogen + water) higb and a thermodynamic analysis is
presented to establish the stability region of betstems under hydrate formation conditions.
The experimental data are compared with the cooretipg data available in the literature and
also with the predictions of CSMGem and HWHYD thedynamic models (for carbon dioxide

+ nitrogen + water systems).

5.2 Gas Hydrate Formation in Carbon Dioxide + Nitrogen+ Water Systems

In this section, dissociation and compositionalildauum properties under hydrate formation

conditions for the (carbon dioxide + nitrogen + @atsystems are studied at various

concentrations of COin the feed gas in the temperature range of (273.285.3) K and
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pressures up to about 30 MPa. The studied gas masxitomposed of high purity grade £0
(99.995 mole%, supplied by Air Liquide) angd fbver 99.99 mole%, supplied by Air Liquide)
were prepared in the equilibrium cell and analybsdgas chromatography. The resultant

compositions are given in Table A.4 (Appendix A).

The experimental procedures described in the pusvi@hapter were followed to simultaneously
measure the dissociation conditions (section 5a&ntl)the molar compositions of gé@nd N in

the gas phase at different equilibrium conditioescfion 5.5.2). All experimental data are
tabulated in Tables A.4 and A.5 (Appendix A). ThHeape equilibrium data generated in this
work are compared with the literature data. Preahst through CSMGem and HWHYD models
are also reported for comparisons purposes. Regarthe uncertainty of measurements
discussed in this section, + 0.2 K and + 0.05 MRathe maximum expected uncertainties in the
dissociation data (section 5.2.1), derived fromifaehoric plots as explained in Chapter 2. For
compositional equilibrium data (section 5.2.2), maxm uncertainties in molar concentrations
in the gas phase are estimated to be within +1{88) TCD calibrations, while measurement
uncertainty in the hydrate equilibrium temperatanel pressures is estimated to be within £ 0.02
K and + 0.002 MPa, respectively, from instrumeriibcations (Chapter 2). Uncertainties in the

amount of liquid supplied to the system are exgktdebe within = 0.5%.

5.2.1 Equilibrium Dissociation Conditions

The hydrate dissociation conditions were investidatt five different composition ratios of €O
in the feed gas in the presence of water. The csiipos of the (C@+ N,) gas mixtures are
given in the first column of Table A.4 (Appendix.Average value of at least seven analyses is
reported as the composition of the feed for eachngature. The measured hydrate dissociation
data reported in Table A.4 are plotted in Figude $he hydrate phase boundaries of pure carbon
dioxide and nitrogen hydrates are also shown. Asheaobserved in Figure 5.1, the experimental
data show that the hydrate dissociation pressuré€@©, + N,) gas mixtures fall in between
those of pure C@and N hydrates. It can also be seen from this plot tiahydrate dissociation

conditions shift to higher pressures when increatie N/CO; ratio in the feed gas.
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Figure 5.1. Experimental dissociation conditions foitrogen + carbon dioxide) clathrate
hydrates at different CQoad mole fractionsThis work: 0.271 ¢); 0.476 §); 0.748 ¢); 0.773
(A); 0.812 A). HWHYD model: N hydrates (solid line); C{hydrates (dashed line).
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Figure 5.2. Experimental dissociation conditions faitrogen + carbon dioxide) clathrate
hydrates at different CQoad mole fractionsThis work: 0.271«); 0.476 ¢); 0.748 @); 0.773
(A); 0.812 (+). Literatures=, 0.9652 (Fan & Guo, 1999); x shad@830 (Lingaet al.,2007);
o, 0.778 (Kanget al., 2001); + shadow, 0.570 (Lingat al., 2007); ¢, 0.4815 (Kanget al.,

2001); o, 0.1761 (Kanget al., 2001); -, 0.169 (Lingaet al.,2007); *, 0.1159 (Kanget al.,
2001); x, 0.0063 (Kangt al., 2001). HWHYD model: N hydrates (solid line); COhydrates
(dashed line).

The hydrate dissociation conditions measured s Work and the corresponding literature data
are compared in Figure 5.2. The equilibrium dat@ioled generally agree with the experimental
data reported in the literature within stated eixpental uncertainties. However, considerable
deviation was observed for the dissociation pressareasured at 0.476 and 0.773 mole fraction
of CO, and 280.7 and 280 K, respectively.
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As indicated in section 1.2.2, carbon dioxide aittbgen are known to form sl and sll hydrates,
respectively (Kang & Lee, 2000; Lingd al 200&). Literature data reveal that depending on the
relative amount of C®and N gas molecules occupied in the small and largetieayithe
structure of mixed (C®+ N) hydrates can be considered to be either sl ofkelhg & Lee,
2000). For instance, Kangt al. (2001) have reported a sll transition on hydrdtesed at
concentrations of 6.63 and 11.59 mole %,{f@ed gas) based on the slopes of the equilibrium
lines of various (C® + N;) hydrates. Motivated by this controversy, possibteuctural
transitions of mixed (C&+ N,) hydrates were investigated. Nevertheless, basdteoslopes of
the equilibrium lines no hydrate structural traiosis were observed in the concentration range
of 0.271 to 0.812 mole fractions GQ@in the feed gas). This fact was expected as tsiraic
transitions are reported to occur when the, @@lar concentration of the feed gas is near 15
mole %. Furthermore, the obtained equilibrium datggest that the stable hydrate structure for
the (CQ + Ny) composition ratio studied in this work is likebtructure I. In situ Raman
spectroscopy measurements carried out by ChazgR610) confirm these expectations.
Moreover, the results of the latter study indidéwa structure Il clathrate hydrates of (CON,

+ H,0) are only formed at low (< 0.019) G@nole fractions (in the gaseous feed).

The reliability of two hydrate thermodynamic modeBSMGem (based on the Gibbs energy
minimization) and HWHYD (based on the equality ofécity of each component throughout all
phases) was studied by predicting the hydrate d&son pressures for the studied (GONy)
gas mixtures. The predictions were obtained atctreesponding equilibrium temperature, £O
mole fraction in the feed gas, and water mole foacintroduced to the system. The obtained
values are given in Table A.4 (Appendix A). As dam seen, the absolute relative deviation
(ARD) of the predicted hydrate dissociation conditioby HWHYD and CSMGem

thermodynamic models are in average 3.4 % and%Qr@spectively.

Figure 5.3 shows th&RD from the obtained experimental values. The saagen the predicted
values suggest that the parameters of both themamaig models may require readjustment
using reliable hydrate dissociation experimentalagas such models have generally been

developed for hydrates of hydrocarbons.
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Figure 5.3 ARD between experimental dissociation pressupgg) (measured in this work for
(nitrogen + carbon dioxide) clathrate hydrates anedictions of two thermodynamic models
(Ppred) at different CQ mole fractions loaded.

5.2.2 Compositional Analysis of Equilibrium Phases

All experimental data measured in this study apored in Table A.5 (Appendix A) and are
plotted in Figures 5.4 to 5.7. The compositiondNgfand CQ in the gas phase, under liquid
water-hydrate-gas (EH-G) equilibrium, at different temperatures wereperimentally
determined for various (GCr Np) gas mixtures in the presence of water. It is @vidrom these
measurements that the amount of.G®the gas phase generally decreases, as expadied,
pressure increases at a given temperature. Thgestggthat considerable enrichment of,@QO
the hydrate phase takes place for the mixed (cadioxide + nitrogen) gas hydrates at the

temperatures and pressures studied in this work.
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Figure 5.4.Pressure - composition phase diagram for (nitrogecarbon dioxide + water)
systems under (-H-G) equilibrium at different temperatures. Thienk: 273.6 K @); 275.2 K

(#); 276.1 K ¢); 277.2 K &=); 278.1 K (+); 279.7 K4).

It is also observed that the composition of ;G0 the gas phase increases as temperature
increases, which translates in less amount of, @@pped in the hydrate phase at high
temperatures. The experimental data measured & work along with the corresponding
literature data at selected temperatures are depyashown in Figures 5.5, 5.6a, 5.6b and 5.6c.
As it can be seen, the mole fractions of G®the gas phase compare well with those reported
by Seoet al (2000) and Bruusgaaret al (2008) at temperatures between 274 and 280 K.
However, considerable deviation is observed fomtiode fraction of CQin the hydrate phase at

high temperatures(g 277 and 280 K).
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The molar compositions of the aqueous and hydraéesgs are determined by solving a system
of non-linear material balance equations. As maetibearlier, a mathematical algorithm based
on Newton’s numerical method (Constantinides & Mofis 1999) and coupled with the
differential evaluation DE) optimization strategy (Price & Storn, 1997) ipbed. The latter
mathematical approach is detailed elsewhere (Bdkret al., 2011). The experimentally
measured data, results of solving the material noalaequations, and comparison with the
predictions of CSMGem thermodynamic model are sunz@a in Table A.5 (Appendix A) and
illustrated in Figures 5&e at selected temperatures. As can be expectedydls composition

of carbon dioxide in the hydrate phase generallgrefses as pressure increases for a given
temperature, which is physically correct considgrithat competition for cage occupancy
between N and CQ increases at higher pressures. Also, as seense flgares the predictions
of the CSMGem model for the mole fraction of £i@ the gas phase generally agree with the
experimental data. However, this thermodynamic rhetlews considerable deviations when
predicting the molar compositions of €@ the hydrate phase. Even much larger deviatjens
43 %) have been recently reported between hydfeeegpcompositional measurements through
Raman spectroscopy and predictions from the saerntidynamic model (Chazallon, 2010).
This suggests that parameters of the latter theynsdic model may require readjustment using
three-phase (-H-G) compositional experimental data, as most hesé models have been
developed for gas hydrates of hydrocarbons usipgraxental hydrate dissociation data. As for
the undetermined values of some of the points showirable A.5related to the predictions of
the CSMGem model, the model is not capable of ptiedj the three-phase equilibrium,fH-

G) behavior at the studied conditions. It should be noted that the predictions of HWHYD model

are not reported in this work as this model corrsidleat N forms structure ¢lathrate hydrates.

The number of hydrate phase equilibrium data measur this work for (C@ + N, + H,0)
systems, along with the experimental conditions fB® feed compositions, equilibrium
temperature and pressures) is summarized in Taldle The thermodynamic stability and
compositions of the gas, liquid, and hydrate phasfesnixed (carbon dioxide + nitrogen)
hydrates has been examined at a useful range gietamres and pressures. These data provide
valuable guidelines for the design; selection adgisament of the parameters of €€apture

processes based on gas hydrate crystallizatioreptnc
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Figure 5.5. Pressure - composition phase diagram(ri?rogen + carbon dioxide + water)
systems under (H-G) equilibrium at selected temperatures.

Table 5.4. Summary of the hydrate phase equilibrilata measured in this work for (2@ N;
+ H,0) systems.

CO, molar Number of
composition in the Type of data T Range /K p Range / MPa experimental
feed data
HDC (p,T) 279.2 - 285.3 3.24 - 29.92 9
0271-0812  GHiE O Txyy 2736-2817  2.03-17.63 35
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Figure 5.6. Pressure - composition phase diagranth#® (nitrogen + carbon dioxide + water)
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5.3 Study of Gas Hydrate Formation in (Carbon Dioxide +Hydrogen + Water) Systems

In this study, the equilibrium dissociation pregsuand compositions of the gas phase for,(CO
+ Hy) hydrates are measured in the &©Oncentration range from (0.508 to 0.829) moletioa

and in the temperature range of (273.6 to 283.@} gressures up to about 25 MPa. The studied
gas mixtures composed of high purity grade, C99.995 mole %, supplied by Air Liquide) and
H, (over 99.99 mole %, supplied by Air Liquide) wegseepared in the equilibrium cell and
analyzed by gas chromatography. The resultant ceitiquas are reported in Tables A.6 and A.7
(Appendix A).

The experimental procedures described in the pusvibiapter were followed to simultaneously
measure the dissociation conditions and the maarmositions of C@and H in the gas phase
at different equilibrium pressures and temperaturébe typical uncertainty in these
measurements is similar to that reported in thegqutimg section. All experimental data are
tabulated in the Appendix A. The phase equilibridata generated in this work are at last

compared with the literature data.

5.3.1 Equilibrium Dissociation Conditions

The effect of the molar concentration of £®@as investigated for ternary (GG H, + H,O)
systems at various mole fractions of £0 confirm the thermodynamic validity of G@Qydrate-
based separation from fuel gas mixtures. The thhese (L-H-G) equilibrium measurements
were carried out following the experimental proaeddescribed in Chaptdr The (CQ+ Hy)
gas mixtures were investigated in the (0.508, Q.408 0.829) relative molar fractions of O
with an estimated experimental uncertainty df-2 % on molar compositions, derived from gas

chromatograph detector calibration.

The experimental dissociation conditions of ¢COH,) gas hydrates are given in Table A.6
(Appendix A). Figure 5.8shows the semi-logarithm plot of the dissociatiaesgure as a
function of temperaturd.iterature data are given in Table 5.3and are shswn in Figure 5.8.
A consistent agreement with the dissociation coont measured in this work is generally
found. The dissociation pressures generally shift to higladues as the molar concentration of
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CO, decreases in the feed in the temperature ran@@7@f2 to 283.0) K. A drastic increase in
the dissociation pressure is particularly obsemehligh temperatures for hydrates formed from
the 0.508 C@ mole fraction gas mixtures. As can be noted, tissatiation pressure rapidly
increases from 8.53 MPa (at 280.5 K) to 24.76 MiPthe equilibrium temperature of 283.0 K.
Such behavior could be attributed to the fact thabegins to compete with GQor hydrate
cage occupancy with the increase in thenkble fraction within the (CO+ Hy) gas mixture
(Kumaret al.,2009 and Lkt al.,2010).

—— CO2hydrates, CSMGem model
39.2mol% CO2/H2, Kumar et al. (2006)
39.2mol% CO2/H2, Lingaetal. (2007)
39.2mol% CO2/H2, Liet al. (2010)
57.9mol% CO2/H2, Kumar et al. (2006)
83.3mol% CO2/H2, Kumar et al. (2006)
85.0mol% CO2/H2, Lingaetal. (2007)
50.8 mol% CO2/H2, This work

70.9 mol% CO2/H2, This work o
82.9mol% CO2/H2, Thiswork

100

¢ » o > O O 4+ x 0O

p/ MPa

272 274 276 278 280 282 284
T/K

Figure 5.8. Experimental (literature and this wodk3sociation conditions for gas hydrates of
(CO, + Hy) formed in the presence water at various feedcgagositions.
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Linga and coworkers (200Y stated that “hydrate formation pressure increaststemperature
and in order to minimize compression costs the lestapossible pressure is desired”. Thus,
based on the obtained results and consideringellagvve concentration of GOn flue gas or
synthesis gas is approximately 40 mole% (Klara &&tava, 2002), it is expected that high
energy requirements may be necessary for sepa@@drom H, through hydrate formation at
relatively high temperatures. However, no hydrassatiation data are available in the literature
at temperatures above the value of 281.4 K repditeumaret al (2006) for a C@ mole
fraction of 0.579. Further phase behavior studiedlzerefore required at higher temperatures for
H,-rich binary gas mixtures for better assessing stteng dependency of the dissociation

pressures on the molar concentration o, @JCO, + H, + H,O) ternary hydrates.

5.3.2 Compositional Analysis of Equilibrium Phases

Compositional data for the gas phase in equilibrivith the hydrate and aqueous phases were
measured at different pressures and temperaturegafmus (CQ + H,) gas mixtures in the
presence of water. The molar compositions of, @Othe feed gas along with the temperature,
pressure and compositions of the gas phase arae givEable A.7 (Appendix A) and shown in
Figure 5.9 (water concentration is assumed nedgidgibthe gas phase). The experimental results
indicate that as pressure increases, the compositi€Q, in the gas phase decreases. This may
suggest that considerable enrichment of, @Dthe hydrate phase takes place in the studied
systems. However, it should be noted that in{€®l,) mixed hydrates, His assumed to be not
enclathrated in the hydrate cages and to behaeedisent gas towards the formation of £O
hydrate (Sugaharet al, 2005).

Table 5.5 summarizes the experimental conditionshath compositional data for the gas and
hydrate phases have been reported in the liter&urthe (carbon dioxide + hydrogen + water)
ternary systems. In Figure 5.10, the experimerdtd dneasured in this work and literature data
are compared. As can be seen, a consistent agreergenerally found with the experimental

data reported by Sugahaet al. (2005) and Kumaret al. (2006) within experimental
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uncertainties. However, considerable deviatiorbseoved for the composition of G@ the gas
phase reported by Seo and Kang (2010) at 274.15 K.

