Structure H Clathrate Hydrate Equilibria of
Methane and Adamantane

J. P. Lederhos, A. P. Mehta, G. B. Nyberg, K. J. Warn, and E. D. Sloan
Chemical Engineering and Petroleum Refining Dept., Colorado School of Mines, Golden, CO 80401

The first phase equilibrium data are presented for Structure H hydrates. The data
represent the initial formation of these hydrates from methane, with adamantane—
a previously determined Structure H former. Temperature and pressure conditions
are consistent with hydrocarbon production/transportation/processing facilities.
Structure H hydrates are shown to contain molecules indigenous to petroleum, which

may not be present in natural gas.

Introduction

Clathrate hydrates are inclusion compounds, in which host
water molecules encage guest molecules, with one guest per
cage at most. Structure H hydrate was discovered first by
Ripmeester et al. (1987), almost 40 years after the determi-
nation of the two well-known clathrate hydrate structures com-
monly called I (sI) and II (s1I). The new clathrate was designated
““H”’ due to its hexagonal spacegroup in order to distinguish
structure H (sH) from seven other hydrate structures proposed
by Jeffrey (1984), many of which are hypothetical; sI and sII
each have cubic spacegroups.

Stability of sH hydrate requires the presence of a small help
gas (both Xe and H,S were previously used) together with a
large guest of a diameter between 7.5A and 8.6A (the ap-
proximate sizes of cyclohexane and methyl cyclohexane, re-
spectively). Ripmeester and Ratcliffe (1990) determined 24 large
guests for sH, each of which is too large to occupy either sl
or sII. Recently Ripmeester et al. (1991) demonstrated that sH
can be formed from components of a light naphtha fraction
or components of gasoline, thus indicating a hydrate structure
that can participate in petroleum as well as natural gas proc-
esses.

In identifying sH occupants, Ripmeester and coworkers used
Xe and H,S as the small guests to provide low pressures needed
for glass ampules in NMR and powder diffraction studies.
Since NMR evidence was presented that Xe participated in
both small cavities of sH, we thought it likely that methane
(slightly smaller than Xe) would also occupy both small cav-
ities. One large guest molecule was adamantane (C,;H,¢), which
was shown to occupy sH by Ripmeester and Ratcliffe. Ada-
mantane, a spherical polycyclic hydrocarbon with a diameter
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ofabout 7.8 A, is one of the major components of diamondoids
that have been found in pipelines in deepwater gas fields in-
cluding Mobile Bay in the Gulf of Mexico.

There were two objectives of this work: (1) to provide the
first phase equilibrium data for sH hydrates and (2) to form
a sH hydrate with methane (and a larger guest). Phase equi-
librium data for sH hydrates of methane and adamantane may
impact both artificial and natural aspects of hydrocarbon res-
ervoirs, production, and transportation, where both chemicals
are found in association with water at high pressures and low
temperatures.

Crystal Structure of sH

The unit crystal for sH hydrate has several unusual features.
1%Xe NMR spectra, together with powder X-ray and neutron
diffraction, provide evidence that the new unit crystal is iso-
structural with the clathrasil dodecasil-1H of Gerke and Gies
(1984) which has host molecules of SiO, rather than H,O. While
such previous studies provide strong evidence that the proposed
structure is that of sH, absolutely definitive structural deter-
mination awaits single crystal X-ray or neutron diffraction
studies.

There are three cavity types in sH, as shown in Figures 1a,
1b, and Ic. Figure la is the pentagonal dodecahedron, given
the abbreviation 5'? indicating 12 pentagonal faces. The 52
cavity is pervasive in sl and slI, as reviewed by Sloan (1990).
Figure 1b shows the smallest cavity (4°5%6%) to have three square
faces, six pentagonal faces, and three hexagonal faces; the
square faces are uncommon to any previously determined
clathrate hydrate. The largest cavity (5'%6%), in Figure lc, has
12 pentagonal and eight hexagonal faces, with six hexagons
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(a) (b)

Figure 1. Three cavity types in Structure H hydrate: (a) 5 (b) 4°5°6° (c) 5'26".

girdling the cavity, and a hexagon each at the cavity top and
bottom.

The unit crystal has 34 water molecules and is composed of
three-5" cavities, two-4’5%6> cavities, and one-5'26* cavity for
a composition of 3(5'%)-2(4°5%)- 1(5"%6%-34H,0. Figure 2 is
an orthogonal view of the structure. Figures 3, 4 and 5 are
approximate top, front and side views for sH, shown for con-
venience along cavity alignment channels. In each of the three
drawings the unit crystal is shown in slashed lines.

