N

N

Clathrate hydrate equilibrium data for gas mixture of
carbon dioxide and nitrogen in the presence of an
emulsion of cyclopentane in water.

Aurélie Galfré, Matthias Kwaterski, Pedro Brantuas, Ana Cameirao,
Jean-Michel Herri

» To cite this version:

Aurélie Galfré, Matthias Kwaterski, Pedro Brantuas, Ana Cameirdo, Jean-Michel Herri. Clathrate
hydrate equilibrium data for gas mixture of carbon dioxide and nitrogen in the presence of an emulsion
of cyclopentane in water.. Journal of Chemical and Engineering Data, 2014, 59 (3), pp.592-602.
10.1021/je4002587 . hal-01009692

HAL Id: hal-01009692
https://hal.science/hal-01009692
Submitted on 3 Jul 2014

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01009692
https://hal.archives-ouvertes.fr

Clathrate hydrate equilibrium data for the gas
mixture of carbon dioxide and nitrogen in the

presence of an emulsion of cyclopentane in water

Aurélie Galfré, Matthias Kwaterski, Pedro Brantuasia Cameirdo, Jean-Michel Herri*

Ecole Nationale Supérieure des Mines de St EticBR&\ Center, PROPICE Department,

CNRS-UMR 5307 LGF, 158 cours Fauriel, 42023 Striftes FRANCE.

ABSTRACT

Carbon dioxide and nitrogen gas separation is geti¢hrough clathrate hydrate formation in
the presence of cyclopentane. A phase diagranesepted in which the mole fraction of £i@
the gas phase is plotted against the mole fraaifo€0O, in the carbon dioxide + nitrogen +
cyclopentane mixed hydrate phase, both defined repect to total amount of G@nd N in

the respective phase. The curve is plotted for ezaipres ranging from 283.5 K to 287.5 K and
pressures from 0.76 MPa to 2.23 MPa. The resultsvghat the carbon dioxide selectivity is
moderately enhanced when cyclopentane is presdgheimixed hydrate phase. Carbon dioxide
could be enriched in the hydrate phase by attaiaingole fraction of up to 0.937 when the
corresponding mole fraction in the gas mixture am®uo 0.507. When compared to the three

phase hydrate-aqueous liquid-vapour equilibrium inthe ternary system



{water +carbon dioxide + nitrogen}, the equilibriupnessure of the mixed hydrate is reduced by
0.95 up to 0.97. The gas storage capacity appreatb@i gas.nt of hydrate. This value turns

out to be roughly constant and independent of #secgmposition and the operating conditions.
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Introduction

Greenhouse gas emissions have been identifieceandfor source of global warming. Among
the greenhouse gases emitted into the atmospher® dunthropogenic activities, carbon dioxide
(CO,) plays a major role. One possible way to redueediobal CQ emissions is to establish
suitable capture processes that can be integmaterlisting plants and equipment and by which
carbon dioxide can be removed from the consideheel §as streams. Flue gas mixtures of
conventional post-combustion power plants are dtanged by low carbon dioxide mole
fractions ranging from 0.05 to 0.15. In additiome respective gas streams are typically emitted
at high flow rate. The challenge is to develop,@@pture technologies by which both energetic
and capital costs (size of the units) are minimiz&ad innovative technology for gas separation
and capture could be based on a process makingf gss hydrate formation.

Gas hydrates are non-stoichiometric ice-like cissolids consisting of a combination of
water molecules and suitable guest molecules undeditions of low temperature and high
pressuré The water molecules are arranged in a three difmeal network in such a way that
they constitute cavities of different size and €hapd size. In the centre of these cavities, an
appropriately sized guest molecule can be encloBe@e different crystalline structures referred

to as structure | (sl), structure Il (sll) and sture (sH) have been identified for ordinary



clathrate hydrates. The separation principle isstham the difference in affinity between €O
and the other gas species for the particular hgdratity.

For the typical case of a steel making plant, aergetic costing performed by Duc et?al.
showed that the process making use of the sentiralat hydrate approach can be competitive
compared to conventional capture technologies. Sdparation cost is mainly due to the gas
compression stages. Hence, the objective is torltveeoperational pressure.

A thermodynamic promoter enables the formation ¢firates at mild conditions of
temperature and pressure. Among well-known thermandhyc promoters, such as tetra-
butylammonium bromide, (Elo)sNBr (TBAB),*® or tetrahydrofuran, (CHLO (THF)/™*3
cyclopentane, §Hip (CP), is described in the literature as the steshgrganic thermodynamic
promoter-* When present in mixtures along with water, CP fostiucture sll hydrates in which
cyclopentane could occupy the large cavities wietka small molecules could get trapped in
the small cavities. Four-phasétL,-Ln-V pressure-temperature equilibrium curves for the
ternary systems {0 + CP + C@}*>*®and {H,O + CP + N}*** were studied by many authors
over the years. For the G® N, gas mixture, Li et & first showed that the enrichment of £O
in the corresponding mixed GOr N, + CP hydrate is increased due to the presence of
cyclopentane. Their study focuses on the reacaesrand reveals the impact of the quality of
the cyclopentane dispersion. However, the autholy tested the system for a single gas
composition and, furthermore, they did not evaldlhé&gas storage capacity.