The molar compositions of the gaseous componentiseirhydrate phase for the (¢® H, +
H,0) systems have been subject of few studies iditdrature. Table 5.5 summarizes the main
findings reported in those studies. It is cleat tha contradictory results are mainly due to three
factors: @) Temperature and pressure conditiohy,Molar compositions of the introduced
gaseous feed to the system, apd@he experimental techniques. Those who have elithat H

can be trapped into the hydrate cages generallguobed their experiments at very low
temperatures. Another factor to consider is thgh atios of Hto CQ; in the gaseous feed were
used. As this composition is increased, the pdggilif H, enclathration into the hydrate cages
can be intrinsically increased. Different experitariechniques used for studying the molar
compositions of the hydrate phase may also affeztobtained results. Considering the above
facts, it is considered that at the experimentalddmns investigated in this study only €3
trapped inside gas hydrate cavities. However, asigusly mentioned, further experimental
works using suitable physical techniquesg( NMR, X-ray, or Raman spectroscopy) are

recommended for further examining the latter assiomp

The number of hydrate phase equilibrium data measur this work for (C@ + H, + H,0O)
systems, along with the experimental conditions 8@ feed compositions and equilibrium
temperatures and pressures) is summarized in Tabke These experimental data provide
valuable information on the thermodynamic stabiltyd gas phase compositions of mixed
(carbon dioxide + hydrogen) gas hydrates at udefulperatures and pressures, which can be
taken into account in the design of £@re-combustion processes based on gas hydrate

crystallization concept.
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Figure 5.9. Pressure - gas phase composition phageam for (hydrogen + carbon dioxide +
water) systems under (tH-G) equilibrium at different temperatures. Thisrk: 273.6 K @);
275.2 K #); 276.2 K ¢); 277.1 K (-); 278.1 K (+); 279.1 KK); 280.1 K (x); 281.2 Ke==).
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Table 5.5. Experimental studies on molar compasitiof gas hydrates formed in the (COH, + H,O) ternary systems.

Gaseous fee

compositions .
Authors introduced to the T/K p/MPa Ei(gsr:w?el?;al Result
system / C@mole q
fraction
Sugaharet al Not reported 274.3-281.9 1.42-10 Raman micro- No H, cage occupancy was observed
(2005) P ' ' ' spectroscopy 2 cag pancy
Sugaharat al i i Raman spectroscopy
(2008) Not reported 274.3-281.9 1.42-10 using quartz windows No H, cage occupancy was observed
Direct gas release H, molecules adsorb on the hydrate structure (0.007
Not reported 243 5.06 method water-free base mole fraction in the hydrate phase
Kumaret al Powder X-Ray
(2009) 0.4 163 to 278 8 Diffraction sl hydrate formed
Gas chromatograpt 92 mole % C@and 8 mole % kiwere trapped in
of released gas from
the hydrate phase
hydrate
sl hydrate formed100 % of the large cages we
C NMR :
occupied by C®
Raman spectroscopy sl hydrate formed
Seo and Kang i If silica gel is used to form hydrate, 93 % of simal
(2010) 0.41 274.15 6.5-8.9 CNMR cages and 100 % of large cases are occupied by CO
Molar conposition of CG in the hydrate phase in tl
range of (96.5 to 98.7)
K'TZ%%%)L% 0.2 123.15 0.1 H MAS NMR Hwas entrapped in hydrate

Gas chromatograpt
of released gas from
hydrate

9225%CQ 7.5% H
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Figure 5.10. Pressure - gas phase composition ghageam for (hydrogen + carbon dioxide +
water) systems under (tH-G) equilibrium at different temperatures. Thisrk: (m) 273.6 K;
(#) 275.2 K; ¢) 276.2 K; (-) 277.1 K; (+) 278.1 K;&) 279.1 K; 280.1 K«=); 281.2 K (*
shadow). Literature data: Sugahara &t (2005): @) 274.3 K; @) 276.5 K; ¢) 280.1 K; @)
281.9 K; Kumaret al. (2006): &) 273.9 K; (+ shadow) 277 K; Seo and Kang (2019)274.15

K.

Table 5.6. Summary of the hydrate phase equilibmata measured in this work for the (£©

H, + H,O) systems.

iy Number of
Feed Composition  Typeofdata T Range/K  p Range/MPa . ooinenial data
HDC (pT)  277.0-2830  2.44-24.76 8
0.508-0829  GuEpETy  2736-2812  1.75-8.57 32
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Résumeé

Dans ce chapitre, nous étudions la stabilité thetymamique des semi-clathrates de TBAB avec des gaz
purs et des mélanges de gaz. En premier lieu, potsentons les résultats des mesures d'équilibees d
phases réalisées sur les semi-clathrates forméatir ple : (CQ,, CH, ou N + TBAB + H,0). Ensuite,

les variables fondamentales du processus tellescquoditions de dissociation et composition des phas
font I'objet d'une enquéte approfondie pour déteemiles régions de stabilité et les conditions de
formation des semi-clathrates dans le mélange : ,(GON, + TBAB + H0). Les conditions de
dissociation sont mesurées en utilisant la méthsdehorique avec variation de la pression en fanrcti

de la température décrite au chapitre 4. Les chamgs, a différentes températures, des compositions
des phases gazeuse et liquide pour les équilibresis phases sont mesurés par chromatographie en
phase gazeuse et réfractométrie, respectivemeaffet.de promotion thermodynamique di au TBAB en
solutions aqueuses est étudié en termes de pressiate températures de dissociation. Les condition
d'exploitation les plus favorables pour un procéti® séparation du CObasé sur I'utilisation des
hydrates sont alors proposées. Les prédictionsdesrmodéles thermodynamiques issus de la littératur
sont également utilisées pour examiner I'effet mtenr d’hydrate du TBAB. Les résultats complets de
I'étude permettent de montrer que le gf@ut étre séparé des gaz industriels / de conthusti’il soit a

trés faibles ou trés haute concentrations, et cdes@températures douces et des pressions bassesipo
gue des solutions aqueuses de TBAB soient utilisées

Abstract

In this chapter, the thermodynamic stability of B3Aemi-clathrates with pure and mixed gases is
studied. First, phase equilibrium measurementsiedrout for semi-clathrates formed from (£QH, or

N, + TBAB + H,0O) are presented. Then, fundamental process vasablich as dissociation conditions
and phase compositional data are thoroughly inge¢éid to determine the stability regions and
formation conditions of (CO+ N, + TBAB + H,O) semi-clathrates. The dissociation data are mesasu
using the isochoric pressure search method desttiin€hapter 4. The compositional changes in the ga
and liquid phases at different temperatures undaed-phase equilibrium are measured by gas
chromatography and refractometry technique, redpelst The thermodynamic promotion effect of
TBAB in aqueous solutions is studied in terms séatiiation pressures and temperatures and the most
favorable operating conditions for a hydrate-bas€®, separation process are proposed. The
predictions of literature thermodynamic models al®0 used to examine the hydrate promotion effiect o
TBAB. The measured data suggest thas € be separated from highly to low concentratetlistrial /
flue gas mixtures at mild temperatures and low guess in the presence of TBAB aqueous solutions.
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6 Thermodynamic Stability of Semi-Clathrate Hydrates

Introduction

Gas hydrates formation under low temperature argh hpressure conditions has been
experimentally established in Chapters 3 througforsgas mixtures containing GOn the

absence of thermodynamic promoter.

As it has been previously discussed, besides peesmmperature, and composition of the gas
mixture, the formation and dissociation of gas layels may be also affected by the use of
chemical additives with inhibition or promotion eft (Mandal & Laik, 2008). Moreover, the use
of hydrate promoters has proven to reduce the pressrequired for hydrate stability and
increasing the gas hydrate equilibrium temperataraddition, considerable efforts are currently
undergoing to investigate the gas hydrate crygtdlbn approach for separating a specific gas
constituent from a multi-component gaseous mixturder favorable temperature and pressure
conditions. Therefore, in this chapter the hydmtamotion effect of TBAB aqueous mixtures is

investigated.

Relevant experimental literature data (from therymadnic point of view) in the systems
including CH,, CO,, N, and (CQ + N) gas mixtures in the presence of TBAB aqueousisoisi
are provided in Tables 6.1 to 6.4. In spite of thereasing amount of experimental studies
reported in the literature in recent years, the afl TBAB in the selective removal of G@om
multi-component gas streams is still not clearlydenstood. Therefore, further experimental
phase equilibrium data in the above systems areiregh for practical purposes and also for

tuning predictive thermodynamic models for semttuiate systems.

In this study, an attempt has been made to genamageldition to the commonly reported
pressure and temperature equilibrium data, reliablapositional equilibrium data for TBAB

semi-clathrate hydrates of pure and mixed gasesh 8ata are normally difficult to measure,
time consuming, expensive, and thus rare in tleealitire. The typical cost of a week effort for
obtaining one equilibrium data point is estimateté¢ about US$2000 (Sloan & Koh, 2008).

136



Chapter 6 - Ph.D. Dissertation V. BELANDRIA

Table 6.1. Experimental data available in the ditere for (CH + TBAB) semi-clathrates.

Reference TBénBaggr#::Crg(r;t;or Trange / K p range / MPa l(;l:tr;lt;iznciis
Arjmandiet al. (2007) 0.05, 0.10, 0.20, 0.30 (287.1%298.1%  (1.421-41.369) 24
Oyamaet al (2008) 0.10 (282.1%-287.9Y) (0.51(¢-3.650) 7
Li et al.(2010) 0.05, 0.099, 0.197, 0.385(281.1:-295.1%)  (0.46(-10.64() 40
Mohammadi and Richon (201 0.0t (283.€-290.)) (1.31(-11.080) 1C
Sun and Sun (201 0.05, 0.0, 0.20, 0.2818, 0.4 (281.7%-292.3%) (0.50¢-7.042) 4C

Table 6.2. Experimental data available in the ditere for (CQ + TBAB) semi-clathrates.

TBAB concentration Number of data

Reference (mass fraction) Trange /K p range / MPa points
Ducet al.(2007) 0.05, 0.10, 0.40, 0.65 (279.3-290.9) (0-27320) 8
Arjmandiet al. (2007) 0.10, 0.427 (285.6-291.2) (1.250-4.090) 7
Oyamaet al. (2008) 0.01, 0.02, 0.03, 0.045,0.10 (276.7-289.6) (0.560-4.530) 44
Lin et al. (2008) 0.901, 0.702, 0.443 (279.4-288.1) (0.324-2) 24
Deschamps and
Dalmazzone (2009) 0.40 (286.5-288.6) (0.830-2.250) 4
Li et al.(2010) 0.05, 0.10 (280.2-288.8) (0.400-3.210) 11
Table 6.3. Experimental data available in the ditere for (N + TBAB) semi-clathrates.
Reference TBAB concentration T range / K prange / MPa Numbe_r of data
(mass fraction) points
Arimandiet al. (2007) 0.10 (285.15-292.9F  (4.68¢-33.50)) .
Ducet al. (2007) 0.05, 0.10 (279.:-284.0) (2.90(-10.85() 3
Deschamps and
Dalmazzone (2009) 0.40 (286.0-291.6) (6.27-20.5) 5
Leeet al (2010) 0.50, 0.20, 0.40, 0.602(81.3-289.4) (4.040-9.490) 19
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This chapter is divided in two parts. In the firt, the thermodynamic stability of semi-

clathrates of (CO,, CH,; or N, + TBAB) in non-stoichiometric aqueous solutionseisamined.

The second part deals with measurements of equilband compositional properties for (€O

+ N) gas mixtures in TBAB aqueous mixtures.

Table 6.4. Experimental data available in the ditere for (CQ + N, + TBAB) semi-clathrates.

Number of
Reference CFeed Qas TBAB mass fraction Range of experimental Type of data*
omposition experiments .
points
CGO, (0.155 mole) 287.15 - 289.75 K 4
+ N, (0.845 mole) 5.00 - 5.32 MPa
CO; (0.192 mole) 286.25 - 295.25 K 5 GHLE (p,T)
+ N, 0.808 mole) 3.63 - 4.43 MPa and
Ducet al.(2007) 0.05 GHLE (p,y,2
CG;, (0.215 mole, 282.25- 286.95 k 4 at 285.15 and
+ N, (0.785 mole) 0.55 - 1.92 MPa 286.15 K
CO, (0.234 mole) 285.75 - 286.75 K 3
+ N, (0.766 mole) 3.12 - 3.23 MPa
CO, (0.166 mole) 277.65 K
Fanet al.(2009) + N, (0.834 mole) 0.05 3.36 - 7.31 MPa 7 VHE (p,T.\v,2
Deschamps and CO, (0.249 mole) 284.8 - 293.3 K
Dalmazzone (2009) + N, (0.751 mole) 0.40 up to 9.180 MPa 5 HDC @.T)
CO, (0.159 mole) 0.05, 0.153, 0.348, 278.05 - 287.85 K
Lu et al.(2009) +N,(0.841 mole)  0.407, 0.457  1.17 - 5.84 MPa 12 HDC 6.T)
C0O, (0.75 mole) 284.1 - 290.0 MPa 14
+ N, (0.25 mole) 1.964 - 3.822 MPa
CG; (0.50 mole) 0.05,0.1,0.2 282.3- 290.4 Kk
Meyseletal.(2011) "\, (0.50 mole) 1.956-5754 MPa  1© HDC (p.T.Y)
CO, (0.20 mole) 281.8 - 288.3 K 12

+ N, (0.80 mole)

2.976 - 5.901 MPa

*HDC: Hydrate Dissociation Condition&HLE: Gas-Hydrate-Liquid Equilibrium.
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6.1 Phase Equilibria of Semi-Clathrate Hydrates of Carlon Dioxide, Methane and
Nitrogen in Non-Stoichiometric TBAB Aqueous Solutims

In spite of the number of experimental studies ceted to understanding the phase behavior of
TBAB sc hydrates, the thermodynamic properties BAB semi-clathrates with carbon dioxide,
methane or nitrogen have been scarcely studiedeatiey TBAB stoichiometric composition,
namely 0.4 and 0.32 mass fraction, for typandB hydrates, respectively (Liet al, 2008). The
equilibrium temperature for the pure TBAB hydraté stoichiometric composition at
atmospheric pressure is 285.15 K (Shimeadal., 2003). Therefore, it is expected that the use of
TBAB with gases like Cg CH, or N; yields a reduction in the equilibrium pressure dreteby
extend the hydrate stability region to higher terapees. At the time of writing, the only
experimental dissociation data available in therditure in a non-stoichiometric concentration of
TBAB aqueous solution are those reported by Bual (2007) for sc of (TBAB + C¢) at 0.65
mass fraction TBAB in aqueous solution, and by kasko and coworkers (2008) for (hydrogen
+ TBAB) semi-clathrates.

In the present work, dissociation pressures of (@B, or N, + TBAB) sc hydrate systems are
investigated at 0.25 and 0.50 mass fraction of TBABaqueous solution in the temperature
ranges of (282.6 to 287.9), (285.6 to 292.8), #2861 to 289.1) K, respectively. Purities and
suppliers of the chemicals used are given in Téde Solutions with mass fractions of 0.25
were prepared by gravimetric method using an ateusaalytical balance (Mettler, AT200),
with mass uncertainty of .0001 g. Consequently, uncertainties on the hasisole fraction
are estimated to be less than 0.01. Double-ddtidd deionized water from Direct-Q5
Ultrapure Water Systems (Millipol8), with a resistivity of 18.2 I cm at 298 K, was used in

all experiments.

The dissociation measurements were carried ouwvillg the isochoric pressure search method
described in Chapter 4. The measured data are givéables A.8 and A.9 (Appendix A) and

are plotted in Figures 6.1 to 6.3. The uncertasntte the hydrate dissociation temperatures and
pressures are expected to be within + 0.2 K andd% MPa, as indicated in Chapter 2. Literature

data at lower concentrations of TBAB in aqueousitsmh and in the presence of pure water are
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also shown in Figures 6.1 to 6.3 to study the hgdmomotion effect of TBAB above its

stoichiometric concentration.

A semi-logarithmic scale is used to better studytiidrate promotion effects of TBAB aqueous
solutions and also the consistency of the expetaheata. It should be emphasized that hydrate
promotion effect means shifting to low pressurbggh temperatures the dissociation conditions
of gas hydrates due to the presence of TBAB inatiigeous solution (Sloan & Koh, 2008). As
observed in Figures 6.1 to 6.3, the data measurditis work are in consistent agreement with

literature data in the whole region where a congoericould be made.

Many experimental dissociation data have been tegdor (methane + TBAB) and (carbon
dioxide + TBAB) semi-clathrates at concentratiom$oly 0.40 (mass fraction TBAB). Figures
6.1 and 6.2 show as expected, that a concentratiOr25 mass fraction TBAB shifts the three-
phase equilibrium curves to the lower pressuraghien temperatures region when compared to
the corresponding gas hydrates systems (withoutB)BA comprehensive phase equilibrium
study at additional TBAB concentrations in its ague solutions can be found in the paper of
Mohammadiet al (2011). Interestingly, the addition of 0.50 mass fractibBAB in aqueous
solution generally weakens its pressure-reducifecefn the temperature ranges studied in this
work, in comparison to lower concentrations rekatte water i(e. 0.25 mass fraction TBAB)
that significantly decrease the dissociation pnessili a given temperaturdowever, this effect
depends on pressure and can vary for each serhratiatsystem. The promotion effect is indeed

considerable for the nitrogen containing systems.

Table 6.5 Purities and suppliers of materials

Chemical Supplier Purity
Carbon dioxide Air Liquide 0.99 (mole
fraction)

, L 0.99 (mole
Nitrogen Air Liquide fraction)
Methane Air Liquide 0.99 (mole

fraction)
TBAB aqueous solution, . . 0.99 (mass
50.00 +0.01 (mass %) Sigma-Aldrich fraction)
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For (TBAB + nitrogen) semi-clathrates, the additioh 0.50 mass fraction TBAB aqueous
solutions (.e. non-stoichiometric aqueous solution) unexpectedlyses a continued decrease in
the equilibrium pressure at a given temperaturethEtmore, an unusual behavior is particularly
observed in Figure 6.3 at temperatures below 2B6with the addition of 0.25 and 0.50 mass
fraction of TBAB in aqueous solutions. Oyaratial. (2005) demonstrated that two types of
TBAB hydrates, namelyype A and type B, are formed over the concentnatamge from O to
45 wt.%. Possible structural transitions from typ&o type B and/or coexistence of both crystal
structures could cause such an abrupt pressureade;rcompared to smaller concentratials (
0.05 and 0.10 mass fraction TBAB) which displayeatparallel straight lines.

