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Equilibrium Data of Methane, Carbon Dioxide, and Xenon Clathrate Hydrates
below the Freezing Point of Water. Applications to Astrophysical Environments
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This work reports new measurements of the three-phase (ice + clathrate hydrate + vapor) equilibrium in
the systems of water and each of the following guest species: xenon from (167.20 to 246.16) K, carbon
dioxide from (172.28 to 182.15) K, and methane from (145.75 to 195.74) K. The results are compared with
the corresponding data reported in the literature and are used to determine empirical laws allowing the
equilibrium pressure of these pure clathrates to be calculated at any temperature relevant to the astrophysical
environments below the freezing point of water. These relations can be used in astrophysical models such
as those devoted to the studies of the cooling and condensation of the solar nebula or to the ones of the
physical evolution and gas production from cometary nuclei.

I ntroduction

Clathrate hydrates are water-based solid crystalline com-
pounds stabilized by the inclusion of guest molecules inside
cavities formed by the hydrogen-bonded network of water
molecules.* They resemble ice in appearance, but they may form
at temperatures higher than the freezing temperature of water.
They are of great interest in the natural gas industry, as they
can plug pipelines and flow channels. Some natural clathrate
hydrates have also been discovered on Earth: in the seafloor, in
permafrost, as well as in polar caps.*® The amount of methane
potentially trapped in natural methane clathrate hydrate deposits,
mostly in seafloor sediments, may be very significant (from 1
to 5-10'® m®), which makes them of major interest as a potential
energy resource. Although no clathrate hydrate has been detected
so far in astrophysical environments, it has been proposed for
a long time that clathrate hydrates could play a significant role
in the chemistry of the solar nebula and in the physical evolution
of numerous astrophysical objects.>~’

As it is of interest for the natural gas industry and for the
studies of clathrate hydrates present in the seafloor, the
Lw—H—V three-phase equilibrium (liquid water (L) + clath-
rate hydrate (H) + guest vapor (V)) of simple or mixed clathrate
hydrates at temperatures higher than the freezing temperature
of water has been extensively studied. Nevertheless, in the
astrophysical environments, the temperature is very low com-
pared to the freezing temperature of water. Thus, Ly—H—V
equilibrium data are not relevant for most astrophysical ap-
plications. The I-H—V three-phase equilibrium (water ice (I)
+ clathrate hydrates (H) + guest vapor (V)) for clathrate hy-
drates at temperatures below the freezing temperature of water
is important for most astrophysical studies such those of the
cooling and condensation of the solar nebula, cometary nuclei,
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Titan hydrocarbon reservoirs, or Mars polar caps. Despite the
importance of the phase equilibrium data at temperatures below
the freezing temperature of water, there is a paucity of data in
contrast to the ones at temperatures above the freezing temper-
ature of water.

Delsemme and Swings® were the first to consider the presence
of clathrate hydrates in the outer solar system and in cometary
nuclei. Then, Miller” argued that clathrate hydrates could be
present on most of the objects of the outer solar system as they
incorporate molecular species at vapor pressures lower than
those of the pure ices of those species. Lewis® and Sill and
Wilkening® seem to be the first to investigate the possible
formation of clathrate hydrates during the cooling of the solar
nebula. Indeed when the temperature of the solar nebula de-
creases, water vapor condenses at about 150 K and forms
microscopic icy particles. During the subsequent cooling,
clathrate hydrates of H,S, CHy4, Xe, CO, N,, Kr, and Ar should
form before these gaseous compounds could condense as pure
ices.’® Models of the cooling of the solar nebula taking into
account the formation of clathrate hydrates succeed to reproduce
the elemental enrichments observed in the four giant planets'®*2
as well as the nitrogen deficiency in comets.** So, if formed
during the cooling of the solar nebula, clathrate hydrates could
be indeed present in most objects of the outer solar system.
Moreover, some clathrate hydrates could have been formed
during the evolution of these objects; it could be the case of
methane, ethane, and xenon clathrate hydrates at the surface of
Titan,** carbon dioxide clathrate hydrates in polar caps of
Mars,*® and carbon monoxide clathrate hydrates in cometary
nuclei.*® We have to keep in mind that no clathrate hydrate has
been detected so far in astrophysical environments and that all
of the predictions concerning the possible presence of clathrates
in astrophysical objects are based on extrapolations at very low
temperatures of the few I—H—V equilibrium data.