In this work, two parallel studies have been cdroet. Initially, Henry’'s constants of G@n

water, in cyclopentane as well as in a CP-in-wataulsion at several total mass fractions of
cyclopentanewfy have been estimated. The experimental data onyldecwnstants of CQin

the respective media have been well establishethentemperature range from 278.3 K to



284.2 K and for pressures below 1.2 MPa. Subseletite H-L -L,-V four phase

equilibrium in the quaternary system {Bl+CP +CQ@+ Ny} has been investigated
experimentally. Equilibrium data on pressure, terapge and the mole fraction of GO

determined with respect to the binary sub-syste@,{€ N,} in the considered phase, have been

obtained for the mixed GO+ N, + CP hydrate %, = X, /(¥ + %,)) and the gas phase
(Yeo, = ycoz/( Yeo, + Yi,) ). The experimental data orf, are plotted against the data gf,

and cover a temperature range from 283.5 K to 2R7aBd a pressure range from 0.76 MPa to

2.23 MPa. The experimental results fat, and the equilibrium pressurgy s "

g, oo are
compared to corresponding results obtained fromnaulation using our in house-software
“GasHyDyn” on the ternary system {B + CQ + Ny} without CP?. Finally, the benefit of

using cyclopentane in mixed G&N,+CP hydrates for lowering the equilibrium pressige

quantified and the gas storage capa@§C is calculated.

Experimental Section

Materials

All experiments were performed with ultrapure watabtained from the “MilliROs3”
purification system (Millipore, Merck AG) which wasquipped with a “Milli-@F-
AdvantageA10” cartridge  (conductivity o = 0.055 uS.cit, natural organic matter
NOM < 5 109).

Lithium nitrate (LING;) was provided via a standardised stock solutioth@fsalt (LINQ mass
concentration of 1001 + 5 mg.dfin an aqueous nitric acid (HNsolution (HNQ amount of

substance concentration of 0.5 mol:dnas supplied by Merck.



The suppliers of the remaining substances, alonly thieir purities given in terms of mole
fraction, are reported in Table 1.

Table 1. Purities and suppliers of the chemicals

Component Purity Source
CO, C0,>0.99995 Air Liquid
CoHn (n > 2) < 5<10° 0,< 10x10°
CO < 2x10° H, < 1x10°
H,0 < 7x107° N, < 25x107°
N N,>0.9999945 Air Liquid

CH, < 0.5x10°
H,0 (5 bar) < % 10°
O, < 2X10°

He H>0.9999945 Air Liquid

CH, < 0.5x107°
H,0 (10 bar) < %X10°

0, < 2x10°
CsH1o 0.95 Chimie Plus laboratoired
Tween8® Not indicated Sigma Aldrich

Apparatus

A schematic representation of the apparatus useéhdisnwork is depicted in Figure 1. Further
details are provided in the article of Herri efaWith the experimental setup, thermodynamic
equilibria in systems with clathrate hydrate phasmdd be studied. Besides the measurement of
temperaturel and pressur@, the composition of all existing phases (gas, tigand hydrate)
could be determined. The experiments were perforimes stainless steel high pressure batch
reactor (autoclave, total volumé = 2.46 dni). The reactor was temperature controlled via a

double jacket connected to an external thermostiBER CC3-K6). Two four vertical-blade



Rushton turbines mixed both the gas and the ligidse individually. Thus, each of the fluid
phases could be considered as a homogeneous reitiorespect to all intensive state variables.

Two polycarbonate windowsl cmx 2 crr), each of which was mounted on either side of the

reactor enabled the detection of the occurreneesolid phase via direct visual observation. Two
different pressure transmitters were used in thpeements. A PA/21S pressure sensor (Keller
AG) with a range between 0 and 2 MPa and a pretigid.001 MPa was employed when the
operative pressure was less than 1.9 MPa. For pesssxceeding 1.9 MPa, a PA/33X
transmitter (Keller AG) covering the pressure rabgéween 0 and 10 MPa at a precision of
0.01 MPa was used. The temperature of each ofmbéltid phases was measured by using two
Pt100 temperature sensors (Prosensor) with a pe@$§0.1 K, respectively. The measured data
on temperature and pressure were recorded by nudathe data acquisition unit which was
directly connected to a personal computer. The sionlto be tested was poured in a Pyrex cell
(upper pressure limit of 10 MPa) which was locatethe autoclave. Liquids could be injected
into the pressurised reactor by using a PU-1587 GiPump provided by JASCO. Liquid
sampling (sample volume of 1-2 &ntould be carried out via the appropriate valviee Thitial
gas mixture was prepared by injecting the two gasmssecutively into the reactor. The
composition of the gas phase was determined bynengas chromatography (VARIAN gas
chromatograph, model 450 GC). The gas phase sagplias carried out with a ROLSI
instrument. This device collected a small sample @blume between gm* and 5um® which
was directly injected into the loop of the chrongmaph. The sample volume could be considered

small compared to the total volume of the gas pha#® reactor.
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Figure 1. Schematic representation of the experimental seidp gas cylinder (C&Ny), (2)
cooling system, (3) reactor cell (2.46 Ym(4) viewing window {2 cmx 2 cn), (5) stirrer, (6)
liquid sampling, (7) HPLC pump, (8) pressure sen®y PT 100 temperature sensor, (10)
ROLSI gas sampling, (11) He alimentation, (12) ime-lgas chromatography, (13) pressure and

temperature view, (14) data acquisition.
Preparation of the cyclopentane in water emulsion

Following the work of Li et af?, a micro-emulsion of cyclopentane in water, i.efire
dispersion of CP droplets within water, was pregarfter pouring a little amount of the
surfactant Tween80(leading to an overall mass ratm, o / m, of 4.10% in water) into a
beaker, the water and a small quantity of lithiumrate (LINO;) (overall mass fraction
Wiacer.0= Myacer. d (M 6" Migacer o 10) were added. The three components were mixedmor t
minutes by using an Ultra-tur®omogeneizer-disperser (IKA T50, S50N-G45F) atirairsy
rate of 125.66 rad’s Subsequently, a portion of cyclopentane was addetie mixture. The
emulsion was obtained by stirring the mixture fani by means of the Ultra-turddisperser at
a stirring rate of 544.54 rad.sThroughout this article, the amount of cyclopeetés given in

units of mass, whereas its overall compositionhea mixture is given in terms of its mass



fraction with respect to the {water + CP} subsystdefined aswgy = m./(m,+ m,). The

cyclopentane droplets size detected in the emulseorged from micrometers to tens of
micrometers. A microscopic picture of the emulsgltowing the CP-droplets is provided in
Figure 2. The droplet size distribution charactegghe emulsion quantitatively, is displayed in

Figure 3.