As the crystal structure of semi-clathrates typycdepends on the hydration number, it is not
possible to withdraw any conclusion regarding selahrates structural transitions from phase
equilibrium measurements by PVT studies alone éafpned in this work). The use of suitable
physical techniquese(@ NMR, Raman spectroscopstc) is therefore recommended to further
investigate such phenomena, especially for studgmmpositional changes in (TBAB +,N

semi-clathrates. The dissociation data presemtetii$ section are of scientific interest, since
they are the first to show the thermodynamic sittaff (CH, or N, + TBAB) semi-clathrates in

non-stoichiometric aqueous solutions.
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O 5wt.% Arjmandi etal. (2007) & 5wt.% Lietal. (2007)
B 5wt.% Mohammadiand Richon (2010) = 5wt.% Sun and Sun (2010)
A 9.9wt.% Lietal.(2007) A 10wt.% Arjmandi et al. (2007)
A  10wt.% Oyamaetal. (2008) + 10wt.% Sun and Sun (2010)
X 19.7wt.% Li et al. (2007) ¢ 20wt.% Arjmandi et al. (2007)
100 ¢ 20wt.% Sun and Sun (2010) ® 25wt.% Thiswork
® 28.18wt.% Sun and Sun (2010) O 30wt.% Arjmandi et al. (2007)
X 38.5wt.% Li et al. (2007) = 45wt.% Sun and Sun (2010)
¢ 50wt.% Thiswork CH4 hydrates, CSMGem model
©
o
= L
= 10
o
1
280 285 290 295 300

Figure 6.1. Experimental dissociation conditiongefature and this work) for (methane +
TBAB) semi-clathrates.
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® 1.0wt.%, Oyamaetal. (2008)

10 e 2.0Wt.%, Oyamaetal. (2008)
& 3.0wt.%, Oyamaetal. (2008)
O 4.43wt.%, Lin etal. (2008)

A 4.5wt.%, Oyamaetal. (2008)
B 5wt.%, Duc et al. (2007)

X 7wt.%,Lin etal. (2008)

= 9wt.%,Lin etal. (2008)

A 10wt.%, Arjmandi etal. (2007)
A  10wt.%, Duc et al. (2007)

= 10wt.%,Oyamaetal. (2008)

p/ MPa

® 25wt.%, Thiswork

¢ 40wt.%, Duc et al. (2007)
O + 40wt.%, Deschampsand
n [ J Dalmazzone (2009)
O  42.7wt. %, Arjmandi etal. (2007)
50 wt.%, This work

X 65Wt.%, Duc et al. (2007)

— CO2hydrates, CSMGem model

275 280 285 290 295 300
T/K

Figure 6.2. Experimental dissociation conditionieature and this work) for (carbon dioxide +
TBAB) semi-clathrates.
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: A Mg A 5wt.%, Duc et al. (2007)
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A a} a_. A 5wWt%, Lee etal.(2010)
.0 O 10wt.%, Arjmandi etal.
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O 10wt.%, Duc et al.
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(2007)
+  20wt.%, Lee et al.
o PS (2010)
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° ¢ 40wt.%, Deschampsand
Dalmazzone (2009)

= 40wt.%, Lee et al.
(2010)

¢ 50wt.%, Thiswork

X 60wt.%, Lee et al.
0.1 ] ] ] 2010

275 280 285 290 295 300
T/K

Figure 6.3. Experimental hydrate dissociation cbods (literature and this work) for (nitrogen
+ TBAB) semi-clathrates.
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6.2 Thermodynamic Properties of Semi-Clathrate Hydrates of (Carbon Dioxide +
Nitrogen) Gas Mixtures in TBAB Aqueous Mixtures

This section is devoted to further investigatettirermodynamic validity of a hydrate-based O
separation process from industrial/flue gases bhnguIBAB as thermodynamic promoter.
Dissociation and compositional data for the {GON, + TBAB + water) systems with various
CO, feed gas molar compositions were experimentallgsued in the (275.2 to 291.0) K and
(0.58 to 19.09) MPa ranges, using the methodologesxribed in Chapter 4. In addition, the
refractive index of the liquid phase was measuradkuthree-phase equilibrium to determine its
composition at each temperature step (during diasor). With respect to the accuracy of the
experimental data, + 0.2 K and = 0.05 MPa are tlagimum expected uncertainties, derived
from the isochoric plots, in the dissociation meaments (section 6.2.1). For compositional data
(section 6.2.2), maximum uncertainties in molaraarirations in the gas phase are estimated to
be within £ 1-2%, from TCD calibrations, while measment uncertainty in the equilibrium
temperature and pressures is estimated to be edier 0.02 K and £ 0.002 MPa, respectively,
from instrument calibrations (Chapter 2). The maxim deviations on refractive index
measurement are expected to be about + 0.1%. ldndés in the amount of TBAB aqueous
solution supplied to the system are expected tower than + 0.5%, in both studies presented in
sections 6.2.1 and 6.2.2.

The three gas mixtures used in this work were segdly Air Liquide and their compositions
were chosen to cover a wide range of,(@d N ratios. The relative molar fractions of €O
were (0.151, 0.399, and 0.749) with 2 % of relatimeertainty on the molar composition stated
by the supplier. TBAB with 99nt. % purity was purchased from Sigma-Aldrich. Double-
distilled and deionized water from Direct-Q5 Ultme Water Systems (Millipof¥), with a
resistivity of 18.2 M2 cm at 298 K, was used in all experiments. TBABegs mixtures with
mass fractions of (0.05 and 0.30) were preparddvialg the gravimetric method described in

section 6.1. Thus, uncertainties on the basis d¢ ifnaction are estimated to be less than 0.01.

Semi-clathrates were formed with the addition ofABBaqueous solutions with mass fractions

of (0.05 and 0.30). The measured dissociation degadiscussed and compared with literature
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data. The promotion effect of TBAB under differaainditions (temperature, pressures and gas
phase compositions) is studied to determine th@lisyaregion of the (CQ + N,) semi-clathrates
and the most favorable operating conditions forasgjing CQ from flue gases through sc

hydrate formation.

6.2.1 Phase Equilibrium Measurements for Semi-Clathrayerdtes of the CO+ N, + Tetra-
n-Butylammonium Bromide Aqueous Solution Systems

Depending on the industrial application, the comregion of CQ in the gas mixture to be treated
can significantly vary over the whole compositiaange. For instance, in large-scale power
plants, flue gas typically contains mostly Bind usually low to medium GQractions. Three
different molar concentrations of G@0.151, 0.399 and 0.749) in the feed gas are edutthi
cover a large range of industrial interest. Thesatigation conditions for (CO+ N;) semi-
clathrates from TBAB aqueous solutions with masactions of (0.05 and 0.30) were

experimentally measured to confirm the thermodyweaeasibility of the separation process.

The equilibrium dissociation measurements werdezhwut in the (281.0 to 291.0) K and (0.67
to 19.07) MPa ranges. A summary of the experimergatitions at which the equilibrium data
were measured is provided in Table 6.6. The resmshown in the pressure-temperature phase
diagrams of Figures 6.4 to 6.All equilibrium data along with the correspondingetl gas
compositions and mass fractions of TBAB in aquesohkitions are given inrable A.10
(Appendix A).

The phase boundaries shown in Figures & dn@b) define the pressure and temperature region
at which (CQ + N, + TBAB) semi-clathrates are thermodynamically Ealypical flue gas
mixtures (0.151 mole fraction Gcan form hydrates with water at 275.2 K and pressabove
10.103 MPa (Belandrizt al, 2011). However, such a high pressure requiremesy be
considered as a major drawback of the hydrate-baspdration process because of the high
energy costs implicated (Spencer, 1997). As meatioparlier, most favorable operating

conditions are expected to be achieved in the poesef TBAB (Shimadat al, 2003; Ducet
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al., 2007; Faret al, 2009). Therefore, the promotion effect of TBAS investigated at two

different salt concentrations in aqueous solutions.

As expected, by adding 0.05 mass fractions TBARqneous solutions (Figure )4 CO, can

be separated from a typical flue gas mixture at.282 and 3.157 MPa. The minimum
equilibrium dissociation condition is shifted to®28 K and 1.568 when 0.30 mass fraction
TBAB aqueous solutions are added (Figurebp.#\ significant decrease in the equilibrium
dissociation pressure is observed for all studesirgixtures in the presence of TBAB. Although
the experimental determination of the dissociatiata for the (C®@+ N, + TBAB + water)
systems was restricted to three-phase (gas-hyligaid) equilibrium, the upper phase
boundaries (0.151 and 0.399 mole fraction,JdBtersect at temperatures below 282.7 K (Figure
6.4a). Thus, the data measured below this temperatuvst rikely represent dissociation

conditions for TBAB semi-clathratéwithout gas).

As can be expected from the equilibrium pressumgtrature diagrams of Figures 6.4 to 6.7,
semi-clathrates of (CO+ N, + TBAB) form at lower pressures than gas hydrafe€O, + N,)

at a given temperatur8imilar findings on the thermodynamic promotioreetfof TBAB semi-
clathrate hydrates of (GOt N,) have been reported in the literature (Meyselal, 2011;
Mohammadiet al, 201D). In sum, it can be observed that increasing tdmeentration of TBAB
(at constant temperature) decreases the presgjuieee for semi-clathrate hydrate formation. In
contrast, the required pressure for forming seimihchtes is increased as the concentration of
nitrogen in the feed gas increases under the sameentration of TBAB and temperature.
Comparable results on the dependency of the rejpmessure for semi-clathrate formation with
the feed gas composition and TBAB concentrationraported in the work of Meyselt al.
(2011).
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Figure 6.4. Dissociation conditions for semi-clates of (CQ + N,) formed at various C{eed
gas compositions in the presence of TBAB aqueoligigns: a) 0.05 mass fraction TBAB))
0.30 mass fraction TBAB. This worl, 0.151 mole fractiors, 0.399 mole fractionA, 0.749
mole fraction. Literature9, 0.151 mole fraction (Mohammaeit al, 201b); o, 0.399 mole

fraction (Mohammadet al, 201D); A, 0.75 mole fraction (Meyseit al, 2011).
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Table 6.6. Semi-clathrate hydrate phase equilibdlata (this work) for the (COr N, + TBAB + H,O) systems.

TBAB mass Number of
Feed Composition fraction Type of data T Range/K p Range/MPa experimental
points
CO, (0.151 mole) + 0.05, 0.15, 0.30 HDC (p,T) 282.4 - 285.7 1.55 - 19.07 7
N2 (0.849 mole) 0.05 GHLE (p,Txy)  275.2-289.2 12.254-19.085 17
0, (0.399 mole) + 0:05, 0.15, 0.30 HDC (p,T) 283.6 - 287.1 1.78 - 6.58 3
N2(0.601 mole) 0.05, 0.30 GHLE (pTxy) 275.2-287.2  1.633-6.575 28
CO, (0.749 mole )+  0.05, 0.30 HDC (p,T) 281.0 - 291.0 0.67 - 3.70 10
N2 (0.251 mole) 0.05, 0.30 GHLE (pTxy)  275.2-2857  0.581-0.942 17
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Comparing phase equilibrium data from differentrses on the same basis is generally not easy.
Thus, a direct comparison of the experimental datained in this work with those reported in
the literature was only possible under similar fgad compositions and TBAB concentrations.
The only other experimental study reporting threage equilibrium measurements for TBAB
semi-clathrate hydrates of (G® N,) with a composition of (0.75 mole fraction of €@n 0.05
mass fraction aqueous solutions of TBAB is thaMalyselet al (2011). As shown in Figures
6.4a and 6.5, their equilibrium data are in generalbod agreement with the results of the
present study within experimental error over (284rl 286.2) K. Likewise, the agreement
between the dissociation temperature measuredl&f Gnole fraction of C®and 0.30 mass
fraction of TBAB aqueous solutions with the prevsbureported value by Mohammadi and
coworkers (2018) at 1.5 MPa is remarkably good (Figuresb6ahd 6.7). However, at 0.399
mole fraction of CQ (Figures 6.8 and 6.6) the dissociation temperature resulteditada K
higher than the value reported by Mohamnetdil. (201Db) at 1.7 MPa. The observed deviation
can be attributed to multiple causes. For instaoakbhration of measuring devices, heating rate
applied during hydrate dissociation and/or therprgtation of the measured data could be some
of the sources of the above difference. Nevertselesperimental uncertainties of up to 1 K in
hydrate dissociation temperatures have already beggorted in the literature (Beltran & Servio,
2008).

To the best knowledge of the author, this is thst fstudy to report the effect of 0.30 mass
fraction TBAB aqueous solutions on semi-clathrate@CO, + N,) at 0.749 mole fraction of GO
in the feed gas. In consequence, no comparisoheohydrate dissociation conditions at such

CO, gaseous feed composition can be done.
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Figure 6.5 Experimental dissociation conditions for semi-ataths of (0.749 mole fraction GO
+ 0.251 mole fraction } formed in the presence of TBAB aqueous solutems predictions of
CSMGem and HWHYD thermodynamic models in the abs@&fi¢chermodynamic promoter
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Figure 6.6. Experimental dissociation conditionsdemi-clathrates of (0.399 mole fraction £O
+ 0.601 mole fraction § formed in the presence of TBAB aqueous solutems predictions of
CSMGem and HWHYD thermodynamic models in the absefic¢hermodynamic promoter.
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Figure 6.7 Experimental dissociation conditions for semi-ataths of (0.151 mole fraction GO
+ 0.849 mole fraction } formed in the presence of TBAB aqueous solutems predictions of
CSMGem and HWHYD thermodynamic models in the abs@&f¢chermodynamic promoter.

The predicteg-T three-phase boundary for (® N,) hydrates is also plotted in Figures 6.5 to
6.7. Based on the composition of the feed gashykeate dissociation pressures (in the absence
of TBAB) were predicted over the region of temperatconsidered using two commercial
thermodynamic models: CSMGem (2008) and HWHYD (200he predicted values were
obtained at the corresponding equilibrium tempeeat@CQ mole fraction in the feed gas, and
water mole fraction introduced to the system. Disston pressures were observed to be lower
for forming semi-clathrates than gas hydrates ajiven temperature, and they generally

decreased as the TBAB concentration increased.

Additionally, a comparison of Figures 6.5 to 6.70w8 that (under the same TBAB

concentration and temperature conditions) incrgashe concentration of CGOin the feed
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generally decreases the pressure required for clathirate formation. However, a higher molar
concentration of C® may also increase the competition between, @G@d N for cage

occupancy, thus compromising g€electivity in the hydrate phase.

6.2.2 Compositional Properties for Semi-Clathrate Hydsatef the CQ + N, + Tetra-n-
Butylammonium Bromide Aqueous Solution Systems

With the hydrate dissociation conditions for (CON, + TBAB) semi-clathrates experimentally
established in the previous section, the nextistép evaluate the compositions of the gas, liquid
and hydrate phases under three-phase (L-H-G) bguii. The greatest experimental
difficulties are generally encountered in the asiglyof the equilibrium phases. In this work,
compositional analyses for the gas and liquid phdseve been carried out and are discussed
herein. Gas chromatography and refractive indexewesed for this purpose. Measuring the
compositional change in the hydrate phase rematisbenging task and it is not addressed in
this study, as it requires other experimental tephes that are far beyond the scope of this

research, namely X-ray diffraction, Raman or Nuchaagnetic resonance spectroscopy.

Three different molar concentrations of £(0.151, 0.399 and 0.749) in the feed gas areedudi
to cover a large range of potential applicatiors,n@entioned earlier. The effect of TBAB
agueous solutions with mass fractions of (0.05@80) was also investigated in this work. The
purities and chemicals used are similar to thoperted in section 6.2. The equilibrium data
were measured in the (275 to 289) K and (0.58 t09MPa ranges. The density data and
correlation reported in the Appendix B were usediétermine the density of TBAB agueous

solutions loaded into the system and their numberales.

A summary of the experimental conditions where cositppnal measurements were carried out
is given in Table 6.6. All compositional equilibnudata are reported in Tables A.11 and A.12
(Appendix A). It should be noted that the composisi of the gas phase are reported in water and
TBAB free basis. The molar concentration of Z€sulted lower at the final (gas-hydrate-liquid)
equilibrium state when compared to the loading.sSTHDQ is preferentially trapped into the

hydrate lattice and a high selectivity of €@ the hydrate phase is expected.
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The experimental determination of compositionaladat the gas phase for the (€® N, +
TBAB + water) systems carried out in this work waestricted to (L-H-G) equilibrium.
However, by examining th&-w phase diagram for (TBAB + water) systems at atresp
pressure (Figure 1.12), the equilibrium data measbelow 277.15 K and 285.15 K for 0.05 and
0.30 TBAB mass fractions, respectively, most likedpresent equilibrium conditions for (TBAB

+ H,0) semi-clathrates (without gas).