In this paper, we report measurements of the I-H—V equi-
librium pressure at low temperatures for single guest molecular
(hereafter single) clathrate hydrates of xenon, carbon dioxide,
and methane. We also determine empirical relations allowing
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Figure 1. Schematic diagram of the apparatus used to measure the
equilibrium pressure of xenon, carbon dioxide, and methane clathrate
hydrates.

us to calculate the equilibrium pressure of clathrate hydrates at
any temperatures relevant to the different astrophysical
environments.

Experimental Section

Apparatus. A schematic diagram of our apparatus is shown
in Figure 1. A cylindrical copper reactor of 26 mm internal
diameter and of about 13 cm?® inner volume is used to measure
the equilibrium pressure of clathrate hydrates. It is composed
of two parts connected by an indium gasket which ensures its
sealing at low temperatures. It is located inside a thermostatic
cell (ABT SORIME), evacuated to about 1072 Pa thanks to a
diffusion pump (Alcatel) backed by a diaphragm pump, and
connected to a liquid nitrogen dewar via a copper finger. A
heating resistance is fixed on this copper finger, and two silicon
diodes, allowing us to measure the temperature from (70 to 300)
K with an uncertainty of about 0.01 K, are glued on the lower
and upper parts of the reactor. The heating resistance and both
silicon diodes are connected to a temperature controller (model
331 of Lakeshore), which ensures a temperature stability of
about + 0.03 K.

The reactor is evacuated thanks to a turbo-molecular pump
(TMU-071P, Pfeiffer) backed by a dry scroll vacuum pump
(XDS 5, Edwards). The pressure is measured in the line located
between the reactor and the pumping group using an absolute
metal membrane pressure sensor (Baratron 690-A13T-RB,
MKS) allowing us to measure the pressure between 1 Pa and
133.3 kPa with a resolution of 0.1 Pa and a relative uncertainty
of 0.08 % of the reading value over most of the range over 100
Pa. Temperature and pressure are recorded as a function of time
with a resolution of a few seconds thanks to a laboratory-made
software.

Note that our reactor includes neither a stirrer nor a shaker
contrary to most experimental setups devoted to the measure-
ment of the 1—H—V equilibrium.*”~2° Normally, these devices
are used to crush the sample of ice and clathrate hydrates and
to activate the kinetics of clathrate hydrate formation.*”

Materials. The water used in the experiments was laboratory
deionized and distilled and has a resistivity of 18.2 MQ-cm.
All of the gases have been purchased from Air Liquide; xenon,
carbon dioxide, and methane have certified volume fraction
purities of 99.998 %, 99.998 %, and 99.95 %, respectively.

Procedure. We have tried to reproduce in the laboratory the
astrophysical process of clathrate hydrates formation, that is,

we have tried to form clathrate hydrates directly from crystalline
ice submitted to an overpressure of gas (but < 100 kPa).
Nevertheless, as our reactor is neither equipped with a stirrer
nor a shaker, our attempts of forming clathrate hydrates from
crystalline ice have failed. We attribute this failure to a very
long nucleation stage as already observed by Schmitt?* and
Moudrakovski et al.??

Thus, we choose to form clathrate hydrates in a second reactor
in which we introduce about 5 cm?® of liquid water and about
200 kPa of Xenon. This reactor is then immersed in a bath at
1 °C within a few minutes, and we obtain about 1 g of xenon
clathrate hydrate which sinks in liquid water. These xenon
clathrate hydrates are then transferred in the copper reactor, and
the apparatus is reassembled. This transfer is performed under
ambient atmosphere and in a cold room at —20 °C to slow down
the decomposition of the Xe clathrate hydrate.