Figure 2. Microscopic picture of the cyclopentane dropletnstituting the CP in water

emulsion. Emulsion with an overall CP mass fractiglf of 0.0767.
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Figure 3. CP droplets size distribution (Malvern Mastersihgdro 2000G) in a CP in water

emulsion with an overall CP mass fractiofiy of 0.0767. gis the Sauter diameter.



Chromatographic analysis of the agueous phase

After sampling the emulsion, the liquid sample wastrifuged to remove the organic phase to a
great extend and thus to recover the aqueous mhgeThe aqueous phase was analysed by
means of a DIONEX ionic exchange chromatographl{jof) to determine the concentration of
LiINO3. Throughout this study, LiNOwas used as an electrolytic tracer. The ionic tients of
LiINO3; were not incorporated into the hydrate structund hence were concentrated in the
agueous phase during hydrate formation. Via thigngk in tracer concentration, the water

consumption could be estimat&d**

Estimation of the solubility of carbon dioxide imetemulsion
The experimental approach consists in determiriiegatnount of carbon dioxide consumed by

the given cyclopentane + water emulsion. Severallgons of CP in water with overall mass

fractions of cyclopentanefy ranging from O to 1 were tested.

The reactor containing the empty Pyrex cell wasetp evacuated and flushed with Jree
to four times) to erase any trace of other gaséierwards, the cell was pressurised with G®
the desired operational pressure. The gas phassamgsed by means of the ROLSI instrument
and analysed on-line by gas chromatography to ctieckcQ purity. The gas was stirred, cooled
down and maintained at the temperature of the @issolution stage set at 284.2 K. After
equilibrium had been attained, the stirrer was ®dpand the emulsion was injected into the
reactor cell via the HPLC pump. The stirrer wasiéat on at a rate of 41.89 rad.dhe observed
pressure drop (Figure 4) indicated the dissolutibtihe gaseous component in the cyclopentane-
in-water emulsion. After a while, the pressure amchperature attained constant values. This

point at which the macroscopic gas dissolution ¢temssed is regarded as the first equilibrium



stage (Figure 4). Subsequently, the temperaturedsaseased by 1 K and a new equilibrium
state, again indicated by stable values of temperand pressure, was attained after several

hours. This procedure was successively repeatédhmtemperature achieved 278.3 K.
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Figure 4. Evolution of (—) pressurg and (---) temperaturél’ of the liquid phase over tinte

Dissolution of carbon dioxide in an emulsion of logentane in water with an overall

cyclopentane mass fraction efy =0.278.

Hydrate crystallisation procedure

The experimental procedure is based on an isochppomoach by which the cell temperature is
decreased to form the hydrate ph&s8.Mixed CQ + N, + CP hydrates were obtained by
establishing hydrate forming state conditions ie tkactor which was initially filled with a

CO, + N, gas mixture to which the emulsion had subsequdregbn added. The emulsion was

comprised ofw>y =0.0670 of CP in water, containing an overall mass fracted LINO;z of

1.10% and an overall mass ratio of the emulsifier Twé8r® water,m___ - /m,, of 4.10"
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Initially, the reactor containing the empty Pyrexdlavas closed and evacuated. The reactor
was flushed three to four times with the first §&©, or N;) to erase any trace of other gases
before it was filled with the considered gas to desired pressure. The gas phase was sampled
with the ROLSI instrument and analysed on-line lag ghromatography in order to check its
purity. After stabilisation of temperature (typilkaR82 K) and pressure, the second gas was
injected until the desired operational pressure veaxhed (Figure 5). The gas mixture was
stirred and cooled down again to the target temperdtypically 282 K). When constant values
of temperature and pressure were reached, thehgae pvas analysed by gas chromatography to
determine the initial gas composition.

In the following step, the stirrer was stopped é&n8-1) dm3 of the emulsion was injected into
the reactor by means of the HPLC pump (Figure ForUintroduction of the emulsion, a
simultaneous increase of both temperature and ymesgs observed. This simultaneous rise in
T andp was on the one hand due to the fact that thediquixture was prior to injection at
ambient temperature, and on the other hand duleetgds compression. The stirrer was started
and a pressure drop (Figure 5) was observed whdicdted the dissolving of the gas
components in both the aqueous phase and the eythkope-rich organic phase. After a short
time, a sudden increase in temperature accompagiadpressure drop indicated the appearance
of the first crystals (exothermic process). Thestalfisation process was accompanied by a
pressure decrease due to the gas consumption dbédrigrmation of the mixed hydrates (Figure
5). The gas phase, sampled with the ROLSI instragmems analysed by on-line gas
chromatography (Figure 6). After crystallisationdhterminated the values of pressure and
temperature approached constant values indicatiagthe system attained equilibrium. At this

instant of time, samples of the emulsion and the gjaase were taken and analysed. A typical

11



diagram showing the mole fraction of €@ the gas phase against time during the dissplvin

and crystallisation steps is presented in Figure 6.
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Figure 5. Dissolving and crystallisation steps. Evolution(ef--) liquid temperaturd and )

pressurep over timet in the reactor initially filled with a CP in wateemulsion with