To verify the effect of temperature on the molanaentration of C@in the gas phase, the
hydrate dissociation process was studied at sdletethermal conditionsA pressure-
composition phase diagram for the (C®N, + TBAB + H,0O) systems measured at various
temperatures and 0.05 mass fractions TBAB is shiowfigure 6.8. It is clear from this figure
that under similar pressure conditions, the comaéinh of CQ in the gas phase increases as the
equilibrium temperature increases. Therefore, rikely less amount of CQis trapped in the
hydrate phase at high temperatures. Also, a low@s gas phase composition is observed at
higher pressures, for a given temperature. For pignby adding 0.05 mass fraction TBAB
agueous solutions, the molar concentration o {DGhe gas phase at 282.2 K changed from
0.114 to 0.623, while the equilibrium pressure dases from 18.12 to 0.9 MPa, as indicated in
Table A.11. Similar behavior is observed at albigtd temperatures.

The effect of 0.30 mass fraction TBAB aqueous mieguon the equilibrium pressures and gas
phase compositions of (GG N, + TBAB + H,O) semi-clathrates is shown in Figure 6.9. The
tendencies in the molar concentrations of,G@® the gas phase with respect to pressure or
temperature are comparable to those observed mrd=i§.8 for 0.05 mass fractions TBAB.
However, larger pressure reductions are observed fiven temperature in the presence of 0.30
mass fraction TBAB aqueous solutions. This effegh de better distinguished at the two
selected temperatures presented in Figure 6.10.irfsbance, at temperatures 285.2 Ka
pressure reduction of at least four times is olesefar systems with initial TBAB mass fractions
of 0.30 compared to systems where initial TBAB mésstions are 0.05. Such pressure
reduction effect is intensified at temperature®87.2 K. On the other hand, similar equilibrium
pressures~0.90 MPa) are only observed at lower temperatwé82.2 K) for systems in 0.05

mass fractions TBAB, while by adding 0.30 massticaxs TBAB such pressures are achieved at
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higher temperatures~(285.7 K). Therefore, the initial concentration oBAB in agueous
solutions has a substantiaffext on the thermodynamic stability of studied setathrates
systems and most likely results in different crijsta structures. Furthermore, the equilibrium
data suggest that (G® N,) gas mixtures can be stabilized in the form ofisgathrates at low
pressures by adding TBAB.

In addition to the gas phase compositional measemesnthe compositional change of TBAB in
the liquid phase was measured through refractontettynique under three-phase equilibrium
conditions. A needle valve (identified ag i Figure 4.1) was used to withdraw0.05 ml liquid
samples, which were then analyzed by refractivexntechnique, as suggested by Duc and
coworkers (2007), to determine the concentratioRn®AB in the liquid phase. It is assumed that
TBAB does not have a significanffect on the solubility of C@and N in the liquid phase (Duc
et al, 2007). Thus, gases possibly dissolved in theidigdo not affect the refractive index
measurements (Assane, 2008yain, the measured data are given in Tables Aridl A12.
Only few points are reported in Table A.12 for teriments with a loading concentration of
0.30 mass fractions TBAB. In fact, such a high emtation of TBAB increases the volumetric
fraction of hydrate formed, which in turn blocketeampling line and in most cases it makes
impossible to sample the liquid phase. Similar mécdl difficulties have been previously
reported in the doctoral dissertation of Assane080 A representative pressure - liquid
composition phase diagram is shown in Figure 6ot initial TBAB mass fractions of 0.05. As
expected, the reduction of the concentration of BBA the liquid phase with pressure (at a
given temperature) suggests that more TBAB incafesrin the crystalline structure as pressure
increases. It should also be noted that underaimressure conditions.¢ at~ 6, ~14 and~18
MPa), the concentration of TBAB in the liquid phasereases with temperature. This possibly
suggests less occupancy of TBAB in the hydratectira at higher temperatures. However, no
conclusions can be drawn in this respect from thesgnt study. Indeed, such hypothesis

requires further investigation through suitablestajlographic techniques.

For practical purposes, an isothermal operatiorassidered during the hydrate formation
process and mass fractions of TBAB in the liquidg#hare shown at three selected temperatures.
It can be noticed that the equilibrium pressuredases as the concentration of TBAB in the
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liquid phase decreases at a given temperature. Belchvior is consistent with the fact that
mixed (CQ + Np) hydrates form at higher pressures without TBABn the other hand, at
constant TBAB concentration, an increase in theiliegum pressure is evidenced as

temperature rises.

Based on the above results, a conceptual three-stpdrate separation process for capturing
CO;, from industrial/flue gases is proposed. The mastifable operating conditions (feeds,
temperatures and pressures for two different cdreteons of TBAB aqueous solution) of the
three stages are given in Table 6.7. The three (€&,) gas mixtures studied, with G@nole
fractions of (0.151, 0.399 and 0.749) were usethadeed gases in the first, second and third
separation stages, respectively. Two sets of apgratonditions are provided at constant
temperature and two concentrations of TBAB in thguemus solution. Thus, a highly
concentrated (> 75 mole %) GGtream can be obtained from a typical flue gagumexof (15.1

mole % CQ/Ny), under moderate temperature and pressures préisence of TBAB.

The experimental results presented in this chgmtaevide a better understanding of the phase
behavior of simple and mixed TBAB semi-clathratésarbon dioxide, methane or nitrogen and
(carbon dioxide + nitrogen). Therefore, a betteseasment of COhydrate-based technologies
with TBAB as thermodynamic promoter can be obtaifiech practical point of view. Finally, it
should be pointed out that modeling the hydratesplegjuilibria for the systems studied here is
still a challenge. To the best of our knowledgepnedictive (thermodynamic or mathematical)
model has ever been developed for semi-clathratesed from gas mixtures + TBAB aqueous
solutions. Only two predictive approaches haaen reported in the literature for (gas)
semi-clathrate systems: 1) A modeling tool basedaanartificial neural network (ANN)
algorithm proposed by Mohammaelki al (2010) for hydrogen + TBAB semiclathrate hydrates
and 2) A thermodynamic model proposed by Paric&@lX) which combines the van der
Waals-Platteeuw theory and the SAFT-VRE equatiorstate to determine the dissociation
conditions of carbon dioxide + TBAB +,8 systems. Hence, further investigation in this
subject is required. Substantial savings in grpntal effort could be indeed achieved with
the development of accurate thermodynamic nsodelpable of predicting the phase behavior

of semi-clathrate hydrates.
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Table 6.7. Conceptual three-stage ;d@drate-based separation process from,(€WN,) gas
mixtures using two different concentrations of TBABaqueous solutions.

TBAB / mass fraction 0.05 0.30
Temperature / K 282.6 285.7
Feeq gas molar composition / Stage o/ MPa o/ MPa
raction
C0O, (0.151) + N(0.849 mole) 1 3.157 1.568
C0, (0.399) + N (0.601 mole) 2 2.782 1.373
C0O;, (0.749) + N(0.251 mole) 3 1.471 0.881
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Figure 6.8. Pressure-composition (gas phase) dradoa semi-clathrates of the (GOr N, +
TBAB + H,0) systems at various temperatures and 0.05 madsoft TBAB.
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Figure 6.9. Pressure-composition (gas phase) dradoa semi-clathrates of the (GO N, +
TBAB + H,0) systems at various temperatures and 0.30 messoft TBAB.
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TBAB + H,0) systems at selected temperatures and diffenéiatl iTBAB concentrations.
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Figure 6.11. Pressure - composition (TBAB in tlgaid phase) diagram faemi-clathrates of
(CO, + N2 + TBAB + H0) systems at various temperatures. TBAB massidratdaded = 0.05.
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7 Conclusions et Perspectives

Le but de ce chapitre est de fournir les conclusionajeures concernant les travaux de
recherche effectués dans cette thése. La nécdssdénnées fiables d"équilibres de phases, sur
des systemes avec formation d'hydrate de, @@rtinentes dans le cadre des systemes de
technologies de captage-stockage géologique de (CSC) a été le moteur principal de la
theése. Cette derniére a porté principalement s mesures expérimentales (équilibres a trois
phases) sur des systemes formateurs d hydrates: @), N, et H, en présence d'eau pure et
de solutions aqueuses de TBAB. Un nouvel appaast Isur la technique ‘statique-analytique’
avec échantillonnage par capillaire (ROLSI™) dephase gazeuse, a été développé avec le
soutien de la chromatographie en phase gazeuse pesiranalyses. Les résultats de
I'interprétation thermodynamique des données erpEmtales sont décrits. Les résultats des
comparaisons avec les données de la littératuavet les prédictions a partir de deux modéles
thermodynamiques sont mis en évidence. L'effetra®qgiion thermodynamique di au TBAB
dans les équilibres de phases des gaz purs et éEnges de gaz est souligné. Enfin, nous
faisons des recommandations pour de futures reblesrc

7 Conclusions and Outlook

The aim of this chapter is to provide the majora@asions from the research work carried out in
this thesis. The need of reliable phase equilibrdata in CQ hydrate-forming systems relevant
to CCS technologies was the main driver of theisheBhe thesis focused primarily on
experimental measurements in the ¢CQH,, N, and H) hydrate-forming systems in the
presence of pure water and TBAB aqueous solutioneruthree-phase equilibrium. A new
apparatus based on the ‘static-analytic’ technicared capillary gas phase sampling, with
support from gas chromatography was developed fus tpurpose. Results from the
thermodynamic interpretation of the experimentaltadeare outlined. The outcome of
comparisons with literature data and the predicioonf two thermodynamic models are
highlighted. The thermodynamic promotion effectBAB in the phase equilibria of pure gases
and a gas mixture is emphasized. Directions foonemended future research are suggested.
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7.1 Conclusions

La thermodynamique expérimentale joue un rdle ingmrdans le cadre de la conception de
technologies économiques, plus sdres, et durablass cette these, une enquéte approfondie
concernant les travaux expérimentaux relatifs aglanges de gaz avec formation d'hydrate de
CO, a éteé realisée dans le cadre d'une approche alterrde capture du G(par formation

d'hydrates de gaz.

La compréhension des équilibres de phases avecategdrequiére d'une part un apercu
historique et d"autre part le contexte théoriques tdeux présentés de facon concise au chapitre
1. Une description des structures les plus cousawtes cristaux d'hydrates et de leurs
implications microscopiques dans le comportemergtaese des systemes formateurs d hydrates
fournit la base pour I'étude des diagrammes degshds ces systémes. Le rble des promoteurs
thermodynamiques dans l'amélioration des conditiopgratoires des procédés industriels
potentiels de séparation a base d hydrates egriamp en raison de la nécessité de réduire la
pression requise pour la formation des hydrategg@vort aux systems aqueux en absence de
promoteur. L'additif choisi pour cette étude, leABB appartient a la famille des promoteurs

thermodynamiques solubles dans I'eau et formeathralte particulier nommeé «semi-clathrate».

Dans le deuxieme chapitre, les techniques expétatendisponibles pour les études a haute
pression des équilibres de phases sont discutéegfé@mnce a des exemples actuels de la
littérature. Le choix de la procédure expérimentaleptée, a savoir: ‘isochoric-pressure search
method’, se justifie en termes d'exactitude etidbilité de la méthode. Comme les données
d'équilibres de phases en présence d'hydratesseahtitées avec la précision la plus élevée
possible, et ce, a des fins de modélisation egélirerie, les étalonnages de tous les outils de
mesure ont été effectués soigneusement. En conssmuées incertitudes expérimentales

maximales estimées sont inférieures a £ 0.02 K €002 MPa, pour la température et la

pression, respectivement; + 1-2 % pour les frastimolaires en phase gazeuse; + 0.1 % pour les
mesures des indices de réfraction; + 0.5 @our les volumes de liquide transferrés dans la
cellule d'équilibre. En outre, l'incertitude globaihaximale pour les mesures de dissociation
d'hydrates devrait se situer & £ 0.05 MPa et £K).Zomme résultante des déterminations

graphiques a partir des courbes isochores.
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Le cceur du travail expérimental réalisé dans dhtise est discuté dans les chapitres 3 a 6. La
résolution des difficultés techniques et expérirakast doit étre inévitablement prise en compte
en vue de la mesure précise des équilibres de @hase mesures préliminaires des équilibres de
phases réalisées en présence d hydrates (pour lEngeégazeux "CO+ CH;") ont été
présentées au chapitre 3. Dans cette étude, lesngesl de gaz "GO+ CH," (différentes
compositions) ont été étudiés entre 279 et 290 i pdes pressions jusqu'a 13 MPa, en utilisant
un appareil existant basé sur la méthode ‘stataqaytique’. Les mélanges de gaz ont été
préparés directement dans la cellule d'équilibréaetomposition de la charge gazeuse a été
déterminée par chromatographie en phase gazeupeot@dure expérimentale liée a la méthode
dite: “isochoric-pressure search method” a étéisyour mesurer les conditions de dissociation
des hydrates. Les données expérimentales ainsilegualonnées de la littérature ont été
comparées aux prédictions du modéle thermodynanti§yMelYD. De grandes déviations sur les
pressions de dissociation (jusqu'a ~ 400%) onvlésérvées. Sur la base des données d'équilibre,
il a été suggéré que la structure stable relative laydrates de gaz (dioxyde de carbone +
méthane) est la structure | (AARD: 13.7%). En outies comparaisons de nos valeurs
expérimentales de dissociation et des donnéesli&tature avec les prédictions d'une équation

proposée par Adisasmigd al. (1991) montrent un accord plus cohérent (AARD%).

by

Les expérimentations et les innovations continuegr mméliorer a la fois I'appareil et les
procédures expérimentales avec pour but d'acclaieécision des résultats, ont été la base du
développement réussi d'un nouvel appareil. Ce eemgposant sur la méthode ‘statique-
analytique’ a ainsi été développé avec succes ars ate la these pour la mesure d'équilibres de
phases avec hydrates. Le nouvel appareil et leouordes procédures d'exploitation sont le
résultat de raffinements successifs tout au longedpérimentation conséquente. L explication
de la mesure simultanée, avec cet appareil, deditmors de dissociation des hydrates et des
compositions de la phase gazeuse en équilibrelasqihases hydrate et liquide a été largement
couverte dans les chapitres 4 et 5. La fiabilitd dppareil et des procédures expérimentales est
démontrée au travers de nouvelles mesures de @isenad'hydrates effectuées sur le systeme:
(CO, + CH; + H0) entre 278 et 286 K et entre 2.72 et 6.09 MRacamparaison entre les
données expérimentales générées au cours de tette ét les données de la littérature
correspondantes montre une cohérence satisfaisami® toutes les conditions étudiées. Les

données d'équilibr, T, y entre 274 et 284 K, jusqu'a environ 7 MPa, pelenete déterminer
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les compositions en phase liquide et en phase tey@ra utilisant une approche par bilans de
matiere. La composition du G@ans les phases gaz et hydrate diminue généraieoes que

la pression augmente. Une concentration maximal@@eégal a 0.88 en fraction molaire a été
observée dans la phase hydrate a (~ 276 K et 1P8) M_.'augmentation de la température
conduit généralement a une diminution de la quardé CQ piégé en phase hydrate. Les
données d'équilibre mesurées dans ce travail érdaghparées aux prédictions de deux modeles
thermodynamiques, a savoir CSMGem (basé sur lanmgation de I'énergie Gibbs) et HWHYD
(basé sur l'egalité de la fugacité de chaque coampaians toutes les phases). Les conditions de
dissociation d'hydrates prédites présentent desséedatifs absolus moyens (AARD) d'environ
10 et 5 %, pour HWHYD et le modéle CSMGem, respestent. Concernant les données
d'équilibrep, T, y, z, le modele HWHYD n’a pas du tout convergé aux domts expérimentales
étudiées. Les compositions de O@eédites grace au modéle CSMGem aboutissent acdesds
moyens pour la phase hydrate. De meilleurs acammtigté obtenus pour la composition en,CO

de la phase gazeuse en équilibre avec les phadesgtédagt liquide.

Le chapitre 5 présente les équilibres de phaseslawdrate des systemes: (CON, + H,0) et
(CO; + H; + H0). Les mesures d'équilibre ont été effectuéesaidld” de Il'appareil, et de
procédures expérimentales similaires, comme déaris le chapitre 4. Des teneurs moyennes a
hautes en COdans les mélanges ont été étudiées sur une laageng de conditions
expérimentalesp et T. Le comportement de phases de §GON, + H,O) a été d'abord étudié
entre 274 et 282 K jusqu'a ~ 17.63 MPa. Les frastionolaires de COdans le gaz
d'alimentation variant entre 0.271 et 0.812 ont r@Esurées par chromatographie en phase
gazeuse. Il a été conclu que la structure d'hyditatiele dans le cadre du mélange {GQON,)

aux conditions étudiées dans ce travail est lzire I. La pression de dissociation dépend de la
composition de la charge (gaz d’alimentation) euas function inverse de fraction molaire de
CO, dans la charge. La fiabilité des modéles thermadyques CSMGem et HWHYD a été
discutée pour les hydrates de gaz étudiés, €€R). Les valeurs des AARD sur les pressions de
dissociation des hydrates prédites par les modBesodynamiques CSMGem et HWHYD
sont respectivement de 3.4 et 10 %. Les donnée®m@osition mesurées dans les gammes:
279 a 285 K et 3.24 a 29.92 MPa, ont été compadeslonnées de la littérature avec un accord
acceptable. Les données de dissociation généréeslas données expérimentales disponibles

dans la littérature pour les mélanges de gaz,(€®,) ont été comparées aux prédictions de
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deux modeéles thermodynamiques de la littératuregéfréral, les comparaisons entre pressions
de dissociation expérimentales d'hydrates (ce ityastacelles prédites pour le mélange (CO

N,) et pour le mélange (GO+ CH,) suggérent la nécessité de reconsidérer les nwdele
thermodynamiques actuels lorsque I'on s’intéreskas anélanges binaires contenant dy.A@
révision des parametres du modéle en utilisantfaisades données de dissociation d'hydrates
fiables et des données de composition des phadésqailibre avec I'hydrate de gaz est
nécessaire pour les systemes avec hydrate de C&da est surtout nécessaire parce que ces
modeles ont été historiquement développés pouné&anges d'hydrocarbures.