The study of the carbon dioxide or methane clathrate hydrates
involves the conversion of our initial sample of xenon clathrate
hydrate to carbon dioxide or methane clathrate hydrate. Such a
transformation of one clathrate hydrate to another guest clathrate
hydrate has already been performed and studied by Yoon et
al.%® In such a case, the copper reactor is thermostatted at the
temperature corresponding to an equilibrium pressure of the
desired clathrate hydrate of about 90 kPa. First, the gaseous
xenon is evacuated, and we pump during about 1 min on the
solid sample of clathrate hydrate. Second, we inject an overpres-
sure of carbon dioxide or methane in the reactor. A rapid
pressure decrease, due to the formation of clathrate hydrate of
the guess molecule, is observed, and we wait for pressure
stabilization. In this case, the nucleation stage is practically
absent, and the clathrate hydrate growth begins very rapidly.
This behavior was observed by Schmitt** and Moudrakovski
et al.?? and was interpreted as a preorganization of the ice
surface. Indeed, after the evacuation of xenon, some cages
should remain empty, and the overpressure of gas was injected
before the transformation of the empty cages into crystalline
water ice. This operation is repeated at least 10 times to ensure
the removal of almost all of the initial xenon. If some xenon
atoms remain after this, it should be only located deep inside
the grains without contact with the gas phase and thus without
influence on the equilibrium pressure of the newly formed
clathrate nor contribution to the gas pressure.

When a sample of pure clathrate hydrate of the desired species
(xenon, carbon dioxide, or methane) is obtained, the temperature
of the copper cell is maintained constant, and an overpressure
of gas is injected in the reactor. A pressure decrease is observed,
as shown in Figure 2, due to the formation of clathrate hydrates
and encapsulation of the gas molecules. The pressure should
converge toward the equilibrium pressure; nevertheless, an
apparent stabilization at higher pressures could be observed.
This stabilization could be due either to the inclusion of all
available water molecules into the clathrate hydrate structure
and thus deviation of our measurements from the 1I-H—-V
equilibrium (no more ice) or to the formation of a thick
impermeable layer of clathrate hydrate on the ice grains®* also
removing water ice from the I—=H—V equilibrium. In such cases
it is necessary to partially decompose the clathrate hydrates to
form enough ice to go back to the I-H—V phase equilibrium.
After obtaining the true clathrate equilibrium from a higher
pressure, we reduce the pressure below the equilibrium pressure.
A pressure increase is rapidly observed due to the decomposition
of clathrate hydrates and the release of gas molecules. This
procedure is repeated several times. A similar procedure has
been used by different authors®**® at higher temperatures.
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Figure 2. Schematic diagram of the experimental procedure at constant
temperature.

At low temperatures such the ones that we have explored,
the kinetic of clathrate hydrate formation or decomposition is
extremely slow, and therefore it is very difficult to reach the
equilibrium as schematized in Figure 2. Nevertheless, it has
already been shown?! that when the pressure comes close to its
equilibrium value, it follows the following equation:

daP _ B
T KPPy ®

where k is the Kinetic constant in s™* and Peq the equilibrium
pressure. For the whole measured pressure evolution, we have
determined the time range on which the slope (dP/dt) varies
linearly against the pressure. Then, for this time range, the
pressure evolution has been adjusted and extrapolated using the
following equation:

P(t) = P,y + AP-e <79 @)

It allows us to determine the value to which the pressure
tends. The equilibrium pressure is supposed to be the arithmetic
average of the two closest values of decomposition and
formation pressures, while the uncertainty is supposed to be
the difference between these two values. An example of this
procedure is given in Figure 3.

In most cases, the formation and the decomposition curves
are observed for the same sample of clathrate hydrate. In these
cases, the uncertainty on the temperature is about 4 0.03 K. In
a few cases, the formation and decomposition curves were
observed for different samples of clathrate hydrate with slightly
different temperatures (AT < 0.5 K). In such a case, the
formation (or decomposition) equilibrium pressure has been
corrected to the measurement temperature of the other using
the slope dP/dT of the whole equilibrium curve, before averaging
both values.

