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A method to calculate the composition of clathrate hydrate of C@®

CHy, at equilibrium and during crystallization
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Centre SPIN158 cours Fauriel, 42100 St-Etienne, FRANCE
Abstract
In recent decades, scientists have made an amazing discovery: methateshigahe ocean floor. These
solid compounds could represent an energy reserve. Today it is estimatdtbyhabntain equivalent
carbon under the form of methane in a huge quantity, twice as asuah deposits of natural gas, oil and
coal.
In the near future, we need evaluating the possibility to produceewisource of energy, particularly in
replacement of oil and coal. The main question concerns the technologysed because the methane
hydrates are distributed in sediment, and they participate to their consolidation.
In this paper we present a method to study the thermodynamic of0E@Zlathrate hydrates, which is
the prior step before testing and modeling the replacement of methane hydi@®@ hydrate after
injection of CQ gas
Keywords: methane hydrate, dissociation, sediment core, heat and mass transfer.

1. Introduction

Gas hydrates are solid compounds. They are formed from the combirdgfitgas (such as
methane, ethane, propane ...) and water under high pressure arenipgvature. Clathrate hydrate has
been first discovered in 1778 by Joseph Priestley as a curiosityasfiaty. Nowadays, gas hydrates
have the potential for numerous applications in the oil and gas industrtherehergy sector, as for
example through the use of clathrate hydrates as a means of gas stordgecépture and sequestration
of carbon dioxide, in air-conditioning systems in the form of At@slurries, in the water desalination
and treatment, and the separation of different gases from flue gasnstrto name but a few
(Eslamimanesh et al, 2012). However, despite of the potential applicatigas ofathrate hydrates like
the ones mentioned above, there are also negative aspects to be mentimmeliscussion of these solid
solutions. The uncontrolled decomposition of naturally occurring anetimydrates for example has been
discussed as being capable of potentially contributing to the green pasiseffect (Englezos, 1993;
Leggett, 1990), in particular if it is realised that the global warming pote@i&IR) of methane within a
period of 100 years is greater by a factor 25 than the GWP vataelain dioxide (Solomon et al, 2007).
Moreover, gas clathrate hydrates have been identified as a source ofmgraobtbe oil and gas industry,
e.g. when being formed in drilling applications (Barker and Gomez,) 1988 gas pipelines due to their
ability of causing pipeline blockages (Eslamimanesh et al, 2012).

Methane is a natural component in sediments, originated from thermaddégn of fossil
reservoirs, or originated from bio-degradation of biological materials. Undessyre, in deep sea
conditions, it forms methane hydrate reservoirs in many places of tie: aval in huge quantities. On a
other hand, carbon dioxide is a molecule which presents a better aftinghathrate structure. The
concept of Ci#CO, exchange consists in injecting €@ methane hydrate reservoirs in order to shift the
equilibrium and form a Cohydrate in the place of methane hydrate, and to recover methane

The objective of our work is to study thermodynamic of,&&Bl, methane hydrate, in presence
of salts, and to understand the crystallization mechanism during the repladiigy &fy CQO. In this
paper, we present a set of experimental results in order to validate adiieamic model which predicts
the equilibrium conditions; Pressure, Temperature and composition osghgsesence of a mixture of
CO, and CH.

2. Advantages of using C@gas for replacement of CH hydrate in sediment

Firstly, the method consisting to replace the methane in the methane hyesatesirs by CQ
will contribute to drop the emissions of greenhouse gases.

Secondly, the hydrate structure still remains in place in the sediomytthe gas content being
shifted. So, it can be assumed that the mechanical stability of the reseredimsdified.
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Lastly, the heat of COhydrates formation (57,98 kJ / mol) is slightly higher thaa heat of
methane hydrates dissociation (54,49 kJ / mol) (Naval Goel 2006). Tierdfe transformation of
methane hydrate into carbon dioxide hydrate is practically athermic:

CO; (g) + nHO—CO,(H,0)n AHf = —57,98kJ/mol (1)
CH, (H,0)n—CH,4(g)+ nH,O AHf = 54,49kJ/mol (2)

Where n is hydration number (n about 6).

On Figure 1, we can determine the (Pressure-Temperature) area where dia®ide can be
injected for dissociation of methane hydrate. It is the region A or Bhiohathe methane hydrate is not
longer stable, but the carbon dioxide still remains stable.

Ohgaki et al. (1996) have demonstrated experimentally the possibility tagerakde methane
gas from the hydrate by injecting carbon dioxide. They found thahthe fraction of carbon dioxide in
the hydrate phase becomes higher than in the gas phase, at the equikbrilnermore, Hirohama et al
(1996) showed that the pressure in reservoir after methane hydrate dissoeratiors approximately the
same as before dissociation

Seo et al. (2001) suggest that if the mole fraction of carbon didxilept above 40% in the
CO,-CH,4 gas mixture, the concentration of carbon dioxide in hydrate phase willfteetinam 90%.