La deuxiéme partie du chapitre 5, présente les ragsliéquilibres de phases des systemes (CO
+ H; + HO). Les compositions molaires de £@t H,) dans la phase gazeuse en équilibre avec
de I'hydrate de gaz et les phases aqueuses meporgadifférents mélanges de gaz (CoOH,)

+ eau ont été étudiées entre 274 et 281 K jusqwgiom 9 MPa. Les données expérimentales
obtenues dans cette étude ont été comparées dérmaatisfaisante aux données disponibles
dans la littérature. A partir d’une étude biblighvijue on a supposé que R est pas piégé dans

les cavités d'hydrates aux conditions étudiées.

Dans les chapitres 3 a 5, les conditions de diagonid'hydrates relatives a des meélanges de gaz
contenant du COen présence d'eau ont été établies expérimentaleaneles températures
basses et des pressions relativement élevées.|®ans d'examiner I'effet promoteur d"hydrate
par le TBAB, la stabilité thermodynamique de sehathrates formés a partir de @H;,, N; et
(CO, + Np) dans mélanges aqueux de TBAB est étudiée autoh@&iTout d"abord, la stabilité
thermodynamique de semi-clathrates de {OCH; ou N, + TBAB) a été examinee pour des
fractions massiques de TBAB en solution aqueussntalie 0.25 a 0.50, dans des plages de
températures de (283 a 288), (286 a 293), et (ZBDaK, respectivement. L'effet promoteur le
plus important est observé pour les systémes avete,aou |'on constate des réductions
substantielles des pressions de dissociation dilssirde I'ordre de 90 %. Des accords
satisfaisants avec les données de la littératuré ebservés dans tous les domaines de
comparaisons possibles. Dans la deuxiéme part@dpitre 6, nous présentons les résultats des
mesures de dissociation et de compositions powsyleemes: (CO+ N, + TBAB + H,0), avec

des charges (gaz d"alimentation) de diverses catipusen CQ, effectuées expérimentalement
de 275 a 291 K et de 0.58 a 19.09 MPa, en utilliemrméthodes décrites dans le chapitre 4. Les
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semi-clathrates sont formés avec I'addition detswis aqueuses de TBAB (fractions massiques
de TBAB: 0.05 et 0.30). Les fractions molaires d&,dans le gaz d'alimentation sont: 0.151,
0.399, et 0.749). Les temperatures et pressionzedition d'un procédé de separation du,CO
par voie d’hydrates ont été établies sur la basecdaditions expérimentales de dissociation et
de compositions de mélanges de gaz. Un effet degiion significatif est observé pour la
formation des semi-clathrates, avec TBAB commetddtdermodynamique, et ce, par rapport a
la formation des hydrates de gaz a la méme tempéraComme prévu, les pressions de
dissociation diminuent généralement quand la cdnatton en TBAB de la solution aqueuse
augmente. Dans les mémes conditions de concemtrati TBAB et de température, il a été mis
en évidence que I"'augmentation de la concentratioazote dans le gaz d'alimentation conduit &
["augmentation de la pression nécessaire a la taymdes semi-clathrates. La comparaison avec
les données de la littérature montre un accordreohé&ur tous les domaines de température et
de pression. Le changement compositionnel danpHases gazeuse et liquide, a différentes
températures dans le cadre d'équilibres a troissqsaa €té mesuré respectivement par
chromatographie en phase gazeuse et par réfracteniéeffet de promotion thermodynamique
di au TBAB en solutions aqueuses a été établi mnete de pressions et de températures de
dissociation. Les conditions d'exploitation lesspfavorables pour un procédé de séparation du
CO; par des hydrates ont été proposées. Le plus égredde promotion thermodynamique a été
observé pour le mélange de gaz (GON,) a 0.749 molaire en GOou une réduction de la
pression de I'ordre de 60 % a été atteinte a 282485.7 K, par rapport a des systemes sans
additif.

Les résultats expérimentaux permettent de montter lg CQ peut étre séparé des gaz
industriels / de combustion qu’il soit a trés fatblou trés hautes concentrations, et ce, a des
conditions d'exploitation raisonnables, en préselecsolutions aqueuses de TBAB. Les analyses
thermodynamiques présentées dans les chapitre8 furnissent des informations précieuses
sur le comportement de phase des hydrates mixtd®xgde de carbone dans une gamme utile
de températures et de pressions. Les données lifiggidiournies dans la présente étude sont
fondamentales pour le développement futur de medélermodynamiques et la conception de
nouvelles technologies impliquant des hydratesadedg dioxyde de carbone. D'autres domaines
d'amélioration et quelques indications pour detesthes futures sont suggérés dans la section

suivante.
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7.2 Perspectives

Bien que des résultats intéressants aient été éxpgost au long de ce travail, des recherches
complémentaires sont encore nécessaires pour acquer meilleure compréhension de la
complexité structurelle et thermodynamique desésyet avec formation d'hydrates et semi-

clathrates en présence de CO

Il est clair, a I'examen de la littérature, queglaantité de données d'équilibres de phases
disponibles pour les mélanges de gaz, contena@Cuen solution dans des solutions aqueuses
de TBAB est encore insuffisante. Les mesures dedittons de dissociation de I'hydrate deCO
pour d'autres mélanges de gaz, tels que,(EQH,) et (CQ + H,) en solutions aqueuses de
TBAB seraient particulierement utiles pour étalitirzone de stabilité thermodynamique et
estimer le degré de promotion du TBAB dans dedgitemes, et également pertinentes pour les
technologies de CSC ainsi que pour lindustrie dirgte. De nouvelles études sur le
comportement de phases sont nécessaires pour l@sgeg binaires de gaz riches en hydrogene
afin de mieux évaluer la forte dépendance des ipressle dissociation avec les concentrations
molaires en K D'autre part, I'effet des impuretés (par exem@®, G, NO, etc.), qui se
trouvent généralement dans les gaz d'échappenduntiiels / de combustion au c6té de,CO
N2, CH; et H;, sur les équilibres de phase de systemes aveafiormd hydrate de C(a été peu
étudié. Cela pourrait étre, du point de vue pratiqun formidable champ dintérét de la

recherche.

Comme il a été souligné a maintes reprises, lacté&iaation directe de la phase hydrate est
fortement encouragée et nécessaire afin de fouedr interprétations plus concluantes des
observations thermodynamiques. Ceci peut étreséédli I'aide de techniques physiques non
intrusives appropriées (par exemple, RMN, rayoneWXspectroscopie Raman). La connaissance
des structures stables des hydrates, des occupatiencages et d'éventuelles transitions
structurelles est nécessaire pour mieux compreled@mportement de phases des hydrates
mixtes et semi-clathrates de TBAB.

Dans cette these, il a été argumenté sur le fatleg parametres du modéle thermodynamique
doivent étre réajustés sur des données d'équiidnées de systemes formant des hydrates de

CQ,, car les modeéles existants ont généralement &&apipés uniquement pour des mélanges
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d'hydrocarbures. Seulement deux approches thermadgnes prédictives (Mohammeaeli al,
2010 et Paricaud, 2011) ont été proposeées, a cepour les semi-clathrates de,(iH TBAB) et
(CO, + TBAB), respectivement. En conséquence, le d@pelment de nouvelles approches
thermodynamiques prédictives spécialement adaptes semi-clathrates est fortement
encouragé, d'autant plus qu'un comportement stelctomplexe (possibles transitions de
structure) a été évoqué, comme hypothése, a mhasiréquilibres de phases mesurés dans ce
travail. Des économies substantielles sur les tsffexpérimentaux sont attendues avec le
développement de modeéles thermodynamiques prépables de prédire le comportement de

phases des semi-clathrates hydrates.

Li et al. (2010) ont mené une étude comparative sur I'pflahoteur de divers sels d'ammonium
guaternaire (par exemple TBAF, TBAB et TBAC) sus kquilibres de phases impliquant le
CO,. La recherche de Chapat al. (2007) a montré une capacité de stockage accrue de
I'nydrogene dans les semi-clathrates de TBAB didneade grandeur (& 1 MPa), par rapport aux
clathrates (K + THF). En outre, Deschamps et Dalmazzone (20a0¢crit qu'environ deux fois
plus d'hydrogéne peut étre stocké dans les systéhes TBAC) et (H + bromure de
tétrabutylphosphonium) par rapport aux semi-clads g + TBAB). Sur la base de ces études,
des travaux complémentaires concernant l'effet slds de tétra alkyl ammonium sur les
équilibres de phases des mélanges gazeuyxt+ (EO,), seraient certainement trés utiles pour les

applications en séparation et stockage.

Une procédure expérimentale alternative aux medastglieuses des equilibres de phase en
présence d'hydrates par la méthode dite: ‘isochméssure-search method’ a été récemment
étudiée a CEP-TEP. Une étude préliminaire a éexefée pour les hydrates de Qfir a I"aide
d’une cellule & volume variable en titane (Fontatbaal, 1984), et a montré des résultats
prometteurs (D. Richon, communication personnedleMars, 2012). En effet, I"équilibre
thermodynamique est atteint en quelgques minutés @tession de dissociation des hydrates est
identifiée par la présence d'un plateau sur lalmueprésentant la pression en fonction du
volume accessible au mélange étudié. La compogiioia phase hydrate peut étre déterminée a
partir des données PVT et de la détermination dpi¢atité de gaz émis lors de la dissociation

des hydrates (a partir de la largeur du plateaeffe@néthode mériterait d"étre approfondie.

170



Chapter 7 - Ph.D. Dissertation V. BELANDRIA

Bien que l'appareil développé dans cette thésetifome de maniere satisfaisante, certaines
améliorations sont recommandées pour les futurdages expérimentaux destinés aux mesures
d'équilibre de phases avec hydrates de gaz: unngedge plus efficace, la suppression des
volumes morts dans les accessoires et disposgifmélange et une bonne caractérisation des
compositions des phases liquide et hydrate au rsadi&chantillonnages in situ. Enfin, la
réalisation de mesures d'équilibres de phasesta paession et avec des composés toxiques est
potentiellement dangereuse. Ainsi, le souci dettausté doit étre la priorité de tous les instants
gue ce soit au niveau de la conception des aplaayesl, de la conduite des manipulations et lors

des opérations de routine.

7.1 Conclusions

Experimental thermodynamics play an important ialéhe design of economical, safer and
sustainable technologies. In this thesis a congm&ke experimental investigation for €O
hydrate-forming gas mixtures has been carried mihé context of an alternative @CGapture

approach, through gas hydrate formation.

The understanding of hydrate phase equilibrium iesph historical overview and theoretical
background concisely presented in ChapteArd insight of the most common hydrate crystal
structures and their microscopic implications ia tthase behavior of hydrate forming systems
provided the basis for studying the phase diagriangsis hydrates forming systems. The role of
thermodynamic promoters in enhancing the operatiogditions of potential industrial gas
hydrates-based processes was supported with thee ofeeeducing the required pressure for
hydrate formation compared to systems in the alesehpromoter. The additive chosen for this
investigation, TBAB, belongs to the water-solubdenfly of thermodynamic promoters and

forms a different clathrate compound labeled ‘selaihrate’.

In the second chaptehe experimental techniques available for highgues phase equilibrium

studies are discussed with reference to currenhpbkes from the literature. The choice of the
experimental procedure adopted, namely ‘isochamsgure search method’, is justified in terms
of the accuracy and reliability of the methdd hydrate phase equilibrium data with the highest

possible accuracy are needed for modeling and eegimg purposes, calibrations of all
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measuring devices were carefully performed. Accmlyi, maximum expected experimental
uncertainties are within + 0.02 K and = 0.002 MRa,temperature and pressure equilibrium
measurements, respectively;045 cnf for liquids supplied to the equilibrium cell; 2% for
molar gas phase compositions and + 0.1% for ref@dhdices measurements. In addition, the
maximum overall uncertainty for hydrate dissociatrneasurements is expected to be within +

0.05 MPa and 0.2 K, derived from isochoric curves.

The core of the experimental work carried out i3 thesis is discussed in Chapters 3 to 6. The
resolution of technical and experimental difficefimust be unavoidably taken into account in
the measurement of accurate hydrate phase equitibdata. Preliminary phase equilibrium
measurements carried out for clathrate hydrate€C@k + CH;) mixtures were presented in
Chapter 3. In this study, gas mixtures with differ€0, / CH, ratios were investigated in the
temperature ranges from (279 to 290) K and presauypeto 13 MPa, using an existent ‘static-
analytic’ apparatus. The gas mixtures were prepdiegttly in the equilibrium cell and the
composition of the feed was determined through dasmatography. An isochoric pressure-
search method was followed to measure the hydiasadation conditions. The experimental
data along with the literature data were compareth whe predictions of HWHYD
thermodynamic model. Large deviations on the dissionn pressures (up to ~ 400%) were
observed. Based on the equilibrium data, it wagessigd that the stable hydrate structure for the
(carbon dioxide + methane) gas hydrates is liketyucture | (AARD: 13.7%). In addition,
comparisons between dissociation experimental d@achtiure data with the predictions of an
equation proposed by Adisasmébal. (1991) resulted more consistent (AARD: 7.9%).

As a result of continuous experimentation and imtion to improve both the apparatus and
experimental procedures and with the aim of ingnepthe accuracy of the results, a new ‘static-
analytic’ apparatus for hydrate phase equilibriureasurements was successfully developed
within this thesis. The new apparatus and the riihif operating procedures are the outcome of
successive refinement throughout substantial exygeriation. Simultaneous measurement of
hydrate dissociation conditions and compositionsthef gas phase in equilibrium with the

hydrate and liquid phases using this new appavetus extensively covered in Chapters 4 and 5.
The reliability of the apparatus and experimentadcpdures is demonstrated through new

hydrate dissociation measurements carried out@@» ¢+ CH; + H,O) systems in the (278 to

172



Chapter 7 - Ph.D. Dissertation V. BELANDRIA

286) K and (2.72 to 6.09) MPa ranges. Comparisawedrn the experimental data generated in
this study and the corresponding literature dawwshkatisfactory consistency throughout the
investigated conditions. The measuped, y equilibrium data in the (274 to 284) K and up to ~
7 MPa, enabled the determination of liquid and ht@lphase compositions using a material
balance approach. Composition of £i@ the gas and hydrate phases generally decressed
pressure increased. A maximum concentration of h8 fraction of CQin the hydrate phase
was observed at (~ 276 K and 1.99 MPa). Increasi@agemperature generally leads to less CO
being trapped in the hydrate phase. The equilibrata measured in this work were compared
with the predictions of two thermodynamic modelamely CSMGem (based on the Gibbs
energy minimization) and HWHYD (based on the edyatif fugacity of each component
throughout all phases). Predicted hydrate dissooiatonditions showed average absolute
relative deviations (AARD) of about 10 % and 5 %y HWHYD and CSMGem models
respectively. As for the, T, y, z equilibrium data,te HWHYD model did not converge at all at
the studied experimental conditions. The predi€@€d compositions through CSMGem model
resulted in poor agreements for the hydrate phBs#der agreements were obtained for the

composition of CQin the gas phase in equilibrium with hydrate aqditl phases.

Chapter 5 presents the hydrate phase equilibri@€@ + N, + H,O) and (CQ + H, + H;0)
systems. The equilibrium measurements were cawiggdusing the apparatus described in
Chapter 4 and following similar experimental praoess. Medium to high content G@as
mixtures were investigated over a wide range okermental conditions. The phase behavior of
(CO, + N, + HyO) systems was first investigated in the (274 t@)28 temperature range and
pressures up to ~ 17.63 MPa. The relative molangsaif CQ and N in the feed gas varying
between from (0.271 to 0.812) were measured byclhasmatography. It was suggested that the
stable hydrate structure for the (£® N,) clathrate hydrates at the conditions studiechia t
work is likely structure I. The equilibrium dissation pressures were found to be dependent of
the composition of the feed and were shifted toelowalues as the mole fraction of €O
increased in the feed. The reliability of CSMGend &fWHYD thermodynamic models was
investigated for the studied (G® N,) gas hydrates. AARD of the predicted hydrate disgmn
pressures by HWHYD and CSMGem thermodynamic maaies3.4 % and 10 %, respectively.
The measured compositional data, in the (279 tg E8&nd (3.24 to 29.92) MPa ranges, were

compared with the literature data and a generalhgistent agreement is found. The dissociation
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data generated along with the experimental datarteg in the literature for (COF N,) gas
mixtures were compared with the predictions of two thermadyic literature models. In
general, comparisons between experimental andqgteednydrate dissociation pressures carried
out in this work for the latter system and for (COCH,;) gas mixtures suggest a need for
reconsidering current thermodynamic models for fyimaixtures containing C9 Readjustment

of model parameters using reliable both hydrateatistion and compositional data of the
existing phases in equilibrium with gas hydrat@esessary for COhydrate-forming systems.

Especially, since such models have traditionallgrbéeveloped for hydrocarbon systems.