Results and Discussion

All experimental equilibrium data measured in this work, as
well as all the I-H—V experimental data already published in
the literature for simple xenon, carbon dioxide, and methane
clathrate hydrates are reported in Tables 1, 2, and 3 and are
plotted in Figures 4, 5, and 6, respectively. Our measurements
are also compared with the empirical laws used in astrophysical
models and the pressure predicted by the CSMGem code
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Figure 3. Temporal evolution of the pressure for a sample of xenon clathrate

hydrates at T = (219.53 + 0.03) K: solid lines, experimental measurements;

dotted lines, adjustment and extrapolations of the experimental measure-
ments; gray horizontal line, determined equilibrium pressure.
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Table 1. Experimental Data for the HIV Equilibrium of Xenon
Clathrate Hydrate

TIK ATIK P/kPa AP/kPa 100 AP/P ref
268.2 0.1 121.3 0.7 0.6 18
253.3 0.1 64.8 0.7 11 18
238.2 0.1 30.8 0.7 2.3 18
229.4 0.1 19.4 0.7 3.6 18
223.0 0.1 135 0.7 52 18
211.2 0.1 6.5 0.7 10.8 18
273.15 0.2 155.1 7.0 45 25
228.15 0.3 16.2 7.0 43.2 25
246.16 0.03 43.67 5-1072 0.1 this work
241.33 0.02 33.89 3-1072 0.1 this work
228.17 0.02 16.21 2:1072 0.1 this work
219.53 0.03 9.28 11072 0.1 this work
216.60 0.04 7.50 3-10°2 0.4 this work
212.44  0.08 5.59 8-1072 1.4 this work
207.17 0.05 3.85 9-1072 2.3 this work
201.18 0.02 2.60 2-1072 0.8 this work
191.17 0.02 111 3-10°° 0.5 this work
182.12 0.01 0.48 3-1072 6.2 this work
17584  0.01 0.264 15-1078 0.6 this work
170.78 0.01 0.157 15-1078 1.0 this work
167.47 0.03 0.099 1-1073 1.0 this work

developed by Sloan and Koh® to compute the equilibrium
conditions of clathrate hydrates.

All of the experimental measurements are used to determine
empirical relations allowing us to calculate the equilibrium
pressure of clathrate hydrates at any temperatures below the
freezing temperature of water. To fit the experimental measure-
ments, we use the following relation:

InP=A+ BT 3)

in which P and T are the pressure (in kPa) and the absolute
temperature. The parameters A and B are given in Table 4. This
semiempirical formulacan be derived from the Clausius—Clapeyron
equation assuming that (i) the molar volume of the condensed
phase is negligible against that of the gas, (ii) the gas is perfect,
and (iii) the enthalpy of the phase change is independent of the
temperature.

Clathrate Hydrate of Xenon. Concerning the xenon clathrate
hydrate, we have performed 13 measurements ranging from
167.47 K (0.1 kPa) to 246.16 K (43.7 kPa) given in Table 1
and Figure 4. These data enlarge the temperature range on which
the I—=H—V equilibrium of xenon clathrate hydrate has been
studied, since no data for T lower than 210 K has been reported
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Table 2. Experimental Data for the HIV Equilibrium of Carbon
Dioxide Clathrate Hydrate

Table 3. Experimental Data for the HIV Equilibrium of Methane
Clathrate Hydrate

T/IK AT/IK P/kPa AP/kPa 100 AP/P ref T/IK AT/IK P/kPa AP/kPa 100 AP/P ref

271.8 unknown 1048 unknown unknown 27 259.04  unknown  1647.7 unknown  unknown 55