In Figure 3 within the unit crystal rhombus, two 4°5%® cavity
outlines (each shown with three pentagonal faces) are drawn
with dark lines; four other 4°5%6° cavities are shown along the
sides of the rhombus. Four 5'26% cavities are shown at the
vertices of the rhombus; the portions of these cavities combine
to make one complete 526% cavity within the unit crystal. The
pentagonal faces of the 5' cavities are aligned with those of
the two other cavity types and therefore are hidden.

In Figure 4, outlines of three of the 5'%6® cavities are dark-
encd, The fourth 56" cavity of Figure 3 is aligned behind the
middle 5'%6® in Figure 4. As the side views of these large cavities

Figure 2. Orthogonal view of Structure H.
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illustrate, the hexagonal faces are not planar as are the hex-
agons in sI and sII. The two square faces connecting the three
large cavities each belong to a 4’°5%6’ small cavity that is com-
pletely within the unit crystal. Six 5'? cavities are shown pro-
truding from the top and bottom edges of the unit crystal to
illustrate their ‘‘connecting’’ role to layers composed of one-
5'%6% and two-4°5°6" cavities within the unit crystal,

In Figure 5, the darkened 5'* cavities are shown protruding
from the upper and lower edges and vertices of the unit crystal.
The two large 5'%6° cavities, protruding from the left and right
sides of the unit crystal, are aligned and thus hide the other
two 5'%6® cavities in Figure 3. The square face at the center
connects the two 4°5% cavities that are completely contained
within the unit crystal.

Experimental Apparatus and Procedure

The three chemicals used in this study had the following
purities: water was de-ionized; 99.99% pure methane was ob-
tained from General Air Products; and adamantane with a
purity of 99+ % (sublimation point 482-485 K) was pur-
chased from Aldrich Chemical Company. Methane and ada-
mantane were used as received without further purification.

Figure 3. Top view of Structure H showing four 5'%6°
cavities and six 4°5°6° cavities (darkened lines).
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Figure 4. Front view of Structure H showing three 5'26°
cavities (darkened lines) and six 5'? cavities.

The apparatus in Figure 6 consisted of a Jerguson sight glass
cell, rocked about its axis. The cell was immersed in a refrig-
erated, constant temperature bath, regulated by a Bayley Pre-
cision Controller, Model 122. The temperature was sensed by
a 100 Q platinum resistance thermometer, accurate to within
1%, and the pressure was determined by a Heise gage, accurate
to within 6.9 kPa.

Initially an excess amount of solid adamantane was loaded
into the cell. Adamantane has a very low vapor pressure and
is immiscible in water; the solid adamantane persisted through-
out the course of the experiment. Secondly, an excess (50 mL)
of water was inserted, and air was evacuated by pumping on
the system. The temperature of the system was stabilized, and
excess methane was admitted to the system at a pressure suf-
ficient to form sI hydrate. After sI hydrates were formed,
creating some additional hydrogen bonding in the aqueous
phase, the pressure was reduced to a point well below the sl
hydrate equilibrium to dissociate the sI hydrates.

After the system stabilized, if the pressure decreased, in-
dicating consumption of gas via sH hydrate, the system pres-
sure was assumed to be above the equilibrium point. On the

Figure 5. Side view of Structure H showing six 5§' cav-
ities (darkened lines) and two 5'26° cavities.

AIChE Journal

July 1992 Vol. 38, No. 7

L et —ba PRESSURE
> < BAUGES
VACUUM 3
PUMP
ROCKING
MGTOR
7 ‘rroArs
|
- 4
: % CcEL ; q
CYLINDER Yhisaliy i 1 |cooLer
Q
q ¢ BATH
4 |

ITTIT T T T T T T 7T

Figure 6. Experimental apparatus.

other hand, if the pressure increased, indicating gas release
due to sH hydrate dissociation, the equilibrium condition was
taken to be at a higher pressure. Through such a trial and error
system of sH hydrate formation and dissociation, equilibrium
pressures were determined for each of four temperatures. De-
termination of each equilibrium data point required several
weeks. The accuracy of each point is estimated to be within
+17 kPa.

The experimental procedure took advantage of system uni-
variance as determined by the Gibbs Phase Rule. That is, with
three nonreactive components, and four phases [aqueous liquid
(L y)-hydrate (sH)-vapor (¥)-solid adamantane (A4), listed in
the order of decreasing phase water concentration], only one
degree of freedom was available. Setting the temperature at
which the four phases co-exist thus uniquely determined all
other intensive variables, such as pressure, gas composition,
and hydrate composition. Such a procedure obviated the need
for difficult measurements of adamantane concentration in
the vapor phase, which was extremely low due to adamantane’s
low vapor pressure.