12 1
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10 71 ——Ice + Hydrate + CO2 gas T
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Figurel. Equilibrium conditions of hydrate G@nd CH, (Naval Goel 2006)

3. Experimental approach
3.1 Materials of experiment

In this work we used two bottle gas of €&nd CH (4, 5 in the Figure 2) are provided by Air
liquide under high pressure cylinder. The water for experiment is elisiiater was obtained from the
MILLI-Q 185 PLUS system. In the liquid phase contains L¥NG a tracer (10ppm weight fraction). In
this experimental the quantities of materials are:

Table 1 The quantities of material Experiment

Volume
Reactor =92 CHa Lio"(mg/ml) Water (ml)
( liter) (mol) (mol)

2,36 3,026 0,9927 10,4 800,15

3.2 Experimental setup

The experimental apparatus (Figure 2) is designed to measure the theamimdgquilibrium
points in presence of gas mixture and to determine the compositidimpbises (gas, liquid and hydrate).
The reactor consists of a 2.5 liter autoclave reactor in which the pressureach up to 100 bars. The
reactor is equipped with a vertical stirrer with four blades. The stirring rateacgrbetween 0 and 600
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rpm. The temperature is controlled by a double jacket in which is circukatéidid at constant
temperature from a cryostat HUBERT CC-250. A Pyrex cell is laid insiderdactor and filled with
water containing Lithium as an anion tracer. The concentration of tbe @ncontrolled in the range 0-
10ppm by using a HPLC pump (JASCO). Temperature is monitor@dAi$00 and pressure is measured
with an accuracy of 0.01 MPa in the range 0-10MPa. A ROLSI sampiaoimted on the reactor. It
allows to sampling online the gas and to sending the sample intocArgasatograph (GC Varian model
38002) equipped with a TCD detector and two columns PoraBOND Q andoBfeve. The peak
integration is possible with software provided by Varian Galaxie. A sagplistem can retain the liquid
phase through a valve. It is analyzed off-line by ion chromatograpiu refractometry. The data
acquisition (Pressure, Temperature) is saved on the personal computer.

1

—_— =
%

I

Atmosphere

M1

12

==
1. HPLC pump

2. ROLSI Gas sampling

3. In line Gas chromatograph
4. CO, cylinder

5..CH, linder

6. Cryostat

7. Sapphire windows

8. Reactor cell

9. Liquid sampling

10. Refractive index
measurement

11. Tonic chromatography
12. Computer

Figure2: Experimental device

3.3 Procedure of our experiences
Initially, the reactor is evacuated by a vacuum pump. The methar@rmon dioxide) gas is

injected and purged three times to ensure that air is totally evacuated.
The experiments are realized following 4 steps
Step 1: Injection of pure methane gas.

Step 2: Injection of C@gas.
After the pressure is stable, another gas is added up to the required totalepréssugas

mixture is cooled and maintained at the operating temperature with théatrybss stirred at a rate of
approximately 400 rpm.

Step 3: Injection of water for crystallization of mixed £CH, hydrates

The stirrer is stopped. Water containing 10ppm of a lithium tracer is a@iledvolume of the
injected solution is controlled, (in this experiment 800yb§. Pressure, temperature and gas
compositions are monitored. After a delay corresponding to thetioduame, the crystallization starts,
gas is consumed and the pressure is dropped down to the equilibriurary$tadlization is occurring
during hours and days and the gas phase is sampled. The liquidsphiasesampled and analyzed later.

Step 4: Dissociation of hydrates.
When the system is in equilibrium (temperature and pressure), hehtingeactor by the

temperature is increased by steps of 1°K until full dissociation afatssl (Figure 3). During each step,
the pressure in the reactor increases due to the dissociation of hydratesches to a constant value
which represents the thermodynamic equilibrium, in this time the ghthariquid phase are sampled to
determine the compositions of the phase at equilibrium. After compistecétion of hydrate, the
pressure in the reactor continues to increase but only in respect to the dilataases and decrease of
the solubility of gases. At each stage of dissociation, the gas and liquids plr@sesampled and
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respectively analyzed by gas chromatography and ion exchange chromaogragetermine the gas
compositions in gas phase and the lithium concentration in the liquid phase.