Wep ,=0.0661and an initial gas mixture of compositig, /Yy, ,=0.718 0.28
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Figure 6. Dissolving and crystallisation steps. Evolutiontieé gas phase mole fraction of £0

(relative to the total amount of the two gasgg) over timet for a CP in water emulsion with

Wer ,=0.0661 and an initial gas mixture of compositiof}, /Y, ,=0.718/0.28. att =21.4

h. (X) Experimental data.
Hydrate dissociation procedure

The dissociation of the hydrate phase was performeceans of an isochoric procedure in
which the reactor was heated in incrementgibE 1 K!?*# Each of the incremental increases
in temperature was accompanied by a simultanea@usase in pressure which was caused by the
liberation of gas during the hydrate dissociatibrg@re 7). After several hours, constant values
for T andp were approached, indicating that thermodynamigliegum was attained. The gas
and the emulsion were sampled and the compositiomach phase (liquids, hydrate, gas) at
equilibrium was calculated (the calculation methedpresented in detail in the supporting

information). In the next step, the temperature imaseased by 1 K and a new equilibrium state,

13



characterised by new values of temperature andyreswas again reached after several hours.

This procedure was successively repeated unthyleate phase was completely dissociated.
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Figure 7. Dissociation stepEvolution of (—) pressurep and (---) liquid temperaturel over

timet. CP in water emulsion with an initial overall mdsection of cyclopentane) , = 0.0661
and initial gas composition of;, /Yy, o=0.718/ 0.28. At each point marked with an arrow

—, gas sampling and gas chromatography, liquid sagyptentrifugation of the sample and ion

exchange chromatography were performed.

In this work, intermediate heating stages werendzghas true equilibrium stafésin practice,
it took several hours, before stable values of &nampire, pressure and gas composition were
obtained and to be certain that equilibrium waaiago®®

As long as cyclopentane was not completely consuoh@ihg the mixed hydrate phase
formation, the equilibrium stages, visualised irgufe 7, were independent of the overall

cyclopentane composition.
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Experimental results and discussion
Results of the solubility measurements of Q®the cyclopentane in water emulsions

From the series of measurements of the solubilitgasbon dioxide in the cyclopentane in

water emulsions, experimental data on Henry's @mtstfor CQ in water k;’WCOZ’W(T, p) and in

cyclopentanel<,:f302’cp(T, p) were derived in the temperature range from 278t8 884.2 K and

at pressures below 1 MPa. The emulsions investigate reported in Table 2. For an overall
mass fraction of cyclopentane less than 0.1723sykem is a cyclopentane in water emulsion.
At values for the overall mass fraction of cyclofae greater than 0.2780, the system appears as
an emulsion of water in cyclopentane.

Table 2. Characteristics of the emulsions in terms of thierall mass fraction of cyclopentane

EM a

Wep o the total mass of emulsian" # and the number of runs.

Initial overall CP mass fraction Total mass of emulsion Number of runs
Wep.o m /g
0 800.00 2
0.0176 818.01 1
0.0183 800.04 1
0.0360 800.06 1
0.0767 800.52 1
0.1723 810.76 1
0.2780 737.17 1
0.6354 587.62 1
1.00 605.31 2

“Relative standard uncertaingy(n™) = 0.002 and combined relative standard uncertaigty(wgy ) = 0.00%.

15



This procedure allows us firstly to check the remgal influence of water and CP on the gas

solubility. By varying the overall mass fraction 6P w.),, a case study analysis has been
performed coupled with a repeatability measurentéetHenry’'s constark;hgoz'cp(T, pes) and

Ki'co, (T, B,”) being measured from a slope determination.

Henry's constant of COn water and in CP, respectively, were calculdtasled on hypothesis

and according to equations described in detaihendupporting information. Briefly, a general

relation (eq 1) between the total amount of carbixide dissolved in the emulsion:™,
Henry’'s constant of CQin cyclopentanek;’hcj’CP(T, Pee ) and in Waterk,:’WjVW(T, A7) and the
overall mass fraction of cyclopentane in the enomlsi; , was obtained from mass balances.

EM
nj MW — \nEM 1

——— =W OL M - J"’ ! ;] =C0,
¢ pmy UMk AT B2) Ky (T AD)) Ry (TR

(1)

In eq 1, M, and M, are the molar mass of water and cycIopenta;a{Fe,is the fugacity
coefficient of CQ in the gas phasey is the pressure anaiy" is the total mass of emulsion.
The total amount of carbon dioxide dissolved inéngulsion n].E“" could also be derived from

the mass balance in the gas phase.

EM 1 PoVe _ pv*© :j =CO 2
" R(zu;, R f) b AT pfﬂg’J 2 ?

In eq 2,R = (8.3144621 + 0.0000075) J¥mol ™ is the universal gas const&nfThe subscript

0 is used to designate the initial value of theestariables. Hencel,, p, and Z(T,, p,, rf,)

denote the initial values of temperature, presaae compressibility factor at the instant prior to
the introduction of the emulsion. The correspondijugntities without the index “0” refer to

each of the equilibrium stages, respectively, affter emulsion had been introduced into the

16



reactor. The total volume of the gas ph&$e was calculated by the following relation in which
the reactor volum&/, and the emulsion volumé™ were known
Ve =\, -V 3)
According to eq 1, by plotting the termrfMMW/yj# pni" as function of the overall initial

mass fraction of cyclopentane in the emulsm@"'o, Henry’s constants in the cyclopentane

phase and in the water phaslé;;goz'cp(T, pe) and k- co, (T, B7), respectively, could be

derived. The average values of Henry’'s constardgspaesented in Table 3. Details about the

calculation of their respective relative errors barfound in the supporting information.