271.7 unknown 1041 unknown unknown 27 270.9 0.03 2390 15 0.6 17

271.4 unknown 1027 unknown unknown 27 268.6 0.03 2220 15 0.7 17

270.7 unknown 1000 unknown unknown 27 266.5 0.03 2080 15 0.7 17

270 unknown 972 unknown unknown 27 264.2 0.03 1900 15 0.8 17

268.9 unknown 924 unknown unknown 27 262.4 0.03 1790 15 0.8 17

267.4 unknown 869 unknown unknown 27 111 unknown 1.87-1072 5.3-107° 28 35

264 unknown 752 unknown unknown 27 106 unknown 8.67-107° 2:107° 23 35

256.8 unknown 545 unknown unknown 27 100 unknown 2.13:10° unknown  unknown 35
192,54  unknown 21.88 unknown unknown 15 97 unknown 1.23:10° unknown  unknown 35
186.75 unknown 14.49 unknown unknown 15 94 unknown  6.27-10™* unknown  unknown 35
182.15 unknown 10.27 unknown unknown 15 91 unknown 2.67-10™* unknown  unknown 35
176.86 unknown 6.77 unknown unknown 15 88 unknown  1.40-10* unknown  unknown 35
171.54  unknown 4.20 unknown unknown 15 85 unknown  7.33:10° unknown  unknown 35
167.07 unknown 2.808 unknown unknown 15 82 unknown 2.13:10° unknown  unknown 35
162.37 unknown 1.765 unknown unknown 15 193.2 0.05 101.3 0.67 0.7 34
151.52 unknown 0.535 unknown unknown 15 191.3 0.05 90.1 0.67 0.7 34
200.96 unknown 36.3 unknown unknown 54 178.2 0.05 42 0.67 1.6 34
200.58 unknown 37.8 unknown unknown 54 168.8 0.05 21.1 0.67 3.2 34
198.99 unknown 334 unknown unknown 54 159.9 0.05 12.1 0.67 55 34
196.78 unknown 29.3 unknown unknown 54 148.8 0.05 5.3 0.67 12.6 34

218.2 unknown 104.3 unknown unknown 58 190.15 0.1 84.71 1.7 2.0 56

217.8 unknown 101.3 unknown unknown 58 198.15 0.1 134.9 2.7 2.0 56

213.8 unknown 81.6 unknown unknown 58 208.15 0.1 227.8 4.6 2.0 56

203.2 unknown 43.3 unknown unknown 58 218.15 0.1 366.6 7.3 2.0 56

194.5 unknown 24.8 unknown unknown 58 24315 0.1 980.5 20 2.0 56

213.6 0.1 80.4 0.4 0.50 21 262.4 0.1 1847 37 2.0 56

208.1 0.1 59.0 0.3 0.50 21 272.2 0.1 2471 11 0.5 19

203.1 0.1 43.7 0.2 0.46 21 269.1 0.1 2236 11 0.5 19

198.6 0.1 33.8 0.2 0.59 21 265.5 0.1 2008 11 0.5 19

195.2 0.1 26.0 0.1 0.38 21 262.6 0.1 1829 11 0.6 19

195 0.1 25.7 0.1 0.39 21 259.1 0.1 1634 11 0.7 19
27114 0.1 1026 5 4.9 33 257.1 0.1 1518 11 0.7 19

269.4 0.1 963 11 1.1 19 256.3 0.1 1485 11 0.7 19

266.4 0.1 864 11 1.3 19 252.9 0.1 1324 11 0.8 19

263.9 0.1 790 11 1.4 19 248.8 0.1 1155 11 1.0 19

262.7 0.1 755 11 15 19 2459 0.1 1041 3 0.3 19

258.8 0.1 652 11 1.7 19 244.2 0.1 971 3 0.3 19

256.4 0.1 593 11 1.9 19 272.6 0.1 2521 5 0.2 57

253 0.1 516 11 2.1 19 269.4 0.1 2269 5 0.2 57

249.8 0.1 454 11 2.4 19 265.2 0.1 1985 5 0.3 57

247.1 0.1 406 11 2.7 19 263.2 0.1 1842 5 0.3 57

2445 0.1 364 11 3.0 19 195.74  0.02 103.2 1.2 1.1 this work
271 0.1 1050 5 0.48 20 190.83 0.02 78.6 0.7 0.9 this work
268.9 0.1 960 5 0.52 20 180.82 0.02 41.7 0.8 1.9 this work
266.7 0.1 870 5 0.57 20 170.82 0.01 20.5 0.8 3.9 this work
264.5 0.1 780 5 0.64 20 160.87  0.05 8.8 0.2 2.3 this work
182.36  0.02 9.9 0.08 0.8 this work 14575 0.01 2.4 0.2 8.3 this work
17691  0.02 6.46 0.13 2.0 this work