Experimental Results and Discussion

Table 1 gives four-phase data points for sH hydrates of
methane and adamantane at four temperatures. Also presented
in the table are calculated adamantane and water compositions
in the predominantly methane vapor. The compositions were
computed using vapor pressure measurements, the Poynting
correction, and the Peng-Robinson equation for vapor-phase
nonideality. Measurements of adamantane solubility in meth-
ane are not currently available.

Figure 7 compares the sH data together with three-phase (V-
L,~H) equilibrium data, obtained by Deaton and Frost (1946),
for methane hydrate (sI) and Gas C (sII) hydrate. Gas C was
composed of 78.4 mol % CH,, 6.0% C,H,, 3.6% C;Hg, 2.4%
C,Hy, 9.4% N,, and 0.2% CO,. Interestingly, Figure 7 shows

Table 1. sH Hydrate Formation from Methane and

Adamantane
Measured  Measured  Cal. Gas-Phase  Cal. Gas-Phase

Temp. Pres. Adamantane Water

(K) (MPa) Mole Frac. Mole Frac.
275.09 1.779 3.3x107¢ 4.2x107¢
276.90 2.165 3.6x10°¢ 3.9%107*
278.42 2.510 42x107° 3.8%107*
280.17 3.001 53x107¢ 3.8x107*
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COMPARISON OF STRUCTURE 1, STRUCTLRE II AND STRUCTURE H

B €
A
44 sﬂaﬁ
pe>

o Lo
a
kv “’,&_ai
., ¥
w
4
2
o
w
Ly
v
a

1@3_

QROQO DEATON & FROST, 1546 (S-1)
54 qnoap EXPERIMENTAL DATA - CSM, 1992 (S-H
waxar DEATON & FROST, 1946 (S-ID

LISLILINS 0 0 T (L 0 L L L L L L DL R L B O

é73 275 277 279 281
TEMPERATURE, K

Figure 7. sH-phase equilibrium data compared to si

(methane) and sll (Deaton and Frost, Gas C)

data.

the four-phase equilibrium line of sH hydrate to be parallel
(to within 2%) but at pressures approximately 55% of that for
the three-phase line for methane sl hydrate. A small part of
the slope similarity may be due to the fact that the vapor phase
is almost entirely methane, as shown in Table 1. The vapor
phase has the principal effect on compressibility of the iso-
choric system, since neither the aqueous liquid, the solid ada-
mantane, nor the sH phase is appreciably compressible.

The validity of the Clapeyron equation for univariant sys-
tems was indicated by van der Waals and Platteeuw (1959).
The extension to the nonideal gas Clausius-Clapeyron equation
enables an estimation that the heat of dissociation for sH is
similar to that of sI hydrates, about 57 kJ/mol, as measured
by Handa (1986).

Many simple sl and sII hydrate equilibrium lines exhibit a
sharp slope deviation at the quadruple point obtained by the
three-phase (L,~-H-V) pressure-temperature intersection with
essentially the vapor pressure curve—more accurately the three-
phase (Ly~V-Lyc) line—of the pure hydrate former. For sH
equilibria, there is an analogue to the fact that methane has
no upper quadruple temperature, because the critical point of
methane vapor pressure occurs at 191 K. In sH equilibria, the
fact that the vapor phase has so little adamantane and water
suggests that there will be no upper quintuple (L,-sH-V-Ly
A) point for the four phase (L,~sH-V-4) sH line in the tem-
perature range of interest. Both the sealed tube melting point
of adamantane (541 K) and the lower quintuple (I-L,-sH-V-
A) condition at 273 K are outside common interests of the

industry. If a solid phase (either ice or sH) occurs, fluid flow
will be hindered.

Katz and coworkers (Verma et al., 1975) suggested that sI
or sII hydrates might act to denude oil of viscosifiers, in known
instances of ‘‘dead’’ highly viscous oil found associated with
hydrates in natural permafrost regions. Both sH hydrate phase
equilibria conditions and the sH large cavity size suggest that
sH hydrates are also likely candidates for the removal of light
components from petroleum. Other instances of in situ sH
hydrates may be determined in the future.

Conclusion

The first structure H hydrates are reported that form with
methane as the small component. Four-phase sH equilibrium
data are reported for methane and adamantane hydrates. These
initial equilibrium data, together with the findings of Rip-
meester et al., suggest that sH hydrates may occur in hydro-
carbon processes, both in the natural gas industry and in the
petroleum industry. The characteristics of sH hydrate for-
mation reinforce the concept that such hydrates may occur in
situ. There is a need for single-crystal X-ray diffraction data
to determine the definitive crystal structure.
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