Table 3. Experimental data on Henry's constant of 0@ water kH co, (T, F7) and in

cyclopentanek,j co,, cel T, p%2), respectively, as function of temperattire

T/K H “c0,.wl )/MPa k;hco2 T, ég)/MPa
278.3 79.9 9.3

279.2 86.3 9.4

280.2 90.5 9.6

281.2 94.1 9.8

282.2 97.5 10.0

283.2 104.3 10.1

284.2 108.7 10.3

®Relative standard uncertainty in temperatur¢T) =0.004 and combined relative standard uncertainties in

Henry's constants of COn the two solvents_ (k.. (T, §,7))=0.11Cand @, (k% AT, Bep)) =0.11€

The ki co, o(T, Py ?) data are, along with corresponding values caledl&tom correlations

of Holder et af® and Sloan and Kohplotted in the diagram of Figure 8.
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Figure 8. Experimental data and correlations of Henry's tamsof carbon dioxide in water

Ki'co, w(T» B5;7) @nd in cyclopentang&;™, (T, pes) as function of the inverse temperatiire

Data on Henry’s constant of GOn water: (\) experimental results of this work, values
calculated from correlations of{) Holder et al?® and (O) Sloan and Koh.Experimental data
on Henry's constant of GOn cyclopentane, this work: CP as droplets in emoul (<), CP

phase only{). (—) Empirical correlations.

The expression used for correlating Henry's constgh, (T, i) for 7=L,, L, with

temperature was taken from an equation proposétbher et af®
Vs 0, 0 - 1 —_—
ki, (T, £%)/MPa= exp{/\_L ST MO""SJ form=L,, L, 4)

By plotting the termin(k], ((T, i ?)) as function of /T (see Figure), the empirical

coefficients A and A were obtained from the experimental data. Theycarapiled in

0,j,s -1j,s

Table 4 along with their respective relative uraiaties.
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Table 4. Coefficients for Henry’'s consta ; . correlatior® with temperaturd according to

eq 4.
Gasj Solvent  Phaser [k ] Aois Ay ./K
COo; H.O L, MPa 17.03 -3509.07
COo; CP Lpe MPa 7.28 -1407.44

* Combined relative standard uncertaintigs (A, .., ,, o) =0.037, u, (4, co, cd =0.009. U (A o, 1y 0) =0.056
andu, (A, ¢ o =0.038

For water, our data are found to be in good agreéméth the data obtained from the
correlation of Sloan and Koksee Figure8). However, they seem to deviate slightly from the
values calculated by means of the parameters afdfeit af®

For cyclopentane, we did not find a suitable catreh to compare our data with. However,
experimentally we observed that the solubility @.,Gn pure CP is similar than the solubility of
CO; in CP droplets.

Establishing the data on Henry’s constants op 8@ssential for estimating the carbon dioxide
solubility in the liquid phases (i.e, in cyclopemtaand in water) at phase equilibrium, when the
mixed CQ + N, + CP hydrate, the liquid phases and the gas ptwesast with each other. For

nitrogen, due to the very low solubility of the gaswater, we did not succeed in measuring it

experimentally. Hence, the correlation for Henrgtsistant of nitrogen in Watek,ﬁ,Wszw(T, p,

provided by Holder et af® was used to estimate the solubility.

19



ExperimentalH-L ,-L , -G equilibrium data involving a mixed cyclopentanearbon dioxide +

nitrogen hydrate phase

Mixed hydrate phase composition is defined througass balance equations under the

condition of H-L ,-L -G four phase equilibrium. Details on the mass balacaiculations are
provided in the supporting information. Briefly,ethinitial amount of substance of each gas

nfo (J=CO, orN,), is known. After the emulsion had been introduesd a solid hydrate
phase had been formed, four phases, the hydrate kg, a liquid aqueousl(,), a liquid

cyclopentane-rich organicL(_.) and a gas phase5() co-existed in the system. Under these

conditions, the initial amounts of the two gasegewdistributed between these four phases.

Hence, the following mass balance equation foragasunts could be set up:
Mo=n' +f" +1f (j=CO,, Ny )
In eq 5, niH and nf stand for the mole number of the gas the hydrate phase and the gas
phase, whereausjEM = njLw + rfhc denotes the mole number of gas the emulsion (organic phase

dispersed in the aqueous phase). The mole numispecfeg in the different phases in eq 5 was
determined from mass balance considerations alatigoertain hypothesis (for further details it
is referred to the supporting information). The q@bete set of experimentally derived

equilibrium data, i.e. data on presspredemperaturd, the mole fraction of (j = CG, or Ny) in
the gas phasg, = n° /(nS, + ) as well as in the mixed hydrate phage= ' /(r, + 1) is

reported in Table 5.
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Table 5. Experimental equilibrium data on the mole fractidnof component in the mixed

CO, + N; + CP- hydrate and the gas phay:}é, respectively, at temperatufeand pressurp

T/K p/ MPa Yeo, Yn, Zco, Z,
283.5 0.761 0.279 0.721 0.728 0.272
285.1 0.923 0.507 0.493 0.931 0.069
285.2 0.766 0.769 0.231 0.999 0.001
285.3 1.100 0.256 0.744 0.804 0.196
285.8 1.94 0.081 0.919 0.395 0.605
286.1 1.061 0.551 0.449 0.958 0.042
286.1 0.866 0.791 0.209 0.988 0.012
286.2 1.225 0.309 0.691 0.776 0.224
286.3 2.18 0.126 0.874 0.549 0.451
286.4 1.99 0.095 0.905 0.341 0.659
287.2 2.20 0.136 0.864 0.513 0.487
287.3 1.418 0.351 0.649 0.828 0.172
287.5 1.130 0.836 0.164 1.000 0.000

® Relative standard uncertainties are u (T)=0.004, u,(p)=0.005 for p>1.9 MPa andu,(p)=0.0017 for
p < 1.9 MPa. Combined relative standard uncertaniie(y,) =0.021£andu, (Z)=0.09.