The second part of Chapter 5, presents the phaskbegm measurements carried out for (£0
+ H, + H,O) systems. The molar compositions of g@nd H) in the gas phase in equilibrium
with gas hydrate and aqueous phases measured fouydCQ + H,;) gas mixtures + water
systems were investigated in the temperature rah(#y4 to 281) K at pressures up~4® MPa.
The experimental data generated in this study werapared with the data reported in the
literature and acceptable agreement is generalgergbd. It was assumed thap Was not

trapped in the hydrate cavities in the studied @ s, based on literature investigations.

In Chapters 3 through 5, hydrate dissociation dooms for gas mixtures containing G@ the
presence of water were experimentally establishtetbva temperatures and relatively high
pressures. With the aim of examining the hydratenmtion effect of TBAB, the thermodynamic
stability of semi-clathrates formed from QOCH,;, N, and (CQ + Np) in TBAB aqueous
mixtures is investigated in Chapter 6. First, therinodynamic stability of semi-clathrates of
(CO,, CH; or N, + TBAB) in aqueous mixtures was examined, at @28 0.50 mass fraction of
TBAB in aqueous solution, in the temperature rargfg283 to 288), (286 to 293), and (286 to
289) K, respectively. The largest promotion effectobserved for nitrogen systems, where
substantial reductions in the hydrate dissociafwassures of~ > 90 % are evidenced.
Consistent agreements with the literature datdénvthole region where comparisons could be
made are generally found. In the second part ofp€eha, dissociation and compositional data
for the (CQ + N, + TBAB + H,O) systems with various G@eed gas molar compositions were
experimentally measured in the (275 to 291) K add&q to 19.09) MPa ranges, using the
methodologies described in Chapter 4. Semi-clatbratere formed with the addition of TBAB

aqueous solutions with mass fractions of (0.05@880). The relative molar fractions of @
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the feed gas were (0.151, 0.399, and 0.749). Fuedtmihprocess variables were established
based on the experimental dissociation conditiort ghase compositional data. A significant
promotion effect is observed for forming semi-ctates, with TBAB as thermodynamic
additive, compared to gas hydrates at the sameet@atype. As expected, the dissociation
pressures generally decrease as the concentrdtibBAB in the aqueous solution increases.
Under the same TBAB concentration and temperatuneditons, it was evidenced that
increasing the concentration of nitrogen in thelfgas increases the pressure required to form
semi-clathrates. Comparison with literature datawsh consistent agreement over the entire
temperature and pressure ranges investigated. dmeasitional change in the gas and liquid
phases, at different temperatures under three-plagelibrium, was measured by gas
chromatography and refractometry technique, regpdgt The thermodynamic promotion effect
of TBAB in aqueous solutions was established inmgerof dissociation pressures and
temperatures and the most favorable operating tondifor a CQ hydrate-based separation
process were proposed. The highest degree of tldgmamic promotion was observed for the
(0.749 mole fraction CO+ 0.251 mole fraction N gas mixture, where a pressure reduction of
60% was achieved at both temperatures (282.6 aBd/ P&, compared to clathrate hydrates

systems (without additive).

The experimental results suggest that,@@n be separated from highly to low concentrated
industrial / flue gas mixtures at reasonable opgatonditions in the presence of TBAB
aqueous solutions. The thermodynamic analyses riessén Chapters 3 to 6 provide valuable
information on the phase behavior of mixed carbaoxide hydrates at a useful range of
temperatures and pressures. The equilibrium dateided in this underlying study are
fundamental for future development of thermodynamaxlels and design of novel technologies
involving carbon dioxide gas hydrates. Further sreimprovement and some directions on

future research are suggested in the following@ect

7.2 Outlook

Although some interesting findings have been oetlinthroughout this investigation, further

research is still required to gain a better undeding of the thermodynamic and structural
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complexity of CQ hydrate-forming systems and semi-clathrates.

It is clear from literature examination that theapé equilibrium data available for €O
containing gas mixtures in TBAB aqueous mixtures still limited. Measurements of the
dissociation conditions of other G@Qydrate-forming systems, such as COCH,) and (CQ +

H,) gas mixtures in TBAB aqueous solutions would betipularly useful for establishing the
thermodynamic stability region and investigating tthegree of promotion of TBAB in such
systems, also relevant to CCS technologies analpatn industry. Especially, further phase
behavior studies are required in-Hch binary gas mixtures for better assessing dtieng
dependency of the dissociation pressures pmdlar concentrations. On the other hand, besides
CO,, Np, CH; and H, the effect of impuritiese(g CO, Q, NO etc), that are usually found in
industrial / flue exhaust gases, on the phaseibgailof CO, hydrate-forming systems has been

scarcely studied. This could be an interest fiélceeearch from practical point of view.

As it has been pointed out repeatedly, direct ctaraation of the hydrate phase is highly
encouraged and necessary to provide further camelusiterpretations of thermodynamic
observations. This can be achieved using suitatreimtrusive physical techniques.¢, NMR,
X-ray, or Raman spectroscopy). Knowledge on thblsthydrate structures, cage occupancies
and possible structural transitions is needed étteb understanding the phase behavior of mixed

hydrates and TBAB semi-clathrates.

In this thesis, it was argued that the parametetheymodynamic model should be readjusted
using reliable equilibrium data for GOydrate-forming systems, as the existent modelg ha
been generally developed for hydrocarbon systensvided that only two thermodynamic
predictive approaches (Mohammaati al, 2010 and Paricaud, 2011) have been proposed for
semi-clathrates of (H+ TBAB) and (CQ + TBAB), respectively, the development of
thermodynamic predictive approaches for semi-cs requires further research. Especially,
since a complex structural behavior (possible stinectransitions) is suspected from the phase
equilibrium data measured in this work. Substarg&alings in experimental effort are expected
with the development of accurate thermodynamic nsod@pable of predicting the phase

behavior of semi-clathrate hydrates.
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Li et al (2010) conducted a comparative investigation lo@ promotion effect of various
guaternary ammonium salte.¢ TBAF, TBAB and TBAC) on the phase equilbria of £0
Moreover, the research of Chapey al. (2007) has shown an increased storage capacity for
hydrogen in TBAB semi-clathrates of one order ofgmtude (at 1 MPa), compared to,(H
THF) clathrates. Moreover, Deschamps and Dalmaz£d0&0) suggested that approximately
two times more hydrogen can be stored in ¢(HTBAC) and (H + tetrabutylphosphonium
bromide) systems compared to,(H TBAB) semi-clathrates. Based on these studig@shdr
investigations on the effect of such tetra alkyhaonium salts on the phase equilibria ofathd

CO; containing gas mixtures, could be attractive fas geparation and storage applications.

An alternative experimental procedure to the timesuming hydrate phase equilibrium
measurements through the ‘isochoric pressure-seaethod’ has been recently investigated at
CEP-TEP. A preliminary study has been conductegéwe CQ hydrates in a titanium variable
volume cell (Fontalbat al, 1984), with promising results (D. Richon, Peddommunication,
March 9, 2012). Thermodynamic equilibrium is reativathin few minutes and the hydrate
dissociation pressure is identified by the preseote plateau in a pressure versus piston
displacement plot. The composition of the hydrdiage can be determined from the PVT data
and the amount of gas released during hydratedatsm (known from the with of the plateau).

This method should be further investigated.

Although the apparatus developed in this thesisatpd satisfactorily, certain improvements are
recommended for future experimental set-ups desbtite gas hydrates phase equilibrium
measurements: an efficient mixing, the avoidancele#fd volumes in accessories and mixing
devices and accurate characterization of the ligmd hydrate phases composition through

situ sampling. Finally, performing phase equilibrium m@@ments at high pressures and with
toxic compounds is likely hazardous. Safety consitiens must be thus a priority at all times in

the design of experimental set-ups, start-up of egupment and routine operation.
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Table A.1. Experimentabf,) and predictedpyred dissociation conditions using thermodynamic
model (HWHYD, 2000)and the equation proposed by Adisasmito and cowsrkE91) for
(carbon dioxide + methane) clathrate hydratesemptlesence of pure water.

COs tonty/ Tk theﬂﬁgg%i?ﬂ?sm% del ﬁ?:zrin,\gg)?n:i?g tﬁgecje{qyai)i?)n
mole fraction Pexp | MPa (HWHYD, 2000) RD/ % ﬁé%%%l)égz\leanD’ RD/ % AS_rOpos_etd byd RD/ %
assuming structure | 9 Isasmito an
structure Il coworkers (1991)
284.2 5.29 6.80 -2.9E+01 12.23 -1.3E+02 6.64 -2.6E+01
0.264 287.2 9.83 9.94 -1.1E+00 18.86 -9.2E+01 9.76 7.1E-01
289.2 11.62 13.16 -1.3E+01 25.51 -1.2E+02 12.76 -9.8E+00
0.272 279.1 3.60 3.79 -5.3E+00 6.40 -7.8E+01 3.62 -5.6E-01
284.8 5.82 6.47 -1.1E+01 17.32 -2.0E+02 6.36 -9.3E+00
0:490 289.9 12.41 15.10 -2.2E+01  40.36 -2.3E+02 12.90 -3.9E+00
0.500 284.9 5.88 6.65 -1.3E+01  17.86 -2.0E+02 6.42 -9.2E+00
0.504 279.1 2.96 3.18 -7.4E+00 7.53 -1.5E+02 3.09 -4.4E+00
280.6 3.16 3.42 -8.2E+00 11.55 -2.7E+02 3.34 -5.7E+00
0.730 281.9 4.02 4.03 -2.5E-01 15.47 -2.8E+02 3.95 1.7E+0
289.1 13.06 15.21 -1.6E+01 63.88 -3.9E+02 10.92 1.6E+01
AARD “% 13.7E+00 16.1E+01 7.9E+00

Maximum uncertainties in mole fractions and disation temperatures and pressures are expected to be
within + 1- 2%, £ 0.2 K and + 0.05 MPa, respectively.
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Table A.2. Experimental " and predicted % dissociation conditions using two
thermodynamic models: HWHYD (2000) and CSMGem (308 (carbon dioxide + methane)
clathrate hydrates in the presence of pure water.

pred
Mole fraction Mole fraction of ppmd/ MPa using Mlga uéin
of COy in the . T/K p™/MPa HWHYD model® ARD®/% 9 ARD/ %
gas feed H,0 supplied to CSMGem
the system model
0.206 0.871 279.3 4.03 4.18 3.7 3.98 1.2
0.206 0.961 282.0 5.48 5.86 6.9 5.67 3.5
0.206 0.975 285.5 8.27 8.84 6.9 8.71 5.3
0.476 0.877 277.9 2.72 2.97 9.2 2.78 2.2
0.476 0.959 279.8 3.61 3.94 9.1 3.68 1.9
0.476 0.973 285.0 6.09 7.62 25 7.34 21
0.744 0.877 279.0 2.72 2.85 4.8 2.73 0.4
0.744 0.956 280.1 3.21 3.42 6.5 3.26 1.6
0.744 0.972 283.2 4.70 5.39 15 5.12 8.9
AARD °“% 9.7 51

Maximum uncertainties in COmole fractions and dissociation temperatures aedspres are expected
to be within +1-2%, + 0.2 K and + 0.05 MPa, respectively. Uncettagin mole fractions of }©
supplied to the system are expected to be withi#0.

& (Assumingsl).

exp _ ~pred

b ARD=100x

exp
p

° AARD :%Z|ARD|
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Table A.3.Three-phase equilibrium data for (¢©CH, + H,O) systems at different temperatures and pressures.

Experimental data (Compositional analysis)

CSMGemdeh predictions (Compositional analysi

Absohetiative deviationsARD %)

Feed pﬁ:‘; Hgﬁ;:;e Aqueous phase pﬁZ‘; Hp);]d;:;e Aqueous phase pﬁ:‘; Hgﬁj;:e Aqueous phase
T/K p/ Zcoz/ Mole Zcoz/ mole Zcoz/ Mole

o o moll | MR g | e | e ok moke | mole | fecton | e ole pelmole| il | fecton | gl | T | ol

fraction base) fraction fraction fraction | fraction base) fraction fraction fraction base) fraction | fraction | fraction
0.048 0.165 1.43 | 273.6( 2.234 0.141 b S > b 0.151 0.296 0.0036 0.0008  0.995( 7.1 - - - -
0.048 0.165 5.236| 273.6| 2416 0125 b b b b - - . - . - - - - -
0.048 0.165 8.185| 273.6| 2.440 0.081 0.096 0.0055 0.0006 0.9940 - - . . - - - - - -
0116 0.115 1.65 | 273.6| 1.844 0.345 0.549 0.0099 0.0003 0.9B98.3760| 0538 | 0.0075 0.0005  0.992( 9. 2.0 242 667 2 0
0.116 0.115 5.355| 273.6| 1941 0.288 0.392 0.0062 0.0006 0.9930.291 0478 | 0.0062 00006  0.993 1. 21.9 0.0 00 0 0
0116 0.115 8.48 | 273.6| 2.048  0.220 0.294 0.0095 0.0003 0.9p02 = - - - - - - - - -
0181 0.057 1.696| 273.6| 1510 0.630 0.884 0.0127 0.0001 0.9870.626 0.765 | 00107 00002  0.9891 0.6 13.9 157  0100. 0.2
0181 0.057 5.182| 273.6| 1607 0545 0.801 00128 0.0001 0.9871~ - . . . - - - - -
0.048 0.165 1.43 | 275.2| 2.583  0.166 0.338 0.0071 0.0008 0.9p21.1710 0.320 | 0.0044 00008  0.9944 3. 53 380 00 3 0.
0.048 0.165 5.236| 275.2( 2712  0.129 b. b » » - - * * * - - - - -
0.048 0.165 8.185| 275.2| 2.76q  0.086 0.179 0.0030 0.0009 0.9960.109 0225 | 0003 00009 09961 26l 25.7 0.0 00 0 0
0.116 0.115 1.65 | 275.2| 2.123 0.384 0.650 0.0108 0.0003 0.9889.3920| 0574 | 0.0085 0.0005  0.9914 21 11.7 213 66702
0116 0.115 5.355| 275.2| 22200 0.302 0.586 0.0075 0.0006 0.9910.295 0520 | 0.0075 00006  0.991¢ 2.8 11.3 0.0 00 0 0
0116 0.115 848 | 2752 2.400] 0.228 0.366 0.0108 0.0003 0.9889.2450| 0419 | 0.0059 00007  0.9934 7. 14.5 454  133.305
0181 0.057 1.696| 2752| 1.794  0.657 0.831 0.0123 0.0002 0.9876.634 0786 | 00123 00002  0.987% 3.6 5.4 0.0 00 0 o.
0.181 0.057 5.182| 275.2| 1.86§ 0.565 0.752 0.0113 0.0003 0.9888.589 0732 | 00113 00003  0.988/ 4.p 2.7 0.0 00 0 o.
0.048 0.165 1.43 | 276.1| 2.813 0.179 0.264 0.0062 0.0007 0.9p31.1830| 0.397 | 0.0049 0.0008  0.9943 2.2 50.4 210 14301
0.048 0.165 5.236| 276.1| 3.02§ 0.134 0.239 0.0034 0.0009 0.9950.128 0335 | 0.0034 00009  0.9957 4% 40.2 0.0 00 0 0
0.048 0.165 8.185| 276.1| 3.027]  0.096 0.238 0.0062 0.0007 0.9931~ - < < - - - - - -
0116 0.115 1.65 | 276.1| 2.318  0.405 0.644 0.0113 0.0004 0.9883.6640| 0397 | 00092 00005 09903  64l0 38.4 186  25.00.2
0116 0.115 5.355| 276.1| 2503 0.315 0.400 0.0113 0.0004 0.9888.408 0584 | 0.0074 00006  0.992( 29|5 46.4 345 050. 04
0.116 0.115 8.48 | 276.1| 2.690] 0.232 0.312 0.0113 0.0004 0.9B83 - . . - - - - - -
0.181 0.057 1.696| 276.1| 1.989  0.669 0.877 0.0158 0.0002 0484 - - < < - - - - - -
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0181 0.057 5.182| 276.1| 2174 0579 0.784 00114 00004 0.9882~" - < o - ; ; ) )
0.048 0.165 1.43 | 278.1| 3.416] 0.202 0.233 0.0088 0.0021 0.9B90 - - o - -~ ; . ) )
0.048 0.165 5.236| 278.1| 3.631] 0.139 0.225 0.0074 0.0009 0.9917 - o - - - . . .
0048 0.165 8.185| 278.1| 3.8074  0.103 0.148 0.0068 0.0008 0.9928.095 0193 | 00030 00011  0.9954 7. 30.4 559 37504
0.116 0.115 5.355| 278.1| 3.037] 0.323 0.457 0.0124 0.0004 09871 - - - - ; ; ; ;
0116 0.115 848 | 278.1| 3.319 0.233 0.273 00126 00004 0487 2320 0392 | 00066 00009  0.9926 04 43.6 476  125.00.6
0.181 0.057 1.696| 278.1| 2.450 0.694 b b b b - - - - - - . . .
0181 0.05i 5.18: | 278.1 | 2.580 | 0.60¢ 0.78¢ 0.013: 0.000¢ 0.985¢ | 0.60¢ 078¢ | 00137 0.000: 0985 | 0. 0.c 0.c 0.c 0.c
0.04¢ 0.16f 1.4% | 279.: | 3.56¢ | 0.20: 0.26¢ 0.007. 0000¢ 099 | < < < . ) ] ] )
0.04¢ 0.16¢ 523¢| 280 | 4.48¢ | 0.143 0.307 0.002¢ 0007¢ 0989 | < < < . ) ] ] )
0.04¢ 0.16¢ 8.18% | 280 | 4.65¢ | 0.10¢ 0.24¢ 00011 0000 0991 | < < < . ) ] ] )
0.11€ 0.11¢ 535t | 280 | 3.541 | 0.34 0.727 0.014¢ 0000: 0984 | < < < . ) ] ] )
0116 0.115 8.48 | 280.2| 4.109 0.235 0.420 00114 00005 0.9B81.2550| 0.409 | 0.0078 0.0009  0.9912 8. 26 316 800 3 0
0181 0.057 5.182| 280.2| 3139 0620 0.860 00167 0.0004 09483 ~ - < < o ; ; ) ;
0181 0.05; 8.39t | 280 | 3.481 | 0.4% 0.78¢ 00100 0.000: 0.984¢ | = - < < < ; ; ; ]
0048 0.165 8.185| 282.2| 57671 0.114 0.276 0.0065 0.0016 0.9919~ - < o - ; ; ] )
0.048 0.165 8.185| 284.2] 7199 0.115 0.107 0.0067 0.0012 0.9921° - o < - ; ) ) ]
AAD % 9.7 20.3 271 388 02

*: HWHYD model does not converge for the studiedditions.