17228 0.1 4.47 0.40 8.9 this work

before. Our measurements fit smoothly with the previous results
of Makogon et al.,>> but we observe a progressive deviation
from the ones of Barrer and Edge®® at lower temperature. No
particular reason has been found to explain this deviation, except
possibly a constant positive bias of about 1.5 kPa in their data
(about two times their stated uncertainty). Whereas the data of
Barrer and Edge® are not necessarily erroneous, we have
rejected them, and we take into account only our measurements
and the ones of Makogon et al.?® for the determination of our
empirical relation. It reproduces our experimental measurements
and the two ones of Makogon et al.?® with a relative deviation
better than 4+ 6 %. The empirical relations previously used in
astrophysical models**?® were based on the measurements of
Barrer and Edge;*® thus, they present the same erroneous
deviation. At about 140 K, the predicted pressure is already
twice than the one predicted using our empirical relation. The
CSMGem code converges only for temperatures higher than
240 K. In the (240 to 273) K temperature range, the equilibrium
pressures computed with this code display a slight relative

deviation of & 3 %, and the slope of this P(T) curve seems to
be too weak.

Because of the paucity of data about the Lyyw—H—V equilib-
rium for xenon clathrate hydrates, no determination of the Q1
quadruple point has been performed.

Clathrate Hydrate of Carbon Dioxide. Concerning carbon
dioxide clathrate hydrates, we have performed three measure-
ments ranging from 172.28 K (4.5 kPa) to 182.36 K (9.9 kPa)
and shown in Figure 5 and Table 2. Our measurements fit
smoothly with all of the previous results and particularly with
the ones of Miller and Smythe® which have been performed
in the same temperature range. This agreement shows that our
experimental procedure is correct and that, if any xenon clathrate
hydrate is remaining, it has no influence on the carbon dioxide
clathrate hydrate equilibrium. To compute the empirical relation,
we take into account all data reported in the literature. This
relation reproduces all of the experimental measurements with
a relative deviation better than £ 10 % and most of them within
+ 4 %. It can be noted that the data set of Larson®” and the one
of Mohammadi and Richon® present a slope which seems to
be much too large. We have checked that these data have not
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etal.?®

been acquired with liquid water in surfusion and correspond
really to the I—H—V equilibrium. But our data are very
consistent with those of Yasuda and Ohmura.*® The empirical
relations previously used in astrophysical models are the ones
of Miller” and Miller and Smythe.*® The first one is based on
unpublished experimental measurements performed in the (140
to 273) K temperature range. Its relative deviation from our
empirical relation is lower than 4 %. The second one is based
on experimental data acquired between (151.52 and 192.54) K.
It deviates significantly from the data at temperatures lower than
140 K and higher than 240 K. The CSMGem code provides
data only for temperatures higher than 240 K. In the (240 to
273) K temperature range, the equilibrium pressure computed
with this code presents a slight relative deviation of + 4 %, but
the slope of this curve seems to be too large.