4. Results

Dissolved @s . ) )
Crystallization gas ) . m

Figure 3 Evolution of pressure and temperature during crystallizatiehdéssociation

According to mass balance of each component, the quantity pAGIHCQ in different phases
can be calculated by the following equations:

"[CH4]" =["CH_initial - "[CH,]® - [CH.]" ()

"[CO,]" = ["COyJinitial - [CO,]® - "[CO,]" (4)

"[CH4]® = "G.XCH, in reactor (5)

"[CO2]°="G.XCQ, in reactor (6)

"Gz Feal’ @)
- Zmixte RT

Where XCO,and XCH, are the concentration of G@nd CH in phase gas

"[CH4]" , "[CO,]" are calculated by equation from Henry following the correlation of Holder
(1980)"[CH4]": and "[CO2]" are the moles fractions of GHind CQ in hydrate phase, respectively;
"[CHA4]®; and"[CO2]° are the moles fractions of Gldnd CQ in gas phase in the react8€H,; released
and"CO;; "G is the number of moles of gas in the reactor, which is determineduation of state; n
released is the number of moles of the released gas from the reactor.

(v=(p
H :Hl,Pmr expl :
\

"; (8)

A

" B
H =exp A+—
P T

.

(9)

i,Psat

Where Hi is the Henry coefficient, A and B are constants in table 2

Table 2 Constant for Henry law with correction with Holder (1980)

vi®
A B
Gas (cn/mol)
CH, 15,826277 -559,0631 32
(e{0)) 14,283146 -050,3269 32

The volume of liquid in equilibrium is determined by following tencentration of dracer

(Li*) in the liquid phase.
L [TV

eq [Li+]eq G-O)
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And

[L ]Irll
Vv\|/_| =V VL VO VO Il::ll:l ::|||n| - VW[ [LII ]e} (11)
i q

H 0 VL
WhereVW ,VW €4 are thevolume of water in hydrate phase, initial and liquid phase at equilibrium.
A summary of steps of calculation is presented in the figure 4:

experimental Sample liquid Pressure and Concentration of
data phase temperature CO2, CH4
d Volume of water Solubility of
chromatography ICP in liquid the gas
g I Method of Henry |

dlssolved |:> Equatmn of state
water in hydrate
4 E

fnal | hydration In gas
inal results number h drate

Figure 4 Treatment of data

Determination of the hydration number of the hydrates at equilibrium:

Experimentally,we can determine the volume of water (and the numbeied of water) which
has reacted to form hydrate. This volume is determined from the diffesétioe tracer concentration of
LiNO5 being present in the liquid phase between the beginning and equiligEmnL0)). The number
molar of gases'G) which have been in corporate into the lattice structure of the hydrate are calbylated
equation of state (Soave-redlich-kwong). According to this wagamecalculate the hydration number
of there spective hydrateate quilibrium. Table 3 shows Synthetic table the cafculadioe experiment
assuming that structure | is formed.

Table 3 Synthetic table the calculation in one experiment

P I_.+
n LD n LID n G n G I H H
T°K XCO2 XCHs M", CQC: CHs CO2" CHs Zeps  XCQp' XCH:s' N°HYD
(MP&; (mg/l)

27535  192(  0,65°  0,34¢ 210,38 0,44¢ 0,022 0,94¢ 0,497 14,11 0,90¢ 0,77¢ 0,22¢ 5,53¢
276,05  2,05( 0,77¢  0,22¢ 224,66 0,531 0,01t 1,21¢ 0,35. 14,46( 0,881 0,67( 0,33( 6,58¢
277,15 2,26(  0,65¢ 0,341 193,18 0,51¢ 0,02t 1,13( 0,58¢ 13,71 0,892 0,78¢ 0,217 6,08¢
277,65  2,44( 0,66° 0,33 167,33 0,57¢ 0,02¢ 1,24: 0,62¢ 13,15( 0,887 0,78( 0,22( 6,007
278,65 2,71( 0,67  0,33( 134,95 0,662 0,02¢ 1,40¢ 0,69: 12,51( 0,87( 0,77¢ 0,221 6,08¢
279,65 3,01 0,67¢ 032,  95,53( 0,761 0,03( 1,60: 0,76 11,81( 0,85¢ 0,768 0,23t 6,18:
280,45 3,31 0,68.  0,31¢ 54,49 0,87¢ 0,03 1,79¢ 0,83¢ 11,16 0,83¢ 0,74( 0,26( 6,45¢

T2.2°C

After perform some experimental with composition
difference we have compared these results are with ~
the model from the GasHyDyn software, in the figure-
5 shows the phase diagram of hydrate of €OH, £
mixture at temperature of 2,2°C. The experimental
results are closed to the simulated values and new

experiments are still under testing

Concentration co2

Figure 5 Phase diagram of hydrate CO2 - CH4 mixture at 2.2°C
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Conclusion

This work participates to the long term issue to produce methane fronamaetiydrate bearing
sediments. The method consists in injecting, @Osediments and shifting the chemical equilibrium of
methane hydrate, to form carbon dioxide clathrates hydrates. So, thigtithbelongs to the topic of gas
production, but also to COnitigation

In the work, we presented experimental results about the equilibriuBOgiCH, gas mixture. Our
experiments indicate that we form a solid in thermodynamic equilibriitimtiae gas mixture.