@ Some/all of constraints are not satisfied.

® No three phase flash convergence using CSMGemImode
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Table A.4. Hydrate dissociation conditions of (GON,) binary gas mixtures in the presence of
water.

Mole red red
Mole fraction fraction of P’ us/irllvglgpa P’ us/irllvlgpa
of CQ, in the H2_O T3/ K p*/ MPa HWHYD ARD/ % CSMGem ARD/ %
gas feed supplied to b del
the system mode mo
0.812 0.779 284.1 7.07 7.44 5.2 8.05 14
0.773 0.847 279.2 3.24 3.37 4.0 3.49 7.7
0.773 0.965 280.0 5.00 4.72 5.6 5.60 12
0.748 0.889 280.5 4.16 4.17 0.2 4.50 8.2
0.476 0.803 278.1 4.76 4.87 2.3 4.95 4.0
0.476 0.943 280.7 10.67 10.59 0.8 10.60 0.7
0.271 0.666 279.6 9.76 10.63 8.9 10.92 12
0.271 0.895 282.4 19.17 19.38 1.1 20.06 4.6
0.271 0.956 285.3 29.92 29.13 2.6 38.77 30
AAD % 3.4 10.3

& Maximum uncertainties in dissociation temperatumed pressures are expected to be within +
0.2 K and = 0.05 MPa, as indicated in Chapter 2.

b Assuming sfor N, simple hydrates.

pr ed

p=*-p

exp

ARD=100x
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Table A.5.Three-phase equilibrium data for gas mixture§@®, + N,) in the presence of water at different temperat(ifeand pressurep;
Experimental and predicted values.

experimental data

CSMGem model predictiorfs

absolute relative deviatio®RD %)’

et pgg;e S%g;ae{e aqueous phase pgzsse hydrate phase aqueous phase pgzsse hgg;;e aqueous phase

o | 20! noe | noe |
cor Nt BOL L pywpa | e | 0 | Do moe e | aer | 0 se focon scon | omes  omey | moe  moe  moe | uater | TN [ Do e HOImole

ccf)rnetznt free fraction fraction fraction c?rnet:nt free fraction fraction fraction c?rnet:nt free fraction fraction

base) base) base) base) base) base)
0.2086 0.0695 1.543| 273.6 2.032 0.617 0.97 0.0136 0.0001 0.986. 0.61. 0.938 | ®441 0.9277 0.1407 0.033 0.0140 0.0001 0.98%7 0.3 3. 29 0.0 0.1
0.1947 0.5842 1.5516 273.6 8.149 0.17 0.697 0.01230.0009 0.9868 0.109 0.537 | 0.1312 0.609 0.6557 .3451 0.0069 0.0012 0.9919 36.4 18.3 43. 32. 0.5
0.1947 0.5842 6.6615] 273.6 11.94; 0.17 0.3713 @.003 0.0018 0.9945 0.045 0.261 | 0.0396 0.307 0.7986 .6410 0.0036 0.0018 0.9946 74.8 30.0) 3.2] 0.8 0.0
0.2086 0.0695 7.649| 2736 2.962 0.429 0.897 0.0123 0.0003 0.987. 0.40 0.855 | 2536  0.8814 0.2768 0.0775] 0.0123 0.0003 0.9874 5. 7 4, 0.0 0.0 0.0
0.1845 0.196 1553 | 273.6 3.761 0.32 c c c c 0.306 0.797 | 0.3066 0.8402 0.3685 0.117 0.0112 00GH 0.9883 4.4
0.2547 0.0898 2.7525] 274.6 2.543 0.72 0.739 0.01410.0002 0.9857 0.552 0.909 | 0.433 0.917 0.1844 0448 0.0141 0.0002 0.9857 24.2 23.0] 0.0 0.0 0.0
0.4371 0.1472 2.0555] 274.9 5.204 0.71 0.7848 0.02770.0002 0.972 d d d d d d d d d d
0.2086 0.0695 1.543| 275.2 2.29 0.656 0.897 0.0154 0.0001 0.984 0.68: 0.941 | .47 0.9369 0.1244 0.0277 0.0202 0.0001 0.9797 4. 4. 31.2 0.0 0.5
0.2547 0.0898 2.7525] 275.2 2.643 0.72! 0.898 0.01480.0002 0.985 0.574 0.914 | 0.4476 0.922 0.1762 41®0 0.0148 0.0002 0.9850) 21.3 29 0.0 0.0 0.0
0.2086 0.0695 7.649| 2752 3.256 0.449 0.879 0.014 0.0003 0.985 0.44 0.866 | @399 0.8959 0.2549 0.0671 0.0140 0.0003 0.9860 1 1. 0.0 0.0 0.0
0.1845 0.196 1553 | 275.2 4.045 0.357 c c c c 0.356 0.820 | 0.3457 0.8614 0.34 0.100p 0.0130 @00 0.9866 0.3
0.1845 0.196 6.273 | 275.2 7.45 0.174 0.817 0.0139 0.0062 0.979 0.16 0.622 | 8918 0.7034 0.5822 0.2556 0.0091 0.0010 0.9899 4. .9 23 34.5 83.9 1.0
0.1947 0.5842 1.5516 275.2 8.244 0.17 0.799 0.00860.0011 0.9903 0.144 0.590 | 0.1641 0.664 0.6204 .293® 0.0120 0.0010 0.9871 18.2 26.2 39. 9.1 0.3
0.1947 0.5842 6.6615] 275.2 12.74 0.14 0.382 0.011 0.0014 0.9876 0.066 0.370 | 0.0697 0.433 0.7685 5217. 0.0050 0.0020 0.9930) 59.0 3.2 54.9 42. 0.5
0.2547 0.0898 2.7525] 275.6 2.714 0.73 0.76¢4 0.01530.0002 0.9845 0.590 0.917 | 0.4573 0.924 0.1708 04 0. 0.0153 0.0001 0.9844 19.2 20.0 0.1 50. 0.0
0.4371 0.1472 2.0555 275.8 5.381 0.71 0.8 0.03590.0003 0.9638 d d d d d d d d d d
0.2086 0.0695 15431 276.1 25 0.682 0.984 0.0164 0.0001 0.983! 0.69 0.943 | 5249 0.94 0.1211 0.0264 0.0164 0.0001 0.9835 1.3 4. 0.0 0.0 0.0
0.2547 0.0898 2.7525] 276.1 2.865 0.73 0.7 0.01770.0002 0.9821 0.595 0.917 | 0.465 0.926 0.1715 aB03 0.0158 0.0002 0.9840 18.6 16.1 10.7 0.0} 0.2
0.2086 0.0695 7.649| 276.1 3.703 0.488 0.703 0.0156 0.0003 0.984 0.44 0.864 | ar40  0.8933 0.2707 0.0715] 0.0147 0.0003 0.98%0 8 .9 22| 5.8 0.0 0.1
0.1845 0.196 1553 | 276.1 4.401 0.396 0.688 0.015 0.0004 0.981 0.37 0.823 | ®357 0.8653 0.3398 0.0987 0.0137 0.0005 0.98%9 6. 6 19 8.7 25.0 0.4
0.1947 0.5842 1.552| 276.1 8.58 0.196 0.574 0.0095 0.0011 0.989 0.16: 0.611 | 10.18 0.6872 0.6071 0.2739 0.0095 0.0011 0.9894 17 4 6 0.0 0.0 0.0
0.2086 0.0695 7.6487| 276.7 3.703 0.48 0.708 0.01560.0003 0.9841 0.489 0.878 | 0.4269 0.903 0.2469 .0625 0.0156 0.0003 0.9841] 0.2 24.9 0.0 0.0 0.0
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0.2086 0.0695 15431 2771 2.706 0.705 0.838 0.0177 0.0001 0.982. d d d d d d d d d

0.2547 0.0898 2.7525 277.3 3.13 0.73 0.8 0.0185 .000@ 0.9814 0.639 0.927 0.4938 0.933f 0.1564 340 0.0174 0.0002 0.9824] 12.7 11.7 5.9 0.0 0.1
0.4371 0.1472 2.0555] 277.8 6.159 0.74 0.8¢4 0.03360.0057 0.9607 d d d d d d d d d

0.2086 0.0695 1.543| 278.1 2.974 0.729 0.89 0.0213 0.0068 0.971! d d d d d d d d d

0.2547 0.0898 2.7525] 278.1 3.41 0.73. 0.792 0.01850.0002 0.9814 0.692 0.937 0.5075 0.935 0.1554 .0342 0.0184 0.0002 0.9814 5.7 24.6] 0.5 0.0 0.0
0.2086 0.0695 7.649 278.1 4.194 0.521 0.655 0.0173 0.0003 0.982. d d d d d d d d d

0.1947 0.5842 1552 278.1 9.146 0.229 0.541 0.0121 0.0011 0.986! 0.21 0.662 aB23 0.743 0.5627 0.2234 0.0118 0.0011 0.98 74 4 22 25 0.0 0.0
0.1947 0.5842 6.6615| 278.1 14.26 0.127 0.513 0.008 0.0017 0.990: 0.11 0.474 G114 0.5529 0.7303 0.412 0.0080 0.0017 0.991 13, 7. 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 d d d d d d d d d

0.1845 0.196 6.273 | 279.7 10.021 0.263 0.607 0.0137 0.0083 0.978 0.26. 0.695 426 0.7723 0.5373 0.1977, 0.0141 0.0011 0.98. 0. 5 14 29 86.7 0.7
0.1947 0.5842 6.6615| 279.7 15.816 0.148 0.551 0.0095 0.0018 0.988 0.14 0.508 9.13 0.5915 0.7178 0.3773 0.0095 0.0018 0.98 54 7. 0.0 0.0 0.0
0.1947 0.5842 6.6615, 281.2 17.62 0.17 0.584 @.011 0.0018 0.987 0.170 0.536 0.1547 0.622! 0.7065 .349% 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 0.74 0.806 0.02070.0006 0.9788 d d d d d d d d d

Total 13.8 141 9.9 13.2 0.2

® Predictions of HWHYD model are not shown ashiyidrate is modeled considering structure I.

exp _ ppred
® ARD=100x

exp

¢ Some/all of constraints are not satisfied.
4 No three phase flash convergence using CSMGemImode

¢ Gas hydrate structure.
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Table A.6. Hydrate dissociation conditions of ({COH,) binary gas mixtures in the presence of
water.

Mole fraction of CQ

in the gas feed T7K p/MPa
0.829 277.2 2.44
0.829 277.7 2.58
0.829 278.1 2.66
0.709 279.6 3.84
0.709 280.1 4.46
0.508 279.8 7.21
0.508 280.4 8.53
0.508 283.0 24.76
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Table A.7. Compositional data for the gas phasequilibrium with the hydrate and aqueous
phases at different temperatur@$ énd pressurep) for various (CQ+ Hy) gas mixtures in the
presence of water.

Gaseous feed (EH-G) equilibrium
ycozl mole
CO, / _mole T/K o/ MPa fra_ctlon of CQ
fraction in the gas
phase

0.780 273.6 1.888 0.686
0.829 273.6 1.753 0.737
0.829 273.6 1.992 0.667
0.508 273.6 4.669 0.317
0.508 273.6 7.156 0.202
0.709 273.6 3.005 0.427
0.829 275.2 1.984 0.764
0.829 275.2 2.234 0.706
0.508 275.2 4.922 0.377
0.508 275.2 7.442 0.225
0.709 275.2 2.754 0.568
0.709 275.2 3.272 0.474
0.709 275.2 8.282 0.188
0.829 276.2 2.184 0.783
0.829 276.2 2.430 0.734
0.508 276.2 5.131 0.388
0.508 276.2 7.655 0.238
0.709 276.2 2.936 0.602
0.709 276.2 3.442 0.502
0.829 277.1 2.586 0.745
0.508 277.1 5.343 0.436
0.709 277.1 3.162 0.620
0.508 278.1 5.611 0.410
0.508 278.1 7.909 0.274
0.709 278.1 3.417 0.640
0.709 278.1 3.945 0.553
0.709 279.1 5.911 0.437
0.709 279.1 8.278 0.316
0.709 279.1 4.249 0.590
0.709 280.1 6.050 0.453
0.709 280.1 8.521 0.354
0.709 281.2 8.570 0.365
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Table A.8. Experimental dissociation conditions (@BAB + methane), (TBAB + carbon
dioxide) and (TBAB + nitrogen) semi-clathrate hyiesa(v = 0.25).

T/ K p/ MPa

(TBAB + methane) semi-clathrate hydrates

285.2 0.235
286.7 0.444
287.1 0.678
287.6 0.954
288.1 1.171
289.3 1.848
290.4 2.888
292.1 5.124
294.7 10.217

(TBAB + carbon dioxide) semi-clathrate hydrates

284.0 0.104
284.9 0.293
285.6 0.530
286.5 0.769
287.9 1.178
288.9 1.575
290.0 1.989

(TBAB + nitrogen) semi-clathrate hydrates

281.1 0.470
284.0 0.780
284.5 0.870
286.5 2.190
286.8 3.000
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Table A.9. Experimental dissociation conditions (@BAB + methane), (TBAB + carbon
dioxide) and (TBAB + nitrogen) semi-clathrate hytedsafv = 0.50).

T/ K p/ MPa

(TBAB + methane) semi-clathrate hydrates

285.6 0.317
285.8 0.522
286.0 0.868
286.3 1.036
288.7 2.166
289.8 3.596
291.3 5.247
292.8 8.260

(TBAB + carbon dioxide) semi-clathrate hydrates

282.6 0.698
283.5 1.086
285.1 1.800
286.9 3.104
287.9 4.380

(TBAB + nitrogen) semi-clathrate hydrates

286.1 2.790
286.3 3.930
286.5 4.885
288.4 7.670
289.1 9.920
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Table A.10. Semi-clathrate hydrate phase equilibrdata for the (C&+ N, + TBAB + H,0O)

mixtures.

Feed gas composition / G@ole fraction TBAB / mass fraction T/K p/MPa
281.0 0.67
281.5 0.91
0.05 282.8 1.47
284.2 2.31
286.2 3.48
0.749
286.6 1.06
287.9 1.73
0.30 289.0 2.39
289.7 2.70
291.0 3.70
0.05 283.6 3.78
' 286.2 6.58
0.399
0.30 287.1 1.78
282.4 1.93
282.7 2.83
0.05 283.7 5.46
' 285.1 8.14
0.151 288.0 14.59
289.2 19.07
0.30 285.7 1.55
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Table A.11. Compositional phase equilibrium data(@0O;, + N,) gas mixtures in (0.05 mass fraction) TBAB aquesnlstions.

Feed Compositional Equilibrium Data

co, / | ol = TBAB | Yeo2! m(')tllar XfTBABt'/ masfs
N gas mixtur > agueous so composition fraction o

frrggtl%rn p/MPa gmole mole mole (%.OSImass T/K p/MPa of CCF;Z in the TBAB in the
fraction) gas phase lig. phase

0.749 0.960 0.076 0.057 0.019 0.241| 275.18%  0.786 0.640 0.024
0.749 1.415 0.113 0.085 0.028 0.213| 275.20  0.942 0.586 0.024
0.399 3.236 0.256 0.102 0.154 0.195( 275.1&  3.519 0.289 0.018
0.399 3.236 0.256 0.102 0.154 0.423| 275.18  5.492 0.172 0.017
0.151 12.606 0.980 0.147 0.833 0.149| 275.17 12.254 0.080 0.013
0.151 12.606 0.980 0.147 0.833 0.268| 275.2% 14.525 0.058 0.012
0.749 0.960 0.076 0.057 0.019 0.241| 276.20  0.803 0.596 0.039
0.749 0.960 0.076 0.057 0.019 0.241| 277.20  0.821 0.606 0.026
0.399 3.236 0.256 0.102 0.154 0.195| 277.17  3.559 0.295 0.017
0.749 0.960 0.076 0.057 0.019 0.241| 279.65 0.581 0.613 0.024
0.399 3.236 0.256 0.102 0.154 0.195| 279.66 3.639 0.304 0.019
0.399 3.236 0.256 0.102 0.154 0.423| 279.65 5774 0.190 0.017
0.151 12.606 0.980 0.147 0.833 0.149| 279.69 14.032 0.129 0.013
0.151 12.606 0.980 0.147 0.833 0.268| 279.69 17.860 0.112 0.012
0.749 0.960 0.076 0.057 0.019 0.241| 280.20 0.889 0.634 0.026
0.749 0.960 0.076 0.057 0.019 0.241| 281.15 0.893 0.639 0.036
0.399 3.236 0.256 0.102 0.154 0.195| 281.15 3.694 0.309 0.017
0.399 3.236 0.256 0.102 0.154 0.195| 282.15 0.897 0.623 0.036
0.399 3.236 0.256 0.102 0.154 0.195| 282.18 3.712 0.313 0.030
0.399 3.236 0.256 0.102 0.154 0.423| 282.16 6.045 0.201 0.019
0.151 12.606 0.980 0.147 0.833 0.149| 282.15 14.209 0.132 0.013
0.151 12.606 0.980 0.147 0.833 0.268 282.21 18.117 0.114 0.012
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Cont.Table A.11. Compositional phase equilibrium data(€@0, + N,) gas mixtures in (0.05 mass fraction) TBAB aquesalstions.