Gas selectivity

Figure 9 shows the “selectivity curve” in which fibre system {HO + CP + CQ+ Ny} under
the condition ofH-L ,-L, -G four phase equilibrium, the binary mole fractioh@O, in the
mixed CQ + N+ CP hydrate phasez, = r@oz/( ko, + i), is plotted against the binary mole
fraction of CQ in the gas phasg/, = ngoz/(n‘éoZ +ni,). This curve covers the temperature

range from 283.5 K to 287.5 K and the pressuregdram 0.76 MPa to 2.23 MPa. In addition to
the experimental data, Figure 9 shows corresponclimges calculated via a simulation for the
system without cyclopentane, i.e. for the system@H CQ + Ny}, by means of the in-house

programme “GasHyDyn?® at four different temperaturds
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Figure 9. Mole fraction of CQ in the hydrate phasg, as function of the corresponding mole
fraction of CQ in the gas phasg,, , both at equilibrium, for different temperature®etween
282.5 K to 287.5 K. Symbols correspond to experialetiata at {\) 282.5 K, (O) 285.3 K, §)
286.2 K and (1) 287.3 K. Literature data of Li et & for (&) emulsion system, anl( ) system
containing two “macroscopic” liquid phases. Simgas obtained by means of the in-house

software “GasHyDyr™ for the corresponding system without cyclopentané----) 282.5 K,

(—— ) 285.3K, () 286.2 K and-(--) 287.3 K.

It can be seen in Figure 9 that the carbon dioselectivity in the mixed CO+ N, + CP
hydrates is significantly increased compared to ttieoretical selectivity of the gas hydrates
without any promoter. For example, the mole fractd CO, relative to the system {CGr Ny}
present in the hydrate phagg, approaches 0.931 for a corresponding mole fracifo@G; in

the gas phasg, of 0.507.

Experimental data presented by Li ef%afor mixed CQ + N, + CP hydrates are added in

Figure 9. Li et af? performed experiments on the systemy@H+ CQ + N, + CP } in two
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different ways. Firstly, the authors carried out aswements on the system in which
cyclopentane appear in the form of an emulsion atew Secondly, cyclopentane as a clear
separated phase from water has been studied. Bdeg@s contains a GOnole fraction of
0.166. This initial CQ mole fraction drops to around 0.12 after crystation. It needs to be
underlined that their data are calculated from @ @atake measurement. Therefore, there is no
distinction between the mixed GO N, + CP hydrate phase and the liquid phases. The
temperature is fixed at 281.25 K and the equilforipressures are ranging from 2.49 MPa to
3.95 MPa. Li et af? have observed differences in the gas uptake déppod the mesoscopic
state of the solution, i.e., depending on whethexists in the form of an emulsion, or as two
separated macroscopic phases. If one takes a tableia data, the respective values are higher
than the nitrogen or carbon dioxide equilibriumgsee (see Figure 10). Besides, some data are
in the stability zone of the gas hydrate phase é&nwith carbon dioxide only. Thus, the
formation of carbon dioxide gas hydrate might oaturing the crystallisation procedure and the
presence of two types of hydrates (Cgas hydrates and mixed hydrates of CP + @O\,)
might be realistic. Hence, it can be argued thatdhta of Li et af’ are not at equilibrium and

cannot directly be compared to the data presentéds work.
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Figure 10. H-L,-L,-G or H-L,-G p-T-equilibrium dissociation data for systems with and
without cyclopentane. Symbols corresponding to grpntal data. CO+ CP mixed hydrates:
data of (<) Galfré et af®, (A\) Zhang and Le® Zhang et af® and @) Mohammadi and Richon
(2009Y% N, + CP mixed hydrates:() data of Tohidi et a° (o) Du et a® and ¢)
Mohammadi and Richon (20%}) CO, + N, + CP mixed hydrates:<() this work; data of Li et
al?? for (©) emulsion system an@ ) system containing two ‘imseopic” liquid phases. (----)
Simulations obtained with the in-house programmeasi@yDyn™® for carbon dioxide gas

hydrates. The two encircled data points corresgonavo points of dissociation of the hydrate

phase.

The H-L,-L,-G p-T equilibrium data on the system exhibiting a CON, + CP mixed

hydrate phase which are displayed in Figure 10 wbtained during the dissociation procedure
(Figure 7). The change in the slope of the presaaesus temperature curve at 284 K

characterises the beginning of the dissociatiore fépeated change in the slope of the same
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curve at 287 K characterises the end of the diationl The two encircled data points correspond
to two points of dissociation. These points arespnéed in Table 5.

Equilibrium pressure

The H-L ,-L, -G equilibrium pressure of the mixed G®N,+ CP hydrate plotted against the
composition of the CO+ N, gas phase in terms of., is shown in Figure 11. Equilibriurp-
Yeo, ~CUrVes obtained from a simulation of theL -G equilibrium on the system {® + CG

+ N2} 22 by means of the in-house programme “GasHyDyn"sli@vn for comparison in Figure

11.

100
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Figure 11. Gas hydrateH-L -L,-G equilibrium pressur@ as function of the corresponding

mole fraction of CQin the gas phasggoz in the temperature rangefrom 282.8 K to 287.5 K.