The next step is to study the kinetic of replacement of methane by atidxide in the hydrate structure.
The work is undergoing (Herri and Kwaterski, 2012). Currently,start looking to model the formation
of methane hydrate and replace it with the ,0® the reactor, depending on conditions such as
temperature and pressure of the tank.

We produce a dispersion of crystals of methane hydrate in a wetgdgim, with an excess of liquid
water. It forms slurry. Then, these crystals are destabilized by iffjéction and we monitor the
composition of the gas that is enriched in methane because of the dissatfiatiethane hydrate and
formation of CQ-CH, hydrate following the equilibrium given in (figure 3). It will allows, after

developing a suitable model to quantify the kinetics of conversion of a @b go another solid phase.

After, we want to build a new device which will crystallize methane hydrates aupaonedia, following
the procedure that we have experimented in Tonnet and Herri (Zl82e hydrates are then subjected
to a flow of CQ through the porous medium, and then we can observe the uliffiengations.

This technology is a new technology developed from the needssoindastry. In our laboratory, it
participates to the development of new technologies taking profit of thdcphysoperties of gas
hydrates.

Among the new technologies we are developing, we can also cite theaP@re to recover the carbon
dioxide from gas power station (Herri et al, 2011, Herri and KwaterskR,Xwaterski and Herri, 2012)
or other industries such a steel making plants (Duc et al, 2005).

We can cite also the technology consisting in storing energy unddortheof a slurry of clathrate
hydrate, for air condition applications (Darbouret et al, 2005; Douzet et &).201

If clathrates hydrates can be used with a profitable objective, theyestillin a problem in the oil
industry because they can form crystals in the different facilities aftexcérim of the oil, especially in
deep sea conditions. Our laboratory is also specialized in the flow asstogmeyent the nucleation,
growth and agglomeration (Herri et al, 1999a, 199; Pic et al, 200Q, g@urnil and Herri, 2003, Fidel
Dufour et al, 2005; Cameirao et al, 2012), and to propose solutiargufy forms (Nguyen Hong Duc et
al, 2005).

Our laboratory is also specialised on the determination of physical prop#rties hydrates, such as
Hamaker constant with application to the evaluation of agglomeration (Bone¢fay, 2005a) or

determination of refractive index (Herri and gruy, 1996; Bonnetogl,e2005) with application to the
conception of particle sizes (Herri et al, 1999a).
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Une methode de calculer la compositiod’un hydrate mixte CO, -CHy,

a I'équilibre et au cours de la cristallisation
LE QUANG Duyen, HERRI Jean-Michel, OUABBAS Yamina,
Ecole Nationale Supérieure des Mines de Saint-Etienne,

Centre SPIN158 cours Fauriel, 42100 St-Etienne, FRANCE

Résumé

Le concept de remplacement de méthane par le dioxyde de carbone dassnfesigi d'hydrates de gaz
naturel est considéré comme une fagon possible de produire du méthapeégedée CQ (Ohgaki et al
1996; 1996 Hirohama et al.). Il peut étre considéré comme une nouvelle te@mdggroduction du
méthanea cb6té des autres technologies possibles de stimulation thermique, injectiiguehiou
dépressurisation.

Le méthane des clathratétydrates sont des solides dans lesquels I'eau se structure en urde28eau
dimensions créant des cavités libres pouvant piégées des molécules de gazahe asthn composant
naturel dans les sédémts dont 1’origine est la dégradation thermique des réservoirs fossiles ou de
biodégradation des matériaux biologiques. Sous la pression et dans des conditiengpasande, des
gisements d'hydrates de méthane se sont formés dans de nombmeits €endmonde en trés grandes
quantités. Le concept de production de méthane, présenté dans cette éisidee aoinjecter du GO
dans les gisements d'hydrates de méthane déplacant ainsi les équilibresrdte dhyydCQ@ (ou mixte
CO,-CH,) sera alors formé a la place de I'hydrate de méthane, et le méthane pouaiiasEtéeupéré.

Ce travail a comme objectif d'étudier, dans un premier temps, la tthgnamoique des hydrates mixtes
CO,-CHy, en présence de sels. Cela va permettre de conlesitrécanismes de cristallisation pendant le
remplacement dCH, par le CQ. Nous présentons ici, un ensemble de résultats expérimentaux qui nous
a permis de valider un modéle thermodynamique qui prédit les conditionslildféqgpression,
température) eescompositions des phases (gaz, liquide, hydrate) dans les cas des hydta®€0,-

CH,.

Mots-clés:Hydrates de méthane, cristallisation, gaz, &0,
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