Feed

Compositional Equilibrium Data

CO /
molar

fraction

0.399
0.151
0.399
0.399
0.151
0.399
0.151
0.151
0.399
0.399
0.151
0.151
0.151
0.151
0.151
0.151
0.151

p/ MPa

3.236
12.606
3.236
3.236
12.606
3.236
12.606
12.606
3.236
3.236
12.606
12.606
12.606
12.606
12.606
12.606
12.606

n gas mixture/ COZ /

mole

0.256
0.980
0.256
0.256
0.980
0.256
0.980
0.980
0.256
0.256
0.980
0.980
0.980
0.980
0.980
0.980
0.980

mole

0.102
0.147
0.102
0.102
0.147
0.102
0.147
0.147
0.102
0.102
0.147
0.147
0.147
0.147
0.147
0.147
0.147

N, /
mole

0.154
0.833
0.154
0.154
0.833
0.154
0.833
0.833
0.154
0.154
0.833
0.833
0.833
0.833
0.833
0.833
0.833

TBAB
aqueous sol
(0.05 mass
fraction)
0.195
0.149
0.195
0.423
0.268
0.423
0.149
0.268
0.423
0.423
0.149
0.268
0.149
0.268
0.268
0.268
0.268

T/K

283.23
283.20
283.69
283.73
284.20
285.20
285.15
285.16
285.70
286.20
286.73
286.22
287.20
287.21
287.70
288.71
289.21

p/ MPa

3.768
14.284
3.791
6.244
18.333
6.489
14.450
18.460
6.563
6.575
14.481
18.584
14.525
18.694
18.780
18.996
19.085

ycozl molar XTBAB/ mass
composition  fraction of
of CO;inthe TBAB in the
gas phase lig. phase
0.320 0.035
0.132 0.013
0.323 0.035
0.212 0.025
0.117 0.018
0.221 0.031
0.133 0.025
0.118 0.018
0.223 0.036
0.226 0.048
0.134 0.031
0.119 0.018
0.135 0.031
0.119 0.024
0.121 0.030
0.123 0.036
0.124 0.036

*: Likely represents semi-clathrates of (TBAB + wate
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Table A.12. Compositional phase equilibrium data(@0O;, + N,) gas mixtures in (0.30 mass fraction) TBAB aquesnlstions.

Feed

Compositional Equilibrium Data

co, / L/ col " TBAB | Ycoz!/ rr_1tplarf XfTBABt'/manS
N gas mixtur 2 aqueous sol. composition of  fraction o
frrggtl%rn p/MPa gmoIe mole mole (O.30_mass T/K p/MPa COyin the gas TBAB in the
fraction) phase lig. phase
0.749 1.061 0.084 0.063 0.021 0.239 | 275.15* 0.841 0.604 2
0.399 1.664 0.132 0.053 0.079 0.127 | 275.20* 1.633 0.332 2
0.399 1.664 0.132 0.053 0.079 0.422 | 275.20* 2,945 0.217 2
0.399 1.664 0.132 0.053 0.079 0.127 | 277.23* 1.644 0.335 2
0.399 1.664 0.132 0.053 0.079 0.127 | 277.20* 2,915 0.215 2
0.749 1.061 0.084 0.063 0.021 0.239 | 279.65* 0.822 0.605 2
0.399 1.664 0.132 0.053 0.079 0.127 | 279.68* 1.659 0.335 2
0.399 1.664 0.132 0.053 0.079 0.422 | 279.68* 2.924 0.216 2
0.749 1.061 0.084 0.063 0.021 0.239 | 280.65* 0.821 0.605 2
0.749 1.061 0.084 0.063 0.021 0.239 | 281.15* (0.818 0.606 2
0.399 1.664 0.132 0.053 0.079 0.127 | 281.21* 1.668 0.335 2
0.749 1.061 0.084 0.063 0.021 0.239 | 282.20* 0.774 0.604 2
0.749 1.061 0.084 0.063 0.021 0.239| 283.16* 0.777 0.604 2
0.399 1.664 0.132 0.053 0.079 0.127 | 283.19* 1.679 0.335 2
0.749 1.061 0.084 0.063 0.021 0.239 | 284.16* 0.782 0.607 2
0.749 1.061 0.084 0.063 0.021 0.239 | 284.65* 0.794 0.613 2
0.749 1.061 0.084 0.063 0.021 0.239| 285.21 0.786 0.621 0.301
0.399 1.664 0.132 0.053 0.079 0.127 | 285.19 1.616 0.322 0.296
0.399 1.664 0.132 0.053 0.079 0.127 | 285.69 1.617 0.322 0.296
0.749 1.061 0.084 0.063 0.021 0.239 | 285.71 0.875 0.660 0.299
0.399 1.664 0.132 0.053 0.079 0.127 | 286.68 1.749 0.358 0.301
0.399 1.664 0.132 0.053 0.079 0.127 287.17 1.780 3680. 0.301

*: Likely represents semi-clathrates of (TBAB + @t%: no liquid phase sample due to valve obstructiphyarates.
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APPENDIX B

Tetra-n-Butyl Ammonium Bromide + Water
Systems: Density Measurements and Correlation

TContent published ia. Chem. Thermodyn. 2009, 41 (12), 1382-1386.
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Appendix B: Tetra-n-Butyl Ammonium Bromide + Water Systems: Density
Measurements and Correlation

In this study, density data for the binary mixtumas (water + tetra-n-butyl ammonium
bromide) at atmospheric pressure and various teatpes are given and correlated.
Research grade TBAB aqueous solution with a conagort of (50 mass% TBAB) was
purchased from Aldrich. Double-distilled and deimed water obtained from a Direct-Q5
Ultrapure Water System (Millipof¥) was degassed and used to prepare the aqueous
solutions. Samples were prepared following the ignatric procedure described below. An
Anton Paar vibrating-tube digital densimeter (mdd®IA 5000) with a certified precision of
10° g.cm?® for density and +0.01 K for temperature was useccdrry out the density
measurements. The density determination is basedeasuring the period of oscillation of a
vibrating U-shaped hollow tube that is filled withe sample. The densimeter was calibrated
with double-distilled, degassed water, and dryair293.15 K and atmospheric pressure
before measuring each sample. Samples were carédalied using a syringe avoiding the
introduction of any air bubbles and achieving $atiory purging. Densities were measured
at thermal equilibrium after successive increaseédemperature. After each series of
measurements, the densimeter was washed and dtlecheasurements were repeated at

least three times and average density values posteel.

The gravimetric procedure used to prepare the TBABeous solutions is essentially similar
to that of previous studies performed in our labmma(Valtz et al 2004). Briefly, 20 crh
glass bottles were air-tight closed with a septund #hen evacuated using a vacuum pump
through a syringe needle introduced across theise@mpty bottles were weighed, and then
water (freshly degassed through vacuum distillatiwas introduced by means of a syringe.
After weighing the bottle loaded with water, TBABagsvadded and the bottle was weighed
again. All weighing were carried out using an atiea} balance (Mettler AT200) with an
accuracy of 0.0001 g. As no chemical reaction ipeeted to occur between the two
components in the mixture, the average uncertamtyolar compositions is assumed to be
better than 0.0003, as demonstrated by Mokraoui emdorkers (2006). The above
preparation and loading procedures were followetdomdy to obtain accurate compositions,
but also to avoid the formation of gas bubblesdaghe vibrating tube. This may occur at

high temperatures, especially if the liquid is well degassed (Mokraoet al., 2006).
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As TBAB aqueous solutions may crystallize undercspheric pressure and temperatures
between 0 and 12 °C (Darbousdtal, 2005), density measurements were carried out fro

(293.15 to 333.15) K. The measured density dataegarted in Table B.1 and are correlated
using the equation proposed by S6hnel and Novd885), as follows:

pz = p; + B;100w + B,(100w)? + B, (100w)? (B.1)

wherew is the mass fraction of salt, which is used in$teamole fraction for this system,

andg, is the density of wateB; are assumed temperature dependent as follows:
B,=e + fi(T/K)+ g:-(T/K)E (B.2)

where ., f, and g, are empirical constants. Results of density catis using equation

(B.1) are given in Table B.1. The derived coefintgeare used section 6.2.2 to estimate the
density of the liquid phase (at the given equilibti temperature) and the corresponding

number of moles loaded to the system, reportecalsieb A.11 and A.12.

Experimental and calculated values from equatiorl)(Bor densities of (TBAB + water)
systems show a consistent agreement. The averagduteb deviation AAD) between
measured and calculated values from this polynosgaktion for density was 0.06 %. The
concentration dependence of the present densitgureraents and the TBAB mass fraction
is shown in Figure B.1. It is evident from the \edwgiven in Table B.2 and shown Figure 6.1
that density increases as the mass fraction of TBABeases at a given the temperature.

Also, density decreases as temperature increasegian concentration of TBAB.

The AAD [%] was determined using the following relationshi

.
iy
Pezxp ~ Peoal

1
w400 =5 ). [
=1 (B.3)
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Table B.1. Determined parameters of density eqngig. B.1) for (TBAB + HO) binary
system.

Parameters TBAB/FO
01 -1.70710°
fa 5.963[10°
e 4.549[10*
02 4.5700110°
f, -3.09910°
& 5.304[110*
Oa -5.95110"
fa 4.088[110°
e -7.091[10°
AAD % 0.06

No. of data points 90

1.05
1.04
1.03

§ 102

© 101
1.00
0.99

0'98 1 1 1 1
0.1 0.2 0.3 0.4 0.5

mass fraction TBAB

)

o

Figure B.1. Density4) against mass fractiorw) for binary mixtures of (TBAB + kD)
calculated with equation (6.1), Bit= 333.15 K {); 328.15 K ¢); 323.15 K (+); 318.15 Ke();

313.15 K ¢k); 308.15 K §); 303.15 K @); 298.15 K @), and 293.15 K<£). Density values
atw = 0 are experimental data. Solid lines are tenglencves.
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Table B.2. Mass fraction of TBAB and densipy(fj.cm?)) of (TBAB + H,0O) mixtures from
(293.15 to 333.15) K.

mass fraction, TBAB
0.0697 0.0999 0.1500 0.1996 0.2500
293.15 1.00385 1.00663  1.01135 293.15 1.02173
298.15 1.00243  1.00508  1.00955 298.15 1.01926
303.15 1.00080 1.00331  1.00754 303.15 1.01666
308.15 0.99895 1.00134  1.00534 308.15 1.01392
313.15 0.99691  0.99919  1.00297 313.15 1.01106
318.15 0,99470 0.99686  1.00045 318.15 1.00808
323.15 0.99232  0.99438 0.99778 323.15 1.00500
328.15 0.98978  0.99174  0.99496 328.15 1.00181
333.15 0.98709  0.98896  0.99200 333.15 0.99850

T/K

mass fraction, TBAB
0.2998 0.3499 0.4002 0.4498 0.5000
293.15 1.03049 1.03098 1.03625 1.04141 1.04473
298.15 1.02744 1.02791 1.03290 1.03783 1.04106
303.15 1.02431 1.02477 1.02949 1.03423 1.03736
308.15 1.02110 1.02155 1.02604 1.03059 1.03362
313.15 1.01782 1.01826 1.02253 1.02692 1.02985
318.15 1.01447 1.01490 1.01898 1.02321 1.02605
323.15 1.01105 1.01147 1.01538 1.01946 1.02222
328.15 1.00756 1.00797 1.01171 1.01567 1.01835
333.15 1.00400 1.00440 1.00800 1.01183 1.01445

T/K
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Etude expérimentale des équilibres d’hydrates de mé  langes de gaz contenant du CO ,
en solutions aqueuses de promoteur thermodynamique

RESUME : Cette thése présente les mesures et l'analyse thermodynamique d'équilibres de phases de systémes
d'hydrates contenant du dioxyde de carbone (CO,), dans le contexte de procédés alternatifs de captage du CO,.
Le développement de nouveaux procédés de séparation par voie de cristallisation par hydrates est un point
crucial de cette thématique. Les conditions de température et de pression requises et |'utilisation de promoteurs
thermodynamiques sont au-dela des opérations habituelles et des bases de données existantes. La
connaissance précise des conditions de formation et dissociation d’hydrates de gaz en présence d'additifs
chimiques constitue une contrainte importante d'un point de vue thermodynamique et est nécessaire pour la
modélisation et I'établissement de la faisabilité de nouveaux procédés industriels impliquant des hydrates de gaz.
Dans cette thése, nous présentons un nouveau dispositif expérimental qui combine techniques statiques et
techniques analytiques, ce dernier a été spécialement développé pour mesurer des données d'équilibres des
phases hydrate-liquide-gaz a des températures variant entre 233 et 373 K et a des pressions jusqu’ a 60 MPa.
De nouvelles données d'équilibre de phases des systemes (CO, + méthane), (CO, + azote) et (CO, +
hydrogene) ont été mesurées dans des conditions de formation d'hydrates en suivant la méthode isochorique
avec variation de la pression en fonction de la température, et en analysant la composition en phase gazeuse.
Les données d'équilibre et les conditions de dissociation d’hydrates générées dans ce travail sont comparées
avec les données de la littérature. La fiabilité des modéles thermodynamiques les plus couramment utilisés est
aussi étudiée. Les comparaisons entre les données expérimentales et prédites de dissociation d'hydrates
suggerent la nécessité de réajuster les parameétres des modéles thermodynamiques pour les systemes
contenant des hydrates de CO,. En outre, I'effet promoteur du bromure de tetrabutylammonium (TBAB) sur les
équilibres des phases des gaz purs et de mélanges contenant du CO; a été étudié. L'effet le plus important de
promotion (réduction de la pression de formation des hydrates > 90%) est observé pour le systtme (TBAB +
azote). Les résultats expérimentaux suggéerent que le CO, peut étre séparé de mélanges de gaz industriels ou de
combustion a des températures douces et a de basses pressions a l'aide de TBAB en tant que promoteur
thermodynamique. La pression requise pour la formation d'hydrates a partir de mélanges de (CO; + azote) est
réduite de 60 % en présence de TBAB.

Mots clés : Hydrates de gaz, semi-clathrate, dioxyde de carbone, TBAB, mesure expérimentale, équilibre des
phases.

Hydrate Phase Equilibria Study of CO , Containing Gases in Thermodynamic Promoter
Aqueous Mixtures

ABSTRACT : This thesis addresses the measurement and thermodynamic analysis of the phase equilibrium
behavior of carbon dioxide (CO,) hydrate-forming systems in the context of alternative capture engineering
approaches. The development of new technologies based on gas hydrates requires specific temperature and
pressure conditions and the utilization of thermodynamic promoters that are beyond usual operations and
existing databases. Accurate knowledge of gas hydrates formation and dissociation from thermodynamics point
of view in the presence of chemical additives is necessary for modeling purposes and to establish the feasibility
of emerging industrial processes involving gas hydrates. In this thesis, a new experimental set-up and method for
measuring pressure, temperature and compositional phase equilibrium data of high accuracy are presented. The
equipment is based on the ‘static-analytic’ technique with gas phase capillary sampling and it is suitable for
measurements in a wide temperature range (i.e. 233 to 373 K) and pressures up to 60 MPa. New phase
equilibrium data in the (CO2 + methane), (CO- + nitrogen) and (CO; + hydrogen) systems under hydrate formation
conditions were measured following an isochoric pressure-search method in combination with gas phase
compositional analysis. The equilibrium data generated in this work are compared with literature data and also
with the predictions of two thermodynamic literature models. Comparisons between experimental and predicted
hydrate dissociation data suggest a need of readjusting model parameters for CO, hydrate-forming systems. In
addition, the thermodynamic stability of Tetra-n-Butyl Ammonium Bromide (TBAB) semi-clathrates (sc) with pure
and mixed gases was investigated. The largest promotion effect (> 90% reduction in hydrate formation pressure)
is observed for (TBAB + nitrogen) sc. The experimental results suggest that CO, can be separated from highly to
low concentrated industrial/flue gas mixtures at mild temperatures and low pressures by using TBAB as
thermodynamic promoter. The pressure required for hydrate formation from (CO, + nitrogen) gas mixtures is
reduced by 60% in the presence of TBAB.

Keywords : Gas hydrate, semi-clathrate, carbon dioxide, TBAB, experimental measurement, phase equilibria
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