Symbols correspond to experimental data) 82.5 K, (©) 285.3 K, () 286.2 K, () 287.3 K.
Literature data of Li et &f for (<) (emulsion system) andZ{ ) (system containing two

“macroscopic” liquid phases). Simulations on theL -G equilibrium for the corresponding
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system without cyclopentane at 282.5-K-(), 285.3 K { —-), 286.2 K (—) and 287.3 K«(---)

obtained by means of the in-house “GasHyDyn” safefa

Compared with the calculated equilibrium pressorenfixed CQ+ N, -gas hydrates formed in
the system without any promoter, the equilibriuragsure is drastically decreased for the system
in which cyclopentane is additionally present. Qitatively, the pressure reduction facter
defined in eq 6 does assume values ranging frono B2, corresponding to a relative pressure

reduction of 0.95 up to 0.97.

H-L,-G

F - peq, cal (6)

H-Ly, LG
peq, exp

In eq 6, p/"-¢ is the equilibrium pressure estimated by mearth@in-house “GasHyDyn"-

eq, cal

programme for gas hydrates formed in the ternasgesy{H O +CO, +N,}. p/uirC js the

eq, exp

equilibrium pressure measured for the four phése -L,-G equilibrium in the quaternary

system{H O +CP + CO, + N, } exhibiting a mixed C®+ N, + CP- hydrate phase.

Gas storage capacity

In order to illustrate how much of gas, expressetdims of its volume under definpdl-state
conditions, is incorporated into the hydrate sutet the so-called gas storage capaG8Cis
introduced. The gas storage capacity of gas hysliatdefined as the ratio of the volume of the

total amount of gas which is consumed in order tormf the hydrate phase

VC%2+ Ny (T

ref?

Pe» Mo, M), normalised to reference state conditions Taf=273.15K and

Pref = 0.101325 MPa, and the corresponding volume efgdis hydrate phasé™ by which the

gases along with cyclopentane are captuk@z.wz can be expressed by means of the mole
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numbers of the enclathrated gasm@ﬁ,2 and nﬂz, that have previously been consumed from the
gas phase upon hydrate formation, and the molaunwelof the gas phase under reference
conditions. The gas phase, consisting in good aopedion of CQ and N only, has a molar

volume under reference conditions ‘fzsrﬁcoz+N2(T,ef, Prets Yoo )» Which will in the following be

abbreviated a&/,f’cozwz,ref. The value ofvn‘,“’,COﬁNz,ref is estimated by means of the Soave-

Redlich-Kwong equation of state and is close to tleal gas value of approximately
22.4 dmi.mol™™. The volume of the hydrate pha¥é' can be also expressed by means of the

molar volume of the hydrate phas£, and the corresponding mole numbers of the comestis

present in the solid phasg , n¢,, ¢, andny . Thus, the expression f@SCreads:

GSC: VCGO2+N2(Tref’ pref’ r‘;oz’ ri-iNz) — (ﬁéq-'- ﬁi‘z) \;'rsnychr N | ref
V" (ny+ e+ rEg + 1) Vi

As a non-stoichiometric solid, the hydrate phastibe regarded as a solid solution of the

(7)

guest components in the metastable host laflit@erefore, as a property of a mixed phasg,
does also depend on composition. It can be estthfaden crystallographic data of the sll unit
cell by means of the following relatibn

H Vug NAv
i N,y (1+ Vsm(H'éP smT HHCQ smb HHN S)1 +v |(10H cp 'E-li- 4 GO 'J g—|2N )g

(8)

w, uc

where N;' . designates the number of water molecules in thiecefi. v, is the number of

W, uc
cavities of typei per water molecule in the corresponding unit ¢elll{sm, Ig}, with “sm”

indicating the small and “Ig” the large cavity, pestively, andv,, =2/17 andv,, =1/17 for sl
hydrates).qﬁ' is the occupancy factor of cavity by guest moleculej (jU{CP,CO,, N,}).

N,, =6.02214129(27% 1 mot is Avogadro’s constant! V' denotes the volume of the unit
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cell of sll clathrate hydrate which can be calaediafrom its corresponding lattice parameagr
according to:
Vie = & )
The numerical value for the cell parameter providedhe monograph of Sloan and Kph

a,. =1.73nm, is a typical average value and used in this saglyvell. The occupancy factors

6" and 8"

Jsm ilg

and the number of guest molecul@senclathrated in the unit celN! , are

j,uc?
related by
NJ!—,'LIC = Nszm uc j Ig uc_ NH t(V ] sm v g )] JD{CP COZa N } (10)
Since at equilibrium the concentration of a givgedes in the unit cell is identical to the

concentration in the macroscopic hydrate crystes, tatio betweenN,' . and n/’, the mole

k, uc

number of specielsin the macroscopic crystal, is constant forlkall{w, CP, CO, , N, }.

ny _ e _ N, _ M, 11
NYOOONE TN, N (1)
w, uc CP, uc CQ ,uc N, uc

By substitutingv!" in eq 7 for the general expression given in eqdtaking into account egs
10 and 11 the following equation is derived 88C

N, ue(MEo, + 1) Vi
GSC=
Ve N

Eq 12 expresses the gas storage capacity in tefrthe @xperimentally accessible quantities

m,CQ +N , ref (12)

n,, ngoz and n,Z'z . From this relation, th&SC values obtained from the experimental data were

calculated. Alternatively, by again combining ewith eqgs 8, 10 and 11, the gas storage capacity

can be expressed by means of the occupancy faifttire two gases as

Ni.uo Vincos g rellV ol co st @ btV (o i a0 D)
Vuc NAv

GSC= (13)
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In Figure 12, the gas storage capad@dyC for mixed hydrates is plotted against the
composition of the C& N gas phase in terms of,, . In this diagram, it can be seen that the
GSCis in the range of (20-60)%gas.nT hydrate (Table 6), scattered around a mean vdld8 o
m>gas.nT hydrate with a precision of 0.06 (see supportirigrination for details).