At low temperatures, the curve of the clathrate hydrate equi-
librium intersects the sublimation curve of carbon dioxide solid.
Thus, as for propane,® the carbon dioxide clathrate hydrate
presents a quadruple point at which carbon dioxide clathrate
hydrates, water ice, solid carbon dioxide, and gaseous carbon
dioxide are at thermodynamic equilibrium. Miller and Smythe'®
and Longhi? find respectively a temperature of (121 and 135)
K for this quadruple point. Using our empirical relation for CO,
clathrate hydrate and the one of Fray and Schmitt® for carbon
dioxide solid, we find that this quadruple point of carbon dioxide
clathrate hydrate is located at T = (132.4 + 0.8) Kand P =
(5.0 & 0.8) 1072 kPa. For temperatures below 132.4 K, a mixture
of pure water and carbon dioxide solid is more stable than the
carbon dioxide clathrate hydrate.
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Figure 6. Equilibrium pressure of carbon dioxide clathrate hydrate as a
function of the temperature for the HIV and HLV three-phase equilibria:
x, Q1 quadruple point determined in this study; ®, Larson;?” m, Wendland
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line, empirical relation determined in this work for the HIV equilibrium;
O, Larson;*” O, Deaton and Frost;*” A, Robinson and Metha;** v, Fan and
Guo;* <, Wendland et al.;*® +, Yasuda and Ohmura.*®

Considering the Lw—H—V equilibrium data measured by
Larson,?” Deaton and Frost,*” Robinson and Metha,®! Fan and
Guo,** Wendland et al.,*® and Yasuda and Ohmura,*® we can
determined that the Q1 quadruple point should be located at
(271.9 £ 0.1) K and (1060 + 20) kPa. This latter value is about
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Table 4. Parameters of the Empirical Relations To Calculate the
Equilibrium Pressure as a Function of the Temperature for the HIV
Equilibrium of Simple Guest Clathrate Hydrates of Xenon, Carbon
Dioxide, and Methane

parameters of the empirical relation teémperature range
of the experimental

compounds A B data (K)
Xenon 16.62 —3159 167.47 to 273.15
carbon dioxide 16.39 —2565 151.52t0 271.8
methane 15.78 —2176 82 to 272.2

200 kPa lower than the one published in Sloan and Koh.* Figure
6 shows the location of this quadruple point.

Clathrate Hydrate of Methane. Concerning methane clathrate
hydrates, we have performed six measurements ranging from
145.75 K (2.4 kPa) to 195.74 K (103.2 kPa). These measure-
ments are reported in Figure 7 and Table 3. The equilibrium
pressures that we measured progressively diverge at low
temperatures from the ones of Falabella and Vanpee®* performed
in the same temperature range. We find no reason to explain
this deviation except possibly a constant positive bias of about
3 kPa in their data (four times their stated uncertainty). As the
experimental data concerning the methane clathrate hydrate are
quite dispersed, we take into account only our measurements
as well as the ones of Delsemme and Wenger®® and of Yasuda
and Ohmura®® to compute an empirical relation. This empirical
relation reproduces the experimental measurements with a
relative deviation of &+ 10 %. The empirical relation previously
used in astrophysical models is the one of Miller” which is based
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Figure 7. Equilibrium pressure of methane clathrate hydrates as a function
of the temperature for the HIV equilibrium (lower panel) and deviation of
the experimental equilibrium pressures from those calculated by the
empirical relation (upper panel): @, this work; x, Q1 quadruple point; @,
Roberts et al.;>® <, Deaton and Frost;'” a, Delsemme and Wenger;* A,
Falabella and Vanpee;** B, Makogon and Sloan;>® +, Yasuda et al.;*° O,
Mohammadi and Richon;>” solid black line, empirical relation determined
in this work; dotted black lines, confidence band at 95 % of our empirical
relation; solid gray line, CSMGem prediction;* dashed gray line, empirical
relation determined by Miller.”

on unpublished results acquired over the (175 to 207) K
temperature range. Its relative deviation from our first empirical
relation is lower than 5 % between (80 and 270) K. On the
contrary, the equilibrium pressures computed with the CSMGem
code present a relative deviation reaching —35 % at 170 K.
Furthermore, as for carbon dioxide, the slope of this curve seems
to be too large.