The GSCdata derived by means of eq 12 can be compardidféoent limiting values for this
quantity. The first hypothetical limit is deriveader the condition that the 16 small cavities are

completely occupied by gas molecules while thedargvities are assumed to be occupied by

CP-species only. Under these conditions, matheaiBtiexpressed b;ﬂ('joz Srn+6’ﬁ§m:1 and
Op s =1 = O, + 6 =0, the limiting valueGSG,, , obtained from eq 13 is given by

_gH _1 _ Nvic,ucvsmvr(ri(Tref' preﬂ yCQ)
e ) ) Vug NAv

C58(1\'|m,1 = Gswgoz sm+ QFI\L sm

(14)
which leads to a numerical value 15 n? gas.rii hydra. The GSGvalues derived from the

experimental results should further be comparedatsecond hypothetical limiting value,

GSG,, ,, calculated for the condition that all of the d¢&s are completely occupied by gas

molecules only. In this case, characterised & .., +6y .,=1 and &, ,+6, , =1, the

following relation is derived from eq 13

_ Nvl;' uc(Vsm+ v Ig) Vﬁ(Tref’ pref’ yCQ)

GSG, , = Gswgozsm"'gl:& = ¢ VHN
uc ' “Av

+6y ,=1)

Qg (15)

which leads toGSG,, , =172.41m gas.m hydrat.

Consequently, th&SGvalue derived from our results for the system wWith is smaller by

around 0.65 and 0.77 compared to the hypotheticahdls set byGSG, , and GSG,, ,. It is

noted that the value of 40°mas.nT hydrate was also measured by Duc étal.systems based
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on a different type of hydrates, the so-called {gssmi-clathrate hydrates, which can be formed

when tetran-butyl ammonium bromide is additionally dissolvediie aqueous phase.
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GSC (m3 gas.n® hydrate)
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Figure 12. Gas storage capaci3SC for CO,+N, gas mixtures from 282.5 K to 287.5K as

function of the mole fraction of GOn the gas phasg, (with respect to the total amount of
CO + Ny, i, Yo, + Yy, =1) . Symbols correspond to experimental data/a} 282.5 K, ©)

285.3 K, (<) 286.2 K, () 287.3 K.

30



Table 6. Experimental equilibrium values @&SCat corresponding gas mole fraction of £O
Yeo, and temperaturg’.

T/K Veo, GSC / migas.nthydrate
283.5 0.279 29.8
285.1 0.507 54.5
285.2 0.769 43.6
285.3 0.256 36.5
285.8 0.081 46.7
286.1 0.551 36.2
286.1 0.791 38.8
286.2 0.309 36.9
286.3 0.126 29.0
286.4 0.095 62.3
287.2 0.136 32.4
287.3 0.351 29.1
287.5 0.836 21.4

? The relative standard uncertainy(T) amounts toy (T) = 0.004. The combined relative standard uncertainties
for y;,, and GSC arey_ (y,,)=0.021£andy, (GSQ =0.06.

The low occupancy of the hydrate lattice siteshm/mnolecules of COand N may be due to
the fact that the stabilisation by cyclopentaneeuoles is very efficient and does not require a
greater amount of additional gas to stabilise tinectire. Contrary to our experimental results
(Table 6), Li et af* did not observe COmolecules enclathrated in the different cavitieshe
sll hydrate structure via x-Ray analysis. Howevtreir experiments were performed at
276.15 K, i.e. at a temperature which is below firenation temperature of pure cyclopentane
hydrate, located at 280.22'KIn this temperature zone, Herslund et’alemonstrated that there
is a competition between the formation of gas-qyefdane hydrate and the pure cyclopentane
hydrate, the latter of which being the more rapincpss.

In the experimental study of Li et #l.for example, cyclopentane molecules might have

predominantly dissolved in the mixed hydrate phalsiined in their measurements. In other

31



words, the solid phase generated by the author$itnaictually constitute pure cyclopentane

hydrate only which appears to be the most plaugiifanation why they did not observe carbon
dioxide in the hydrate structure. Therefore, expental investigations on the formation of

mixed gas + CP hydrates have to be carried outt@tnperature above the temperature of pure
cyclopentane hydrate formation. At those tempeestutrapping of C@and N is observed

although the5SCis rather low.

Conclusions

An experimental method has been presented by vih&lphase equilibrium between a binary
gas mixture, a solid hydrate phase, a liquid agsgdase and a liquid CP-rich organic phase in
the quaternary system @ + CP + CQ + Ny} was investigated. By this method, a phase
diagram could be established in which the moletiivpacof CG, in the gas phase is plotted
against the mole fraction of G@n the hydrate phase, both defined with respetbtil amount
of CO, and N in the respective phase.

Measurements have been carried out to generateotathe hydrate equilibrium from a
CO, + N, gas mixture of fixed initial composition in presenof a thermodynamic promoter
(cyclopentane) dispersed as an emulsion. Threeipahconclusions can be drawn. Firstly, the
selectivity of the hydrate based ¢@apture process using cyclopentane as a promster i
improved in comparison to the corresponding hydgatecess based on the system without
promoter. Secondly, the equilibrium pressure istirally reduced (a drop of pressure by 0.95
up to 0.97 is observed). Unfortunately, the gasagg® capacity is lowered as well. Cyclopentane,
which is a very good hydrate former, seems to ksaliihe cavities in such a way that it prevents

the complete occupation of the remaining cavitiegds molecules.
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