Considering the Lyw—H—V equilibrium data measured by
Deaton and Frost,*” Snell et al.,*® Jhaveri and Robinson,” De
Roo et al.,*® Adisasmito et al.,* Kang and Huen,*® Nakamura
et al.,** Ohmura et al.,*? and Mohammadi et al.,** we can
determine that the Q1 quadruple point should be located at
(272.9 £+ 0.2) K and (2540 + 30) kPa. This latter value is in
agreement with the one published by Sloan and Koh.*

Conclusion

We reported experimental I—H—V equilibrium data for xenon
from (167.20 to 246.16) K, carbon dioxide from (172.28 to 182.15)
K, and methane from (145.75 to 195.74) K. For xenon, we have
shown that the data of Barrer and Edge®® present a systematic
deviation compared to our measurements and the ones of Makogon
et al.® So far, the I—H—V equilibria for krypton and argon clathrate
hydrates have only been measured by Barrer and Edge.*® The
discovery of the discrepancy for xenon casts some doubts on the
validity of all of the measurements of these authors and therefore
on the extrapolation law for krypton and xenon which are used in
astrophysical models. For carbon dioxide, the different data sets
present a very good agreement. Comparing the I—H—V equilibrium
of carbon dioxide clathrate hydrate and the stability of carbon
dioxide ice, we show that, for temperatures lower than (132.4 £+
0.8) K, a mixture of water and carbon dioxide ices should be
thermodynamically more stable than carbon dioxide clathrate
hydrate. For methane, the different data sets present a relative
discrepancy reaching 70 %.

For these three molecular species, from our measurements as
well as the ones already published in the literature, we derive
empirical relations allowing us to calculate the equilibrium pressure
of the clathrate phase at any temperature below the freezing point
of water (see Table 4). Rigorously, these empirical relations have
to be considered as interpolations in the temperature range of the
experimental measurements. The validity of the extrapolations at
very low temperatures, as the ones used in astrophysical models,
could be questioned. Indeed, the empirical relation that we used
derived from the Clausius—Clapeyron equation assumes that: (i)
the molar volume of the condensed phase is negligible against that
of gas, (ii) the gas is perfect, and (iii) the phase-change enthalpy
is supposed to be independent of temperature. The first assumption
is verified; nevertheless, the experimental measurements have been
performed at pressures at which the perfect gas assumption is
generally not verified, and the enthalpies of clathrate hydrate
dissociation are known to vary at low temperatures.** ¢ Thus,
the use of these empirical relations at very low temperatures has
to be performed with caution. Moreover, these empirical relations
are valid only for pure clathrate hydrates, whereas multiguest
clathrate hydrates should be formed in an astrophysical environ-
ment. Unfortunately, there is a paucity of data concerning the
composition and equilibrium of multiguest clathrate hydrates at
temperatures below the freezing point of water. New measurements
on the equilibrium of multiguest clathrate hydrates at low temper-
atures are welcome to constrain the partition of the considered
molecules between the gaseous and the solid phases during the
formation of these multiguest clathrate hydrates.

Concerning the possible formation and presence of clathrate
hydrates in astrophysical objects, two issues remain unsolved: the
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kinetics of clathrate hydrates formation from water ice crystals at
low temperature and the direct detection of clathrate hydrates on
astrophysical and planetary objects. Indeed, for the moment, natural
clathrate hydrates have only been found on Earth, and no clathrate
hydrate has been detected on others astrophysical objects. Thus,
some spectroscopic studies, such as the ones of Dartois et al.,*’~*°
specifically devoted to the search of clathrate hydrates on astro-
physical objects have to be performed.

As the kinetics of clathrate hydrates formation and decom-
position is not well-understood, it is generally not taken into
account in astrophysical models. Indeed, the pioneering studies
of Barrer and Edge™® at low temperatures have already revealed
that the formation rate of clathrate hydrates do not depend only
on the temperature and pressure but also of the nature of the
ice crystals. Sloan®° states that clathrate hydrate Kinetics is the
largest challenge to future understanding of clathrate hydrates.
Nevertheless, different authors®*®*~>2 have already revealed that
the mobility and the diffusion of water molecules at the surface
of the ice crystals is a critical parameter controlling the formation
kinetics of clathrate hydrates at low temperatures. Quantitative
studies on the formation of clathrate hydrates from ice crystals
would be welcome to introduce such considerations in astro-
physical models.
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